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Delivery of biologically active substances by polymers

1. Delivery of biologically active substances by polymers

The delivery of biologically active compounds has received particularly intense public interest
in recent years during the SARS-CoV-2 pandemic, when first nucleic acid-based and later
protein-based systems were introduced for immunization against the infectious disease. In the
last decade, the development of systems for efficient delivery of biologically active agents has
accelerated. However, despite continuous improvements in delivery systems, the development
of materials for efficient and safe delivery of biologic agents for therapeutic treatments remains
a challenge. Genetic engineering is not only of interest for the development of new therapies
for genetic diseases and in cancer treatment, but also represents a fundamental area of
biotechnology, for example in the production of enzymes. Classically, bio technologically
modified viruses are used for the transfer of genetic material. In particular, adeno-associated
and lentiviruses are employed, which have already been applied ex vivo and in vivo in drugs
approved by the U.S. Food and Drug Administration (FDA). Polymers are becoming
increasingly important as delivery vehicles because they are simple and inexpensive to produce
on a large scale, have a long shelf life, and offer selective design options through the
introduction of chemical variations.!'! Although historically inferior in efficiency to viral
vectors, polymers are becoming more efficient and thus more interesting through the increased
efforts of growing global research groups of chemists, biologists, and materials scientists.
Polymer-based delivery systems are also of particular interest because they can mimic viral
delivery vectors while offering additional safety aspects such as reduced pathogenicity and
immunogenicity.l?! Relevant cargoes include complex macromolecular substances such as
genetic material and proteins, as well as small molecules with pharmacological activity. In
addition to enzymes, various nucleic acids such as plasmid DNA (pDNA), messenger RNA
(mRNA), or regulatory short interfering RNA (siRNA) are therapeutically relevant.
Interestingly, so far only non-viral systems offer the possibility to transfer siRNA. Crucial to
the delivery of these sensitive biological materials is their protection from the defensive
biological environment, e.g., nucleases in the bloodstream. In polymer-based gene delivery
systems, the group of cationic polymers can complex nucleic acids due to electrostatic

interactions, thus packaging and protecting the sensitive cargo.

At the cellular level, nanoscale transport systems must overcome a variety of extracellular and
intracellular barriers to deliver the biologically relevant substance to the site of action. In

general, the cell membrane and endosomal entrapment present major obstacles at the cellular
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level .51 Therefore, researchers in the fields of biology, materials science, and chemistry have

developed a variety of nanoscale strategies to overcome these obstacles.
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Figure 1.1. Release of biologically active compounds during endosomal maturation. During
endocytosis, the endocytic vesicle transports the internalized cargo to the early endosome, where it is
either recycled or transported to the lysosome via the endolysosomal pathway and degraded. In addition
to membrane invagination and fusion of different vesicles, this is accompanied by a change in
intralumenal pH. To avoid enzymatic degradation within the lysosome, the releasing material (polymers,
liposomes, nanoparticles) accompanied by drugs or biologicals must escape this process at an earlier

stage. Adopted from [©,

Particles, as well as fluids, solutes, macromolecules, or plasma membrane components, are
taken up by the cell through endocytosis, in which the plasma membrane is first invaginated
and then separated, allowing the formation of intracellular vesicles. In addition to their role in
nutrient uptake, endosomes are also involved in the regulation and fine-tuning of numerous
signalling pathways in the cell, such as receptor recycling. After vesicle formation, they fuse to
form early endosomes and become connected to the microtubule network.l”l In this way,
vesicles and their cargoes can move along microtubules toward the perinuclear region and
gradually mature into late endosomes, where hydrolases and membrane components of the
secretory pathway are recruited. Subsequently, they enlarge, form more intralumenal vesicles,
and eventually fuse with the lysosome to form the endolysosomes.[”) During endosomal
maturation, the size of endocytic vesicles increases from = 100 nm (early endosome) to =~ 1000
um (lysosome).["1% Inside the endolysosomes, various digestive processes take place that
degrade most compounds of biological origin, creating a dead end for the released substances
that should be avoided. During endosomal maturation, not only the size and structure of

organelles change, but more importantly the intravesicular pH and the composition of the
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membrane, both in terms of proteins and lipids, change (see Figure 1.1).”> !l In early
endosomes, the membrane is composed mainly of neutral lipids (including sphingolipids and
sterols), similar to the cytoplasmic membrane. As vesicles acidify (from 7.4 to 4.5), the
proportion of sterols decreases, leading to an increase in membrane fluidity. In addition, the
proportion of anionic lipids (e.g., lysobisphosphatidic acid, also called bis(monoacylglycerol)

phosphate) (BMP) increases. % '#14]

This complex process of endocytosis is abused by viruses that hijack this pathway. Viruses
overcome the endosomal membrane by a pH-dependent change in conformation or
hydrophobicity of their surface peptides, resulting in vesicle membrane penetration. The
development of cell-penetrating polymers has often been inspired by membrane-permeabilizing
or cell-penetrating peptides present in viral proteins.!!'>'®) The changes in pH and lipid
composition of the endosomal membrane during maturation can be used to design targeted
polymers with suitable physicochemical properties for endosomal escape. Smart cationic
polymers that respond to pH are of interest because they can be tuned to respond to pH changes
in the endosomal pathway (e.g., with protonation), which may help overcome endosomal
entrapment. To circumvent endosomal digestion, pH-dependent cationic amines have often
been used for polymers or lipids. This results in more amines being protonated, and the cationic
polymers can facilitate interaction with anionic lipids due to electrostatic interactions and
hydrogen bonding between the amino groups of the nanocarrier and the phosphate groups of
the lipids. Thus, it is an endosomal escape concept based on destabilization of the negatively
charged endosomal membrane by progressive interaction with increasingly cationic
polymers.!'-11 In particular, the inherent decrease in pH during the internalization process from
the extracellular space (pH 7.4) through the early (pH 5.9-6.5) and late endosome (pH 5.9-4.9)
to the lysosome (pH 4.9-4.0) has attracted much attention in the development of such polymers.
Many known polymers are already protonated at a physiological pH of 7.4, which is related to
their main application, the transport of genetic material. Cationic charges have the potential to
interact with serum proteins and disrupt the plasma membrane under physiological
conditions.?2!] Therefore, many successful cationic pH-dependent materials face an efficacy-
toxicity dilemma, as they allow efficient endosomal release of therapeutics but often cause

[21-22

severe cytotoxic side effects. 1 On the other hand, endosomal release of uncharged,

hydrophilic nanocarriers unfortunately does not succeed, so many are either excreted

(exocytosis) or degraded (lysosome). Since endosomal release is such an important factor in

[4-5, 23]

the efficiency of a carrier system, it is very interesting to adjust the degree of protonation
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of the carrier according to the pH shift along the endosomal pathway. Thus, the polymer can
interact locally with the endosomal membrane to destabilize it and promote the release of the
nanocarrier into the cytoplasm. However, fine-tuning the response of pH-responsive polymers

presents a challenge on the chemical side.

Cationic charges are particularly well suited for the delivery of genetic material for reasons
other than their ability to cross the endosome, as they shield the negative charges of nucleic
acids beforehand to enhance cellular uptake.!** For genetic material to be transported into the
nucleus, nuclear import is required after successful endosomal release, which is regulated by
cellular proteins and their interactions with the cellular transport machinery. Nuclear import
can be assisted by polymers, although the precise mechanisms have not yet been described in
detail.>>! Over the last decade, correlations have been observed between the properties of
cationic polymers and transfection efficiency in terms of the nature of the cationic moieties as
well as molar mass and polymer architecture.!*>”] A correlation has been observed between
higher molar masses of polymers and increased transfection efficiency, but this is often also

(28311 However, cationic polymers can also be integrated

associated with increased cytotoxicity.
into more complex polymer architectures (hydrogel, micelles, particles) or combined with
additional anionic polymers to circumvent the activity-toxicity dilemma.*?! Although these
trends can be considered as guidelines, the ideal properties of efficient transfection polymers
are difficult to specify because various interacting parameters must be considered. For example,
the nature of the cationic moiety is a crucial factor, as it is critical for pPDNA binding, cellular

uptake, endosomal escape, and pDNA release.33-38]
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2.  Exploring endosomal release

2.1. Calcein as a sensor molecule to study endosomal release

In order to study endosomal escape as an important adjusting screw for delivery system
design, it is essential first of all to have methods for studying endosomal escape and evaluating
the efficiency of release materials. Thus, several in vitro tests have been introduced to
investigate release materials and their performance at this barrier. Among these, the release of
the small membrane-impermeable dye calcein from vesicles or within cells has become a very
popular and straightforward method because it is accessible to most laboratories worldwide,
allows rapid and simple conclusions to be drawn about release potential, and enables the study
of release mechanisms. In particular, the straightforward detection of escape events from endo-
/lysosomal compartments after cellular uptake renders this simple molecule a powerful tool in
the study of various release materials such as cell entry vectors or membrane destabilizing
agents. Its unique properties (a high charge density due to its multiple carboxylic acid groups,
low toxicity, high extinction coefficient and quantum yield, self-quenching at higher
concentrations, and low sensitivity to pH changes) prevent undesirable membrane penetrations,
enable detection even at low concentrations, and allow broad applicability in relevant
physiological settings, thus facilitating release detection. Its application appears
straightforward, as no additional chemical modifications to the dye are required and simple co-

incubation with the release agent is sufficient to monitor intracellular release events in vitro.

As a general procedure, the dye (encapsulated or not) is first taken up by cells via endocytotic
pathways. At this stage, a punctate pattern is often seen in fluorescence microscopy because the
fluorescence of the dye is often only partially quenched at the given concentrations. If
appropriate experimental conditions are chosen in terms of calcein concentration, self-
quenching in combination with an acidic pH is sufficient to reduce the fluorescence intensity
of calcein in endosomes. In the next phase, i.e., upon the occurrence of an endosomal leakage
event, calcein rapidly diffuses and dilutes into the neutral cytosol, which microscopically not
only causes a more diffuse fluorescence signal but can also lead to a significant increase in
intensity if appropriate conditions are initially chosen.*®! In this manner, calcein was used to
evaluate the endosomal escape efficiency of different release materials. Escape was examined
in a number of different cell lines, with experimental conditions varying in terms of media

composition, calcein concentration, incubation time, type of calcein addition, and cell analyses.

11



Exploring endosomal release

The type of calcein addition can be divided into encapsulated and non-encapsulated or
simultaneous and sequential addition. The calcein assay is thereby influenced by the type of
material released and the way it is performed, particularly with respect to the simultaneous
presence and concentrations of the two compounds (calcein and material) in the endosome.
Calcein, being a small molecule, is rapidly taken up by cells, whereas the release materials take
longer to accumulate in the endosome, depending on its size and charge. Often, the release
material and calcein are added to the cells at the same time without mixing the two components
beforehand. Calcein concentrations ranging from 10 uM to 3.21 mM have been reported for
non-encapsulated calcein,***?! with most studies using concentrations between 161 and
322 uM#*34 and incubation times from 30 min to 2 days. For encapsulated calcein, higher
concentrations are often used to exploit its ability to self-quench. In general, incubation times
varied from 10 min to 4 days for this type of calcein addition, which could be attributed to the
different endocytosis kinetics of the various release materials. For example, long incubation
times could be related to the incorporation of molecules such as poly(ethylenglycol) (PEG)
chains, which could shield the surface of the release material and hinder rapid endosomal

escape.[>3-6]

Endocytosed calcein -

,3:.’) / Y\ ©'@ . \  Exoc ytosr‘s
i oA ° 9 . Lysosome )&
Calcein ~ e ° ) Endocytic vesicle z 4 o
o o/ Early ® 0@ / N
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j‘? é_' Export
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Figure 2.1. Cellular fate of endocytosed and intracellularly released calcein. Calcein is taken up via
endocytosis and remains trapped within the endosomal pathway without the addition of any
endosomolytic agents. Upon endosomal release calcein can be either exported by specific exporters,

secreted by microvesicles or undergo the autophagosomal pathway.

Analysis of the calcein release assay can be performed in a variety of approaches depending

on the research question. Assay analysis requirements range from attention to detail (accurate

12
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spatial and/or temporal resolution of the intracellular signal) to statistical significance of the
data. In most studies, confocal microscopy has proven to be a very powerful tool, even more
useful than epifluorescence microscopy because the subcellular distribution of calcein can be
elucidated.®>! Z-stacks can also be created for this purpose.** *-471 Primarily, live cell
microscopy is used, which also allows for kinetic studies.’! >} Less commonly, cells are
analyzed after fixation.!*”->* In addition, the subcellular distribution and fluorescence intensity

d.[43-45.55.58-611 1t i5 possible to manually

of the calcein signal have been quantitatively analyze
count the cells with punctate and diffuse calcein signal,[>%3! but a more effective approach
relies on the use of various image analysis software where areas of interest and/or thresholds
are defined for automated analysis.>> - 84 Acquisition of many cells, e.g., using montages, is
also desirable for statistical power. Colocalization studies with acidic compartments can also
be performed (mainly Mander’s coefficient)!*”) and may provide further information on the
efficacy of calcein release, with lower colocalization indicating more efficient escape.*” In
addition, high-throughput methods based on flow cytometry are also used to quantify calcein
release, with higher cellular fluorescence intensities generally indicating released calcein
compared with control cells with punctate fluorescence.® 316711 Again, appropriate thresholds
for fluorescence intensity of escape-positive cells need to be established. Microscopic and flow
cytometric methods can also be combined, providing greater insight into endosomal escape. !
311 Because microscopic studies provide spatial (and in the case of live cell microscopy,
temporal) resolution of the calcein signal, release events can be measured unambiguously,
although the degree of detail varies. Microscopy remains the most commonly used technique,
but is comparatively time consuming and can only provide statistical information when large
numbers of cells are analyzed. For statistically reliable results, flow cytometry is a faster
complementary method, but it cannot spatially resolve the calcein signal within a cell. Although
both analytical methods ideally match in the number of release-positive cells to provide reliable

results, discrepancies can still occur, for example, due differences in the applied thresholds.”!

Overall, successful endosomal escape can be detected using a variety of assay parameters and
analytical strategies optimized for each release material, medium, and cell type examined. The
wide variety of these parameters hardly allows deriving specific trends from the experiments
found in the literature. In fact, a screening of the data published in the literature raised the
question of whether significantly different experimental procedures for studying endosomal

release efficiency may even lead to different conclusions for similar systems.

13
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2.2. Endosomal release of macromolecules

Nanocarriers are loaded with different drug molecules that may have properties other than
calcein, such as size, charge, and hydrophilicity. Therefore, the release of calcein from
endosomes may not reflect the drug delivery potential of the nanocarrier. Ultimately, the calcein
release experiment should be complemented by studies on the release of other model substances
and drug molecules (Figure 2.2). In addition to calcein, other dyes are commonly used for
dequenching assays, e.g., 6-carboxyfluorescein and sulforhodamine B. More specific indicators
such as pHrodo and acridine orange, which change their fluorescence in response to pH, provide
further insight into the endosomal release process. The release of such small marker dyes can
only provide information about the presence of small pores. However, when evaluating release
materials for biomedical applications, it is of interest whether larger compounds or
macromolecules can be released. Therefore, other methods can be combined with the release of
the small molecule calcein to evaluate the escape mechanism and release efficiency of a drug
for biomedical applications. When calcein release is studied in comparison to the escape of
macromolecules of different sizes, conclusions can be drawn about the size of the membrane
defect that has occurred.*”! For such studies, polysaccharides such as dextrans can be used,
which exhibit a relatively fast diffusion rate through the cytosol despite their different sizes.
This favors a temporal determination of the release event.’8! Ogris and colleagues used a
fluorescein isothiocyanate (FITC)-labeled dextran (10 kDa) that allowed them to study the
release of melittin-modified poly(ethylenimine) (PEI) polyplexes. In this case, the fluorescence
of the FITC upon release is enhanced by the increase in pH.!"? In another example, Zhan and
colleagues!*”! measured the release of various dextrans by blend particles containing a
poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) domain compared with calcein.
They incubated DC2.4 dendritic cells simultaneously with calcein and dextrans of different
sizes (4 - 2000 kDa).[*”! Their study showed that endosomal release of compounds does not
depend on the blend composition but on the size of the sensor molecule, with the smaller

molecules being released more readily.

In addition to polysaccharides, peptides and proteins can also be used as markers to study
endosomal release and place even greater demand on the release material when if their 3D
structure has to remain intact.””! Fluorescent proteins such as R-phycoerythrin (R-PE, 240 kDa)
or enhanced green fluorescent protein (EGFP) (27 kDa) can also be used to study endosomal
release. Although endosomal uptake of these proteins is low without additional treatment with

an uptake-inducing material, the mechanism of endosomal release of the same material can be

14



Exploring endosomal release

studied in more detail with fluorescent proteins. Because these proteins undergo a loss of
fluorescence on the endolysosomal pathway due to denaturation, a release of the fluorescent
signal clearly indicates escape from the early endosome. Labeled proteins can also be used to
study endosomal escape, but unlike intrinsically fluorescent proteins, the timing of endosomal
escape cannot be studied with labeled proteins because denaturation of the protein might not
affect the fluorescence intensity of the dye. Again, a combination with other methods is useful.
Nevertheless, labeled bovine serum albumin (BSA) is a suitable and readily available candidate
because it is efficiently taken up via endocytosis and can be detected more rapidly than other
complex proteins due to its moderate diffusion rate after the escape event. Diffusion in the
cytosol is slower than for a small molecule such as calcein because the higher molar mass and

more complex structure of the protein result in comparatively slower diffusion.7-]
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Figure 2.2. Complementary methods to the calcein release assay. In addition to calcein, other tracers
such as sulforhodamine B or 6-carboxyfluorescein can be encapsulated in vesicles to determine their
release capabilities in cells. pH-dependent tracers such as pHrodo or acridine orange can also be of
interest, as they indicate the pH in their environment through changes in fluorescence. Besides small
molecules, macromolecules such as dextrans or proteins are intriguing, as their size and complexity

provide additional information about the escape.
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Exploring endosomal release

Actual transfection, i.e., delivery of genetic material to its site of action, can also serve as
evidence for endosomal release. Depending on the type of genetic cargo, different
measurements are used. In the case of pDNA transfection, protein expression provides very
clear evidence that endosomal release of the plasmid must have been successful. In the case of
successful release of RNAs, either protein expression (mRNA) or silencing (e.g., sSiRNA) may
indicate successful release, depending on the particular cargo. In either case, successful transfer
(measurable as expression or knockdown) is a global indicator that demonstrates the
functionality of the genetic load. Calcein release is often studied in the context of transfection
of nucleic acids with cationic polymers. Frequently, calcein escape efficiency is correlated with

d.[35, 44, 60, 64, 70-T1] However, this

pDNA transfection, regardless of the release material use
correlation does not hold true in all cases. Rather, protein expression indicates the successful
overcoming of various hurdles, of which endosomal release is only one step. For example,
Vermeulen and coworkers studied the endosomal escape mechanism of JetPEI polyplexes, a
linear PEI derivative,®! and attempted to correlate calcein or labeled oligonucleotide release

(73] Interestingly,

with transfection efficiency according to a previously published procedure.
calcein release was observed in far more cells than transfection and therefore does not correlate,
but oligonucleotide release appeared to be a more reliable indicator of efficient transfection.
The authors conclude that endosomal leakage for small molecules may be caused by
destabilization of the membrane due to interaction with cationic polyplexes, which prevents
effective buildup of osmotic pressure due to ion influx across this disrupted membrane, thus
preventing endosomal escape and macromolecule leakage. Therefore, the study of calcein

release may provide further evidence of the mechanism of endosomal escape in addition to its

efficacy.
Despite the alternative methods for studying endosomal release, the calcein assay remains a

simple but effective method that provides a straightforward entry point for analyzing potential

release events and may not yet have reached its full potential.
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3. Motivation and aims

The aim of this work is to understand the influence of physicochemical properties of polymers
on their ability to overcome endosomal entrapment and thus provide materials for the delivery
of biologically derived pharmaceuticals. An important aspect herein is the influence of the
basicity of pH-responsive cationic polymers. The basicity of a cationic polymer determines its
charge density as a function of the prevailing pH. The charge, in turn, is crucial for the
endosomal release ability of the material. Despite knowledge of this dependence and its
influence on endosomal release, it is difficult to derive clear structure-property relationships for
directed polymer design from the reported studies and materials. First, most of the reported
polymers were designed for gene delivery and are required to perform several tasks, including
complexation of the genetic material. In this regard, several studies have examined correlations
between the pH response of the polymer, often referred to as buffering capacity, in the range of
interest (pH 5-7.4) and its effectiveness in gene delivery. For example, the type of amine
(primary, secondary, or tertiary) was found to have a critical effect on pDNA release.**>3°! An
interesting study was conducted by Du et all’ who examined the effects of the acid
dissociation constant (pK,) - a measure of the basicity of a material that correlates with the
buffer range - of various copolymers on the efficacy of siRNA release. While pK. values
between 5.8 and 6.2 were identified as most effective, the polymers studied also undergo a
phase transition with the change in pH, which is related to their inherent hydrophobic structure.
Indeed, most pH-responsive polymers with pK. values in the interesting range of 6-7 are
hydrophobic in the neutral state, which affects their membrane interaction and complicates the
evaluation of independent factors.!”>7! Purely hydrophilic polymers with pKa values close to 6
are based on imidazole units, as also found in histidine.””! While no clear conclusions on
structure-property correlations can be drawn from the reported materials, incorporation of
imidazole or histidine moieties clearly improved the efficacy of the delivery systems, which
was attributed to the favorable pK. value.[** 771 Moreover, the second protonation of
ethylenediamino groups (a subunit of PEI) was found to occur at pH 6 and to be critical for
efficient gene delivery,®® whereas similar units with a slightly lower second pK, value (= 5.5)
did not improve it.®!! Therefore, it is crucial to investigate the fundamental effects of basicity
(pKa value) or buffer capacity in the crucial range (pH 5-7.4) for endosomal escape, regardless
of the release of complexed biologicals or the inherent hydrophobic structure of the release
materials.®?! The main challenge is to find suitable materials that allow fine tuning of the pKa,

value without major structural changes and provide good solubility in aqueous media over a
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wide pH range. Polypiperazines are a new class of polymers that have not previously been
employed in biomedical applications and enable an easy adjustment of their basicity by
modification of the substituents on the amino group.[®*>3 A detailed analysis of their structure-
property relationships and their initial application in the delivery of biologicals is presented in

Chapters 4 and 5.

In addition to the basicity or degree of charge of the delivery system, the balance between
hydrophilicity and hydrophobicity is also critical for release from the endosome. While the
intrinsic hydrophilicity of the system is critical for use in aqueous environments in biomedical
applications, hydrophobic moieties enhance interactions with cellular membranes. In addition
to release potency, the incorporation of hydrophobic monomers also matters in polymer
assembly, which in turn affects the charge density of a system. Alternative polymer systems for

the delivery of genetic material are presented in Chapter 6.

In this first set of studies, cell lines were used for in vitro studies only. Common to all of the
studies presented is the employment of HEK 293T cells, as they have been widely used for
many years as a cell line that is comparatively easy to handle and transfect. HEK 293T is a
human cell line that can be readily cultured in serum-free media and whose cells grow
adherently. Because it was artificially transformed, the cell line, like any simple model, has
limited applicability and the results are of limited value. However, since HEK 293T (or
variants) are widely used in the development of viral vaccines, chemotherapeutics, and in the
production of recombinant adenovirus vectors, basic conclusions can be drawn, especially for

biotechnological applications.
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4. Evaluating pH-adjustable polypiperazines as release agents

4.1. Polypiperazines as a new class of polymers in biomedical applications

Inspired by the structure of commonly used biological buffers (e.g., 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffers), the interesting class of pH-responsive
polypiperazines were considered for biomedical applications in this study for the first time.
Nevertheless, previous reports indicate favorable pK, values that can be tuned by the respective
substituents by an enhanced inductive effect of methyl (Me) to ethyl (Et), isopropyl (iPr) and

83-84] The easy and straightforward accessibility of the monomers

finally tert-butyl (1Bu) groups.!
and their acrylamide structure allow controlled polymerization via reversible addition-
fragmentation chain transfer (RAFT). In agreement with similar acrylamides,’® the chosen
RAFT polymerization facilitated access to well-defined polymers with variable degrees of
polymerization (DP). Typical of the free radical polymerization of acrylamide monomers in
water, the rate of polymerization was very high, such that quantitative conversions (> 99%)
were achieved within a few hours. Consequently, a set of different homopolymers poly(/N-
acryloyl-N"-methylpiperazine) (PNAMP), poly(N-acryloyl-N'-ethylpiperazine) (PNAEP),
poly(N-acryloyl-N"-iso-propylpiperazine) (PNAiPP), and poly(N-acryloyl-N'"-tert-
butylpiperazine) (PNA/BP) with DPs ranging from 100 up to 500 (16-99 kDa) were prepared.

O
2 A O gk
o S 8T P ™ Ho 787" R=Me n=100
VA-044, 50 °C, Dioxane/Hz0, 24 h n Et 250
o) N iPr 500
Q tBu
R

Scheme 4.1. Syntheses of polypiperazines. The piperazine based vinyl monomers were polymerized

via RAFT polymerization.

The described polypiperazines represent an exciting new set of materials, where protonation
occurs exactly in physiologically interesting range and the basicity of the amino group can
gradually be increased with subtle modifications on the substituent without notably affecting
its solubility. This fine-tuning of buffer capacity and pKa in this region renders these materials
ideal for investigating the impact of basicity on endosomal release. Indeed, the tested
polypiperazines exhibited a wide buffer range in the desired pH range. Moreover, in agreement

with the original hypothesis, the systematic modifications of the side group resulted in a gradual
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shift of this buffering capacity to higher pH values with increasing substituent size. Similarly,
calculations revealed a gradual increase in the respective pK,*P values in the range of 6.2 to 7.1
(Figure 4.1.b), covering the most interesting pH region from the extracellular environment to
early and late endosome.®®%71 Based on theoretical considerations derived from titration of the
polymers the degree of charge at physiological pH value of 7.4 was determined, ranging from
9% for the less basic PNAMP to a maximum of 36% for the more basic PNA/BP (Figure 4.1.c).
Along the endo/lysosomal pathway, all materials become fully protonated and thus fully
charged. Interestingly, the sharpest increase in charge level for all materials is expected during

the transition from the extracellular space to the early endosome.

a
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Figure 4.1. pH-Responsiveness of polypiperazines depending on substituent. a The polypiperazines
of the investigated library differ in their DP and pendant group. b The titration curves of the
polypiperazines were obtained from potentiometric titrations of acidified polymer solutions against
sodium hydroxide in water with 150 mM sodium chloride. The red, orange, green and blue squares
represent PNAMPsoo, PNAEPs00, PNAiPPsoo and PNA7BPso, respectively. The pK, is indicated for each
material. ¢ The degree of charge at different pH values was calculated from the titration data (symbols)
and according to the Henderson-Hasselbalch equation (1) (lines) for PNAMPsgo (red), PNAEPsq
(orange), PNAiPPsg (green) and PNA7BPsoo (blue). The pH range within the compartments of the endo-
lysosomal pathway, early endosomes, late endosomes and lysosomes are indicated according to
Maxfield & Yamashiro®® and Huotari & Helenius®”. EE - early endosome, LE - late endosome, L -

lysosome.
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The necessity of such a fine-tuning becomes already apparent when testing their
biocompatibility. Significant cytotoxic effects were only observed for the most basic PNA/BP,
and elevated concentrations of PNAiPP, with the highest DP, while all other polymers revealed
no toxicity. The results corroborate a previous study about the impact of charge density and
molar mass of polycations on cytotoxicity and even allow a more distinct differentiation.®® The
biocompatibility of the materials was also evident in the high blood compatibility of the non-
hemolytic materials, of which only the most basic PNA/BP with highest DP induced
aggregation of erythrocytes. The plasma membrane of HEK 293T cells was also not
permeabilized by the materials except, again, PNA7BPsoo or in the absence of serum in a
basicity-dependent manner. Microscopic studies of cellular uptake of the labelled polymers
showed fluorescence signals in small enclosed compartments of the cell, indicating endocytotic
uptake. Flow cytometric studies revealed that the uptake of polypiperazine depends on the
degree of charge and also on the cell culture medium used, with cytotoxic effects collapsing the

uptake trend in the case of PNA#BPsoo under serum free conditions.

4.2. Probing endosomal release of polypiperazines

The key element of this study is to establish correlations between the basicity/pKa of the
materials and their ability to facilitate endosomal escape. Therefore, various fluorescent model
probes, ranging from the small molecule calcein to the biomacromolecule dextran (70 kDa) or
the protein bovine serum albumin (BSA, 66.4 kDa), were co-incubated with the respective
polymers to allow monitoring of size-dependent endosomal escape. In initial tests, nor calcein,
dextran or BSA were found to form any complex with the tested polymers. First, the subcellular
distribution of the model probes and the fate of the polymer were imaged by confocal laser
scanning microscopy (CLSM). PNA7PPso0 was initially investigated for its pH response in the
physiologically relevant pH range, sufficient uptake, and membrane activity at endosomal pH
values, while exhibiting good bloodcompatibility and cell viability at physiological conditions.
A fluorescent version was synthesized to localize the polymer and the probe simultaneously.
Control cells treated with calcein alone displayed a punctate pattern,!'” 8 891 while cells
additionally treated with PNA/PP indicated diffuse green fluorescence in the cytoplasm and
nucleus, indicating the release of calcein from the endosome (Figure 4.2.d). Interestingly, a
similar effect was also observed for the larger BSA (66.4 kDa). In both cases, the rate of
endosomal release by the labeled PNA/PP is moderate, as a strong punctate fluorescent signal

is still detectable in the included compartments.
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Flourescent Polypiperazine Flourescent
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Figure 4.2. Endosomal escape of calcein. a Schematic presentation of the endosomal entrapment of
calcein in cells and b of the cytosolic delivery facilitated by the polypiperazines. ¢, e, g Confocal images
of HEK 293T cells treated with the non-membrane permeable dye calcein as control. d, f, h Cellular
uptake and endosomal release of calcein were imaged using HEK 293T cells that were treated with the
same concentration of calcein as the control cells and labeled PNAiPPsg. The calcein channel (¢, d) and
the corresponding image of the red channel (polymer, e, f) as well as the merge of the calcein, polymer
and Hoechst channel (g, h) are shown. i, j Example images of a z-stack acquisition from the lower,
middle and upper part of a cell treated either with calcein alone as control (i) or with PNAiPPsgy and
calcein (j). c-j Scale bar 20 um. k High-throughput analysis of fluorescence intensities of HEK 293T
cells treated with calcein and polypiperazines. The means + SD of three independent experiments
relative to control cells treated with calcein only (rel. MFI = 1) are shown. *, **: significant difference
(» <0.05, p <0.01) compared to control cells. Transparency of bars indicates gated cell populations
below 70% (slight transparency) or 50% (distinct transparency) according to reduced viability of the

samples. rel. MFI - relative mean fluorescence intensity.
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By flow cytometry, two cumulative trends were observed when examining all polymers for
their potential to facilitate endosomal escape using calcein as a probe (Figure 4.2.k). Both DP
and basicity correlate with MFI, indicating more efficient endosomal escape induced by the
respective polymers. Similar to the uptake studies, the trend collapses as the cytotoxicity of the
materials increases. A similar trend was observed for other types of cationic polymers before, %
99921 and considering the minor impact on cytotoxicity in case of the highly charged polymers
such as PNA7BP, the tuning of polymer size might represent an interesting lever to optimize
release with insignificant loss of viability. Among the nontoxic materials, the best calcein
release was observed for PNAiIPP with a DP of 500, which showed a significant increase in
MFI compared with cells treated with calcein alone (relative mean fluorescence intensity (rel.
MFT)). However, the screening revealed that the basicity and pKa value of the polymers have a
greater effect on the efficiency of endosomal escape than DP. Interestingly, the release studies
on various compounds ranging from small dyes (calcein) to macromolecules (proteins or
dextran) depict similar correlations. While the differences in calcein release may be due in part
to an increased uptake rate for the more basic polymers, the key to efficient release of larger
molecules appears to be the basicity or pKa of the polymers (Figure 4.3.b). In a direct
comparison of BSA release, PNA/PP or PNA7BP proved to be the most efficient release
polymers, which were comparable in efficiency with 1-PEI 25 kDa despite the very different
basicity and buffer capacity. While PNAZPP caused a considerable release in Opti-MEM®
without signs of toxicity in the tested range, almost no effect is found if serum-containing
medium is applied. On the contrary, the more alkaline PNA/BP suffers from increased toxicity
in the first case but facilitates a concentration-dependent escape despite the presence of serum.
These findings emphasize the peculiarities of media such as Opti-MEM® which is optimized
for transfection, and demonstrate potential difficulties induced by serum proteins narrowing the
window for efficient release without causing severe toxicity. Interestingly, the release was

dependent on the type of polymer rather than their concentration (Figure 4.3.a).
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Figure 4.3. Basicity-dependent endosomal escape of labeled BSA. a Exemplary, the endosomal
escape facilitated by the polypiperazines in comparison to commercial 1-PEI 25 kDa in Opti-MEM® is
plotted to show correlations between the polymers’ basicity and concentration. The polymer
concentration is given near the corresponding data point. Means of three independent experiments are
shown. b The cellular uptake of Oregon Green-labelled polymers (DP: 500) as well as the endosomal
escape of labelled BSA in HEK 293T cells was assessed by flow cytometry. For the uptake studies, the
obtained MFI values were corrected by the labelling efficiency of the polymers and are given in relation
to the untreated control. Regarding the endosomal escape studies, the relative MFI values are given in
relation to cells treated without polymers. Mean = SD of three independent experiments is shown. The
ratio of BSA release to polymer uptake (R/U) is given for the respective polymers at the concentration
shown. o: no significant difference, **: significant difference (p < 0.01), rel. MFI - relative mean

fluorescence intensity.

A crucial factor for the efficient delivery of biological therapeutics is the preservation of their
structure during this process. Usually, the decrease in pH and the presence of hydrolases
following the endolysosomal pathway lead to degradation of biological material such as
proteins. Therefore, escape from the early endosome is key to bypassing this degradation and
ensuring an intact delivery of proteins, antibodies, or genetic material. Following previous
reports,”*] RNase A was incubated with the promising polymers PNAiPPso) and PNAfBPso in
different media. While the pure enzyme does not exert toxic activity on cells, release into the
cytosol results in cell death due to degradation of cytosolic RNA, which can be monitored by a
concentration-dependent cell viability assay. In agreement with previous experiments, a clear
difference was observed between Opti-MEM® and serum-containing medium (Figure 4.4.a vs.
b). To visually confirm the previous results, PNAiPPso0 and PNA7BPsoo were further tested for
delivery of EGFP monitored by CLSM. However, it is important to note that HEK 293T cells
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generally exhibit limited EGFP uptake (Figure 4.4.c,e), which reduces the probability of
congregation with the polymer in the same compartments. In serum-containing medium,
PNABP resulted in increased uptake and cytosolic release of fluorescent EGFP (Figure 4.4.d),
which was similarly observed with PNAZPP in the absence of serum (Figure 4.4.f). In both
cases, the number of affected cells examined by flow cytometry appears to be lower compared
with the results obtained with BSA administration, which again may be due to the limited
uptake of this protein. Despite these challenges in the delivery itself, the final RNase A and
EGFP delivery assays confirmed that intact transport of sensitive biological molecules can be
achieved with these polymers and that protein activity is maintained in the cytosol. Therefore,
it can be assumed that the release is triggered at least to some extent in the early endosomes,
since the fluorescence of EGFP in particular would certainly be affected by conditions in the

late endosome or in the lysosome.[?+%

a b
120 DMEM + 10% serum 120 Opti-MEM
ah,_mo-_%i::::-:-‘ SR S R N S + ~~~~~ }
Z 80- IR St Sl 2 80- RN o
_'g 1 T "1']""""""‘3";' N .'E 'J"-'_""'""'":“".'_'""““i("""""'""""""
> 604 " 1 = 60 . .
3 3 | 0
< 404~ = P(NAPP)509 — 404 “‘«'i -------- ]
@  {-o- P(NAPP)gy, + RNaseA 2 : el
204, P(NABP)5 20 L _____ \\“
. LN --"'6--..,
04 % P(NABP)ggg + RNase A & 0 ! AR a
1 L] T 1 T 1 L] T T T
5 10 25 50 100 5 10 25 50 100
Polymer concentration / pg mL™ Polymer concentration / pg mL™

Figure 4.4. Cell culture medium-dependent delivery efficiency of functioning proteins. a,b The
relative viability of HEK 293T cells a in the presence of serum or b in Opti-MEM® treated with
indicated concentrations of the polymers PNAiPPsy (green, solid squares) and PNA#BPsq (blue, solid
triangles) or with additional 500 pg mL!' RNase A (respective color, open symbols) were measured via
the alamarBlue assay. Means + SD of three independent experiments are shown. ¢,e HEK 293T cells ¢

in serum-containing medium or e in Opti-MEM® were treated with EGFP for 16 h and analysed via
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CLSM as a control. The overlay of the T-PMT and EGFP channel are shown. d HEK 293T cells in
serum-containing medium were treated with the same concentration of EGFP as control cells but with
additional 50 ug mL' PNA/BPs at the same time and analysed as described in ¢. f HEK 293T cells in
Opti-MEM® were treated with the same concentration of EGFP as control cells but with additional
50 pug mL' PNAiPPsq at the same time and analysed as described in ¢. Scale bar 25 um. EGFP -

enhanced green fluorescent protein, T-PMT - transmitted light detector.

From the studies on release from the small molecule calcein to functioning proteins, it can be
concluded that the pKa values and thus maximum buffer capacities of release polymers must be
closer to 7 for efficient endosomal escape, which is in good agreement with the research on
ionizable lipids, where a substantial increase in delivery efficiency was identified at a pK, value
of 6.8, while pK, values of 6.8-7 were described as most effective.”**° Consequently, the often-

4164, 100-101] £5r polymeric vectors should be narrowed down, which

considered range of 5-7
might explain previously observed discrepancies concerning the importance of buffer capacities

in this range.[80-81]
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5. Polypiperazines in gene delivery

Following the demonstration that the endosomal hurdle can be overcome with
polypiperazines, the question arose whether this property can be used to create synergies in the
field of gene delivery. However, the most important question is whether the almost neutral
polypiperazines are able to bind genetic material at physiological pH and to stimulate all cellular

processes from the endocytotic uptake of the polyplexes to the transcription in the nucleus.
5.1. Complexation of genetic material by near-neutral polypiperazines

Due to their low protonation and thus limited positive charge at physiological pH values, the
polypiperazines were not expected to interact strongly with genetic material. While initial
complexation studies based on an EtBr assay (Figure 5.1.) indicated only a weak binding ability
of these polymers at the physiological pH value of 7.4, more detailed investigations based on
gel retardation revealed indeed a stable polyplex formation, which however differs in terms of

pDNA condensation from common transfection polymers such as 1-PEI (Figure 5.2.b).
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Figure 5.1. pH-dependent pDNA binding of polypiperazines. The pH-dependent pDNA binding of
the polypiperazines was studied at N*/P 30 by an EtBr quenching assay using different buffers in a pH
range from 5 to 7.4, representing the physiologically relevant pH range during transfection experiments.

Data are presented as the mean + SD (n = 3). 1-PEI was investigated for comparison.

As expected, PNAMP did not complex pDNA at any of the ratios of protonatable amines to
phosphates (N*/P ratios) examined, confirming that its low charge density was not sufficient

for stable polyplex formation (Figure 5.2.b). However, PNAEP displayed an unexpected N*/P-
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dependent retardation of pDNA. More astonishingly, PNAiPP and PNA/BP retained pDNA
even at a low N*/P of 3, which suggested polyplex formation contradictive to the initial EtBr
assay. Interestingly, PNAiPP, PNA/BP and I-PEI showed the same pattern for pDNA binding
despite their substantially different charge density at pH 7. Thus, the polypiperazines were able
to efficiently bind pDNA and inhibited its gel migration, although they resulted in only a modest
EtBr displacement. For comparison, commercial 1-PEI leads to a displacement of nearly 90%,
which reflects the effective pDNA condensation known for this type of polymer. These data
support that PNAZPP and 1-PEI polyplexes may differ in their pPDNA binding mode and may be
packaged differently. A different binding mode in PNAiPP and PNA7BP is also supported by
the hydrophobicity of the i-Pr and #-Bu side chains, which may interact with the solvophobic
portions of the DNA chains. To better understand the interaction of polypiperazines with
genetic material, the polyplexes were studied in more detail in terms of their hydrodynamic
diameter, polydispersity index (PDI) and surface charge. Accordingly, polyplexes < 200 nm
were formed with PNAEP, PNAi/PP, and PNA/BP. PNAMP formed larger aggregates,
confirming the less intense packing mentioned earlier. The PDI for all polyplexes was in a
desirable range < 0.250. The zeta potential correlated with the charge density of the polymers,
with the 1-PEI polyplexes exhibiting the strongest positive surface charge.
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Figure 5.2. Charge-dependent pDNA binding of polypiperazines. a Chemical structure of
polypiperazines and the controls 1-PEI and poly(N-acryloylmorpholine) (PNAM) and charge density of
the polymers at pH 7.4.°") b The pDNA binding ability of the polymers was studied at various N*/P

ratios by gel electrophoresis (n > 1). Free pPDNA was investigated as control.
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In contrast to conventional cationic transfection agents and polymers, almost no pDNA release
was observed in polyplexes based on PNA/PP and PNA7BP when treated with the competitive
polyanion heparin (Figure 5.3.a). Among the polypiperazines a trend towards increased stability
with increased basicity was found. At the investigated N*/P ratios, pPDNA can be released from
the PNAEP polyplexes at all investigated heparin concentrations, whereas only a negligible
pDNA release was observed for PNAIPP polyplexes at any of the tested conditions. Finally, no
pDNA release was be observed for PNA/BP. On the contrary, I-PEI fully releases pDNA in
each of the tested conditions, indicating a different mode of pDNA binding of polypiperazines
and 1-PEI. We hypothesize that the increasing hydrophobicity of the alkyl side chains could
cause local secondary interactions that stabilize the polypiperazine polyplexes even in the
presence of heparin. In the case of PNAEP (lowest hydrophobicity), the secondary interactions
might not be sufficient to prevent dissociation of the polyplex with addition of the polyanion.
On the other hand, in case of low PNAEP excess, the packing density of the polymer chains at
the pDNA could be much higher, favoring the proximity of the molecules and possibility of
formation of local secondary interactions. Unpacking of pPDNA was described as a critical factor

[1,102-103] However
b

in transfection and sophisticated systems were developed for pDNA release.
the heparin release experiment performed suggests that the release mechanism of
polypiperazines differs from the well-known 1-PEI and does not involve complete release of

pDNA.
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Figure 5.3. Stability and pDNA accessibility of polypiperazine polyplexes. a PNAiPP (green, upper)

and 1-PEI (black, lower) polyplexes differ in their pPDNA release behavior upon heparin treatment. b-e

Agarose gel electrophoresis was conducted to investigate pDNA release. Polyplexes were prepared at

N*/P 3 and 15 and incubated with different concentrations of heparin as a competitive polyanion. For

comparison, free pPDNA was investigated as well. A representative image (n=2) for b PNAEP, ¢

PNAIPP, d PNA/BP and e 1-PEI is shown. f pDNA accessibility of polyplexes was investigated via

gqPCR in comparison to free pPDNA. Representative amplification curves (n = 2) are shown for PNAMP
(red), PNAEP (orange), PNAZPP (green), PNAzBP (blue), I-PEI (black) as well as uncharged PNAM
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(grey) and free pDNA (pink). g A schematic representation of PNAiPP (green) and 1-PEI (black)
polyplexes illustrates differences in their pPDNA accessibility.

Nevertheless, the successful amplification (quantitiaive polymerase chain reaction (QPCR))
of the pDNA bound in a polyplex with the polypiperazines indicated that a release is not
necessary for an efficient transcription in the case of the polypiperazines (Figure 5.2.f). The
condensation of the pDNA by the polypiperazines differs significantly from previously
described polyplexes, for example I-PEI, which is also indicated by the differences in EtBr
displacement. The polypiperazines provide the opportunity for pPDNA to remain accessible
within the polyplex for transfection, thus circumventing the need for release of genetic material
(Figure 5.2.g). Assumably, the comparably loose binding of the polypiperazines enables an
unhindered transcription of the pDNA even if complexed by the polymers. The significantly
lower charge density of polypiperazines compared to I-PEI could explain the differences in

polyplex packaging, pDNA binding, and accessibility.

5.2. Endosomal escape and gene expression of polypiperzaine polyplexes

In the calcein release data presented previously, the endosomal escape efficiencies of the free
polypiperazines were evaluated. These indicated an increase in relative fluorescence intensity
for PNAiPP, PNA/BP, and 1-PEI (see Chapter 4.2.). The question arises whether endosomal
release is also successful in the presence of pPDNA. Based on the presented assay with the free
polypiperazines, which demonstrated clear correlations between microscopy and flow
cytometry (see Chapter 4.2.), we performed only flow cytometric analyses in this study. The
results revealed that PNAIPP, PNAsBP and I-PEI caused an increase in the fluorescence
intensity of the calcein signal even in the presence of pDNA. Interestingly, at lower pDNA
concentrations, PNA/PP showed comparable endosomal release efficiency to I-PEI despite their
significantly different basicity, whereas at higher pPDNA and correspondingly higher polymer
concentrations, the endosomal release capacity of 1-PEI significantly exceeded that of PNA7PP.
As shown previously, the increased amount of free 1-PEI has a pivotal role in endosomal escape
and is also crucial for the transfection mechanism.!!%1%] Previous endosomal escape studies
also showed very low endosomal release efficiency for PNAEP, which was too low for efficient
calcein release and protein delivery (see Chapter 4). In the context of nucleic acid transfection,
however, a rather low endosomal escape rate may be sufficient because a plasmid can be
repeatedly transcribed for subsequent protein production.’”?! However, the results are generally

consistent with the previously published study on cytosolic delivery of proteins (see Chapter
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4).571 Although showing superior calcein release, the plasma membrane activity of the higher
charged PNABP has a particularly unfavorable effect in the context of transfection with nucleic

acids, as limitations in cell viability impede protein biosynthesis.

PNAMP PNAEP PNA/PP PNABP

Polymer

Figure 5.4. Intracellular trafficking of piperazine-based polyplexes. HEK 293T cells were treated
with polyplexes of Oregon Green-labeled polypiperazines (green channel) and TOTO-3 iodide-stained
pKMyc pDNA (red channel, P conc = 12 umol L") at N*/P 15 for 4 h. The cells were stained with
Hoechst 33342 (blue channel) to visualize the nuclei in live-cell confocal microscopy. Representative

images of two independent experiments are shown. Scale bar 20 pm.

To further investigate the uptake of polyplexes and their interaction with different cell

membranes, CLSM was employed using live cells and polyplexes of Oregon Green labelled
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polypiperazines and TOTO-3 stained pDNA.P”) For PNAMP, negligible polymer uptake was
observed in small isolated compartments, but no pDNA uptake was found (Figure 5.4). For
PNAEP, negligible uptake was measured, and PNA/BP caused toxic effects despite the onset
of a decreased polymer concentration. PNA/PP induced efficient polymer and pDNA uptake.
The TOTO-3 signal was distributed throughout the cytoplasm in approximately 10% of cells,
indicating endosomal escape of polyplexes. Interestingly, the PNA/PP (Oregon Green) signal
did not distribute throughout the cytosol after release but was assimilated in the nucleus (Figure
5.4). We hypothesize that the entry of PNA/PP into the nucleus may also support the uptake of
pDNA into the nucleus.!*! In the case of PNA/BP, we also observed Oregon Green signals in

the nucleus, but here we assume toxic effects such as membrane disruption as causative.

After confirming that the polypiperazines, especially PNAiPP, induce effective endosomal
escape even in association with pDNA, and also discovering that PNAZPP enters the nucleus,
we investigated the transfection efficiency of the pPDNA-binding polypiperazines in comparison
to 1-PEI 25 kDa. In order to find optimal conditions for this new class of polymers, a design of
experiments (DoE) approach was applied to screen a broad design space in terms of
concentrations of pPDNA and polymer. The optimization of the transfection efficiency with a
DoE approach enabled the creation of statistically valid models regarding the optimal settings
for polypiperazines and 1-PEI while saving enormous amounts of material and time. These
experiments revealed that even the slightly charged polypiperazines PNAEP (13% charge
density) and PNA/PP (22%) can transfect as efficiently as the highly charged I-PEI (> 50%,
Figure 5.5). Although the overall activity of the polypiperazines correlated with their charge
density, the upward trend collapsed in the case of PNA/BP, which is due to toxic effects induced
by this polymer in serum free conditions. In the case of PNAiPP, the moderate charge density
seems to represent a fine balance for achieving efficient transfection, without causing toxic
side-effects, yet. Interestingly, PNAi/PP appears to transfect very effectively over a very wide
range of concentrations and N*/P ratios and outperforms I-PEI in terms of the latter ratios as it
still achieves excellent transfection efficiencies at a N*/P ratio of 3 (Figure 5.5.f vs. h). In
contrast, the transfection efficiency of 1-PEI decreased with decreasing N* and increasing P
concentrations, confirming the importance of high N*/P ratios for 1-PEI. Surprisingly, even
PNAEP was effective at higher polymer concentrations, although its ability to induce
endosomal escape was limited compared to the more basic polymers (PNA/PP, PNA7BP, and
PEI). The less basic PNAEP was most efficient at comparatively high polymer concentrations

and low pDNA concentrations, i.e., at higher N*/P ratios. PNAEP achieved the same efficiency
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as PNAJ/PP at higher polymer concentrations and N*/P ratios, probably due to its lower charge
density. A concentration-dependent endosomal escape may explain as to why transfection
efficiencies comparable to PNAiIPP were obtained for the less basic PNAEP, although higher
polymer concentrations had to be applied. Thus, PNAEP, which showed no toxicity up to
concentrations of 1 mg mL"! (correspondes to 6 mmol L' N*) according to ISO10993-5, is a
positive example that the efficiency-toxicity dilemma can also be overcome by simple

homopolymers, if the pH-response and the charge density is finely tuned.
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Figure 5.5. Optimization of the transfection efficiency of polypiperazines in HEK 293T cells via
DoE. a-d Augmented 3D surface models and e-h augmented contour plots of the response surface
predicting the transfection efficiency (percentage of viable green fluorescent protein (GFP)-fluorescent
cells) of a, e PNAEP, b, f PNAiPP, ¢, g PNA/BP, and d, h I-PEI show transfection maxima at different
conditions. In the 3D plots, the measurement points located in front of the model are indicated with red
dots. Constant N*/P-ratios were plotted along the guidance lines drawn in the contour plots. a-h HEK
293T cells were treated with various polyplex formulations. Transfection efficiency was investigated by

flow cytometry. N* conc — concentration of protonatable amines, P conc — concentration of phosphates,

Tr.Eff. — transfection efficiency.
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6. Alternative polymer systems in the field of endosomal release

While the fine-tuning of cationic charges was central in the study of polypiperazines, the
following studies examined alternative polymer systems for delivery of biologicals (in this case,
nucleic acids) and evaluated the impact of polymer assembly (Chapter 6.1.), integration of
hydrophobic moieties and adjustments of the hydrophobic-hydrophilic balance (Chapter 6.2.),

as well as the effect of permanent cationic charge (Chapter 6.3.).

6.1. A pH-responsive polymer micelle

Although significant progress has been made in the field of gene delivery, there are still some
challenges, such as difficult-to-transfect cell types like primary or suspension cells.['%1%] One
strategy to overcome this obstacle is to combine cationic polymers with other monomers that
introduce additionally beneficial biological and chemical properties. By incorporating
hydrophobic monomers, particularly in the form of block copolymers, cationic micelles can be
formed that have a better chance of transfection in otherwise difficult-to-transfect cells.!!?-110]
The assembly of homopolymers into a micelle leads to a denser packing of cationic charges. In
this study, the antioxidant biomolecule lipoic acid, which can also be used as a crosslinker, was
additionally incorporated into the hydrophobic block of a diblock copolymer, poly{[2-
(dimethylamino)ethyl — methacrylate]io1-b-[n-(butyl — methacrylate)i24-  co-(lipoic  acid
methacrylate)2]} (P(DMAEMA 01-b-[nBMA24-co-LAMA»;]), which was synthesized by
RAFT polymerization and assembled into micelles (LAMA-mic) (Scheme 6. 1.). These
micelles were evaluated for their pPDNA binding, cytotoxicity mechanisms, and transfection

efficiency in HEK 293T and K-562 cells, a difficult-to-transfect suspension leukemia cell line.
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Scheme 6.1. Synthetic routes of LAMA-mic. a Synthesis of the lipoic acid-methacrylate (LAMA)
monomer via N,N'-dicyclohexylcarbodiimide (DCC) /4- (dimethylamino)pyridine (DMAP)
esterification coupling reaction. b A chain transfer agent, (4-cyano pentanoic acid)yl ethyl
trithiocarbonate (CPAETC), was used to synthesize a macro chain transfer agent (macroCTA),
PDMAEMA, via RAFT polymerization. The macroCTA was then used to synthesize the block

copolymer under the same conditions.

The LAMA-mic was able to bind genetic material (Figure 6.1.a) and partially release it after
treatment with a competitive polyanion (heparin, Figure 6.1.b). The incomplete quenching of
EtBr upon binding of pDNA might indicate a synergism of electrostatic and hydrophobic

interactions, which could also explain the incomplete dequenching of EtBr upon heparin

addition.
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Figure 6.1. Polyplex formation and pDNA release of LAMA-mic. a EtBr assay at different N*/P
ratios. b Heparin release assay of polyplexes at N*/P 30. a,b Values represent mean (line) and individual

data points (symbols) of n = 3.

The LAMA-mic was only mildly toxic at the low concentrations used (Figure 6.2.a) and

transfected HEK 293T cells comparable to the commercial control 1-PEI 25 kDa (Figure 6.2.b
36
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left bar row). Remarkably, while 1-PEI showed almost no transfection in K-562 suspension
cells, LAMA-mic caused an increase in EGFP-positive cells by more than sevenfold (Figure

6.2.b right set of bars).
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Figure 6.2. Toxicity and transfection efficiency of LAMA-mic in different cell lines. a PrestoBlue™
assay in L929 cells following incubation with respective polymers at indicated concentrations for 24 h.
Dots represent values of single repetitions and lines represent logistic fit functions (n = 3). Stars indicate
polymer concentrations used for N*/P 30 in transfection assays. b EGFP expression of viable cells was
analyzed via flow cytometry following incubation of cells with polyplexes of mEGFP-N1 pDNA and
polymers at N*/P 30 in respective growth medium (D10 or R10 with 10 mM HEPES) for 24 h or for
24 h followed by splitting of cells and medium and further incubation for 48 h. Values represent mean
+ SD (n > 3). Significant differences identified only main effects of the polymers, as there were no

significant interactions between incubation time and treatment. ***: significant difference (p < 0.001)

Additional mechanistic studies were performed on the kinetics of polyplex uptake, but these
did not correlate with polymer performance, as different substitutions of the polymers showed
no effect on cellular uptake in different cell lines. Although transfection efficiency was
independent of the cellular uptake of the polymer-pDNA complexes, it did correlate with the
endosomal release of the LAMA-mic. Strikingly, endosomal release was particularly high
within a short time after treatment. In contrast to I-PEI, the LAMA-mic showed good endosomal

release in both cell lines, possibly indicating different release mechanisms.

To investigate the role of lipoic acid in the improved transfection efficiency of the LAMA-
mic in detail, an additional set of polymers without lipoic acid was prepared, P(DMAEM Ago-
b-nBMAsg) and poly[2-(dimethylamino)ethyl methacrylate]so-b-[n-(butyl methacrylate)so-co-
(hydroxyethyl methacrylate);;] (P(DMAEMAGgo-b-[nBMAg-co-HEMA7]). The first
resembled an amphiphilic block copolymer lacking the LAMA moiety, while the second was
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synthesized to mimic a hydrolysed and cleaved lipoic acid from the original LAMA copolymer.
Comparison of the different micelles revealed that the micelles lacking lipoic acid also
transfected HEK 293T cells, albeit to a slightly lesser extent. In K-562 cells, the transfection
efficiency of LAMA-mic polyplexes at N*/P 15 was significantly higher than that of the
polyplexes of the other micelles at N*/P 30, suggesting an increase in efficiency due to the
incorporation of lipoic acid into micelles. However, for HEK 293T cells, the increase in
efficiency was less pronounced. In conclusion, all three micelle systems are promising
candidates for efficient gene transfer into K-562 cells, with the higher transfection efficiency
of LAMA-mic suggesting a synergistic effect of lipoic acid and architecture. Therefore,
incorporation of lipoic acid into the core of hydrophobic cationic micelles represents a

promising tailored transfer strategy that could be useful for other difficult-to-transfect cell

types.

6.2. Integrating hydrophobicity in copolymers

Introducing hydrophobic moieties into cationic polymers can further improve the efficiency
of the system,!1"!'3] but common formulation techniques of hydrophobic polymers require the
use of organic solvents, which might compromise the integrity and loading efficiency of the

1161 In this study, a mild aqueous formulation method for encapsulating large

genetic material.[
amounts of genetic material into cationic polymer nanoparticles could be established. For this
purpose, a polymer corresponding to the commercially used polymer Eudargit® was developed.
Thanks to its different solubility in different media, Eudragit® E(PO/100) serves as a matrix
excipient for sustained-release pharmaceutical tablets. The insolubility of the polymer in water
under neutral pH conditions and its solubility under acidic pH conditions was used in this study
as the most important requirement for successful encapsulation of nucleic acids. For the
development of the pH-dependent formulation method, a well-defined pH-responsive
hydrophobic copolymer, i.e., poly((rn-butyl methacrylate)-co-(methyl methacrylate)-co-(2-
(dimethylamino) ethyl methacrylate)) (PBMD), was synthesized by RAFT polymerization.

e e G T
" ° O)/O ° (|) OHO . b 07 00" O

) O
1,4-dioxane o] =

i'
N
P e X N\

Scheme 6.2. Synthesis of P(nBMA-co-MMA-co-DMAEMA) (PBMD). Polymerization synthesis
scheme of P(nBMA-co-MMA-co-DMAEMA) (PBMD) via statistical RAFT polymerization.
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Dissolution of the PBMD polymer in acidic buffer facilitated pDNA binding, while pH was
shifted to neutral values during formulation. This enhanced the hydrophobic interactions that
stabilized the formed nanoparticles, particularly under physiological conditions in the presence
of proteins and salts.!'!! 171181 The aqueous pH-controlled formulation of cationic hydrophobic
polymers showed high pDNA encapsulation efficiency and desired stability under
physiological conditions. In-depth characterization by AUC, cryo-TEM and DLS/ELS showed
complete complexation of the genetic material. The PBMD polymer exhibited the desired pH-
dependent solubility and pDNA binding behavior in physiological solution. These
physiological solution conditions are essential for the assembly of pDNA-polymer complexes
in a fully aqueous scenario. The polyplex formation study at neutral pH value revealed stable
polyplex formation (Figure 6.3.a.), but only a slight quenching of EtBr (Figure 6.3.b), which
may indicate a high contribution of hydrophobic interactions. However, the fact that the nature
of pDNA binding can be shifted in a pH-dependent manner was demonstrated when pDNA was
displaced from the complex by the competitive polyanion heparin under acidic conditions
(Figure 6.3.c). Evident from the increase in EtBr signal dependent on heparin concentration,
indicating displacement of pDNA upon addition of the competitive polyanion heparin,
electrostatic interactions likely predominate at acidic pH. In contrast, at neutral pH, no
displacement of pDNA was observed after addition of heparin, indicating predominantly

hydrophobic interactions under physiological conditions.
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Figure 6.3. pDNA binding and release behaviour of the PBMD polymer. pDNA binding ability of
the polymers was studied by a agarose gel electrophoresis and b EtBr assay in comparison to
PDEMAEMA and I-PEI at different N*/P ratios (1-50). ¢ To investigate the influence of pH on polyplex
stability upon addition of a competitive polyanion, the release of pDNA upon heparin addition was
examined. For this purpose, complexes were formed at N*/P 20 and treated with heparin at pH 5 - 7.4,

the physiologically relevant pH range in transfection experiments.

39



Alternative polymer systems for endosomal release

The PBMD polymer showed higher toxicity than 1-PEI 25 kDa, which was time and
concentration dependent. Shorter incubation times and lower concentrations resulted in higher
cell viability and decreasing half maximal inhibitory concentrations (ICso) values (Figure 6.4.a).
The novel formulation approach resulted in high transfection efficiencies in HEK 293T cells,
while requiring 5- to 10-fold less pPDNA compared to 1-PEI 25 kDa and was superior at short
incubation times and in serum-containing media (Figure 6.4.b). The new formulation resulted
also in improved transfection efficiency at lower pDNA concentrations compared to
commercial control Viromer® RED and was successful with the commercially approved
Eudragit® E(PO/100) and various types of genetic material, such as siRNA and mRNA. The
formulation approach showed high versatility and promising potential for further optimization
and application to other classes of hydrophobic cationic copolymers for a general vehicle design

for genetic material.
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Figure 6.4. Toxicity and transfection efficiency of PBMD. a Evaluation of the cytotoxicity of the
PBMD polymer dissolved in acetate buffer in L929 cells. Cells were treated with the polymer for 1, 4
and 24 h and cytotoxicity was determined by the PrestoBlue™ assay after 24 h. The dashed line indicates
70% cell viability and the concentration of PBMD polymer under optimized transfection conditions is
indicated by the blue line. b N*/P ratio and pDNA concentrations were optimized to achieve high
efficiencies (high number of viable fluorescent cells) while maintaining low cytotoxicity. The
expression of EGFP in HEK 293T cells after transfection (columns) was measured via flow cytometry
(mean of n = 3 £ SD). Cytotoxicity of the PBMDaq complexes (dots) was determined under conditions

used for transfection by the PrestoBlue™ assay (mean of n =3 + SD).
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6.3. A cationic, pH-independent polymer

Another interesting cationic moiety is the guanidinium group, which is not pH-dependent in
the physiological context (pKa > 12). Guanidine is found in many different biomolecules and
contributes to protein denaturation, inhibition of DNA synthesis, or in the amino acid arginine
at active sites of enzymes.[!'”) Many cell-penetrating peptides, such as the trans-activating
transcriptional activator (TAT) peptide, are rich in arginine residues.['>”) While their potential
for intracellular transport is established, the mechanism of their entry into the cell, i.e., via
transduction or endocytosis, remains controversial.[!?!"126]  Assuming endocytosis, the
mechanism of endosomal escape of guanidinium-containing cell-penetrating peptides (CPPs)
must be considered. In studies with membrane lipids of the endolysosomal pathway, arginine-
containing CPPs have been shown to bind BMP, a lipid present on the inner surface of the
membrane of intra late endosomal vesicles (ILEVs, see Chapter 1), and to destroy BMP-

127-128] Because

containing liposomes, suggesting a possible mechanism of endosomal escape.!
this is an important property, the guanidinium group is often used for the development of
synthetic vectors.[126: 129133 Funhoff et al. reported promising transfection and uptake of poly(3-
guanidinopropyl methacrylate) (PGPMA) homopolymers in COS-7 cells prepared by radical

polymerization.!®!]

However, well-defined homopolymers of guanidinium-functional
polyacrylates have not been systematically studied as vectors for gene delivery before.
However, they are crucial for the potential exploitation of nature-inspired specific cation-lipid
interactions. In this study, the structure-property relationship of polyacrylamides with
guanidinopropylacrylamide groups was investigated in comparison with other cationic moieties
using well-defined polymers, focusing on the influence of molar mass and cationic content on
complex formation with pDNA, cytotoxicity, and transfection. Well-defined polymers with
narrow dispersity and molar mass distributions were obtained by RAFT polymerization

(Scheme 6.3.), whereas the pH-independent polymer poly(3-guanidinopropylacrylamide)
(PGPAm) exhibited a very high degree of protonation even at physiological pH.
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Scheme 6.3. Synthetic route towards cationic polyacrylamide library.

Binding of genetic material was detected by the EtBr displacement assay described earlier.

The highly charged PGAm was able to efficiently condense pDNA and displace EtBr (Figure

6.5.a) and release it almost completely upon treatment with the competitive polyanion heparin

(Figure 6.5.b), suggesting electrostatic interactions to stabilize the polyplex. The release

exhibited slight DP-dependent effects in this regard.
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Figure 6.5. pDNA binding and release of PGAm in comparison to polyacrylamide library. a EtBr

displacement assay of polymers with highest DP at different N*/P ratios showing strong pDNA binding

of all polymers. Values represent mean + SD (n > 3). b Heparin release assay of polyplexes formed with

PGPAm polymers at N*/P 30 using heparin as a competing polyanion showing the reversible p

binding. Values represent mean + SD (n > 3).

DNA

Besides complexation of genetic material, toxicity and efficiency are the most important

properties of transfection polymers. PGAm proved to be less cytotoxic than I-PEI in L929
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(Figure 6.6.a), but more toxic than polypiperazines (Chapters 4 and 5) or the pH-responsive
micelle (Chapter 6.1.). However, PGAm achieved the same transfection efficiency as 1-PEI
despite its lower toxicity (Figure 6.6.b). To better understand the transfection mechanism of the
polymers, further studies were performed in detail: Polyplex uptake, membrane interaction, and
endosomal release. The results showed that an increase in molecular mass and the presence of
guanidinium groups affected the transfection-related aspects. Interestingly, PGAm exhibited
very efficient endosomal release properties, outperforming polypiperazines, although it did not
respond to pH. On the contrary, there was a strong correlation with enhanced lysis of
cytoplasmic membranes (erythrocytes, HEK 293T) and efficient endosomal release, which may
be attributed to the lack of a pH response. The permanently highly charged polymer can cause
a membrane permeability not only in the endosome, but also attack the plasma membrane at
physiological pH in a pH-independent manner. Because PGPAm is not further protonated in
endosomes, current escape theories did not appear to be applicable. Therefore, the interaction
with BMP, a lipid specific for ILEV, was investigated. In a lipid-polymer binding assay, binding
to BMP was tested and demonstrated that all polymers tested were able to bind BMP, with
PGAm being the most efficient. A possible explanation could be the different lipid composition
of natural ILEV composed of more than one lipid or a more effective mechanism of
guanidinium polymers to leave the endolysosome once the polymers passed the ILEV.
Nevertheless, the strong interaction of the polymer with the endolysosomal membrane was
identified as the most promissing mechanism for explaining the observed endosomal release.
With transfection efficiency as high as that of 1-PEI and superior calcein release properties, the
polyacrylates with guanidinium function represent a promising class of polymers for gene

delivery.
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Figure 6.6. Transfection efficiency and toxicity of polyacrylates in HEK 293T cells. a Metabolic
activity of HEK 293T cells was measured using the alamarBlue™ assay following incubation with

indicated polymers at equal amine concentrations (£ N*/P 30) for 4 h. Values represent mean = SD (n
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= 3). b Cells were incubated with polyplexes of pEGFP-N1 pDNA and polymers at N*/P 30. EGFP
expression of viable cells was analyzed via flow cytometry. Two different transfection protocols were
applied; either 24 h in growth medium (DMEM + 10% FCS + 10 mM HEPES) or 4 h in serum-reduced
Opti-MEM® followed by medium change to growth medium and further incubation for 20 h. Values
represent mean = SD (n > 3). o: no significant difference (p > 0.05) to I-PEI in growth medium, oo: no
significant difference (p > 0.05) to I-PEI in Opti-MEM®, ***: significant difference (p < 0.001) to same

polymer in growth medium.
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7. Summary

The efficient and safe delivery of complex biological agents offers great potential for the
challenges of our time. Polymers offer considerable advantages in this regard, not only because
of their low risk for immunogenic reactions, their comparatively inexpensive large-scale
production and their long shelf life. In particular, their chemical versatility enables manifold
options for a goal-oriented design according to the structure-activity principle. An
understanding of fundamental relationships between the physicochemical properties of

polymers and their biological effects is however essential in this regard.

The biological properties of organisms, organs, tissues and cells determine the design of safe
and efficient delivery systems and should be considered as inspiration for new attempts to create
effective materials. In addition to the balance between hydrophobicity and hydrophilicity, the
degree of charge of a nanocarrier is also critical for efficient delivery and overcoming the
endosome. Cationic charges do not only enhance cellular uptake but can also mediate a crossing
of the endosomal barrier due to membrane interactions. The introduction of hydrophobic or
even lipophilic components can further significantly increase membrane interactions. Besides
the interaction with the cell membrane, it is important to consider that both the degree of charge
and the hydrophobic-hydrophilic balance also affect the packaging and protection of sensitive
biological cargo such as genetic material. However, cationic charges and hydrophobic
components introduce some disadvantages, as electrostatic and hydrophobic interactions may
disrupt the integrity of other cellular membranes, triggering toxic effects. Fine adjustment of
the degree of charge and the hydrophobic-hydrophilic balance offer the possibility of balancing
the requirements for a safe, yet efficient delivery process. In the present dissertation, various
polymer systems with adjustable charge density and hydrophobic-hydrophilic balance were
investigated with respect to their delivery efficiencies. A particular focus was set on the key

step in delivery, the endosomal release (Scheme 7.1).
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Scheme 7.1. Overview of the relevant factors of polymer design. The overview illustrates the relevant
factors cationic charge and hydrophobic-hydrophilic balance, which were investigated in this

dissertation with the aim of efficient delivery of sensitive biopharmaceuticals.

Fine-tuning, in particular the influence of cationic charge density on release efficiency, has
been underrepresented and poorly understood in the literature, as in most reports to date it has
been accompanied by a concomitant drastic change in the hydrophobicity of the releasing
polymers. The class of polypiperazines, not previously used in biomedicine, opened a new
opportunity to study this aspect individually. Already during the basic biological
characterization (cytotoxicity, hemocompatibility), the relevance of a fine-tuning of charge
densities became apparent. The endosomal release capacity was demonstrated to be primarily

determined by the basicity or degree of charge of the polymers, although molar mass, polymer
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concentrations and incubation times also had an influence. The pK. range around 6.7 was
identified as the most efficient in this work. The application of the hydrophilic, adjustable
polypiperazines was essential for obtaining these findings. Our results are in good agreement
with research on ionizable lipids, where a significant increase in delivery efficiency was found
at a pKa value of 6.8, while pKa values of 6.8-7 were described as most effective.[*5"]
Interestingly, cell culture media composition also had a significant effect on the central
properties of the polymers. The calcein release assay was crucial to the assessment of
endosomal release efficiencies, in which the release of the non-membranepermeable dye from
the endosome by the release polymers was quantified using CLSM and flow cytometry. In
addition to the small molecule, the release of more complex macromolecules such as dextranes

(70 kDa) and BSA could further be achieved. In this regard, even sensitive proteins such as
RNase A or EGFP were successfully and functionally delivered to the cytosol.

Despite their moderate charge density, the polypiperazines were able to bind genetic material
and efficiently transfect cells in vitro, which unexpectedly renders them an interesting class of
materials for use in gene delivery. The mode of binding and the density of packing of the genetic
material differed significantly from highly charged cationic polymers such as commercial 1-PEI
25 kDa. PNAIPP appeared to transport genetic material into the nucleus, a critical hurdle in
pDNA transfection, but nevertheless showed little or no evidence of toxicity. In contrast to
common cationic transfection agents and polymers such as I-PEI, almost no pDNA release was
observed in polyplexes based on PNA/PP and PNA/BP when treated with the competitive
polyanion heparin. However, successful amplification (qQPCR) of pDNA bound in a polyplex
with the polypiperazines suggested that release is not necessary for efficient transcription in
these cases and that the underlying mechanism must be different from that of other commonly
used cationic polymers, where release is essential for efficient transcription.!?*13%) As
mentioned previously, condensation of pDNA by the polypiperazines differs markedly from
previously described polyplexes, e.g., I-PEL. We assume that the comparatively loose binding
of the polypiperazines allows unhindered transcription of the pDNA, even when complexed by

the polymers.

Besides the tuning of charge density on the polypiperazine homopolymers, more complex
polymer systems for overcoming the endosomal barrier were evaluated in this thesis. These
materials were designed keeping different critical aspects for safe and efficient delivery in mind.

On one hand, pH-responsive micelles were assembled from block copolymers of hydrophilic
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DMAEMA and hydrophobic n-BMA. This polymer assembly and the associated higher local
concentration of cationic charge aided the overcoming of the endosomal entrapment in difficult-
to-transfect leukemia suspension cells. The superior endosomal release capacity compared to
1-PEI 25 kDa was identified as a crucial mechanism. In another alternative system, hydrophobic
moieties MMA and n-BMA were statistical incorporated into a copolymer based on the pH-
sensitive DMAEMA. In combination with a novel "green" formulation approach for genetic
material, these polymers achieved transfection efficiencies that exceeded commercial 1-PEI
25 kDa. The formulation approach was based on the pH-responsiveness of the solubility
behavior of the copolymer, and the copolymer exhibited some similarities to polypiperazines
in terms of its pH-dependent mode of binding the genetic material. Finally, a pH-independent
polyacrylamide with guanidinium moieties was presented that could transfect more efficiently
than 1-PEI 25 kDa while being less toxic. Again, the significantly higher endosomal release
capacity was identified as the cause. Since the polymer is not further protonated in endosomes,
the current escape theories appeared unsuitable. Therefore, the interaction with BMP, a lipid
specific for endosomal vesicles, was investigated. Our studies suggested that the interactions
between amines and lipids may be of greater importance than previously thought. However, the
significantly higher toxicity of the promising homopolymer compared to polypiperazines might
be related to the pH-independent permanent charge and the resulting damage to membranes and

organelles at a physiological pH of 7.4.

The study of the different polymer systems revealed that cationic charges, pH responsiveness
and a fine-tuned hydrophilicity-hydrophobicity balance have a favorable effect on the transfer
of biologically active compounds. Cationic charges are essential for binding and thus protection
of sensitive genetic material, although even low charge densities might be sufficient for
complexation. Endosomal release is clearly promoted by increased cationic charges, but a fine
balance has to be maintained not to induce exceeding toxic effects. An intelligent design of pH-
dependent materials may therefore be a key for endosomal release while maintaining the
integrity of the plasma membrane at physiological pH. Although hydrophobic interactions with
the membrane may be beneficial, they must be fine-tuned due to their strong toxic potential,
and not to impede complexation of genetic material in sufficient concentrations. The
fundamental aspects evaluated in this thesis hopefully provide a better understanding of the
interplay of cationic charges, pH responsiveness, and hydrophobic properties, as well as
polymer assembly capabilities and set the basis for the development of novel, non-toxic

polymer designs that enable efficient delivery.
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8. Zusammenfassung

Die effiziente und sichere Verabreichung komplexer biologischer Wirkstoffe bietet ein grofles
Potenzial fiir die Herausforderungen unserer Zeit. Polymere bieten hier erhebliche Vorteile,
nicht nur wegen ihres geringen Risikos fiir immunogene Reaktionen, ihrer vergleichsweise
kostengiinstigen grofftechnischen Herstellung und ihrer langen Lagerfdhigkeit. Insbesondere
ihre chemische Vielseitigkeit ermoglicht vielfdltige Moglichkeiten fiir ein zielgerichtetes
Design nach dem Struktur-Wirkungs-Prinzip. Ein Verstindnis der grundlegenden
Zusammenhinge zwischen den physikochemischen Eigenschaften von Polymeren und ihren

biologischen Wirkungen ist dabei jedoch unerldsslich.

Die biologischen Eigenschaften von Organismen, Organen, Geweben und Zellen sind
ausschlaggebend fiir die Gestaltung sicherer und effizienter Liefersysteme und sollten als
Inspiration fiir neue Ansdtze zur Schaffung wirksamer Materialien dienen. Neben dem
Gleichgewicht zwischen Hydrophobie und Hydrophilie ist auch der Ladungsgrad eines
Nanotriigers entscheidend fiir eine effiziente Lieferung und die Uberwindung des Endosoms.
Kationische Ladungen verbessern nicht nur die zelluldre Aufnahme, sondern kdnnen aufgrund
von Membraninteraktionen auch die Uberwindung der endosomalen Barriere bewirken. Die
Einfilhrung von hydrophoben oder sogar lipophilen Komponenten kann die
Membranwechselwirkungen noch erheblich verstidrken. Neben der Wechselwirkung mit der
Zellmembran ist es wichtig zu bedenken, dass sowohl der Ladungsgrad als auch das hydrophob-
hydrophile Gleichgewicht die Verpackung und den Schutz empfindlicher biologischer Fracht,
wie z. B. genetischen Materials, ebenfalls beeinflussen. Kationische Ladungen und hydrophobe
Komponenten bringen jedoch einige Nachteile mit sich, da elektrostatische und hydrophobe
Wechselwirkungen die Integritdt anderer Zellmembranen stéren und toxische Wirkungen
auslosen konnen. Die Feineinstellung des Ladungsgrads und des hydrophob-hydrophilen
Gleichgewichts bietet die Moglichkeit, die Anforderungen an einen sicheren und gleichzeitig
effizienten Lieferprozess auszugleichen. In der vorliegenden Dissertation wurden verschiedene
Polymersysteme mit einstellbarer Ladungsdichte und hydrophob-hydrophilem Gleichgewicht
auf ihre Effizienz bei der Wirkstoffabgabe hin untersucht. Ein besonderer Schwerpunkt lag

dabei auf dem Schliisselschritt der Freisetzung, der endosomalen Freisetzung (Schema 7.1).
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Schema 7.1. Uberblick iiber die relevanten Faktoren des Polymerdesigns. Die Ubersicht zeigt die
relevanten Faktoren kationische Ladung und hydrophob-hydrophiles Gleichgewicht, die in dieser
Dissertation mit dem Ziel der effizienten Lieferung von empfindlichen Biopharmazeutika untersucht

wurden.

Die Feinabstimmung, insbesondere der Einfluss der kationischen Ladungsdichte auf die
Freisetzungseffizienz, ist in der Literatur unterreprasentiert und schlecht verstanden, da sie in
den meisten bisherigen Berichten mit einer gleichzeitigen drastischen Verdnderung der
Hydrophobizitit der freisetzenden Polymere einhergeht. Die Klasse der Polypiperazine, die
bisher in der Biomedizin nicht verwendet wurde, erdffnete eine neue Moglichkeit, diesen
Aspekt individuell zu untersuchen. Bereits bei der grundlegenden biologischen
Charakterisierung (Zytotoxizitdt, Himokompatibilitdt) wurde die Bedeutung einer genauen

Einstellung der Ladungsdichten deutlich. Es zeigte sich, dass die endosomale
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Freisetzungskapazitit in erster Linie durch die Basizitit bzw. den Ladungsgrad der Polymere
bestimmt wird, obwohl auch die molare Masse, die Polymerkonzentrationen und die
Inkubationszeiten einen Einfluss haben. Der pKa-Bereich um 6,7 wurde in dieser Arbeit als der
effizienteste identifiziert. Die Verwendung der hydrophilen, einstellbaren Polypiperazine war
fiir die Gewinnung dieser Erkenntnisse entscheidend. Unsere Ergebnisse stimmen gut mit
Forschungsergebnissen iiber ionisierbare Lipide iiberein, bei denen ein signifikanter Anstieg
der Freisetzungseffizienz bei einem pKa,-Wert von 6,8 festgestellt wurde, wihrend pKa.-Werte
von 6,8-7 als am effektivsten beschrieben wurden.”®*°! Interessanterweise hatte auch die
Zusammensetzung der Zellkulturmedien einen signifikanten Einfluss auf die zentralen
Eigenschaften der Polymere. Der Calcein-Freisetzungstest war entscheidend fiir die Bewertung
der endosomalen Freisetzungseffizienz, bei der die Freisetzung des nicht-membranpermeablen
Farbstoffs aus dem Endosom durch die Freisetzungspolymere mittels CLSM und
Durchflusszytometrie quantifiziert wurde. Neben dem kleinen Molekiil konnte auch die
Freisetzung von komplexeren Makromolekiilen wie Dextranen (70 kDa) und BSA erreicht
werden. Selbst empfindliche Proteine wie RNase A oder EGFP wurden erfolgreich und
funktionell an das Zytosol abgegeben.

Trotz ihrer moderaten Ladungsdichte waren die Polypiperazine in der Lage, genetisches
Material zu binden und Zellen in vitro effizient zu transfizieren, was sie iiberraschenderweise
zu einer interessanten Materialklasse fiir den Gentransport macht. Die Art der Bindung und die
Packungsdichte des genetischen Materials unterschieden sich deutlich von hochgeladenen
kationischen Polymeren wie dem kommerziellen I-PEI 25 kDa. PNAiPP schien genetisches
Material in den Zellkern zu transportieren, eine kritische Hiirde bei der pDNA-Transfektion,
zeigte aber dennoch wenig oder keine Hinweise auf Toxizitdt. Im Gegensatz zu gingigen
kationischen Transfektionsmitteln und Polymeren wie I-PEI wurde in Polyplexen auf der Basis
von PNA/PP und PNA/BP bei Behandlung mit dem kompetitiven Polyanion Heparin fast keine
pDNA-Freisetzung beobachtet. Die erfolgreiche Amplifikation (QPCR) von pDNA, die in
einem Polyplex mit den Polypiperazinen gebunden war, deutete jedoch darauf hin, dass die
Freisetzung in diesen Féllen fiir eine effiziente Transkription nicht notwendig ist und dass der
zugrunde liegende Mechanismus ein anderer sein muss als bei anderen iiblicherweise
verwendeten kationischen Polymeren, bei denen die Freisetzung fiir eine effiziente

134-1331 Wie bereits erwihnt, unterscheidet sich die Kondensation

Transkription unerlisslich ist.!
von pDNA durch die Polypiperazine deutlich von zuvor beschriebenen Polyplexen, z. B. I-PEL

Wir gehen davon aus, dass die vergleichsweise lockere Bindung der Polypiperazine eine
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ungehinderte Transkription der pDNA ermdglicht, auch wenn diese durch die Polymere

komplexiert ist.

Neben der Einstellung der Ladungsdichte an den Polypiperazin-Homopolymeren wurden in
dieser Arbeit auch komplexere Polymersysteme zur Uberwindung der endosomalen Barriere
untersucht. Diese Materialien wurden unter Beriicksichtigung verschiedener kritischer Aspekte
fiir eine sichere und effiziente Lieferung entwickelt. Einerseits wurden pH-empfindliche
Mizellen aus Blockcopolymeren von hydrophilem DMAEMA und hydrophobem n-BMA
aufgebaut. Dieser Polymeraufbau und die damit verbundene hohere lokale Konzentration der
kationischen Ladung halfen bei der Uberwindung des endosomalen Einschlusses in schwer zu
transfizierenden Leukémie-Suspensionszellen. Die iberlegene endosomale
Freisetzungskapazitit im Vergleich zu I-PEI 25 kDa wurde als ein entscheidender
Mechanismus identifiziert. In einem anderen alternativen System wurden hydrophobe
Einheiten MMA und n-BMA statistisch in ein Copolymer auf der Basis des pH-sensitiven
DMAEMA eingebaut. In Kombination mit einem neuartigen "griinen" Formulierungsansatz fiir
genetisches Material erreichten diese Polymere Transfektionseffizienzen, die die von
kommerziellem 1-PEI 25 kDa iibertrafen. Der Formulierungsansatz basierte auf der pH-
Empfindlichkeit des Loslichkeitsverhaltens des Copolymers, und das Copolymer zeigte einige
Ahnlichkeiten mit den Polypiperazinen in Bezug auf seine pH-abhiingige Art der Bindung des
genetischen Materials. SchlieBlich wurde ein pH-unabhédngiges Polyacrylamid mit
Guanidinium-Anteilen vorgestellt, das effizienter transfizieren konnte als 1-PEI 25 kDa und
gleichzeitig weniger toxisch war. Auch hier wurde die deutlich hohere endosomale
Freisetzungskapazitét als Ursache ausgemacht. Da das Polymer in Endosomen nicht weiter
protoniert wird, erschienen die gingigen Escape-Theorien ungeeignet. Daher wurde die
Wechselwirkung mit BMP, einem fiir endosomale Vesikel spezifischen Lipid, untersucht.
Unsere Untersuchungen legten nahe, dass die Wechselwirkungen zwischen Aminen und
Lipiden von groflerer Bedeutung sein konnten als bisher angenommen. Die deutlich héhere
Toxizitdt des vielversprechenden Homopolymers im Vergleich zu Polypiperazinen kdnnte
jedoch mit der pH-unabhingigen permanenten Ladung und der daraus resultierenden
Schéadigung von Membranen und Organellen bei einem physiologischen pH-Wert von 7,4

zusammenhangen.

Die Untersuchung der verschiedenen Polymersysteme ergab, dass sich kationische Ladungen,

pH-Responsivitit und ein fein abgestimmtes Hydrophilie-Hydrophobie-Gleichgewicht giinstig
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auf den Transfer biologisch aktiver Verbindungen auswirken. Kationische Ladungen sind fiir
die Bindung und damit fiir den Schutz von empfindlichem genetischem Material unerlésslich,
obwohl auch geringe Ladungsdichten fiir die Komplexierung ausreichen konnen. Die
endosomale Freisetzung wird durch erhdhte kationische Ladungen eindeutig gefordert, doch
muss ein feines Gleichgewicht gewahrt werden, um keine {iberméfigen toxischen Wirkungen
hervorzurufen. Ein intelligentes Design von pH-abhédngigen Materialien konnte daher ein
Schliissel fiir die endosomale Freisetzung sein, wobei die Integritit der Plasmamembran bei
physiologischem pH-Wert erhalten bleibt. Obwohl hydrophobe Wechselwirkungen mit der
Membran vorteilhaft sein konnen, miissen sie aufgrund ihres starken toxischen Potenzials fein
abgestimmt werden, um die Komplexierung von genetischem Material in ausreichenden
Konzentrationen nicht zu behindern. Die in dieser Arbeit untersuchten grundlegenden Aspekte
werden hoffentlich zu einem besseren Verstindnis des Zusammenspiels von kationischen
Ladungen, pH-Responsivitit und hydrophoben Eigenschaften sowie der Moglichkeiten der
Polymerassemblierung fithren und die Grundlage fiir die Entwicklung neuartiger, nicht-

toxischer Polymerkonzepte bilden, die eine effiziente Lieferung ermoglichen.
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Tracking the Endosomal Escape: A Closer Look at Calcein

and Related Reporters

Franziska Hausig-Punke, Friederike Richter, Maria Hoernke, Johannes C. Brendel,*

and Anja Traeger*

Crossing the cellular membrane and delivering active pharmaceuticals or
biologicals into the cytosol of cells is an essential step in the development of
nanomedicines. One of the most important intracellular processes regarding
the cellular uptake of biologicals is the endolysosomal pathway. Sophisticated
nanocarriers are developed to overcome a major hurdle, the endosomal
entrapment, and delivering their cargo to the required site of action. In
parallel, in vitro assays are established analyzing the performance of these
nanocarriers. Among them, the release of the membrane-impermeable dye
calcein has become a popular and straightforward method. It is accessible for
most researchers worldwide, allows for rapid conclusions about the release
potential, and enables the study of release mechanisms. This review is
intended to provide an overview and guidance for scientists applying the
calcein release assay. It comprises a survey of several applications in the study
of endosomal escape, considerations of potential pitfalls, challenges, and
limitations of the assay, and a brief summary of complementary methods.
Based on this review, it is hoped to encourage further research groups to take
advantage of the calcein release assay for their own purposes and help to
create a database for more efficient cross-correlations between nanocarriers.

1. Introduction

The field of nonviral nanocarriers for the delivery of nucleic
acids into cells has made great progress in the last decades.
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In particular the nucleic acid-based sys-
tems, such as the SARS-CoV-2 vaccines or
novel cancer therapies underline the enor-
mous potential of this technology. Despite
the current success of lipid-based gene car-
riers, the number of papers on polymer-
based gene carriers is also constantly in-
creasing due to their impressive versatility
and stability. For the successful delivery of
nucleic acids, several challenges need to be
addressed, including nanoparticle formu-
lation, targeting, intracellular release, and
transport to its destination. Especially, the
intracellular processes represent a key as-
pect, which surprisingly are still not well
understood. Therefore, no consistent the-
ory can be applied to the various nanocar-
rier systems, but two aspects predominate
among the cellular barriers, cellular uptake,
and endosomal release. Further hurdles
may also play a role such as the transfer of
genetic material into the cell nucleus, which
can be neglected in mRNA/siRNA applica-
tions, because their site of action is inside
the cytosol. Cellular uptake is obviously fundamental and de-
pends on the physicochemical parameters of the nanocarrier or
the introduction of active target components, which is well re-
viewed elsewhere.l'"*l However, successful uptake into cells does
not necessarily correlate with efficient gene expression. There-
fore, escape from the endo-lysosomal compartment is considered
as a critical cellular step for the successful carrier-dependent de-
livery of sensitive cargos, such as genetic material or proteins.!
The main reasons are, on the one hand, the risk of enzymatic
degradation and, on the other hand, the fact that genetic material
can only exert its effect outside the endosomes. Unfortunately,
several nanocarriers fail in this regard, as they are either excreted
(exocytosis) or degraded (lysosome), which means that endoso-
mal release can be considered an important lever for improving
cellular gene delivery.*®! In this review, we refer to the general
term nanocarrier, although not all mentioned materials may con-
tain a cargo as it is implied for carriers. The term comprises all
compounds that promote endosomal release and include lipid-
based materials (liposomes, lipid nanoparticles), polymer-based
materials (linear or branched polymers, polymersomes, micelles,
nanoparticles and peptides), as well as peptide-based materials.
In order to optimize the design of nanocarriers, the biological
processes must be considered in more detail, because they
determine the conditions the nanocarriers have to deal with.

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 1. Endosome maturation. Following endocytosis, the endocytic vesicle delivers the internalized cargo to the early endosome, where it is either
recycled through the recycling endosome or evolves further along the endolysosomal pathway to be degraded. Beside the fusion of different vesicles and
membrane invagination, this is accompanied by changes in the intravesicular pH value, membrane lipid composition, and important protein markers.
To avoid the enzymatic degradation within the lysosome, the nanocarrier (representative for polymers, liposomes, nanoparticles) delivering drugs or
nucleic acids, thus, must escape this process at an earlier stage. PIP—phosphoinositides (numbers indicate phosphate positions on the inositol ring),
PS—phosphatidylserine, SM—sphingomyelin, BMP/LBPA—bis (monoacylglycerol) phosphate/lysobisphosphatidic acid. Adapted with permission.l'®]

Copyright 2014, Elsevier.

Particles as well as liquids, solutes, macromolecules, or plasma
membrane components are taken up by the cell through en-
docytosis, in which the plasma membrane is first invaginated
and then segregated, allowing for the formation of intracellular
vesicles.*° Besides their role in nutrient uptake, endosomes
are involved in the regulation and fine-tuning of numerous
signaling pathways in the cell, e.g., the recycling of receptors.
After vesicle formation, they fuse to form early endosomes and
become linked to the microtubule network.['%l In this way, the
vesicles and their cargos are able to move alongside the micro-
tubules toward the perinuclear region and gradually transform
into late endosomes, where hydrolases and membrane com-
ponents of the secretory pathway are recruited. Subsequently,
they enlarge in size, form more intralumenal vesicles and finally
fuse with the lysosome to form the endolysosomes.”’ During
endosomal maturation, the size of endocytic vesicles increases
from ~100 nm (early endosome) to #1000 nm (lysosome).[11-13]
Inside the endolysosomes a variety of digestive processes take
place, which degrade most compounds of biological origin and,
thus, represent a dead end for the nanocarriers which should be
avoided. During endosomal maturation, not only the size and
structure of the organelles change, but more importantly the
intravesicular pH value and the composition of the membrane,
both, in terms of proteins and lipids (see Figure 1).°'* In early
endosomes, the membrane consists mainly of neutral lipids
(including sphingolipids, sterols), similar to the cytoplasmic

Macromol. Biosci. 2022, 22, 2200167 2200167 (2 of 26)

membrane. Along with the acidification of the vesicles (from
7.4 to 4.5), the proportion of sterols decreases leading to an
increase in membrane fluidity. Furthermore, the proportion of
anionic lipids (e.g., lysobisphosphatidic acid (LBPA), also termed
bis(monoacylglycerol)phosphate (BMP)) increases.['>18] This
increase in LBPA during endosomal maturation was identified
as critical for the mode of endosomal escape.[!*2]

This complex process is exploited by viruses, which can thus
enter the cell in an optimized way and reprogram it without de-
stroying it. Viruses cross the endosomal membrane by a pH-
dependent change of conformation or hydrophobicity of their
surface peptides leading to penetration of the vesicular mem-
brane. This inspired material designers to mimic the efficiency
of viral systems and optimize them with a lower risk poten-
tial, e.g., in the form of cell-penetrating peptides (CPPs), lipo-
somes, synthetic polymers, and nanoparticles.?'??] To circum-
vent lysosomal digestion, pH-dependent cationic amines were
commonly included in polymers or lipids. Along the endoso-
mal pathway, the amines become increasingly protonated and
enable electrostatic interactions with anionic lipids or facilitate
hydrogen bonding between the amino groups of the nanocarrier
and the phosphate groups of the lipids. Hence, the nanocarri-
ers can interact locally with the membrane destabilizing it and,
thereby, promoting the escape of the nanocarriers and their car-
goes into the cytoplasm.!?*] Furthermore, the “proton-sponge”
hypothesis remains an accepted explanation for the endosomal

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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release of some polymers. The buffering capacity of polycations
is considered to cause a change in vesicular pH and an influx
of ions, which increases the osmotic pressure and eventually
causes a rupture of the lipid membrane.?*! However, this hy-
pothesis is under debate in the community.>) Comparison of
polymers with different buffer capacities revealed that a reduc-
tion in buffer capacity toward the early endosomal pH range
was often associated with higher transfection efficiencies, 26281
although high buffer capacities at low pH values along the en-
dolysosomal pathway were identified as not beneficial.’??! How-
ever, it should be noted that any modifications to the polymers
may have affected the performance of the carrier at the level of
intracellular barriers upstream or downstream of the endosomal
exit (vector packing and unpacking, endocytosis rates, changes
in hydrophobicity). In addition, the read-out of the transfection
may not be the best approach to evaluate the proton sponge ef-
fect. Others have questioned the validity of the proton sponge
hypothesis by considering endosomal acidification. While some
studies have demonstrated the necessity of acidification for the
escape of poly(ethylenimine) (PEI) polyplexes,[#2630-321 other re-
searchers investigated the effect of buffer polymers on the actual
pH in endosomes. Several reports showed that endosomal acidifi-
cation was slowed down after administration of buffer polymers,
while the pH of endosomes containing a nonbuffering polymer
decreased more rapidly.[?83%1 However, these observations have
been questioned by other authors because buffering polymers
are not able to increase endolysosomal pH, which could refute
the proton sponge effect.>33] In addition, there is a debate about
the lack of colocalization with LysoTracker in microscopy images,
as the buffering effect of the polymer inhibits staining with aci-
dotropic dyes such as LysoTracker,***] because even if the poly-
mers have a buffering effect in endosomes, this is no guarantee
that the pH of the vesicle will remain elevated.[?3]

For the detailed investigation of the cellular fate of nanoparti-
cles and in particular the endosomal release, different techniques
can be applied. Predominantly, the integrity of the endosomal
membrane is evaluated for endosomal escape. Related experi-
ments can be performed in cells, isolated cell organelles and ar-
tificial or model vesicles. The latter represents a more controlled
and reproducible environment since endosomes can be modeled
by liposomes with membranes of known phospholipid composi-
tion. The variety of applied methods can be found elsewhere.[3738]
However, the potency and limitations of each approach should be
kept in mind. In the case of gene delivery, the expression or func-
tionality of the genetic material (e.g., expression or knock down)
is one possible test, representing a global read-out and function-
ality. Fluorescent dyes/proteins or reporter systems can be used
additionally to study endosomal release in more detail.[>3%#4],
Although they might not exactly match the intended cargos of
the investigated nanocarrier with regard to size, charge or hy-
drophilicity and, hence, might not reflect its real cargo delivery
potential, they can be used as well-available and less expensive
model molecules for the investigation of the release mechanism.
The most popular sensor molecule is calcein, which is straight-
forward to apply, affordable, and easily accessible. Therefore, it is
used to study a variety of different nanocarriers.

However, different experimental settings, conditions, and ana-
lytical methods are used for this purpose, which makes it difficult
to evaluate/compare different materials. In this review, we eluci-
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date the key application of calcein as a powerful yet simple tool to
investigate the endosomal escape. Various conditions have been
reported, which reflects the complexity of the calcein release as-
say and sometimes might even cause contradictive outcomes. In
Sections 2-5, calcein is first introduced regarding its basic chem-
istry and historical development, followed by overviews of the dif-
ferent applied methods in models or cells, and a section reflecting
on pitfalls, challenges, and limitations of the calcein release assay
within the cellular environment. A few complementary methods
are described in Section 6, which certainly does not represent a
comprehensive overview, but provides some guidance to alterna-
tives overcoming the previously mentioned issues.

2. Chemical Background of Calcein

Calcein, also known as bis[N, N-bis(carboxymethyl)aminomethyl]
fluorescein, fluorescein complexone, and fluorexon, was first
described by Diehl and Ellingboe in 1956 as an indicator for
the complexiometric titration of calcium!*“®l followed by sev-
eral Ph.D. theses at the Iowa State University with detailed de-
scriptions regarding its synthesis, characterization and applica-
tions (Figure 2).1¥5% It is synthesized via a Mannich-type con-
densation of fluorescein, formaldehyde, and iminodiacetic acid
and can, thus, be considered as a derivative of fluorescein be-
longing to the substance class of xanthenes.[*#%51] Due to the
condensation reaction, calcein combines two features within
one molecule: the fluorescence of fluorescein and the chela-
tion property of iminodiacetic acid, which is also part of the
well-known chelator ethylenediaminetetraacetic acid (EDTA).[*!
Comparable to fluorescein, calcein absorbs light in the cyan spec-
trum range and fluoresces in the green range with absorption
and emission maxima at A, g, = 495/515 nm.[*%2] The self-
quenching of fluorescein at high concentrations, known since
1888,[535%] also characterizes calcein and other derivatives, such
as 6-carboxyfluorescein (Figure 3A, 1). This property has been
exploited since the late 1970s to investigate the stability of lipo-
somes encapsulating 6-carboxyfluorescein!®**’! or calcein, 8]
as a damage of the liposomal membrane would result in dilu-
tion of the dye and an increase in its fluorescence intensity. Re-
garding calcein, a self-quenching concentration of 70 mu is often
utilized, %61 but there are also studies showing different values
which could be attributed to different buffer systems and fluores-
cence measurement methods (Table 1).

Another factor influencing the fluorescence of calcein is the
pH value (Figure 3A, 2). However, with the six carboxy groups
available for protonation, the fluorescence of calcein is less pH
dependent than that of fluorescein and exhibits high intensities
between pH 4.5 and 10.1#7°9%] Therefore, it remains fluorescent
within the biologically relevant pH range including endolysoso-
mal pH values important for the analysis of endosomal escape.
Additionally, the carboxy moieties lead to a higher polarity and
increased hydrophilicity of calcein compared to fluorescein (for
TPSA and logP values refer to Figure 2A) and, thus, make it less
membrane permeable at low pH values.[”77!] The pH value also
affects the solubility in water of calcein with higher pH values
leading to a better solubility.l*"]

In addition, the calcein fluorescence is influenced by various
di- or multivalent metal ions, more precisely by their chelation
which has been used for the determination of the cations in
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Figure 2. Synthesis and utilization of calcein. A) The synthesis route of calcein starting from fluorescein with indicated polarity (TPSA: topological polar
surface area) and hydrophobicity measures for both molecules. B) Historical overview on the development of calcein as a fluorescent molecule and its

utilization to investigate endosomal escape.

various tissues and fluids (Figure 3A, 3). The complexation of the
cations has two different effects, which in turn are pH and con-
centration dependent.l’?] Under the tested conditions, the ions
of the alkaline earth metals magnesium, calcium, barium, and
strontium enhance the calcein fluorescence at alkaline pH val-
ues when calcein would otherwise be quenched.[*>5%%1 At neutral
pH values and metal:calcein ratios of 4 or 10:1, however, these
ions only influence the absorption spectrum in the UV range
but not the fluorescence of the brightly emitting calcein.[®) By
contrast, ions of the transition metals manganese, cobalt, nickel,
copper,[#972731 and ironl**7+7¢ have been shown to quench
the fluorescence in liposomes at neutral pH values. Further-
more, ions with higher valencies are able to increase the flu-
orescence intensity of calcein, such as aluminum ions at low
pH values.***77] On the other side, the addition of sodium can
enhance fluorescence at high pH values. Interestingly, potas-
sium or lithium ions, however, do not affect the fluorescence,
favoring KOH solutions over NaOH solutions to dissolve the
calcein.[5278] Besides calcein, there are also other combinations
of the iminodiacetic acid and various dyes that can be used to
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chelate cations, such as calcein blue (umbellikomplexon),!”*-33] or
Calcium Green, Calcium Orange, and Fluo-3 (Figure 3B).[8486]

Besides the determination of cations, calcein, or more pre-
cisely its acetoxymethyl ester (calcein AM) is also used to identify
viable cells. In contrast to calcein, the hydrophobic and nonfluo-
rescent calcein AM is membrane permeable (Figure 3C). Upon
entering the cells, the esters of calcein AM are hydrolyzed by non-
specific intracellular esterases active only in living cells result-
ing in the fluorescent calcein that cannot easily permeate the cel-
lular membrane and is retained within the cells.[*”-] Similarly,
this method is also used to determine the membrane integrity of
cells by preloading the cells with calcein AM/calcein and measur-
ing the release of calcein upon membrane destruction by various
substances.["1-%

3. Calcein Leakage from Artificial Model Vesicles

Early experiments to investigate interactions of potential
nanocarriers with lipid membranes include release stud-
ies with artificial liposomes, also called lipid vesicles. The
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Table 1. Overview of quenching concentrations (conc.) and pH values in different studies.

Ref. Buffer [mm] pH value Conc. at Fimax Conc. at 50% Flmax Conc. at 10% Flmax
[mm] [mm] [mm]
Hamann 2002(62] 119 Na*, 5 K+, 0.8 Mg?*, 1.8 Ca?*, 114 CI~, 7.4 4.000 8.400% > 30.00%
0.8 SO,%~. 25 HEPES, 5.6 glucose, 44 mannitol
Roberts 2003(6] PBS (350 mOs mol L™1) 7.4 0.019 0.055 0.20%
Andersson 2007(64] 50 PBS + POPC 7.0 0.032%) 0.1002) >0.109
Imamura 2017631 PBS 7.4 2.000 9.000?) 25.009)
Dorrington 20186 0.1 EDTA, 10 Tris, 100 NaCl 7.8 0.970 N/A > 6.40°)
Brkovic 2020(67] 0.2 Na,HPO,-NaH,PO, 7.5 0.0022) 0.0052) 0.012
Bae 2021168 50 HEPES, 100 Na*, 100 CI~, 5 % glycerol 7.4 0.001 0.0022) > 0.20
Own data® 20 HEPES, 5% glucose 56,7 0.080 1.120 >3.209

* Values were read from the graph. ® Not published.

strong self-quenching properties of calcein and the related 6-
carboxyfluorescein at high concentrations had already been ex-
ploited in these experiments, i.e., for the investigation of endo-
somal escape. These dyes still represent prominent reporters to
monitor the release from lipid vesicles by different nanocarriers
or vectors. As liposomes have been used as artificial cell models
since the 1970s, numerous reviews and protocols with[**¢! and
without!®”%8] calcein are available, which we like to refer to. In
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this section, only studies with calcein as a reporter and directly
related to endosomal escape will be discussed to illustrate the li-
posomal features that can be exploited for the investigation of the
specific characteristics of endosomal escape (Table 2).

In general, typical leakage experiments with encapsulated cal-
cein involve the addition of the investigated nanocarrier to a dis-
persion of vesicles (Figure 4). Upon permeabilization of the lipid
bilayer, the released calcein is diluted in the outer buffer. In the
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Table 2. Investigation of calcein release from model vesicles.
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Nanocarrier Vesicle Lipidsb) Calcein Incubation conditions buffer, pH, temperature, time Ref.
type?) concentr.
mmMm
Polymer Suv DHP, PC, Chol 40 ® 10 mm phosphate, pH 7.4, 25 °C or 65 °C, 20 min [107]
LUV PC, PG 80 ® 10 mm HEPES + glucose, pH 5.8-7.6, up to 60 min [102]
PC 200 ® 10 mm Tris-HCI, 100 mm NaCl, pH 10, 25 °C, up to 60 min [103]
Peptide LUV PC, PE, BMP, Chol 60 ® in: 10 mm NaH,PO,, 100 mm NaCl, pH 7.4 [104-106]
out: 10 mm NaH,PO,, 100 mm NaCl, pH 5.5, (or pH 7.4) RT, 60 min
® 5 mm NaH,PO,, 100 mm KCl, pH 7.4, RT, 60 min [107]
PC, PE, BMP, PG 70 ® 10 mm phosphate, 100 mm NaCl, pH 7.4, RT, up to 20 min, 60 min [108]
PC, PE, BMP, Chol, PA, PG 60 ® 10 mm NaH,PO,, 100 mm NaCl, pH 5.5, RT, 60 min [109]
PC, PE, BMP, PI 70 ® PBS, pH 7.4, up to 30 min [110]
PC, Chol 100 ® in: 375 mm NaOH, 50 mm NaCl, pH 7.4 1
out: 200 mm NaCl, 20 mm citrate, pH 7.4/5, up to 60 min
GUV PC, PE, BMP, PG 70 ® 10 mm phosphate, 100 mm NaCl, pH 7.4, RT, up to 20 min, 60 min [108]
PC, PG, Chol 50 ® in: 130 mm NaCl, 20 mm Na, PO, [112]
out: 130 mm KCl, 20 mm K;PO,, pH 7,4 h
Peptide/polymer LUV PC 40 ® 10 mm NaH,PO,, pH 7.4, 5 min [(113]
PC, Chol 90 ® in: 137 mm HEPES, pH 7.4 [29]
out: 137 mm HEPES, pH 7.4 or 137 mwm sodium citrate buffer, pH 5.0;
37 °C, 60 min
Peptide/liposome Luv PC, Chol 90 ® 5 mm HEPES, 150 mm NaCl, pH 7.4, RT, 60 min [174]
PC, PS, Chol 40 ® in:1mm EDTA, (115, 116]

out: PBS or citrate/phosphate, pH 7.4/5.5, 37 °C30 min

¥ SUV—small unilamellar vesicle (30-100 nm), LUV—Ilarge unilamellar versicle (100 nm—1 um), GUV—giant unilamellar vesicle (1-200 pm) Y In different ratios. Only
types of phospholipids are distinguished, fatty acids can vary. DHP—dihexadecyl phosphate, PC—phosphatidylcholine, Chol—cholesterol, PE—phosphatidylethanolamine,
BMP—bis (monoacylglycero) phosphate, PG—phosphatidylglycerol, PA—phosphatidic acid, Pl—phosphatidylinositol, PS—phosphatidylserine.

case of a gradual leakage, also calcein that remains entrapped is
diluted. Thereby, self-quenching is reduced, and the fluorescence
increases. There are two calcein release assays in artificial vesi-
cles: The reduced self-quenching can be monitored via the fluo-
rescence intensity and normalized to the maximal fluorescence
reached by lysis of the remaining liposomes. Alternatively, the
fluorescence lifetime and amount of free and entrapped dye can
be determined. Typically, leakage is examined after 1 h incubation
time. However, studying the time course of leakage over several
hours can indicate certain leakage mechanisms.[**1%]

The model vesicles can roughly be classified according to their
size into small unilamellar vesicles (SUV, 0.02-0.1 pm), large
unilamellar vesicles (LUV, 0.1-1 um) and giant unilamellar vesi-
cles (GUV, 1-200 um).l"'”] However, the size of the lipid vesicles
only matters for comparison purposes. In the surveyed studies,
mostly LUVs and GUVs have been investigated, which have too
small membrane curvature to result in packing defects. More
importantly, identical leakage mechanisms can appear different
in vesicles of different sizes.[''8] LUVs are commonly prepared
by solvent-free self-assembly (Figure 4). For this, thin lipid
films are obtained from organic solutions containing all lipid
components. The films are rehydrated with an aqueous calcein
buffer, followed by multiple freeze-thaw cycles,[10%10>108110] and
repeated extrusion through polycarbonate membranes with pore
sizes of 100 nm,[101:102:104-106108.109.113] o Jarger[110115] The outer
buffer with free dye is exchanged via size exclusion chromatogra-
phy (SEC) or centrifugation protocols.'"™ GUVs can be obtained
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by swelling of the dried lipid film in the desired buffer,11%12]
sometimes involving a polymer gel.['%] Electroformation can
also be utilized, but GUVs obtained this way might suffer from
artefacts when using charged lipids and calcein might also
interfere.121:122]

Not only the size, but more importantly the membrane com-
position is known to change during endolysosomal maturation
(see as well Introduction).®) These changes in composition
inspired investigations of different lipid compositions contain-
ing BMP.[1%11%] For instance, the group of J. P. Pellois tested
different variants of the CPP TAT with liposomes containing
BMP and/or other lipids and found that liposomal leakage
occurred only in presence of BMP, but not if other anionic phos-
pholipids such as phosphatidylglycerol (PG) or phosphatidic
acid (PA) were incorporated.l1%-1061081091 Their further inves-
tigations included the simple binding between TAT variants
and lipid and the endosomal escape in Hela cells by analyzing
the fluorescence distribution pattern (punctate vesicular or
broad cytosolic) of the tetramethylrhodamine (TMR) the TAT
variants were labeled with.[1%1%] In these assays, the liposomal
leakage/endosomal escape was concentration dependent and
showed similar optimal concentrations for the respective TAT
variant indicating that the results of the methods correlate well.
Moreover, Pellois and co-workers also demonstrated that the in-
cubation with anti-BMP antibodies inhibits the leakage/escape,
both in liposomes and in cells.1%1%] The influence of the
changing cholesterol content on the leakage of further peptides
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Figure 4. Preparation and calcein leakage from model vesicles. A) The model liposomes (LUVs) can be modified at different steps to mimic different
properties of the endolysosomal pathway. B) Upon mixing of the liposomes with different nanocarriers, the release of calcein can be determined and
characterized regarding the release mechanism (for example, gradual or all-or-none, transient or continuous). Adapted from “Liposome Preparation via
Thin Film Hydration” (2022) by BioRender.com. Retrieved from https://app.biorender.com/biorender-templates.

was studied similarly,'!!] demonstrating the potential of experi-
ments with model liposomes to address specific questions more
precisely.

Another aspect relevant for the design of leakage experiments
in LUVs is the endolysosomal acidification process that can be
mimicked by the appropriate pH value of the buffers. Changes
in pH can lead to a change in the degree of charge not only
of the tested nanocarrier but also of the anionic phospholipids,
which can be exploited to design pH-responsive nanocarriers
and lipidic drug delivery systems.[162%11L15.116] Ty correctly re-
flect the role of the endolysosomal acidification, the appropriate,
isosmotic buffers, and salts have to be used for vesicle prepa-
ration, purification, and incubation. In most cases, phosphate
buffers are employed, although concentrations and the type of
added salt can vary significantly. For instance, Pellois and co-
workers used an intra-liposomal pH of 7.4 to mimic the cy-
tosol and an extra-liposomal pH of 5.5 to mimic the endolyso-
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somal lumen. 191061091 By contrast, Sarkar et al. used HEPES
buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) to in-
vestigate calcein leakage of triblock copolymer micelles by vary-
ing the pH range from 5.8 to 7.6 outside the liposomes.[1%]
Furthermore, glucose was added to balance the different os-
motic pressures inside and outside the liposomes, whereas other
studies mostly used NaCl or KCl for compensation. If very
high calcein concentrations (>70 mwm) are required, also the
weak solubility of calcein at low pH values has to be consid-
ered which requires the use of basic buffers (e.g., Tris-HCl pH
10)19] for the hydration of the lipid film. Additionally, also a
Na*/K* gradient can be applied to liposomes to mimic condi-
tions present in nascent endosomes,!'?*] as Rangasamy et al.
have shown with LUVs composed of PC, PG, and Chol with a
sodium inside-buffer and a potassium outside-buffer mimicking
high intra-liposomal Na*-concentrations and high cytosolic K*-
concentrations, respectively.112]
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Despite the large variations in the experimental procedures
limiting comparability of results, the calcein release from model
vesicles represents a straightforward method to mimic selected
aspects of endosomal escape in a controlled environment inde-
pendent of the complex cellular processes. Nevertheless, mem-
brane models, other conditions and procedures as well as the-
oretical concepts are still being advanced to further optimize
the transferability of the results to experiments in cells.[61:124]
For example, some studies chose an incubation temperature
of 37 °C instead of room temperature.l''>11¢ This corresponds
to the cellular environment and, together with the choice of
fatty acid chains, may have an impact on the membrane fluid-
ity of liposomes.!'7:12] Furthermore, mimicking the exact mem-
brane composition of endolysosomal organelles including differ-
ent fatty acids and associated proteins is very complex and can
only gradually be approached. To increase the similarity to natu-
ral lipid compositions, also naturally derived vesicles can be uti-
lized. They can be obtained either via chemically induced cell
blebbing followed by harvesting of the resulting GUVs, or by the
rehydration of total lipid extracts from different cells/tissues.[*2°]
The advantages and relevance of natural lipid compositions are
limited by the uncertainty of their lipid composition, which is
rather similar to the plasma membrane, or by missing asymme-
try in the lipid distribution over the membrane. Nevertheless,
these improvements are invaluable in filling the gap between
mechanistic conclusions from simplified model studies to the bi-
ological behavior in cells.

To investigate vesicle compositions more comparable to en-
dolysosomes, exosomes can be isolated from the cell culture su-
pernatant since they originate from the multivesicular endosome
(see also Figure 9) and also comprise the characteristics of dif-
ferent cell types.['?128] While they are difficult to load with hy-
drophilic molecules such as calcein directly,'?°! the nonfluores-
cent derivative calcein AM can be used instead. Calcein AM can
diffuse into the exosomes and is subsequently converted to cal-
cein by the esterases contained therein.['*] One minor limitation
is that the high calcein concentrations required for the full in-
formation range encoded in self-quenching behavior cannot be
reached. A similar approach is also utilized to examine the leak-
age of calcein AM from red blood cells upon perturbation of their
plasma membrane by different nanocarriers.!®131321 Another
aspect which has rarely been considered so far, is that nanocarri-
ers in cellular endolysosomal organelles escape from the inside
to the outside of the organelles, whereas they have to take the op-
posite way in assays using model vesicles. This could have an
impact on the apparent leakage since the concentration gradi-
ent of the entrapped nanocarrier is reversed and the asymmet-
ric membrane composition is not reproduced correctly. Further-
more, osmotic swelling as hypothesized for the proton-sponge
mechanism cannot be modeled.

Strikingly, the calcein-based methods can be slightly modified
in various ways, to not only examine the occurrence of calcein
release from these model vesicles, but also the mechanism of the
release. Here, we will only summarize assays using calcein, even
though they might be based on calcein-free variants and there are
calcein-free alternatives mentioned elsewhere.*°!

There are many postulated release mechanisms that can be
classified in different aspects. One way is to distinguish transient
leakage from continuous leakage.!'3}] Transient leakage occurs
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fast upon interaction of the nanocarrier and the membrane and
stops thereafter. Most commonly, this behavior is explained by
the asymmetry stress mechanism,!3*13¢] or an involvement of
membrane fusion in leakage (see below).!'%137] Continuous leak-
age, on the other hand, will happen through stochastically reoc-
curring leakage events or pores, thus slowly continues and affects
the sample over several hours.®133138] These types of pore for-
mation kinetics can be distinguished for example by visualizing
GUVs by confocal microscopy and acquiring time-resolved im-
ages, which allows for a direct optical monitoring of the leakage
process in individual vesicles.[1%8112139-141] The large number of
LUVs in a sample cuvette can also be exploited, when leakage
is monitored over time. This allows for the same distinction of
transient or reoccurring leakage.[?%142]

Release mechanisms can also be classified according to the
number of pores or other leakage events affecting a given ar-
tificial vesicle.''8%3] In all-or-none leakage, rare leakage events
are distributed heterogeneously over the artificial vesicle popula-
tion. While the entire dye has been released through these strong
events from some vesicles, others are not affected at all. In con-
trast, many weak pores or defects need to occur much more of-
ten in an individual artificial vesicle to cause detectable leakage.
These events are distributed homogeneously over all vesicles and
cause gradual or graded leakage. In artificial model vesicles, this
behavior can be distinguished indirectly by measuring the con-
centration of entrapped dye, for example. In all-or-none behav-
ior, the dye that is still entrapped was not diluted, while in grad-
ual leakage, the entrapped dye dilutes gradually. For determin-
ing this, the relation of the calcein concentration to the extent
of its self-quenching and hence the fluorescence-lifetime can be
exploited.[GO'I18'144'145]

Furthermore, release mechanisms might involve additional ef-
fects such as membrane fusion of vesicles in models or intra-
endosomal vesicles in cells. For example, an interesting ap-
proach relies on the chelation property of calcein with divalent
cations such as Co** or Cu?*, which allows to investigate if
calcein release occurs via the fusion of vesicles. Different vesi-
cles are combined, some being loaded with EDTA (or divalent
ions) and the others loaded with a mix of calcein and divalent
ions (or calcein alone). Upon fusion of these vesicles, the flu-
orescence intensity increases (or decreases) due to the fluores-
cence (de)quenching.10V114146] Tf transferred to endolysosomal
vesicles, these methods could provide valuable information on
the endosomal escape mechanism.

4, Calcein Release Studied within Cells

In Section 4, we revise calcein as a marker for studying endo-
somal escape. As a general procedure of all considered exper-
iments, the dye (encapsulated or not) is first taken up by cells
via endocytotic pathways. In this stage, a dotted pattern is often
found in fluorescence microscopy since the fluorescence of the
dye is often only partially quenched at the given concentrations.
If appropriate experimental conditions are chosen with respect
to calcein concentration, self-quenching in combination with the
acidic pH is sufficient to reduce the fluorescence intensity of cal-
cein in endosomes. In the next stage, i.e., with occurrence of
an endosomal leakage event, calcein rapidly diffuses and dilutes
into the neutral cytosol, which microscopically causes not only
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Figure 5. Types of calcein addition. The type of calcein addition is primarily determined by the type of nanocarrier (peptides/polymers, dendrimers, or
nanoparticles). In the case of simultaneous addition, calcein can either be A) encapsulated in the nanostructure (often using self-quenching concen-
trations) or B) added to the cell culture medium at the same time as the agents. C) Sequential addition is also possible. In most cases, the cells are

preincubated with the nanocarrier and calcein is added afterward.

a more diffuse fluorescent signal, but may also lead to a signif-
icant increase in intensity, if appropriate conditions are chosen
initially.'47]

In this way, calcein has been used to evaluate the endosomal
escape efficiency of various nanocarriers. Thereby, the escape has
been investigated in a range of different cell lines, with experi-
mental settings varying in terms of media composition, calcein
concentration, incubation time, type of calcein addition as well
as cell analyses. The type of calcein addition can be categorized
into encapsulated and nonencapsulated or simultaneous and se-
quential addition and is described in Section 4.1-4.2 (Figure 5).

4.1. Release of Encapsulated Calcein within Cells

In this approach, the investigated nanocarriers are able to en-
capsulate calcein at self-quenching concentrations within their
hydrophilic interior. These nanostructures often consist of am-
phiphilic lipids forming liposomes similar to the model vesi-
cles described above (Table 3). To facilitate drug delivery via
endosomal release, modified lipids or lipids with advanta-
geous properties are included, e.g., phosphatidylethanolamine
(PE), cholesteryl hemisuccinate (CHEMS), or 1,2-dioleoyl-3-
trimethylammonium propane (DOTAP).[1¥8-154] Thereby, ioniz-
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able lipids can facilitate endosomal escape via membrane fu-
sion due to the formation of nonbilayer structures (hexagonal
H,, phase) with (naturally present) anionic phospholipids. Neu-
tral fusogenic helper lipids such as unsaturated PE can fur-
ther enhance the endosomal escape by their cone-like shape
also favoring the membrane lysis via formation of nonlamel-
lar intermediates.['>>~1%7] Furthermore, synthetic variants of lipo-
somes, polymersomes, formed by amphiphilic block copolymers
have been investigated regarding their endosomal escape.[1>8-160]
Combinations of lipids and polymers,['®1-163] peptides, and
liposomes!'®l or completely different nanostructures, such as
hollow capsules!®’] have also been studied.

In general, the incubation times varied within a wide range,
from 10 min to 4 days which could be related to varying ki-
netics between the different nanocarriers regarding endocyto-
sis, material-cell interactions and endosomal escape. Long in-
cubation times, e.g., could be related to the incorporation of
molecules, such as polyethylene glycol (PEG)-chains that shield
the surface of the nanocarrier and may interfere with a fast and
efficient endosomal escape.[129165]

The applied calcein concentrations in the nanostructures ex-
hibited greater variation than those reported for the model li-
posomes, which may be attributed to the different prepara-
tion methods. Most of the polymer- and/or lipid-containing
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structures were assembled via the already mentioned thin film
hydration!148-154158-162.164] y;s13]ly resulting in high encapsulation
efficiencies.?! Thus, the calcein concentration within the poly-
mersomes/liposomes is assumed to be similar to that used to
rehydrate the thin film. However, some vesicles were prepared
by more complex procedures and the actual amount of calcein
within the nanocapsules was determined afterward.[®712%16] Nev-
ertheless, endosomal escape can still be detected with low (non-
quenching) calcein concentrations as a change from a punc-
tate fluorescence pattern to diffuse cytosolic fluorescence. Illes
and co-workers described another interesting approach using
metal-organic frameworks (MOF) to encapsulate calcein first in
nanoparticles and then coating these with exosomal membranes
derived from Hela cells. This resulted in a strong shielding from
the immune system and high calcein release from both, the ex-
osome coated MOF and the endosome following 4 days of incu-
bation in HeLa cells.[1?]

Moreover, high (quenching) calcein concentrations inside
the nanocarrier can be used to determine the stability of
the nanocarrier similar to the method for the calcein release
from artificial liposomes, by changing the ambient conditions,
such as temperature,'*81#153] serum content,['*#153] or pH-
value.129149.150.162] Tny cage of low calcein concentrations, also a
calcein diffusion method (Franz cell diffusion) was used. The
released calcein diffuses into a buffer without the nanocarrier
which is separated by a dialysis membrane allowing for the
discrimination between fluorescence originating from inside
the nanocarrier and from released calcein in the solution.*1?]
Therefore, encapsulating nanocarriers allow for both, a general
investigation within the natural environment (cells), and a de-
tailed investigation of one specific feature of the endosomal es-
cape within only one approach (stability of the nanocarrier).

4.2. Simultaneous and Sequential Addition of Nanocarrier and
Calcein as Sensor

The calcein assay is influenced by the nature of the nanocarriers
and how it is performed, particularly with respect to the simul-
taneous presence and concentrations of the two substances (cal-
cein and material) in the endosome. Calcein, as a small molecule,
is rapidly taken up by cells, while nanocarriers may take longer
to accumulate in the endosome, depending on their size and
charge. Often, the nanocarrier and calcein are added simultane-
ously to the cells (Table 4), without mixing the two components
beforehand.

Cationic polymers are often considered as synthetic gene
transporters and nanocarriers to facilitate endosomal escape.
The most studied polymeric gene transporters include PEI and
poly(2-(dimethylamino)-ethylmethacrylate (PDMAEMA), whose
endosomal release has also been investigated in several studies
with calcein. PEI represents the commercial gold standard and
is particularly interesting for the study of calcein release not only
because of the controversial proton-sponge hypothesis. Bonner
et al. tested different PEI architectures (crosslinked, linear,
branched) and found endosomal escape in 75% of cells using
the calcein assay if a crosslinked PEI variant was applied, which
showed no toxic effects at this concentration and incubation
time.l1”3] Vermeulen et al. investigated the endosomal escape
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mechanism of linear PEI (JetPEI) and performed the calcein
release assay in cell lines differing in endosomal size. They
conclude that endosomal release can be promoted by smaller
endosomes and an undisturbed buildup of osmotic potential.
(Table 5).'"1 Another well-known polymer is PDMAEMA as
it is easily applied for a variety of nanocarriers and enables
endosomal release of calcein.['%175] This was demonstrated in
fibroblasts and dendritic cells with different nanoparticle com-
positions, where calcein was added sequentially (after treatment
with the polymer) or simultaneously with the polymer.[!73185-188]
By inhibiting endosomal escape with bafilomycin A1, Wong et al.
showed that acidification of the endosomes is crucial for release
of calcein.['®8] However, the large number of studies on vinyl poly-
mers such as PDMAEMA do not yield clear correlations, which
can also be attributed to the different investigation methods.
Therefore, no final conclusion can be drawn about the release
mechanism.

Due to its wide application and good availability, it is not
surprising that different calcein concentrations and incubation
times were used to study the endosomal escape of nanocarri-
ers (Figure 6). Concentrations from 10 um to 3.21 mm were re-
ported to study systems codelivering calcein,!'*7:170191] with the
majority of studies applying concentrations between 161 and
322 v [168173177-186,190,192]

Using a calcein concentration of 161 um, Deshpande et al.
have shown that poly(N-isopropylacrylamide nanogels with poly-
e-lysine can release calcein in cervical cancer cells.l'%®] Similar
concentrations were used to study nanoparticles with hydropho-
bic components. Su and co-workers showed that pH-responsive
polyaminoester nanoparticles with lipid shells induce highly ef-
ficient endosomal escape in dendritic cells at a calcein concen-
tration of 240 um.!'8%1 Wannasarit and colleagues were able to
induce a poly(lauryl methacrylate-co- methacrylic acid)-mediated
calcein release in three different colorectal adenocarcinoma cell
lines using a calcein concentration of 322 um.18!) Calcein con-
centrations in a similar range have also been shown to be useful
for studying CPPs.["*] As an example, Salomone and colleagues
showed that a fusion peptide from the arginine-rich TAT mo-
tif with additional residues of cecropin-A and melittin can effi-
ciently release calcein within 30 min with a calcein concentra-
tion of 250 um.['¥3] However, endosomal escape could also be de-
tected with significantly lower calcein doses of 40 um or less. In
HEK cells, calcein release was detectable with concentrations <40
um applying differently structured polyvinyl polymers and cul-
ture conditions.[18171175176] Calcein concentrations in this lower
range were also successfully used in leukemia cells and human
prostate cancer cells to show escape induced by polyamidoamides
and a PDMAEMA-containing micelle.l'7#175] Jones et al. showed
that PAA (poly(2-alkylacrylic acid) can deliver calcein to the cy-
tosol by disrupting endosomes.[*”] For this purpose, they coin-
cubated human myelomonocytic cells in complete medium with
the polymers and calcein concentration of 3.21 mwm for 30 min. In
contrast to this, Ren et al. investigated receptor-mediated endo-
somal escape in human lymphoblastic leukemia cells in serum-
containing medium by incubating the cells with 25 um calcein
for 6 h.['3] As can be seen from the experimental set-up in these
two studies, the calcein concentration and incubation time for
efficient release detection are mutually dependent. The two stud-
ies also differed in the type of microscopy conducted (confocal or
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[189]
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Figure 6. Concentrations and incubation times in experimental setups of
calcein release. Different research groups have applied a range of different
calcein concentrations and incubation times, whereas the assay has also
differed in the type of calcein addition (simultaneous or sequential) as well
as the nanocarriers and cell lines used.

nonconfocal) and their analyses (qualitative or quantitative image
analyses).

Overall, a successful endosomal escape can be detected with
different assay parameters optimized for each investigated
carrier material, medium, and cell type (Figure 6). The broad
varieties in these settings hardly allow to derive any specific
trends from the yet given set of experiments found in literature.
Indeed, our screening of literature reported data further raised
the question, whether significantly different experimental pro-
cedures to studying endosomal release efficiency may even lead
to different conclusions for similar systems. In this regard, we
also like to refer to Section 5 and our final conclusions at this
point.

4.3. Analytical Methods

The analysis of the calcein release assay can be performed in a
variety of ways, depending on the problem to be addressed. The
requirements for the analysis of the assay vary from attention to
detail (accurate spatial and/or temporal resolution of the intra-
cellular signal) to statistical significance of the data. To address
the diverse requirements, the different analytical methods and
their applications and limitations are discussed in the following
(Figure 7).

In most studies, confocal microscopy has been shown to
be a very powerful tool, even more useful than epifluores-
cence microscopy as the subcellular distribution of calcein
can be elucidated.'®! For this purpose, also z-stacks can be
prepared.[18178179] Primarily, live cell microscopy is used, also
allowing kinetic studies.!'”21%] Less commonly, cells are studied
after fixation.['781%] Fixation with subsequent permeabilization
may complicate the interpretation of the calcein assay due to
false positive results as a result of fixation artifacts. Besides, the
subcellular distribution and fluorescence intensity of the calcein
signal have been analyzed quantitatively.[67:129:154168.173,174,177,188]
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Figure 7. Analysis techniques of the calcein release assay. The predominant analytical technique for the calcein release assay is microscopy, as it provides
spatial (and in the case of live cell microscopy, temporal) resolution of the fluorescence signal. The primarily qualitative conclusions can also be sup-
plemented by statistically more robust conclusions through the use of image analysis techniques. For rapid quantitative measurements, flow cytometry

can also be used to increase the statistical power of the data.

It is possible to count the cells with punctate and diffused
calcein signal manually,**>¥¢] but a more effective approach
relies on the use of various image analysis software, where re-
gions of interest and/or thresholds are defined for an automated
analysis.[166169170] The acquisition of many cells, e.g., with the
help of montages, is also desirable for statistical significance.
Colocalization studies with acidic compartments by acidotropic
dyes can be conducted and may provide further information
about the efficacy of calcein release, with lower colocalization
indicating more efficient escape.l'’?) The Manders” coefficient
is mainly used for this purpose. It quantifies the degree of
colocalization between two fluorophores based on their absolute
intensities within a pixel and is rather sensitive to background
changes.[1*19] It should further be kept in mind that these
dyes or also the investigated nanocarriers are usually weak
bases increasing the pH value in endolysosomal compartments
following longer incubation times which could alter the endo-
somal escape or the colocalization behavior. Furthermore, the
fluorescence of calcein can be quenched at very low pH values
inside the lysosome. Another very interesting approach was
shown by Connor and Huang already in 1985 who established
a calibration curve of calcein using a microscope photometer so
that the cytosolic concentration of calcein within 1929 cells was
quantified.[*>4]

Macromol. Biosci. 2022, 22, 2200167 2200167 (14 of 26)

Furthermore, high-throughput methods based on flow cy-
tometry are also used to quantify the calcein release, with
higher cellular fluorescence intensities generally indicating
released calcein compared to control cells with punctuate
fluorescence 11 149-151162.163.17L175,183] Again, appropriate thresh-
olds must be defined for the fluorescence intensity of escape-
positive cells. Microscopic and flow cytometric methods can also
be combined, which provides more robust insights about endoso-
mal escape.'®7183] Because microscopic studies allow spatial (and
in the case of live cell microscopy, temporal) resolution of the cal-
cein signal, release events can be measured unambiguously, with
varying degrees of attention to detail. Microscopy is still the most
commonly used technique but is comparatively time consuming
and can only provide statistical information if a large number of
cells are analyzed. For statistically robust results, flow cytome-
try is a faster complementary method, but it cannot spatially re-
solve the calcein signal within a cell. For fast statistically robust
results, flow cytometry is a complementary method, but it cannot
spatially resolve the calcein signal within a cell. In the best case,
both methods are used in a complementary manner to provide a
detailed picture of any potential escape. Although, both analyti-
cal techniques ideally coincide in the number of escape-positive
cells in order to provide reliable results, deviations nevertheless
might occur for example due to the applied thresholding.!'7?]

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 8. Factors determining the performance of the calcein release assay within cells. When planning the parameters of the assay, i.e., incubation
solution, incubation time, and analysis method, the influence of different factors needs to be considered, e.g., the leakage mechanism of the nanocarrier,
the incubation mode, cellular properties, and the requirements of the desired readout.

5. Potential Pitfalls of the Calcein Release Assay in
Cells

Calcein has been extensively used to investigate endosomal es-
cape of various types of nanocarriers within cells. However, the
performed methods show differences in several aspects which
demonstrates the complexity as well as the robustness of the as-
say. In general, it can be concluded that the performance of cal-
cein as an indicator for endosomal escape depends on three main
parameters which should be considered when planning a calcein
release assay and will be discussed in this section: i) incubation
solution, ii) incubation time, and iii) the analysis method (Fig-
ure 8). Regarding the calcein leakage assay with model vesicles,
experimental parameters affecting liposomal leakiness have re-
cently been reviewed elsewhere, e.g.,**!!7] and are therefore not
considered further.

5.1. Physicochemical Factors Relevant for the Calcein Solution

As described before, three main factors influence the calcein flu-
orescence and should therefore be considered when thinking
about the composition of the calcein solution: pH value, calcein
concentration and the presence of cations (Figure 8A). However,
the pH value is only of interest for the preparation of the calcein
stock solution due to the pH dependent solubility of calcein.
Since the calcein release assay is based on the change in the
fluorescence pattern upon endosomal escape (punctate endolyso-
somal to diffuse cytosolic) which also leads to an increase in the

Macromol. Biosci. 2022, 22, 2200167 2200167 (15 of 26)

fluorescence intensity within the cytosol, the calcein concentra-
tion is of major importance. A wide range of calcein concen-
trations has been applied by different research groups, demon-
strating the robustness of the calcein release assay. The applied
concentrations can roughly be related to the incubation mode
of calcein, either encapsulated (self-quenching concentrations)
or in simultaneous or sequential incubation with the nanocar-
rier (<3.5 mwm calcein). Higher (self-quenching) concentrations
could lead to an increase in the fluorescence intensity differ-
ence between endolysosome and cytosol and, hence, an easier
detection of endosomal escape. However, dequenching of calcein
upon endosomal escape (i.e., nonfluorescent endosomes indica-
tive of quenched calcein fluorescence before the release) has only
been observed in one study applying 146 um calcein.[''*] In the
other studies, mostly diffusion of calcein into the cytosol rather
than dequenching was measured. Only in the case of calcein en-
capsulated at self-quenching concentrations into the nanocarri-
ers, at least a dequenching of calcein released from the nanocar-
rier within the endolysosomes could be assumed. Nevertheless,
higher concentrations of the small molecule calcein can also in-
crease the osmotic pressure inside the endolysosomes promoting
endosomal escape of materials using proton sponge mechanisms
which might not occur otherwise.[*”] Controls comprising treat-
ment with high concentrations of calcein alone, or high calcein
concentrations plus a nonreleasing substance equimolar to the
investigated nanocarrier could help preventing false positive re-
sults. Furthermore, the chelation of calcium ions at high calcein
concentrations could be problematic for the cells. To increase the
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difference in the fluorescence intensity between endolysosomes
and cytosol, also other factors can be adjusted such as the incu-
bation time of calcein (shorter, subsequent to the nanocarrier) or
the measurement settings in microscopy (optimal for the bright
cytosolic fluorescence).

When choosing calcein concentrations for in vitro investiga-
tions, also the mode of calcein release by the nanocarrier is of im-
portance. Although the reviewed studies often addressed the cal-
cein release but not the mechanism so far, the results can again be
influenced by the concentration of the nanocarrier. As an exam-
ple, the combination of a nanocarrier gradually releasing calcein
with too low concentrations of calcein could lead to the observa-
tion of no calcein leakage, which would be different at higher cal-
cein concentrations. Therefore, a concentration-dependent cal-
cein release could enable the investigation of gradual calcein re-
lease and may provide insights into the endosomal escape mech-
anism. Moreover, also time-resolved measurements at short in-
tervals using microscopy can indicate the mode of calcein release
(transient/continuous, gradual/burst) which has been shown al-
ready, e.g., with photoactivatable nanocarriers.!®160.165] For this
type of nanocarriers it is rather easy due to the rough determi-
nation of the release time point by the time of photoactivation,
whereas for other nanocarriers some luck is required to image
the right cell in the right moment. Nevertheless, we think this
effort might improve the assay and provide further mechanistic
insights.

Regarding the presence of cations, it should be considered that
these may interact differently with calcein at various pH values
and concentrations, very well illustrating the mutual dependence
of these factors. Although the influence of different ions on the
calcein fluorescence was already the topic of the earliest calcein
studies, the conditions present in the calcein release assay to
study endosomal escape inside cells can be more complex mak-
ing it difficult to draw conclusions. A calibration curve of calcein
in the respective buffer composition and/or cell culture medium
as well as the inclusion of a corresponding control without the
nanocarrier can help in visualizing the influence of ions in the
applied buffers or cell culture media. Since nanocarriers for gene
delivery are often cationic, they could interact with the calcein
also electrostatically and influence its fluorescence intensity. This
fact should further be considered for the design of the experi-
ments, in particular regarding either a premixing of nanocarrier
and calcein or their sequential addition. However, studies on po-
tential interactions are seldom reported and the different addition
modes of calcein and nanocarrier are rarely compared within a
publication.

5.2. Biological Factors Relevant for the Incubation Time

Consideration of various parameters is particularly relevant when
choosing the incubation time (Figure 8B). On the one hand, the
uptake of the nanocarrier into the cell matters. On the other hand,
the intracellular fate of the applied calcein should also be re-
garded, in particular if longer incubation times are studied. To
visualize endosomal escape, calcein and the nanocarrier have to
be present in the same compartment. Hu et al. examined this fac-
tor in their study and were able to verify the importance of the si-
multaneous presence of calcein and the delivering core—shell par-
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ticles within the endolysosome for the investigated system. When
calcein and the core—shell particles were added simultaneously,
endosomal escape was successfully reported by calcein release.
However, when the cells were first treated with calcein and then,
after a washing step, the release particles were added, no endoso-
mal escape was observed, but might have occurred unnoticed,!**”]
suggesting a rapid transport of calcein into, though, and out of
the cell.

Since there is no evidence that calcein is metabolized within
cells, conclusions about the intracellular fate of calcein might be
drawn based on the fluorescence and its temporal and spatial
changes. Thus, a punctate fluorescence pattern within cells incu-
bated with calcein alone indicates an endocytotic uptake mech-
anism (Figure 9A). With regard to the calcein release assay, it
should be considered that different cell types can exhibit dif-
ferent endocytosis rates for different (macro)molecules,['9%197]
and might therefore require different incubation times to take
up similar amounts of calcein or the nanocarrier. Although
the details of endocytosis in different cell lines were not in-
vestigated for calcein so far, they have been shown for differ-
ent nanocarriers.[1117>198.19] Considering more quantitative mea-
surements (flow cytometry), the normalization of the calcein
release induced by any nanocarrier to a control sample (cells
treated with calcein only) can be used to attenuate cell type de-
pendent endocytosis rates of calcein.l'71172175] In addition to
the different endocytosis rates of the nanocarrier, the nanocar-
rier itself can have an impact on the endocytosis rate of calcein
which is however not as easy to determine and therefore diffi-
cult to take into account. Nevertheless, one way to compensate
for at least different endocytosis rates of the various nanocarri-
ers is to report the calcein release in relation to the uptake of the
nanocarrier.[150'151’172‘176]

Interestingly, a decrease of the overall calcein fluorescence in-
tensity in the cytosol was observed upon increasing incubation
times with different polymers and cell lines.'%*17] Such obser-
vations hint toward a calcein excretion mechanism from the cy-
tosol (Figure 9B). Since calcein AM is intracellularly converted
into calcein upon esterase activity in viable cells, conclusions
can be drawn from studies with multidrug resistant (MDR) cells
and calcein AM. In these studies, calcein has been shown to be
ATP-dependently exported from the cytosol by the multidrug re-
sistance protein (MRP) belonging to the ATP binding cassette
transport proteins, (2902911 whereas the calcein AM itself has been
shown to be exported via the multidrug transporter 1 (MDR1) en-
coded P-glycoprotein.202293] Furthermore, cytosolic calcein can
be exported within exosomes, microvesicles, or via gap junctions
to other cells, which can be derived from studies utilizing calcein
AM as a tracking label, e.g., for extracellular vesicles derived from
calcein AM loaded cells.*-2%] Regarding the calcein efflux via
gap junctions, a cell type dependency was observed when measur-
ing the inward diffusion of calcein within spheroids of different
cell lines which were preloaded with calcein AM.[2”I The influ-
ence of the cell type on calcein efflux was further demonstrated
using different prostate cancer cells and bone marrow endothe-
lial cells. The results revealed a halving of intracellular calcein
fluorescence already 6 h after calcein AM loading of the cells.[28]

Additionally, the calcein which is not released from endolyso-
somes can be expected to either end up in the lysosome, where
its fluorescence might for example be quenched due to the
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Figure 9. Intracellular pathways of calcein. A) Punctate fluorescence patterns within cells point toward an endocytotic upake mechanism of calcein. B)
Cytosolic/released calcein can be exported via the multidrug resistance protein, within microvesicles as shown in studies of cells loaded with calcein
AM or in exosomes via the uptake into intra late endosomal vesicles. C) Regarding the excretion of endocytosed calcein, exocytosis is a hypothesis for
calcein not released from endolysosomes. Adapted from “Endocytic Pathway Comparison (Layout)” and “Endocytic Pathway with Macropinocytosis and
Phagocytosis” (2022) by BioRender.com. Retrieved from https://app.biorender.com/biorender-templates.

decreased pH value, or to be exported via exocytosis, since cells
are known to dispose redundant, nondigestible molecules (Fig-
ure 9C).I'¥’] Over time, this can also lead to a decreased intracel-
lular calcein concentration ready to be released from endosomes
which in turn can vary between different cell types. However,
the accuracy of this assumption remains an open question, since
the intracellular pathway of calcein, more importantly its kinetics
and cell line dependencies, have not been investigated in detail so
far. Nevertheless, this information could provide more insights
into the calcein release assay including hints on how the assay
should be planned and should therefore be thoroughly investi-
gated.

A delayed addition of calcein (sequential incubation) might cir-
cumvent potential interferences of excretion mechanisms with
nanocarriers requiring longer incubation times due to low endo-
cytosis rates,'3] which could possibly result in misleading con-
clusions. If calcein is initially encapsulated within the nanocar-
rier (e.g., in liposomes), at least the degradation and/or exocyto-
sis of calcein seem to be of limited importance, as the nanocar-
rier might disturb the endolysosomal maturation process and
might protect the encapsulated calcein. Hence, the incubation
time mainly depends on the time required for the nanocarrier to
escape the endolysosome. In some studies, calcein release was
observed following four days of incubation,['?°] or even following
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incubation with the nanocarrier encapsulating calcein for 1 h and
medium for further 47 h.['%% This points toward slow uptake or
endosomal escape kinetics.

Allin all, the incubation time should be chosen long enough to
allow i) a sufficient amount of calcein and nanocarrier inside the
endolysosomes and ii) intracellular fusion of the organelles along
the endolysosomal pathway, in case calcein and the nanocarrier
were taken up by different organelles. In case of nanocarriers en-
capsulating calcein, the incubation time only has to be adapted
to the former one. For comparison purposes, not only the uptake
and excretion rates of calcein and the nanocarrier should be con-
sidered, but also the differences between cell types.

5.3. Factors Influencing the Accuracy of the Measurement

As described in the preceding section, different analytical meth-
ods have been utilized to characterize the calcein release within
cells qualitatively or even quantitatively with different degrees of
detail. When deciding which method to perform, (confocal) mi-
croscopy is preferred, due to a straightforward (and more reliable)
discrimination of endocytosed and released calcein. Continuous
advancement in technology allows images to also be quantified
and processed using high-throughput analysis. Moreover, kinetic
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Figure 10. Complementary methods to the calcein release assay. In addition to calcein, other tracers, such as sulforhodamine B or 6-carboxyfluorescein
can be encapsulated in vesicles to determine their release capabilities in cells. Tracers with pH-dependent spectral shifts, such as pHrodo or acridine
orange can also be of interest, as they indicate the pH in their environment through changes in fluorescence. Besides small molecules, macromolecules
such as dextrans or proteins are intriguing, as their size and complexity provide additional information about the escape.

investigations can be performed, which can lead to conclusions
regarding the escape mechanism. Nevertheless, flow cytometry
is the method of choice if more reliable statistics (fast analysis of
>10 000 cells possible) are required, which would still be very te-
dious using confocal microscopy even if advanced image analysis
software is used. However, there are certain pitfalls to be aware of
and, in some cases, it should be considered more as a screening
method that requires verification by microscopy. The latter be-
comes particularly important if the nanocarrier might alter the
endocytosis rate of the cells leading to variations in fluorescence
intensity within the endosomes, but not the cytosol. As only the
overall fluorescence intensity per cell is detected in flow cytom-
etry, this analysis alone would result in a false positive outcome
compared to a control without the nanocarrier. On the contrary, a
nanocarrier which induces only limited calcein release from en-
dosomes can also hardly be detected but could suffice for trans-
fection in the actual application. Therefore, it would lead to a false
negative result due to the limited overall increase of fluorescence
intensity within the cytosol which is overlayed by that of the endo-
somes. This issue has to be kept in mind in microscopy as well. In
particular, acquisition settings which are optimized for the rather
bright endosomes might not allow an identification of a graded or
weak release. In general, it is advisable to combine several meth-
ods for determining calcein release, to enable quantitative as well
as qualitative analysis.
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6. Complementary Methods

The calcein release assay is a model for studying the release of
cargo from nanocarriers. However, the carriers are loaded with
different drug molecules that may have properties other than cal-
cein, such as size, charge, and hydrophilicity. Therefore, the re-
lease of calcein from endosomes may not reflect the drug delivery
potential of the nanocarrier. Ultimately, the calcein release exper-
iment should be complemented by studies on the release of other
model substances and drug molecules (Figure 10). In these cases,
release from the carrier and endosomal permeabilization should
also allow passage and release into the cytosol.

Besides calcein, other dyes are frequently used for dequench-
ing assays in artificial vesicles, such as 6-carboxyfluorescein and
sulforhodamine B. The recent review by Nasr and colleagues pro-
vides information on the use of these fluorophores for the study
of liposomal membrane integrity.®*! These dyes are also inex-
pensive and easily accessible but have drawbacks as well. For ex-
ample, the fluorescence of 6-carboxyfluorescein is strongly pH-
dependent in the physiologically interesting pH range from the
extracellular space to early endosome, whereas calcein is less sen-
sitive in this regard.’®+2%] Although the fluorescence intensity
of sulforhodamine B is entirely pH-independent in the physio-
logical relevant pH range,[?'% its higher self-quenching concen-
tration is rather disadvantageous.
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The review by Martens et al. provides more information on
other methods for studying endosomal escape in cells, as well
as an overview of escape mechanisms.[?”% This section focuses
on methods that can be used complementary and provides com-
parisons to the calcein release assay. Sulforhodamine B can
also be used inside cells as calcein analog to study endosomal
escape.[?1% However, it has been suggested that sulforhodamine
B distributes less rapidly within the cell than calcein,[®’! which
may delay accurate timing of the endosomal escape event and
could be disadvantageous in live cell microscopy.

In addition to the above mentioned chromophores, more spe-
cific indicators can be used which change their fluorescence
in dependence of pH and, thus, provide further insight into
the endosomal escape process.’! Both, dyes that are quenched
in a pH-dependent manner and those that shift in their ex-
citation/emission wavelength are of interest. An interesting
example are the commercially available, pH-sensitive pHrodo
dyes (thodamine derivatives), which show little to no fluores-
cent signal at neutral pH but are highly fluorescent in acidic
environments.[?1'?12] These properties render the uncharged,
membrane-permeable dyes ideal candidates for use as pH indica-
tors in endosomal escape investigations when covalently bound
to an endocytosed macromolecule. Consequently, a limited or im-
peded acidification of endosomes can be monitored by the ab-
sence of fluorescence in comparison to a control experiment,
which allows to evaluate for example the pore formation in treat-
ment with a nanocarrier by microscopy or cytometry.'!3l An-
other interesting alternative is the membrane-penetrating, aci-
dotrophic, and metachromatic dye acridine orange. When cells
are treated with acridine orange, the dye penetrates the mem-
brane and distributes within the cell entering also any present
endolysosomes. In the acidic endosomal milieu, acridine orange
becomes protonated and is then no longer able to penetrate the
cell membranes, which eventually leads to an accumulation in
lysosomes. At the resulting higher concentrations in the lyso-
somes, acridine orange forms red fluorescent dimers, trimers,
and oligomers,?*l which can be observed as red fluorescence,
if the endo/lysosomes remain intact. Release of protonated acri-
dine orange, e.g., by permeabilization of endosomes in the pres-
ence of any nanocarrier, results in deprotonation of the dye in the
cytosol and thus in strong green cytosolic fluorescence of the ho-
mogenously distributed monomer, which can be analyzed micro-
scopically or by flow cytometry.[1”214] The strong concentration-
dependent difference in the spectra of the dye, therefore, allows a
clear distinction between cytosolic and endosomal fluorescence,
i.e., differentiation between uptake and endosomal escape. To re-
move diffusing acridine orange, cells must be washed thoroughly
both immediately after addition of acridine orange as well as be-
fore each analysis. It represents an elegant method in addition to
investigations with calcein. However, acidotrophic dyes such as
LysoTracker or acridine orange might delay the lowering of pH
in the endosome because they accumulate to high concentrations
in acidic endosomes where they scavenge protons. Depending on
the basicity of the nanocarriers relative to the acidotrophic dyes
used, protonation of the nanocarriers may also be delayed.

All complementary methods for calcein release discussed so
far provide information on the occurrence of small pores, be-
cause of the size of the marker dye. However, in the evaluation
of nanocarriers for biomedical applications, it is also of interest
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if larger compounds or macromolecules can be released. Thus,
other methods can be combined with the release of the small
molecule calcein to evaluate the escape mechanism and deliv-
ery efficiency of a drug regarding biomedical applications. Cal-
cein release is frequently studied in the context of nucleic acid
transfection with cationic polymers. Often, calcein escape effi-
ciency is correlated with pDNA transfection, independent of the
used nanocarrier.[166:169.17L173-175] However, this correlation does
not hold true in all cases. For example, Vermeulen and cowork-
ers investigated the endosomal escape mechanism of JetPEI poly-
plexes, alinear PEI derivate,!"] and tried to correlate the release of
calcein or labeled oligonucleotide according to a previously pub-
lished procedure with the transfection efficiency.[®! Interestingly,
a calcein release was observed in far more cells than the transfec-
tion and therefore does not correlate well, but the oligonucleotide
release appeared to be a more reliable indicator for efficient trans-
fection. The authors conclude that endosomal leakiness for small
molecules can be induced by membrane destabilization due to
the interaction with cationic polyplexes, hindering an effective
buildup of osmotic pressure due to ion flux across this disturbed
membrane and thus preventing the endosomal burst and escape
of any macromolecules. Thus, investigations of calcein release
may provide further indications about the mechanism of endo-
somal escape in addition to its efficacy.

If calcein release is studied in comparison to the escape of
macromolecules of different sizes, a conclusion can be drawn
about the size of the membrane defect that has occurred. For such
studies, polysaccharides can be used such as dextrans, which
have a rather rapid diffusion rate through the cytosol despite their
different sizes. This favors a temporal determination of the es-
cape event.*’] Ogris and colleagues used a FITC-labeled dextran
(10 kDa), which allowed them to study the release of melittin-
modified PEI polyplexes. In this case, the fluorescence of the
FITC is enhanced upon release due to the increase in pH.[?**! In
another example, Zhan and colleagues!'”’! measured the release
of various dextrans by blend particles featuring a PDMAEMA do-
main in comparison to calcein. They incubated dendritic DC2.4
cells simultaneously with calcein and dextrans of different sizes
(4-2000 kDa), respectively.['”°] Their study showed that endoso-
mal release of compounds was not depending on the composi-
tion of the blend but on the size of the sensor molecule, whereas
the smaller ones are released more easily. In addition to calcein
release, Salomone et al. also investigated the release of differ-
ent sized dextrans (3-40 kDa) by CPPs and found endosomal
release.[18]

In addition to polysaccharides, peptides, and proteins can also
be used as markers to study endosomal escape and place even
greater demands on the nanocarrier due to their 3D structure.['”?]
Fluorescent proteins such as R-phycoerythrin (R-PE, 240 kDa)
or EGFP (27 kDa) can also be used to study endosomal release.
Although the endosomal uptake of these proteins without ad-
ditional treatment with an uptake-inducing material is low, the
mechanism of endosomal escape of the same material can be
studied in more detail with fluorescent proteins. Since these
proteins undergo a loss of fluorescence along the endolysoso-
mal pathway due to denaturation, the presence of fluorescent
signal inside the cytosol indicates an escape from the early en-
dosome very robustly. Kopp and colleagues delivered R-PE into
four different cell lines using calcium phosphate nanoparticles as
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delivery materials.?!¢] Labeled proteins can also be used to in-
vestigate endosomal escape, but unlike intrinsically fluorescent
proteins, the timing of the endosomal escape event cannot be in-
vestigated with labeled proteins since denaturation of the protein
has no influence on the fluorescence intensity of the dye. Also, a
positive signal does not necessarily indicate a complete release of
the entire protein with its intact 3D structure. Here, too, a combi-
nation with other methods is meaningful. Nevertheless, labeled
bovine serum albumin (BSA) is a suitable and easily available
candidate, since it is efficiently taken up by endocytosis and can
be detected more quickly than other complex proteins after the
escape event due to its moderate diffusion speed. Diffusion in
the cytosol is slower than for a small molecule like calcein, be-
cause the higher molar mass and the more complex structure of
the protein result in comparatively slower diffusion.[”:172]
Actual transfection, i.e., the delivery of genetic material to its
site of action, can also serve as evidence of endosomal release.
Depending on the type of genetic cargo, different read-outs are
used. In the case of pDNA transfection, protein expression pro-
vides very clear evidence that endosomal release of the plasmid
must have been successful. However, the intensity of protein ex-
pression does not necessarily correlate with the rate of release.
Rather, protein expression in this case indicates a successful over-
coming of the nuclear barrier in addition to various other aspects.
In the case of successful delivery of RNAs, either protein expres-
sion (mRNA) or silencing (e.g., siRNA) may indicate successful
delivery, depending on the cargo. In either case, successful deliv-
ery (measurable as expression or knockdown) represents a global
read-out that demonstrates the functionality of the genetic cargo.

7. Conclusion and Perspectives

Initially being developed for the detection of multivalent ions,
calcein has without doubt become a working horse in the anal-
ysis of lipid membrane leakage in cells as well as in artificial
liposomes. In particular, the detection of escape events from
endo-/lysosomal compartments after cellular uptake renders this
simple molecule a powerful tool in the investigation of diverse
nanocarriers such as cell entry vectors or membrane destabiliza-
tion agents. Its unique set of properties (i.e., a high charge density
due to the multiple carboxylic acid groups, a low toxicity, a high
extinction coeflicient, and quantum yield, the self-quenching at
increased concentrations, and a low sensitivity toward changes in
pH) hinders undesired membrane penetrations, allows its detec-
tion in even low concentrations, enables a broad applicability in
relevant physiological environments, and most importantly facil-
itates the detection of release events, respectively. On top, calcein
is affordable for most researchers worldwide, since the straight-
forward synthetic access keeps costs low compared to many other
complex sensor dyes used in biology or pharmacy. Its applica-
tion further appears straightforward, since no additional chemi-
cal modifications are required, and simple coincubation is suffi-
cient to monitor intracellular release events.

Nevertheless, various aspects should be kept in mind when
planning experiments with calcein as reporter, since several pit-
falls might deteriorate sensitivity, affect outcomes, or entirely
lead to false interpretations of the data. The presence of multi-
valent ions or unintended interactions with nanocarriers (e.g.,
cationic polymers) can, among other factors, impact fluorescence
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intensities, and have to be assessed prior to the experiments. Fur-
ther down the road, additional difficulties may arise from the in-
cubation conditions, the incubation time, or most of all the anal-
ysis of a potential escape. In particular, individual methods, such
as microscopy or flow cytometry measurements, may underesti-
mate or overrate escape events, respectively, if not carefully ana-
lyzed and compared to suitable controls. Due to all these different
parameters affecting the outcome of the calcein release assay, it is
hardly possible to suggest one specific protocol valid for different
nanocarriers and cell lines. Generally, it can be recommended to
start with testing different calcein concentrations and incubation
times for each nanocarrier and cell line individually, not only for
finding the appropriate concentrations and times but also for ob-
taining more information on the release mechanism. It is also
overall advisable to combine several methods to investigate the
calcein release assay, in order to facilitate not only a qualitative
but also a quantitative analysis. For example, a combination of
fluorescence-activated cell sorting and downstream microscopy
or fluorescence correlation spectroscopy could be interesting to
confirm the correlation between the different fluorescence inten-
sities of the cells and the subcellular distribution of the fluores-
cent dye but has not yet been reported for calcein. Furthermore,
live cell imaging is favorable due to the possibility to acquire more
detailed information on the release mechanism (gradual/burst,
transient/continuous).

Besides this individual optimization of experiments, a more
global challenge resides in the comparability of datasets across
various studies and particularly across different research groups.
Of course, each nanocarrier or vector might require a specific
set of conditions to effectively induce endosomal escape, which
is further related to different analysis methods or assay parame-
ters optimized for the respective system. Differences arise from
the employed cell lines, the applied medium, or the potency and
toxicity of the nanocarrier. The application of significantly dif-
ferent conditions might ultimately lead to different conclusions
for similar or even the same nanocarriers. Fundamental under-
standing of key factors influencing endosomal escape however
require that experimental setups allow a certain degree of com-
parison between results obtained in different laboratories world-
wide. A minimum step toward a better comparability is in our
opinion a comprehensive and detailed description of the exper-
imental conditions including the initial preparation of the cal-
cein solution, the incubation times with calcein and/or the ap-
plied nanocarrier, the incubation conditions and media, as well
as the analytical methods. Moreover, also the not-optimal concen-
trations and incubation times measured during the assay estab-
lishment could be indicated in supplementary materials or made
accessible on open data platforms. Ideally, any future study on
this matter should maintain reasonable ranges of concentration
for calcein,®] which avoids the appearance of artifacts in the mea-
surements, and include control experiments with established and
commercial nanocarriers for comparability.?!”] We are convinced
that all research groups would benefit from such measures.

In a long-term perspective, certainly more advanced sensors
will gain growing interest and complement the calcein release
assay. Interesting candidates include among others pH-sensitive
dyes, which allow for an additional readout of the increas-
ing acidification during endosome maturation. Dye modified
macromolecules or proteins of various sizes further allow more
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detailed conclusions on the release process, since far larger pores
or a burst of the compartments are required to release these
molecules. The application of specific proteins or attached lig-
ands might even facilitate to select specific uptake routes and gain
information on the influence of different entry pathways. In addi-
tion, the application of fluorescent proteins represents a promis-
ing approach to verify a release prior to any degradation processes
along the endo-/lysosomal pathway, which is crucial if the deliv-
ery of active enzymes is for example considered. Dyes thatreactin
the presence of certain enzymes may also be of interest.[!8] Com-
bined with knowledge of the processes along the uptake pathway,
a timing of release could become accessible.

The calcein assay nonetheless remains a basic, but potent
method, which represents a straightforward entry into the analy-
sis of potential release events, and it might not yet have revealed
its full potential. If the nanocarrier is investigated with differ-
ent calcein concentrations and at different incubation times, con-
clusions could be drawn about the release mechanism. For in-
stance, distinguishing continuous release over time from more
concerted, transient release, or distinguishing the individual re-
lease events as gradual or all-or-none. Furthermore, the excretion
of released calcein from the cytosol might be detected. However,
for such detailed conclusions, a more thorough understanding
of the intracellular processing/trafficking/transport (rate) of cal-
cein (in different cell lines) are required. Also, the combination
with complementary sensor molecules or dyes promises to reveal
a deeper understanding of the responsible processes for release
or a more quantitative evaluation of efficacies. The continuous
developments in fluorescence imaging, might provide additional
insight into the cellular release mechanism (graded leakage vs.
all-or-none leakage mechanism) based on the increasing knowl-
edge derived from artificial liposomes. Furthermore, the model
liposomes allow for the detailed investigation of the nanocarrier’s
performance in response to a specific feature of endosome matu-
ration (change in pH or membrane composition), which certainly
does not reflect the complex cellular environment but can give at
least a hint on the release mechanism.

Overall, we are convinced that the calcein assay, if planned
carefully and ideally combined with additional methods, will re-
main an essential tool in the characterization of release from
lipid compartments in cells and a key toward a more fundamen-
tal understanding of the mode of action of many nanocarriers.
The presented review hopefully inspires further groups to apply
this assay and provides a sufficient database for efficient cross-
correlations, which holds the potential to reveal key features rel-
evant for the design of future nanocarriers.
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ABSTRACT: Responsive polymers, which become protonated at
decreasing pH, are considered a milestone in the development of
synthetic cell entry vectors. Exact correlations between their
properties and their ability to escape the endosome, however, often
remain elusive due to hydrophobic interactions or limitations in
the design of water-soluble materials with suitable basicity. Here,
we present a series of well-defined, hydrophilic polypiperazines,
where systematic variation of the amino moiety facilitates an
unprecedented fine-tuning of the basicity or pK, value within the
physiologically relevant range (pH 6—7.4). Coincubation of HEK
293T cells with various probes, including small fluorophores or
functioning proteins, revealed a rapid increase of endosomal
release for polymers with pK, values above 6.5 or 7 in serum-free
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or serum-containing media, respectively. Similarly, cytotoxic effects became severe at increased pK, values (>7). Although the
window for effective transport appears narrow, the discovered correlations offer a principal guideline for the design of effective

polymers for endosomal escape.

KEYWORDS: membrane leakage, calcein release, endosomolytic polymers, pH-responsive polymers, basicity

B INTRODUCTION

Despite continuous improvements in delivery systems, the
development of materials for efficient and safe delivery of
biologicals remains challenging for therapeutic treatments such
as protein or gene therapy. On a cellular level, the cell
membrane and endosomal entrapment represent the most
challenging barriers.' > Crossing the areas of biology to
materials science and chemistry, scientists have, therefore,
developed a large variety of strategies based on nano-scaled
virus capsids,”® liposomes,”” peptides,”” or polymers'”'" to
overcome these barriers. Because nanocarriers are mainly taken
up by endocytotic processes, release from the endosome is
essential to bring the therapeutic agents to their site of action
and to avoid degradation in the lysosome. Membrane-
permeabilizing or cell-penetrating peptides, for example, were
often derived from virus proteins and inspired the design of
cell-penetrating polymers.'”~'® Another concept relies on the
use of smart polymers, which are able to react to changes in
their environment. In particular, the inherent decrease in pH
during the internalization process from the bloodstream (pH
7.4) via the early (pH 5.9—6.5) and late endosome (pH 5.9—
4.9) to the lysosome (pH 4.9—4.0) attracted considerable
attention in the design of such polymers."”~** In comparison
to biological carrier systems (e.g., viruses), polymers offer the
advantage of scalable synthesis, limited immunogenicity, and

© 2021 The Authors. Published by
American Chemical Society
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tunable chemistry. Nevertheless, most of these materials face
an efficacy—toxicity dilemma, that is, cationic pH-responsive
delivery agents can facilitate efficient endosomal escape of
therapeutics, but often cause severe cytotoxic side effects.””**
Despite its toxicity, poly(ethylene imine) (PEI) is still
considered the “gold standard” for polymer-based nucleic
acid delivery, and different theories have been investigated to
enlighten the endosomal escape mechanism of this cationic
polymer.”® The proton sponge theory has been postulated with
the first applications of PEL”° but it remains heavily debated in
the literature.”” Other reports describe an endosomal escape
concept based on the destabilization of the endosomal
membrane due to the interaction with increasingly cationic
polymers, 112529

Independent of the endosomal escape mechanism, the
effects of all these different materials rely on their reaction to
the change of the pH value or the influx of protons into the
endosome. Despite the knowledge on this dependency and its
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influence on the endosomal escape, clear structure—property
relationships for the purposeful design of polymers are hard to
derive from the reported studies and materials. First, most of
the reported polymers were designed for gene delivery and
have to fulfill several tasks including the complexation of
genetic materials. In this context, several studies identified
correlations between the pH response of the polymers, often
referred to as buffer capacity, in the interesting range (pH S—
7.4) and their efficacy in gene delivery. For example, the type
of amine (primary, secondary, or tertiary) was found to have a
crucial influence on plasmid DNA delivery.'”*°™** An
interesting study was reported by Du et al,*® which focused
on the impact of the acid dissociation constant (pK,), a
measure of the basicity of a material correlating with the buffer
range, of various copolymers on the efficacy of siRNA delivery.
While pK, values between 5.8 and 6.2 were identified as the
most effective, the reported polymers also undergo a phase
transition with the change of the pH value, which is related to
their inherent hydrophobic structure. Indeed, most pH-
responsive polymers with pK, values in the interesting range
of 6—7 are hydrophobic in their neutral state, which certainly
impacts their membrane interaction and complicates the
evaluation of independent factors.””*> Pure hydrophilic
polymers with pK, values close to 6 are based on imidazole
units, as also present in histidine.>® While no clear conclusion
on structure—property correlations can be drawn from the
reported materials, the incorporation of imidazole or histidine
moieties clearly enhanced the efficacy of the delivery systems,
which was attributed to the beneficial pK, value.’’ ™’
Moreover, the second protonation of diamino ethylene
moieties (a subunit of PEI) was also found to occur around
pH 6 and is crucial for efficient gene delivery,”” while similar
units with a slightly lower second pK, (xS.5) previously
resulted in no enhancement.*' Therefore, we consider it crucial
to investigate the fundamental impact of the pK, or buffer
capacity, respectively, in the decisive range (pH 5—7.4) for
endosomal escape independently of the delivery of bio-
logicals.*” The key challenge remains to find suitable materials,
which enable a fine-tuning of the pK, without major structural
changes and good solubility in aqueous media over a broad pH
range.

Inspired by the chemical structure of commonly used
biological buffers (e.g, HEPES buffer), we envisaged
polypiperazines as an interesting class of pH-responsive
materials, which have so far not been considered for any
biomedical applications. Nevertheless, previous reports in-
dicate favorable pK, values, which can be tuned by the
respective substituents.*>** Moreover, the monomers are
accessible with a simple reaction step and the acrylamide
structure allows controlled polymerization via the reversible
addition—fragmentation chain transfer (RAFT) process. Small
but systematic variations of the substituents on the amino
group should influence the resulting pK, value of the polymers
by an enhanced inductive effect from methyl (Me) to ethyl
(Et), iso-propyl (iPr), and finally fert-butyl (tBu) groups. The
resulting homopolymers of various sizes were tested for
cytotoxicity and the ability to induce an endosomal escape in
HEK 293T cells. The latter was first investigated by a
fluorescence-based assay, which evaluates the release of either
the dye calcein, a tetramethylthodamine (TRITC)-labeled
dextran (70 kDa), or the model protein bovine serum albumin
[BSA, 66.4 kDa, isoelectric point (pI): 4.7].*° In addition, the
escape of intact proteins was tested using a pH-sensitivity-

enhanced green fluorescent protein (EGFP, 33 kDa, pl: 6.2),*
and RNase A (14 kDa, pl: 8.6)," which induces apoptosis if
released into the cytosol. Cytotoxicity and biocompatibility
were evaluated by cell viability assays (metabolic rate and
integrity of plasma membranes) using HEK 293T cells. In
addition, erythrocyte aggregation and hemolysis assays at
different pH values were conducted.

B MATERIALS AND METHODS

General Procedure for the Homopolymerization of Piper-
azine Monomers. A typical procedure for the homopolymerization
of piperazine monomers was as follows: NAiPP (0.5 g, 2.74 mmol,
500 equiv) was dissolved in ultrapure water (2.19 mL) and the pH-
value was adjusted to 3—5 by the addition of aqueous hydrochloric
acid solution. The mixture was transferred into a microwave vial, 2-
(((butylthio)carbonothioyl)thio)propanoic acid (PABTC, 1.0 uL of a
0.5 M solution in 1,4-dioxane, 5.49 pmol, 1 equiv), VA-044 solution
(9.1 uL of a 2 wt % aqueous solution, 0.549 umol, 0.1 equiv), 1,4-
dioxane (547 uL), and 1,3,5-trioxane (20 mg) as an internal standard
were added. To the red-labeled polymer P(NAiPP,4o-co-SR101,) 3C”,
a sulforhodamine monomer (907.9 uL of a 6 mM solution in
dimethylformamide, 5.49 ymol, 1 equiv) was added additionally. After
sealing with a rubber septum, the mixture was deoxygenated by a
stream of bubbled nitrogen for 20 min. To start the polymerization,
the vial was placed in a preheated oil bath at 50 °C, samples (100 uL)
were successively taken, and the monomer conversion was monitored
by 'H NMR (D,O). When no monomer could be detected, the
mixture was cooled to room temperature and opened to air. For
subsequent neutralization, the solution was diluted by ultrapure water
(20 mL) and stirred over an excess of basic Amberlyst A21 resin for
24 h. After filtration, the neutralized polymer was obtained after
lyophilization and characterized by '"H NMR and size-exclusion
chromatography (SEC). SEC (eluent: DMAc + 0.21% LiCl, PS-
standard): M,: 65 000 g mol™, M,: 79 900 g mol™!, D = 1.23.

Size-Exclusion Chromatography. SEC of the polymers was
performed on a Shimadzu system equipped with a SCL-10A system
controller, a LC-10AD pump, a RID-10A refractive index (RI)
detector, and a PSS SDV column with N,N-dimethylacetamide
(DMAC) + 0.21% LiCl as the eluent.

DMAc—SEC was conducted using an Agilent 1200 series
instrument (Shimadzu, Japan) equipped with a SCL-10A system
controller, a LC-10AD pump, a RID-10A differential RI, and an UV/
vis detector (diode array detector). The liquid chromatography
system used a 1 X GRAM 30 A column (300 X 0.8 mm, 10 ym
particle size, PSS, Mainz, Germany) and a 1 X PSS GRAM 1000 A
column (300 X 0.8 mm, 10 ym particle size, PSS). The DMAc eluent
contained 0.21% (w/w) LiCl as the additive. The column oven was
set to 50 °C. Samples were run at 1 mL min™" at 40 °C. Analyte
samples were filtered through a polytetrafluoroethylene membrane
with a 0.45 pm pore size prior to injection. Polystyrene (PS) narrow
standards (PSS) were used to calibrate the SEC system.

Potentiometric Titration. The pK3f? values were determined by
potentiometric titrations of acidified solutions of the polymers using
sodium hydroxide. Approximately 10 mL of solution at 1 mg mL™"
was used for each potentiometric titration experiment. Potentiometric
titration was performed at room temperature using automated
titration (Metrohm, Herisau, Switzerland). The addition of the titrant
(NaOH at 0.1 mol L™") occurred dynamically at a flow rate of 0.05
mL min~". The pH of the solution as a function of the volume of the
titrant was derived from the raw titration data. From these data, the
pKZPP of the polymers was determined as the corresponding pH of the
mean value of the volume of the titrant at the two maxima of the first
derivative of this function according to the Henderson—Hasselbalch
eql

[A]
[HA] (1)

pH = pK, + log
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The degree of charge was calculated and plotted as a function of
pH. The data were treated according to the published procedures with
some minor modifications to fit for poly(base)s instead of
poly(acid)s.*” The buffer capacity was calculated as reported®”*>**
according to eq 2

_ An(OH™)

T @

Cell Culture. HEK 293T cells (ACC 635, DSMZ) were routinely
cultured in Dulbecco’s modified eagle’s medium (DMEM) with 2
mM L-glutamine (Biochrom, Berlin, Germany) supplemented with
10% fetal calf serum (FCS, Capricorn Scientific, Ebersdorfergrund,
Germany), 100 U mL™" penicillin, and 100 ug mL™" streptomycin
(Biochrom) at 37 °C under a humidified 5% (v/v) CO, atmosphere.

Cellular Uptake Studies. To investigate the uptake of the
polypiperazines into cells, the homopolymers with the highest degrees
of polymerization (DP) (DP: 500) were labeled with Oregon Green
postpolymerization. HEK 293T cells were seeded with 10° cells mL™"
in 24-well plates (VWR, Radnor, US) and cultured for 32 h. The
medium was changed to a fresh cell culture medium 1 h prior to
treatment. The cells were incubated with Oregon Green-labeled
polypiperazines in PBS (Biochrom) at 37 °C under a humidified 5 (v/
v)% CO, atmosphere. The control cells were incubated with fresh
culture medium containing the same amount of PBS as the treated
cells. The cells were harvested by trypsin treatment and diluted in
Hank’s buffered salt solution (HBSS, Sigma-Aldrich, St. Louis, US)
supplemented with 2% FCS and 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Biochrom) after 16 h. To
quench the outer fluorescence of the cells, a 0.4% trypan blue solution
(Sigma-Aldrich, filtered through a cellulose-mixed ester membrane
with a 0.22 um pore size) was added to obtain a final concentration of
0.04%. To determine the relative uptake of the labeled homopol-
ymers, 10,000 events were measured via flow cytometry (Cytoflex S,
Beckman Coulter, Brea, US) using gates of forward and side scatters
to exclude the debris and cell aggregates.

Calcein and Labeled BSA Release Assays. The cell membrane-
impermeable dye calcein and the labeled protein BSA were used to
determine the endosomal escape properties of the homopolymers.
Calcein (Sigma-Aldrich) was dissolved in 1 M NaOH at a
concentration of 50 mg mL™" to create a stock solution, which was
diluted with water to generate solutions of desired concentrations for
the experiments. BSA, Alexa Fluor 488 conjugate (Thermo Fisher,
Waltham, US, catalogue number A13100), was dissolved in PBS at
2 mg mL™". Investigations were carried out at dimmed light. HEK
293T cells were seeded with 2 X 10° cells mL ™" in cell culture dishes
with a glass bottom (Cellview, Greiner Bio-One, Kremsmiinster,
Austria) or with 10° cells mL™" in 24-well plates and cultured for 32 h.
The medium was changed to fresh cell culture medium 1 h prior to
treatment. The incubation solutions were prepared in PBS and diluted
1:10 into the medium. The cells were incubated at 100 pg mL™" of
the respective polymer solutions in PBS and 25 pg mL™" calcein or
5 ug mL™" labeled BSA at 37 °C under a humidified 5% (v/v) CO,
atmosphere for 16 h. The control cells were incubated with fresh
culture medium containing the same concentration of calcein or
labeled BSA as well as the same amount of PBS as the treated cells.
Endosomal escape was evaluated either via confocal laser scanning
microscopy (CLSM) or flow cytometry.

For microscopic investigations, cells were either treated with
sulforhodamine 101-labeled or nonlabeled homopolymers. In any
case, cells were washed twice with PBS. To image the intracellular
distribution in living cells, Hoechst 33342 (Thermo Fisher) was
added at a final concentration of 10 ug mL™" for 10 min to stain cell
nuclei. For microscopic evaluation of endosomal escape, cells were
imaged in HBSS supplemented with 2% FCS and 20 mM HEPES.
Confocal live cell imaging was performed using a LSM880, Elyra PS.1
system (Zeiss, Oberkochen, Germany) applying an argon laser for
excitation at 405 nm (1%) and 488 nm (5%) as well as emission filters
for Hoechst (410—450 nm) and green fluorescence (490—570 nm)
with gains of 800 and 700, respectively. In the case of imaging

sulforhodamine 101-labeled polymers, a laser for excitation at 561 nm
(3%) and an emission filter for sulforhodamine 101 (610—700 nm)
with a gain of 800 were utilized. For three-dimensional (3D)
investigations, confocal live cell imaging was conducted acquiring z-
stack images. HEK 293T cells in Opti-MEM were treated with the
same concentrations of the compounds as described before, but were
incubated for 24 h before washing. For measurements, the
aforementioned LSM880, Elyra PS.1 system was used applying an
argon laser for excitation at 405 nm (0.2%) and 488 nm (0.5%) as
well as emission filters for Hoechst (410—450 nm) and calcein
fluorescence (500—570 nm) with gains of 700 and 800, respectively.
The step width for the z-steps was set to optimal (0.31 pm) with
adapted pin holes. For the time series investigations of the calcein
release, HEK 293T cells were seeded and treated with calcein and 100
ug mL™! P(NAIPP)go 3C” as described above. The LSM880, Elyra
PS.1 system was used to apply an argon laser for excitation at 488 nm
(0.5%) and 561 nm (2%) as well as emission filters for calcein (499—
570 nm) and SR101 fluorescence (571—710 nm) with gains of 800
for both channels. Cells were incubated at 37 °C under a 5 (v/v)%
CO, atmosphere within the microscope, while measurements were
conducted every 15 min. For magnification, a 40 X 1.4 NA plan
apochromatic oil objective was applied for all the microscopy
conducted. All images of all experiments were acquired (ZEN, black
edition, version 2.3 SP1, Zeiss) and processed (Image], Java 8)
consistently across polymer-treated cells with cells serving as control.

For high-throughput analysis, cells grown in 24-well plates were
harvested by trypsin treatment and resuspended in HBSS
supplemented with 2% FCS and 20 mM HEPES following the
washing step. 10,000 events were measured via flow cytometry using
gates of forward and side scatters to exclude the debris and cell
aggregates. The sides of viable cells showing a higher Alexa Fluor 488
signal than the control cells treated with the labeled BSA solely were
gated.

Cytosolic RNase A Delivery. RNase A (Merck, Darmstadt,
Germany, catalogue number 10109169001) was suspended in sterile
ultrapure water at 10 mg mL™". RNase A delivery studies were
performed using HEK 293T cells that were either treated with RNase
A only or coincubated with the same RNase A concentration and
various concentrations of the polypiperazines. The incubation
solutions were prepared in PBS and diluted 1:10 into the medium.
In order to assess the efficiency of the RNase A delivery, the
alamarBlue assay was conducted. In detail, HEK 293T cells were
seeded at 10° cells mL™" (10* cells per well) in a 96-well plate (VWR)
and incubated for 32 h. No cells were seeded in the outer wells. The
medium was changed to fresh cell culture medium 1 h prior to
treatment. The cells were incubated with (i) the solvent PBS only,
and they serve as control cells, (ii) RNase A at a final concentration of
500 ug mL™', (iii) the polymer solutions in PBS at the indicated
concentrations (from S to 100 g mL™"), or (iv) both RNase A and
the polymers. The control cells were incubated with fresh culture
medium containing the same amount of PBS as the treated cells. After
16 h of incubation, the medium was changed to DMEM containing
10% FCS and cells were incubated for an additional 24 h.
Subsequently, the medium was replaced by a mixture of fresh culture
medium and the resazurin-based solution alamarBlue (Thermo
Fisher). The relative cell viability relative to untreated cells (i) was
analyzed as described in the Methods section for the determination of
cytotoxicity (see Supporting Information).

EGFP Release Assay. Lyophilized EGFP (BioVision Inc.,
Milpitas, US) was reconstituted to 1 mg mL™" with sterile PBS
according to the manufacturer’s instructions. HEK 293T cells were
seeded with 10° cells mL™" in cell culture dishes with glass bottom
and treated analogously to calcein and BSA release assays, but
employing 50 pg mL™' EGFP and P(NAiPP,g,-co-SR101,) 3C”".
CLSM studies were conducted as described for the calcein and BSA
release assays, but applying an argon laser for excitation at 405 nm
(1%), 488 nm (5%), and 561 nm (3%) as well as emission filters for
Hoechst (410—450 nm), EGFP (490—570 nm), and sulforhodamine
101 fluorescence (610—700 nm) with gains of 800, 850, and 800.
Flow cytometry analysis was conducted immediately following CLSM
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Figure 1. Synthesis and SEC traces of polypiperazines. (a) Piperazine-based vinyl monomers were polymerized via RAFT polymerization. (b—e)
SEC traces of P(NAMP), (b), P(NAEP), (c), P(NAiPP), (d), and P(NABP), (e). SEC: DMAc + 0.21 wt % LiCl, RI detection, and PS

calibration.

studies. Therefore, cells were washed with prewarmed PBS once and
harvested by trypsin treatment in HBSS supplemented with 2% FCS
and 20 mM HEPES. 10,000 events were measured via flow cytometry
using gates of forward and side scatters to exclude the debris and cell
aggregates.

Statistical Analysis. Statistical analysis was performed using SPSS
Statistics (IBM, Armonk, US) version 26. Homogeneity of variances
was assessed with Levene’s test. In the case of homogeneity of
variances, the one-way analysis of variance (ANOVA) was used,
followed by Dunnett’s multiple comparison test. In the case of
heterogeneity of variances, Welch-ANOVA, followed by Dunnett’s T3
test was conducted. For comparisons between two means (Figure 7b),
the unpaired two-tailed Student’s t-test was applied. Differences with
P > 0.05 were considered statistically significant. The results are
presented as the mean value +standard deviation (mean + SD) of at
least three independent determinations.

B RESULTS

Synthesis of pH-Responsive Polypiperazines. The
initial monomers were prepared from acryloylchloride and
the respective monofunctionalized (Me, Et, iPr, or tBu)
piperazine (Figure S2). Straightforward reaction and purifica-
tion by distillation enable reasonable yields and access to
sufficient quantities (>20 g). In accordance with our
experience on similar acrylamides,”” the chosen RAFT

35236

polymerization facilitates access to well-defined polymers
with variable DP. The polymerization can conveniently be
conducted in deionized water, which was slightly acidified to
prevent hydrolysis of the trithiocarbonate chain transfer agent
(CTA). Typical for the radical polymerization of acrylamide
monomers in water, the polymerization rate was very high, and
therefore quantitative conversions (>99%) were reached
within a few hours. Consequently, a library of different
homopolymers poly(N-acryloyl-N’-methylpiperazine) (P-
(NAMP),,), poly(N-acryloyl-N’-ethylpiperazine) (P(NAEP),),
poly(N-acryloyl-N'-iso-propylpiperazine) (P(NAPP),), and
poly(N-acryloyl-N'-tert-butylpiperazine) (P(NAfBP),) with
DPs ranging from 100 to high values of 500 were prepared
(Figures la and S3) while retaining good to moderate
dispersities (P < 1.3) as determined by size exclusion
chromatography (SEC, Figure 1b—e). Although no purification
of the residual monomer was required, the polymers were
neutralized and deionized to remove the present chloride ions
prior to further investigations.

All resulting polymers (Figure 2a) were fully water-soluble
even in their neutralized state and at temperatures of up to
50 °C (data not shown), which is crucial for the following
studies. In contrast to the lower critical solution temperatures

https://doi.org/10.1021/acsami.1c00829
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for previously reported poly(N-acryloyl-N'-propylpiperazine)
(nPr substituent),* the compact structure of our iPr and tBu
renders the respective polymers more hydrophilic. To
determine the pK, values of the materials, acidified polymer
solutions (excess of HCI) in water were titrated potentio-
metrically using sodium hydroxide solution. In contrast to
previous titrations,"* we added 150 mM sodium chloride to
resemble physiological salt concentrations. As clearly visible in
the titration profile (Figure 2b), the tested polypiperazines
exhibit a broad buffer range in the desired pH range.
Moreover, the systematic modifications of the pendant group
resulted in a gradual shift of this buffer capacity toward higher
pH values with increasing size of the substituent and in
accordance with our initial hypothesis (Figure S4). To the
same extent, our calculations revealed a stepwise increase of
the respective pKZ? values ranging from 6.2 to 7.1 (Figure 2b).
A comparable titration of commercial I-PEI of 25 kDa gave a
pK3PP of 8.2 (Figure SSa), with a steeper increase of the pH
value in the buffer region spanning a wide range of pH values
(6—10, Figure SSb). This is considered a key factor for the
efficacy of PEI and related to the close proximity of the reactive
amino groups in PEL>"*°

From the titration data, a degree of charge (ratio between
the amounts of protonated units to the total amount of units)
can be estimated for each pH value (Figure 2c). At the
physiological pH value of blood and within the extracellular
space, all polymers are partially cationic, whereas P(NAMP),
1C is approximately 9%, P(NAEP)q, 2C 13%, P(NAIPP),
3C 22%, and P(NAtBP);,, 4C 36% protonated. Along the
endolysosomal pathway, all the materials become completely
protonated and thus fully charged, considering the respective
pH values as indicated in the Introduction section.
Interestingly, the steepest increase in the degree of charge
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for all materials can be expected during the transition from the
extracellular space to the early endosome (Figure 2c). Within
the late endosome (pH 4.9—6.0),”" the different materials
become highly charged (70—90% depending on the sub-
stituent).

Cytotoxicity and Cellular Uptake of Polypiperazines.
Following the determination of basicity, the degree of charge,
and buffer capacity of the polymers, we focused on their
fundamental in vitro properties. Therefore, all materials were
analyzed concerning their concentration-dependent cytotox-
icity (tested according to ISO 10993-5) using the resazurin-
based alamarBlue cell viability reagent. Despite the present
cationic charges at pH 7.4, no indication of cytotoxicity was
observed for P(NAMP), 1A—C, P(NAEP), 2A—-C, and
P(NAPP), 3A, and B (A: DP 100, B: DP 250, and C: 500)
up to a final concentration of 1 mg mL™' (Figure S6).
P(NAJPP);,, 3C with a high DP of 500 showed slight toxicity
at concentrations above 100 ug mL™'(cell viability of 70.0 +
5.4% at 200 ug mL™'). In contrast to the polymers 1-3,
P(NAfBP), 4 induced cytotoxic effects at concentrations above
50 ug mL™" independent of the DP (Figure S6). This result
indicates a rather sharp transition from nontoxic to harmful
materials with only minor changes in terms of pK, or charge
density on the linear polymers.

For further evaluation of the cell interaction of these
materials, their uptake was studied. Therefore, the polymers
with highest DP were functionalized with Oregon Green (see
Supporting Information for details, Figure S1a). The uptake of
the labeled polymers (1C’, 2C’, 3C’, and 4C’) in HEK 293T
cells was investigated via flow cytometry using different cell
culture media. The obtained mean fluorescence intensities
(MFI) were corrected with the respective degree of labeling.
Concentration-dependent uptake studies revealed a negligible
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Figure 3. Cellular uptake of Oregon Green-labeled polypiperazines investigated by flow cytometry. The cellular uptake of Oregon Green-labeled
polymers (DP: 500) at different concentrations was assessed by flow cytometry after 16 h. The obtained MFI values were corrected by the labeling
efficiency of the polymers and are given in relation to the untreated control (see Figure S7 for the raw data and their correction). Mean + SD of
three independent experiments is shown. Transparency of bars indicates reduced viability of the samples.
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Figure 4. Endosomal escape of calcein. (a) Schematic presentation of the endocytosis and endosomal entrapment of fluorescent probes in cells not
treated with endosomolytic polymers and (b) of the cytosolic and nuclear delivery of fluorescent probes facilitated by the polypiperazines. (c,e,g)
Confocal images of HEK 293T cells in Opti-MEM treated with the nonmembrane permeable dye calcein as control. (d,fh) Cellular uptake and
endosomal release of calcein were imaged using HEK 293T cells that were treated with the same concentration of calcein as the control cells and
additional 100 ug mL™" labeled P(NAiPP)y, 3C” for 16 h. The calcein channel (c,d) and the corresponding image of the red channel (polymer,
e,f) as well as the merge of the calcein, polymer, and Hoechst channel (gh) are shown. (i,j) Example images of a z-stack acquisition from the lower,
middle, and upper parts of a cell treated either with calcein alone as control (i) or with P(NAiPP)sy, 3C” and calcein (j, also see S12 for images
showing a co-staining with Hoechst). (c—j) Scale bar 20 ym. All corresponding images comparing the calcein control with the polymer-treated
samples were acquired and processed with the same settings. (k) High-throughput analysis of fluorescence intensities of HEK 293T cells in Opti-
MEM treated with calcein and 100 ug mL™" polypiperazines. The means + SD of three independent experiments relative to control cells treated
with calcein only (rel. MFI = 1) are shown. For comparison, an analogous treatment with 25 pg mL™" I-PEI resulted in a rel. MFI of 2.7 + 0.3
(mean = SD of three independent experiments), although only 62% of the cells were considered viable in this case. Significant differences between
the means were calculated with Dunnett’s T3 test. Transparency of bars indicates gated cell populations below 70% (slight transparency) or 50%
(distinct transparency) according to reduced viability of the samples. (a,b) Created with biorender.com. rel. MFI—relative mean fluorescence
intensity.
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Figure 5. Endosomal escape of labeled BSA. (a) Confocal images of HEK 293T cells in Opti-MEM show cellular uptake and endosomal
entrapment of AF 488-labeled BSA. (b) Diffuse fluorescence signals in the cytosol and nuclei were observed in HEK 293T cells treated with the
same concentration of AF 488-labeled BSA as control cells but with additional 100 ug mL™" labeled P(NAIPP)so, 3C” for 16 h. (a,b) AF 488
channel (BSA) and (c,d) corresponding images of the polymer channel as well as (e,f) merged images with the Hoechst channel are shown. (a—f)
All images comparing control and treated sample were acquired and processed with the same settings. (g) A merged image of the Hoechst and the
BSA channel of a HEK 293T cell treated as described for (b), and (h) the corresponding plot profile of the AF 488 signal in comparison to the
Hoechst signal are shown (refer to S14 for the corresponding image of the control). (a—g) Scale bar 20 ym. (i) Endosomal escape was quantified
via flow cytometry in HEK 293T cells treated with labeled BSA and polymers at comparable reactive amine contents. Means + SD of three
independent experiments are shown. Significant differences between the means of the percentages of shifted cells were calculated with Dunnett’s
T3 test. AF 488—Alexa Fluor 488, and rel. MFI—relative mean fluorescence intensity.

cellular uptake of labeled P(NAMP),y, 1C" and P(NAEP)s, aggregation of erythrocytes at pH 7.4 was only observed for
2C’ into HEK 293T cells in DMEM with 10% or without P(NABP);y, 4C that induced severe aggregation (Figure S8a).
serum (Figure 3). P(NAiPP);y, 3C" and P(NAtBP);,, 4C’, the From this, we conclude that there are no noteworthy

more cationic polymers, are taken up to a greater extent, with interactions between the polymers [except P(NAtBP)gq, 4C]
the increase for P(NAfBP)y,, 4C’ being superior. In Opti- and the plasma membrane of human erythrocytes, indicating
MEM, a modified DMEM with reconciled ingredients high biocompatibility of the materials. In addition, similar tests
including buffers, polypiperazine uptake is generally increased were performed at pH 6 to obtain an insight into the
compared to DMEM with or without serum. However, a interaction of the polymer with cellular membranes at
similar trend was found for the basicity of the material (Figure endosomal pH. Interestingly, the behavior of some of the
S7). Differences observed for P(NAfBP);,, 4C’ in nonserum polymers differs considerably from their behavior at pH 7.4.
media may probably be due to increased membrane interaction Proportionally to the pKZfP and to a smaller extent to the DP of
and cytotoxic side effects. All in all, the uptake of polymers the polymers, the aggregation of erythrocytes increases
seems to be rather low, particularly for P(NAMP);,, 1C’ and considerably (Figure S8b). However, no hemolytic activity
P(NAEP);y, 2C’ according to the flow cytometry data, which was observed at pH 6, thus indicating that the interactions
is surprising for cationic polymers. A reduced uptake could be between the polypiperazines and the plasma membrane are
explained with the polymers” moderate degree of charge at pH insufficient to induce leakage of hemoglobin (Figure S8d).
7.4 and their high structural similarities to P(NAM), which is To investigate the interactions between the materials and
considered to suppress unspecific interactions similar to plasma membranes of HEK 293T cells, the CytoTox-ONE
polyethylene oxide (PEO) or polyoxazolines.”* > homogenous membrane integrity assay was employed. Here,
Hemocompatibility and Interaction with Plasma the release of the cytosolic enzyme lactate dehydrogenase
Membranes. To assess the biocompatibility of the materials, (LDH) from cells with damaged plasma membranes is
their influence on human red blood cells was investigated. At measured in relation to cells lysed with Triton X-100. Besides

the physiological pH of blood, no hemoglobin release above the polypiperazines 1C, 2C, 3C, and 4C with the highest DP,
2% was found (Figure S8c) classifying all the materials as the commercial 1-PEI (25 kDa, equal to DP =~ 580) was
nonhemolytic up to a concentration of 100 g mL™'. An included in this study (Figure S9). To ensure similar
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Figure 6. Timescale of endosomal calcein release by P(NA{PP);y, 3C". The endosomal escape of calcein in HEK 293T cells in Opti-MEM treated
with 25 pug mL™" calcein and 100 g mL™" P(NAIPP)4 3C” was monitored over time. (a) Calcein channel and (b) polymer channel are shown.
(c) Latter channel was added in the enhanced grayscale to improve the visibility of the faint signal in the cytosol.

concentrations of reactive amino groups, the concentrations
were set to 100 pg mL™" for the polypiperazines and 25 ug
mL™' for I-PEL No significant LDH release was detected
except for P(NAfBP)y, 4C and 1-PEL, both of which caused a
slight LDH release of 4.3 # 3.7 and 6.1 + 0.7%, respectively. In
Opti-MEM, on the other hand, LDH release increases
considerably and correlates with the increasing activity and
basicity previously observed for the materials.

Endosomal Escape Efficiency Depending on Basicity,
Molar Mass, and Biocompatibility. Although the experi-
ments conducted so far are essential investigations and have
already revealed interesting trends in terms of cytotoxicity as
well as membrane interaction, a key element of this study is to
identify correlations between the basicity/pK, of the materials
and their capability to facilitate endosomal escape. Therefore,
different fluorescent model probes, ranging from the small
molecule calcein to the biomacromolecule dextran (70 kDa) or
the protein BSA (66.4 kDa), were coincubated with the
respective polymers to enable monitoring of a size-dependent
endosomal escape. In preliminary tests, calcein, dextran, and
BSA were not found to form any complexes with the tested
polymers (Figure S10). Besides, the concentrations of the
various compounds, polymers and buffers were kept within the
isotonic range to ensure that no osmotic stress for the cells is
to be expected. The pure probes were also tested as control.
Initially, the subcellular distribution of the model probes and
the fate of the polymers were imaged using a confocal laser
scanning microscope. A punctate fluorescence pattern was
observed for probes entrapped in organelles (Figure 4a,c),
while more diffuse fluorescence signals indicated a cytosolic
localization (Figure 4b,d).""**°° P(NAIPP)s,, 3C was

investigated first due to its pH response in the physiologically
relevant pH range, sufficient uptake, and membrane activity at
endosomal pH values, while it displays good biocompatibility
and cell viability under physiological conditions. In order to
simultaneously localize the polymer and the probe, a red
fluorescent version (3C”) was synthesized (see Supporting
Information for details, Figure S1b). Figure 4c—d displays
HEK 293T cells treated with either calcein (control) or calcein
and 3C”. The control reflects a punctated pattern, while a
diffuse green fluorescence within the cytoplasm can be
observed for 3C” indicating the release of calcein from the
endosome (also see Figure S19e for a lower magnification
image showing a larger number of cells). The red fluorescence
is visible within closed compartments, which indicates that the
polymer remains mostly within the endolysosomes (Figure
4ef). To further assess the subcellular distribution of the
released calcein, confocal live cell imaging in z-stacks was
conducted to image the cells in 3D. A uniform calcein signal
through the entire cell interior including the nucleus was
observed (Figures 4i—j and S12).

Interestingly, a similar effect was also monitored for the
larger BSA (66.4 kDa, Figure Sbf also see Figure S13).
Confocal measurements confirmed the cytosolic and nuclear
localization of the AF 488 signal (Figure Sg—h, also see Figure
$22e for a lower magnification image), which is surprising
considering the large size of BSA in comparison to the nuclear
pore size. In some cases, even small quantities of the polymer
were observed in the nuclei of cells (see Figure S16b), which
may be an indication that the polymer is further able to assist a
nuclear entry of BSA. Due to the extended incubation time of
16 h, it is also possible that BSA could be distributed
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throughout the cell during mitosis when the nuclear envelope
disintegrates. During a few measurements (data not shown),
the AF 488 signal appeared diminished in the nucleus
compared to the cytosol, which may hint at such a mechanism,
but clearly further studies are required to prove the underlying
process, which was beyond the scope of this work. In both
cases, calcein and BSA, the rate of endosomal escape facilitated
by the labeled P(NAiPP)4,, 3C” is moderate because a strong
punctute fluorescence signal is still detectable within enclosed
compartments. It is worth mentioning that coincubation of
TRITC-labeled dextran (70 kDa) and P(NAiPP),, 3C
revealed cytosolic, but no nuclear distribution of the
fluorescence signal in contrast to calcein and BSA (Figure
S15). The latter difference might be attributed to a different
uptake pathway of the dextran requiring an extended time
frame for a possible nuclear entry in the course of mitosis,
which, however, was not further pursued here. In contrast to
BSA, the used dextran might further not pass the nuclear
membrane due to its more random conformation and thus
larger hydrodynamic size.””

In an attempt to investigate the time dependency of this
process, confocal microscopy images of the treated cells were
recorded every 15 min over a period of 14 h. Interestingly,
P(NAJPP)¢,, 3C” showed a very clear accumulation at the
plasma membrane immediately after the addition of the
polymer (see Figure S16a). In our studies, the cells began to
take up this polymer within the first 30 min. Cytosolic release
of calcein was first observed in just over 13 h (see examplarily
chosen cell in Figure 6a). In contrast to the occurrence of a
clear calcein signal throughout the cell, the amount of released
polymer in the cytosol remained low, although still a very faint
signal could be observed in the examined cell (see Figure 6b
and gray scale image in Figure 6¢ for a more visible contrast,
third and fourth images at 13 h 30 min and 13 h 45 min,
respectively). In accordance with previous studies on PEI, only
a small amount of polymer may be released, which quickly
dilutes in the cytosol.>® Considering the strong affinity of the
polymers with the cell membrane, a further attachment to the
remaining endolysosomal membrane is feasible, which is in
accordance with the mostly punctual concentration of the
SR101 signal (see Figure 6b). Following calcein release, we
also could in part detect a fluorescence signal of the polymer in
the nuclei (see Figure S16b, third image). However, the
nuclear signal was low compared to the intensities of the
remaining endolysosomes. The rather slow delivery is likely
owing to the coincidence that calcein and polymer have to be
present in one endosome in sufficient amounts, as they do not
form any complex (see Figure S10b).

In order to investigate the endosomal escape of the polymer
library, flow cytometry was used because it provides a rapid
high-throughput quantification of fluorescence intensities of
cells. The applied method is based on the difference of the
fluorescence intensities of cells with entrapped fluorescent
probes (lower relative fluorescence signal) compared to cells,
where the labeled probe is released from the endolysosome
(higher relative fluorescence signal).”” When examining all
polymers with regard to their endosomal escape in Opti-MEM
using calcein as the probe, two accumulative trends were
observed (Figure 4k, see Figure S17 for the serum-containing
medium). Both DP and basicity correlate with the MFI
indicating more efficient endosomal escape of the respective
polymers. Similar to the uptake studies (Figure 3), the trend
collapses with increasing cytotoxicity of the materials.
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Cytotoxic effects, identified prior to flow cytometry by changes
in the cell morphology (data not shown, also see Figure S18),
occurred in particular for P(NAtBP), 4 (Figure 4k) and the
data should, therefore, be considered with care. In the case of
the nontoxic materials, the best calcein release was observed
for P(NAiPP);y 3C showing a significant increase in MFI
compared to cells treated with calcein only (Figure S18h rel.
MFI, P = 0.014). An evaluation of the ratio of positive cells was
not attempted in this case due to a rather broad scattering of
the data resulting in a limited accuracy in gating the
appropriate cells (Figure S18d—f). As an alternative approach
to determine the number of affected cells in Opti-MEM, the
release was exemplarily quantified for P(NAiPP).,, 3C”
analyzing large area microscopy images (see example in Figure
S19), which should further verify that this increase is due to
the additional cytosolic fluorescence. For this purpose, binary
images of the Hoechst and the calcein channels were generated
based on a minimal threshold, which was determined in the
control experiment. All cells with a significant overlap of the
calcein signal and nucleus were counted as positive for a
successful endosomal escape (see Supporting Information for
further details). An average value of 87.7 + 16.5% positive cells
is obtained for P(NAiPP)y, 3C" (three images compared to
two control images with 0.3 + 0.4% positive cells), which is in
good agreement with the increased MFI from the flow
cytometry measurements.

Because the basicity and pK, of the polymers had a higher
influence on the endosomal escape efficiency than the DP, only
the polypiperazines with the highest DP were considered in
following experiments and further compared to commercial I-
PEL In contrast to calcein, a more distinct pattern was
observed for the release of labeled BSA (Figure S21), which
facilitated a more accurate gating into positive cells compared
to the control. In particular, coincubation with P(NAiPP)s,
3C resulted in a drastic increase of fluorescence intensities and
the number of positive cells (86 + 11%, P = 0.010), while all
other polypiperazines only led to insignificant release (Figure
5i). This result, however, might be because of an increased
uptake of BSA in the presence of the polymers, which is why
larger microscopy images as described for the calcein release
were again analyzed (five different areas were evaluated, see
exemplarily shown images in Figure S22). A value of 89.4 +
9.6% positive cells was determined, which is in excellent
agreement with the data from flow cytometry. In contrast to
the calcein study, this drastic increase cannot only be related to
the enhanced uptake (Figure 3) of P(NA{PP), 3C compared
to the less-basic polymers. Despite its very different basicity
and buffer capacity, this efficiency is only comparable to 1-PEI
25 kDa (86 + 10%, P = 0.041). P(NAfBP)g, 4C was not
investigated as cytotoxic effects in Opti-MEM were observed,
although its pK, and degree of protonation are lower compared
to those of -PEI under the same conditions (see Figure S20 for
the serum-containing medium). Of course, the different
concentrations (100 ug mL™' for P(NAtBP)sy vs
25 pug mL™' for I-PEI) have to be considered in this
comparison, but this adjustment results in a similar amount
of protonatable amino groups.

Due to the promising results, the influence of cell culture
medium and polymer concentration was examined in more
detail for the most promising candidates P(NAiPP),, 3C and
P(NAtBP),, 4C as well as for the commercial I-PEL. Co-
staining of endolysosomes using LysoTracker Red first of all
confirmed the localization of P(NAiIPP);,, 3C’ and P-
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Figure 7. Polymer concentration-dependent endosomal escape of labeled BSA by novel polypiperazines. (a) Endosomal escape in HEK 293T cells
treated with S ug mL™" Alexa Fluor 488-labeled BSA, and the respective polymer concentration was quantified via flow cytometry. Means + SD of
three independent experiments are shown. Significant differences between the means were calculated with Dunnett’s T3 test (*P < 0.001 vs BSA).
(b) Cellular uptake of Oregon Green-labeled polymers (DP: S00) as well as the endosomal escape of labeled BSA in HEK 293T cells in Opti-MEM
was assessed by flow cytometry after 16 h. For the uptake studies, the obtained MFI values were corrected by the labeling efficiency of the polymers
and are given in relation to the untreated control. Regarding the endosomal escape studies, the relative MFI values are given in relation to cells
treated without polymers. Mean =+ SD of three independent experiments is shown. The ratio of BSA release to polymer uptake (R/U) is given for
the respective polymers at the concentration shown. Significant differences between the means of rel. MFI were calculated with unpaired two-tailed
student’s t-test. rel. MFI—relative mean fluorescence intensity.
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Figure 8. Cytosolic and nuclear delivery of functioning proteins. (a) Relative viability of HEK 293T cells in the presence of serum treated with
indicated concentrations of the polymers P(NA{PP);,, 3C (green, solid squares) and P(NAtBP);y, 4C (blue, solid triangles) or with additional
500 ug mL™" RNase A (respective color, open symbols) measured via the alamarBlue assay. (b) Relative viability of HEK 293T cells in Opti-MEM
treated with different concentrations of P(NA{PP)so, 3C (green, solid squares), P(NAtBP)s, 4C (blue, solid triangles), or with additional S00 pg
mL™! RNase A (respective color, open symbols) measured via the alamarBlue assay. (a,b) Means + SD of three independent experiments are
shown. (c) HEK 293T cells in the serum-containing medium were treated with EGFP for 16 h and analyzed via CLSM as a control. The overlay of
the T-PMT and EGFP channel is shown. (d) HEK 293T cells in the serum-containing medium were treated with the same concentration of EGFP
as control cells but with additional 50 g mL™" P(NAfBP)y, 4C at the same time and analyzed as described in (c). (e) HEK 293T cells in Opti-
MEM were treated with EGFP for 16 h and analyzed as described in (c). (f) HEK 293T cells in Opti-MEM were treated with the same
concentration of EGFP as control cells but with additional 50 g mL™" P(NAiPP)q 3C” at the same time and analyzed as described in (c). Scale
bar 25 ym. EGFP—enhanced green fluorescent protein and T-PMT—transmitted light detector.

(NAfBP)soy 4C’ in endolysosomes (Figure S23). The most number of positive cells in Opti-MEM appears to be largely

pronounced difference is caused by the type of medium independent of the concentration for P(NA/PP)s,, 3C and
(Figure 7a). In accordance with the results above, superior P(NAfBP),y, 4C. A further evaluation of the impact of uptake
endosomal escape of BSA was found for these polymers in rates on the release efficiency was made based on the data

Opti-MEM. The endosomal escape efficiency regarding the obtained for different applied concentrations of the polymers
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(Figure 7b). Comparing the uptake rates of P(NAMP);,, 1C
and P(NAEP);y, 2C at the highest tested concentration (100
ug mL™") with P(NAiPP)y, 3C and P(NAfBP),, 4C at low
concentrations of 10 ug mL™', similar amounts of taken up
polymer are found in particular for the samples (P(NAEP);,
2C and P(NAiPP)¢y, 3C, P = 0.2842). However, significantly
more BSA is released into the cytosol for the latter (P =
0.0042, see Figure 7b). To further correlate the amount of
taken up polymer with the release, we also calculated the ratio
of BSA release to polymer uptake (R/U) for the above-
mentioned samples. A considerable increase in this ratio is
observed from P(NAEP)q,, 2C to P(NAiPP),y, 3C. Overall,
the relative MFI values for P(NAiPP),y, 3C remained below
the ones for P(NAtBP);,, 4C or I-PE], implying that the
overall amount of released BSA from the endosome may be
lower in the first case. The coincubation of HEK 293T cells
with labeled BSA and various concentrations of P(NAIPP),
3C in growth medium revealed no significant increase of the
fluorescent signal and the number of affected cells compared to
the control. Only P(NAtBP),, 4C and I-PEI resulted in a
polymer concentration-dependent increase of the fluorescence
signal and number of shifted cells.

Transport of Functioning Proteins. A crucial factor for
the efficient delivery of any biological therapeutic is the
preservation of its structure during this process. Commonly,
the decrease of pH and the presence of hydrolases following
the endolysosomal pathway trigger a degradation of biological
material such as proteins. Therefore, an escape from the early
endosome is the key to bypass this degradation and ensure an
intact delivery of proteins, antibodies, or genetic material.
Following previous reports,(’0 RNase A was coincubated with
our most promising polymers P(NA{PP)s, 3C and P-
(NABP);o, 4C in different media to investigate their capability
for intact release of this protein. Also in this case, no
aggregation of polymer and protein was detected (Figure
S10a) and no osmotic stress is to be expected at the chosen
experimentation settings. Although the pure enzyme displays
no toxic activity on the cells (Figure S24), a release into the
cytosol induces cell death due to the degradation of cytosolic
RNA, which can be monitored by a concentration-dependent
cell viability assay (Figure 8a—b). In accordance with previous
experiments, a distinct difference for Opti-MEM and the
serum-containing medium was observed. In the presence of
serum proteins, P(NAiPP)., 3C induced no effect for
concentrations up to 100 ug mL™. In contrast, P(NABP)q,
4C was found to efficiently induce endosomal escape at 50 pg
mL7! as the viability to was reduced to 25.0 + 0.7% in the
presence of RNase A compared to the pure polymer causing no
cytotoxic effects. The further increase of the polymer content
enhanced the effect indicating a concentration-dependent
release by P(NABP);,, 4C, although an increased cytotoxicity
of the polymer at these concentrations has to be considered. In
Opti-MEM, coincubation of RNase A with both P(NAiPP)s,
3C as well as P(NAfBP);,, 4C affected the cell viability in a
concentration-dependent manner. In particular, the coincuba-
tion of RNase A and P(NAPP),,, 3C, which itself caused no
adverse effects on cell viability, resulted in declining cell
viabilities by 50.2 + 0.7% starting at a polymer concentration
of 25 ug mL™". However, the most significant decrease (by
84.5 + 10.5%) was found for P(NAtBP), 4C at a
concentration of 10 ug mL™'. While the pure polymer
displayed no adverse effect in this case, the cell viability was
reduced to approx. 10% relative to the untreated controls by

coincubation of P(NABP)s,, 4C and RNase A. A further
increase in the polymer concentration affected cytotoxicity
more than it increased endosomal escape efficiency.

In order to visually confirm the previous results, P-
(NAIPP)s,, 3C” and P(NAtBP)sy, 4C were further tested
for the delivery of EGFP monitored by CLSM. It has to be
mentioned, however, that HEK 293T cells in general display a
limited EGFP uptake (Figure 8ce), which reduces the
probability of concurrect presence with the polymer in the
same compartments. Interestingly, coincubation with 50 ug
mL ™! P(NABP);,, 4C in the presence of serum caused a more
distinct punctate fluorescence pattern and several cells showed
a diffuse EGFP fluorescence signal throughout the cytosol with
varying intensities (Figure 8d). A similar result was found in
the case of P(NAIPP)s,, 3C” in Opti-MEM (Figure 8f). In
both cases, the numbers of affected cells investigated by flow
cytometry appear small compared to the results from BSA
delivery (Figure S25), which again might be a result of the
limited uptake of this protein.

B DISCUSSION

Endosomal escape is crucial for the delivery of many
therapeutics and can be facilitated by pH-responsive cationic
polymeric vectors. Thereby, the pK, or basicity of the polymers
is considered as an important factor. Previous studies on
correlations between pK, and escape, however, often focused
on the delivery of genetic materials, where complexation is an
additional key factor,'”** or comprise transitions from
hydrophilic to hydrophobic at the pK, of the materials,
which alter their solubility and interactions with membranes.”
A limiting factor is certainly the scarce number of hydrophilic
polymers with pK, values and buffer capacities between S and
7.4. The described polypiperazines, therefore, represent an
exciting new set of materials, where protonation occurs exactly
in this range and the basicity of the amino group can gradually
be increased with subtle modifications on the substituent
without notably affecting its solubility. This fine-tuning of
buffer capacity and pK, in this region is to our knowledge
unprecedented and renders these materials ideal for inves-
tigating the impact of basicity on endosomal release and
cytotoxicity. As a controlled polymerization (RAFT process)
appeared feasible, we were able to create a library of different
polypiperazines with DPs ranging from 100 up to 500 and pK,
values of 6.2, 6.5, 6.7, or 7.1, respectively, covering the most
interesting pH region from the extracellular environment to
early and late endosomes.'”' The necessity of such a fine-
tuning becomes already apparent from the biocompatibility
tests, where significant cytotoxic effects were only observed for
the most basic P(NAfBP), and elevated concentrations of
P(NA/PP), with the highest DP, while all other polymers
revealed no toxicity. The results corroborate a previous study
about the impact of charge density and molar mass of
poly(cation)s on cytotoxicity and even allow a more distinct
differentiation.’’ Interestingly, our release studies on various
compounds ranging from small dyes (calcein) to macro-
molecules (proteins or dextran) depict similar correlations. A
closer look, however, reveals a greater impact of the molar
mass of the polymers, as only the highest DPs caused a
significant release in the case of calcein. A similar trend was
observed for other types of cationic polymers before,'”**~*
and considering the minor impact on cytotoxicity in the case of
the highly charged polymers such as P(NAtBP),, the tuning of
the polymer size might represent an interesting step to
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Figure 9. Influence of the cell culture medium, basicity, and concentration of the polypiperazines on endosomal escape. Exemplarily, the endosomal
escape facilitated by the polypiperazines in comparison to commercial I-PEI 25 kDa is plotted to show correlations between the polymers’ basicity
and concentration depending on the media composition. Endosomal escape of labeled BSA in HEK 293T cells was quantified via flow cytometry in
(a) serum-containing medium and (b) Opti-MEM (see Figure S). The polymer concentration is given near the corresponding data point, including
the highest investigated concentration only in the case of P(NA{PP)sy, 3C in the serum-containing medium to support clarity. Means of three
independent experiments are shown. rel. MFI - relative mean fluorescence intensity.

optimize release with insignificant loss of viability. Differences
in the release of BSA are on first sight accounted for an
increased uptake rate for the more basic polymers. Never-
theless, a direct comparison of P(NAEP), and P(NAiPP), at
concentrations, where a similar uptake is given (Figure 7b),
revealed that an important factor for efficient release of larger
molecules seems to be the pK, of the polymers. More
significantly, the most basic polymers P(NAtBP), and
P(NAiPP), appeared to be effective at any tested concen-
tration (Figure 9), which was as low as S ug mL™', which
corroborates our assumption that a key factor is the basicity of
the polymers. However, a clear distinction has to be made
between the applied conditions. Although P(NAiPP), can
cause a considerable release in Opti-MEM without signs of
toxicity in the tested range, almost no effect is found in the
serum-containing medium (DMEM). On the contrary, the
more alkaline P(NAfBP), suffers from increased toxicity in the
first case but facilitates a concentration-dependent escape
despite the presence of serum, which is comparable to the
commercial I-PEL Despite the lack of an interaction with BSA
according to DLS measurements, we assume that the
polypiperazines interact with other proteins or components
of the serum-containing medium, resulting in a partial
shielding of the charges. This aspect is also reflected in the
influence of the medium on plasma membrane integrity in the
presence of these polymers (Figure S9). The release efficiency
in the serum-containing medium is consequently only
enhanced at higher pK, values compensating for the shielding
effect of the charges by serum components, while they also
mitigate toxic effects. These findings emphasize the pecu-
liarities of media such as Opti-MEM, and demonstrate
potential difficulties induced by serum proteins narrowing
the window for efficient release without causing severe toxicity.
Despite these challenges in the delivery itself, our final tests on
RNase A and EGFP confirm that an intact transport of
sensitive biological molecules can be achieved with these
polymers and the activity of the proteins in the cytosol is
preserved. As mentioned for the potential release mechanisms
of PEI in the introduction, either a proton sponge effect or a
membrane destabilization can be responsible for the release. In
both cases, the protonation of the polypiperazines during the
pH decrease along the endosomal maturation is crucial. The
rather fast nature of the release as well as the effectivity in
delivering molecules of different sizes indicate a proton sponge
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effect, although similar effects would be expected for a severer
destabilization of the endosomal membrane and the formation
of large pores. Further detailed studies are certainly required to
unequivocally determine the nature of the endosomal escape
mechanism. In addition, investigations on other cell types are
certainly of interest to evaluate the potential of these
polypiperazines because the present study was performed
exclusively using HEK 293T cells, which are considered easy-
to-transfect and not very sensitive to high transfection
efficiencies. However, still the presented results support that
pK, values and thus maximum buffer capacities need to be
close to 7 for efficient endosomal escape, which is in good
agreement with the research on ionizable lipids, where a
substantial increase in delivery efficiency was identified at a pK,
value of 6.8, while pK, values of 6.8—7 were described as the
most effective.”>”*® Consequently, the often considered range
of 5—7.4"°%7% for polymeric vectors should be narrowed
down, which might explain previously observed discrepancies
concerning the importance of buffer capacities in this

40,41
range.

B CONCLUSIONS

In summary, our study reveals a fine balance between efficiency
and cytotoxicity of cationic polymers for endosomal escape
and further highlights the influence by the media used. As we
initially hypothesized, the fine-tuning of basicity and pK, is
pivotal for pH-responsive polymers and a clear correlation
between the proportion of cationic moieties at endosomal pH
and the endosomal escape efficiency was observed. The most
significant response is observed if the greatest change in the
degree of protonation or the maximum buffer capacity occurs
in a narrow window between 7.4 and around 6.5. Further
aspects can certainly be addressed in future studies, but we are
convinced that the presented findings further inspire the design
of tailor-made pH-responsive polymers for enhanced endo-
somal release. The newly discovered polypiperazines may also
play a key role in this development and further studies are
already ongoing in our group.
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EGFP, enhanced green fluorescent protein

FCS, fetal calf serum
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LE, late endosome

LCST, lower critical solution temperature

LDH, lactate dehydrogenase

MFI, mean fluorescence intensity

PABTC, 2-(((butylthio)carbonothioyl)thio ) propanoic acid
PEI, poly(ethylenimine)

pl, isoelectric point

pK,, acid dissociation constant

pKGFP, apparent acid dissociation constant
P(NAEP), poly(N-acryloyl-N’-ethylpiperazine)
P(NAJPP), poly(N-acryloyl-N'-iso-propylpiperazine)
P(NAM), poly(N-acryloyl-N’-morpholine)
P(NAMP), poly(N-acryloyl-N’-methylpiperazine)
P(NAfBP), poly(N-acryloyl-N'-tert-butylpiperazine)
PS, polystyrene

PTFE, polytetrafluoroethylene

RAFT, reversible addition—fragmentation chain transfer
rel. MF], relative mean fluorescence intensity

SEC, size exclusion chromatography

SR 101, sulforhodamine 101

T-PMT, transmitted light detector

B REFERENCES

(1) Blanco, E.; Shen, H.; Ferrari, M. Principles of Nanoparticle
Design for Overcoming Biological Barriers to Drug Delivery. Nat.
Biotechnol. 20185, 33, 941.

(2) Zhao, J.; Stenzel, M. H. Entry of Nanoparticles into Cells: The
Importance of Nanoparticle Properties. Polym. Chem. 2018, 9, 259—
272.

(3) Pei, D,; Buyanova, M. Overcoming Endosomal Entrapment in
Drug Delivery. Bioconjugate Chem. 2019, 30, 273—283.

(4) Chailertvanitkul, V. A.; Pouton, C. W. Adenovirus: A Blueprint
for Non-Viral Gene Delivery. Curr. Opin. Biotechnol. 2010, 21, 627—
632.

(5) Suwan, K; Yata, T.; Waramit, S.; Przystal, J. M.; Stoneham, C.
A.; Bentayebi, K.; Asavarut, P.; Chongchai, A.; Pothachareon, P.; Lee,
K.-Y.; Topanurak, S.; Smith, T. L.,; Gelovani, J. G.; Sidman, R. L;
Pasqualini, R.; Arap, W.; Hajitou, A. Next-Generation of Targeted
Aavp Vectors for Systemic Transgene Delivery against Cancer. Proc.
Natl. Acad. Sci. US.A. 2019, 116, 18571—18577.

(6) Zhen, S.; Li, X. Liposomal Delivery of Crispr/Cas9. Cancer Gene
Ther. 2020, 27, 515—527.

https://doi.org/10.1021/acsami.1c00829
ACS Appl. Mater. Interfaces 2021, 13, 35233—35247



ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(7) Ichimizu, S.; Watanabe, H.; Maeda, H.; Hamasaki, K.; Tkegami,
K.; Chuang, V. T. G.; Kinoshita, R.; Nishida, K; Shimizu, T.; Ishima,
Y.; Ishida, T.; Seki, T.; Katsuki, H.; Futaki, S.; Otagiri, M.; Maruyama,
T. Cell-Penetrating Mechanism of Intracellular Targeting Albumin:
Contribution of Macropinocytosis Induction and Endosomal Escape.
J. Controlled Release 2019, 304, 156—163.

(8) LeCher, J. C; Nowak, S. J.; McMurry, J. L. Breaking in and
Busting Out: Cell-Penetrating Peptides and the Endosomal Escape
Problem. Biomol. Concepts 2017, 8, 131—141.

(9) Allen, J; Brock, D.; Kondow-McConaghy, H.; Pellois, J.-P.
Efficient Delivery of Macromolecules into Human Cells by Improving
the Endosomal Escape Activity of Cell-Penetrating Peptides: Lessons
Learned from Dftat and Its Analogs. Biomolecules 2018, 8, S0.

(10) Evans, B. C.; Fletcher, R. B.; Kilchrist, K. V.; Dailing, E. A;
Mukalel, A. J.; Colazo, J. M.; Oliver, M.; Cheung-Flynn, J.; Brophy, C.
M.,; Tierney, J. W,; Isenberg, J. S.; Hankenson, K. D.; Ghimire, K;
Lander, C.; Gersbach, C. A.; Duvall, C. L. An Anionic, Endosome-
Escaping Polymer to Potentiate Intracellular Delivery of Cationic
Peptides, Biomacromolecules, and Nanoparticles. Nat. Commun.
2019, 10, 5012.

(11) Smith, S. A.; Selby, L. L; Johnston, A. P. R;; Such, G. K. The
Endosomal Escape of Nanoparticles: Toward More Efficient Cellular
Delivery. Bioconjugate Chem. 2019, 30, 263—272.

(12) Prchla, E.; Plank, C.; Wagner, E.; Blaas, D.; Fuchs, R. Virus-
Mediated Release of Endosomal Content in Vitro: Different Behavior
of Adenovirus and Rhinovirus Serotype 2. J. Cell Biol. 1995, 131,
111-123.

(13) Li, W.; Nicol, F.; Szoka, F. C. Gala: A Designed Synthetic Ph-
Responsive Amphipathic Peptide with Applications in Drug and Gene
Delivery. Adv. Drug Delivery Rev. 2004, 56, 967—985.

(14) Stewart, M. P.; Langer, R.; Jensen, K. F. Intracellular Delivery
by Membrane Disruption: Mechanisms, Strategies, and Concepts.
Chem. Rev. 2018, 118, 7409.

(15) Erazo-Oliveras, A.; Najjar, K; Dayani, L; Wang, T.Y,;
Johnson, G. A, Pellois, J.-P. Protein Delivery into Live Cells by
Incubation with an Endosomolytic Agent. Nat. Methods 2014, 11,
861.

(16) Tabujew, L; Freidel, C.; Krieg, B.; Helm, M.; Koynov, K;
Miillen, K; Peneva, K. The Guanidinium Group as a Key Part of
Water-Soluble Polymer Carriers for Sirna Complexation and
Protection against Degradation. Macromol. Rapid Commun. 2014,
35, 1191-1197.

(17) Richter, F.; Martin, L.; Leer, K.; Moek, E.; Hausig, F.; Brendel,
J. C.; Traeger, A. Tuning of Endosomal Escape and Gene Expression
by Functional Groups, Molecular Weight and Transfection Medium:
A Structure-Activity Relationship Study. J. Mater. Chem. B 2020, 8,
5026—5041.

(18) Cokca, C; Zartner, L.; Tabujew, L; Fischer, D.; Peneva, K.
Incorporation of Indole Significantly Improves the Transfection
Efficiency of Guanidinium-Containing Poly(Methacrylamide)S. Mac-
romol. Rapid Commun. 2020, 41, 1900668.

(19) Maxfield, F. R.; Yamashiro, D. J. Endosome Acidification and
the Pathways of Receptor-Mediated Endocytosis. In Immunobiology of
Proteins and Peptides Iv: T-Cell Recognition and Antigen Presentation;
Atassi, M. Z., Ed.; Springer US: Boston, MA, 1987; pp 189—198.

(20) Wagner, E. Polymers for Nucleic Acid Transfer—an Overview.
In Advances in Genetics; Huang, L.; Liu, D.; Wagner, E., Eds;
Academic Press, 2014; Vol. 88, Chapter 8, pp 231-261.

(21) Lachelt, U; Wagner, E. Nucleic Acid Therapeutics Using
Polyplexes: A Journey of 50 Years (and Beyond). Chem. Rev. 2015,
115, 11043—11078.

(22) Peng, L.; Wagner, E. Polymeric Carriers for Nucleic Acid
Delivery: Current Designs and Future Directions. Biomacromolecules
2019, 20, 3613—3626.

(23) Lv, H.; Zhang, S.; Wang, B.; Cui, S.; Yan, J. Toxicity of Cationic
Lipids and Cationic Polymers in Gene Delivery. J. Controlled Release
2006, 114, 100—109.

(24) Kargaard, A,; Sluijter, J. P. G.; Klumperman, B. Polymeric Sirna
Gene Delivery — Transfection Efficiency Versus Cytotoxicity. J.
Controlled Release 2019, 316, 263—291.

(25) Lungwitz, U.; Breunig, M.; Blunk, T.; Gépferich, A.
Polyethylenimine-Based Non-Viral Gene Delivery Systems. Eur. J.
Pharm. Biopharm. 2008, 60, 247—266.

(26) Boussif, O.; Lezoualc’h, F; Zanta, M. A; Mergny, M. D,;
Scherman, D.; Demeneix, B.; Behr, J. P. A Versatile Vector for Gene
and Oligonucleotide Transfer into Cells in Culture and in Vivo:
Polyethylenimine. Proc. Natl. Acad. Sci. U.S.A. 1995, 92, 7297—7301.

(27) Benjaminsen, R. V.; Mattebjerg, M. A.; Henriksen, J. R;
Moghimi, S. M.; Andresen, T. L. The Possible “Proton Sponge ”
Effect of Polyethylenimine (Pei) Does Not Include Change in
Lysosomal Ph. Mol. Ther. 2013, 21, 149—157.

(28) Vaidyanathan, S.; Orr, B. G.; Banaszak Holl, M. M. Role of Cell
Membrane—Vector Interactions in Successful Gene Delivery. Acc.
Chem. Res. 2016, 49, 1486—1493.

(29) Bus, T.; Traeger, A.; Schubert, U. S. The Great Escape: How
Cationic Polyplexes Overcome the Endosomal Barrier. J. Mater. Chem.
B 2018, 6, 6904—6918.

(30) Li, H; Cortez, M. A,; Phillips, H. R; Wu, Y.; Reineke, T. M.
Poly(2-Deoxy-2-Methacrylamido Glucopyranose)-B-Poly-
(Methacrylate Amine)S: Optimization of Diblock Glycopolycations
for Nucleic Acid Delivery. ACS Macro Lett. 2013, 2, 230—235.

(31) Sprouse, D.; Reineke, T. M. Investigating the Effects of Block
Versus Statistical Glycopolycations Containing Primary and Tertiary
Amines for Plasmid DNA Delivery. Biomacromolecules 2014, 15,
2616—2628.

(32) Triitzschler, A.-K; Bus, T.; Reifarth, M.; Brendel, J. C,;
Hoeppener, S.; Traeger, A,; Schubert, U. S. Beyond Gene Trans-
fection with Methacrylate-Based Polyplexes—the Influence of the
Amino Substitution Pattern. Bioconjugate Chem. 2018, 29, 2181—
2194.

(33) Du, L.; Wang, C; Meng, L,; Cheng, Q.; Zhou, J.; Wang, X;
Zhao, D.; Zhang, J.; Deng, L.; Liang, Z.; Dong, A.; Cao, H. The Study
of Relationships between Pka Value and Sirna Delivery Efficiency
Based on Tri-Block Copolymers. Biomaterials 2018, 176, 84—93.

(34) Kocak, G.; Tuncer, C.; Biitiin, V. Ph-Responsive Polymers.
Polym. Chem. 2017, 8, 144—176.

(35) Thavanesan, T.; Herbert, C.; Plamper, F. A. Insight in the
Phase Separation Peculiarities of Poly(Dialkylaminoethyl
Methacrylate)s. Langmuir 2014, 30, 5609—5619.

(36) Velasco, D.; Réthoré, G.; Newland, B.; Parra, J.; Elvira, C.;
Pandit, A;; Rojo, L; Romén, J. S. Low Polydispersity (N-Ethyl
Pyrrolidine Methacrylamide-Co-1-Vinylimidazole) Linear Oligomers
for Gene Therapy Applications. Eur. J. Pharm. Biopharm. 2012, 82,
465—474.

(37) Truong, N. P.; Gu, W.; Prasadam, I; Jia, Z.; Crawford, R.; Xiao,
Y.; Monteiro, M. J. An Influenza Virus-Inspired Polymer System for
the Timed Release of Sirna. Nat. Commun. 2013, 4, 1902.

(38) Lichelt, U.; Kos, P.; Mickler, F. M.; Herrmann, A.; Salcher, E.
E.; Rodl, W.; Badgujar, N.; Briauchle, C.; Wagner, E. Fine-Tuning of
Proton Sponges by Precise Diaminoethanes and Histidines in Pdna
Polyplexes. Nanomedicine 2014, 10, 35—44.

(39) Gallon, E.; Matini, T.; Sasso, L.; Mantovani, G.; Arminan de
Benito, A,; Sanchis, J.; Caliceti, P.; Alexander, C.; Vicent, M. J.;
Salmaso, S. Triblock Copolymer Nanovesicles for Ph-Responsive
Targeted Delivery and Controlled Release of Sirna to Cancer Cells.
Biomacromolecules 20185, 16, 1924—1937.

(40) Kanayama, N.; Fukushima, S.; Nishiyama, N.; Itaka, K; Jang,
W.-D.; Miyata, K; Yamasaki, Y.; Chung, U.-i; Kataoka, K. A Peg-
Based Biocompatible Block Catiomer with High Buffering Capacity
for the Construction of Polyplex Micelles Showing Efficient Gene
Transfer toward Primary Cells. ChemMedChem 2006, 1, 439—444.

(41) Funhoff, A. M.; van Nostrum, C. F; Koning, G. A;
Schuurmans-Nieuwenbroek, N. M. E.; Crommelin, D. J. A;
Hennink, W. E. Endosomal Escape of Polymeric Gene Delivery
Complexes Is Not Always Enhanced by Polymers Buffering at Low
Ph. Biomacromolecules 2004, 5, 32—39.

https://doi.org/10.1021/acsami.1c00829
ACS Appl. Mater. Interfaces 2021, 13, 35233—35247



ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(42) Selby, L. L; Cortez-Jugo, C. M.; Such, G. K;; Johnston, A. P. R.
Nanoescapology: Progress toward Understanding the Endosomal
Escape of Polymeric Nanoparticles. WIREs Nanomed. Nanobi. 2017,
9, No. el452.

(43) Gan, L. H; Gan, Y. Y,; Deen, G. R. Poly(N-Acryloyl-N‘-
Propylpiperazine): A New Stimuli-Responsive Polymer. Macro-
molecules 2000, 33, 7893—7897.

(44) Roshan Deen, G.; Gan, L. H. Influence of Amino Group Pka on
the Properties of Stimuli-Responsive Piperazine-Based Polymers and
Hydrogels. J. Appl. Polym. Sci. 2008, 107, 1449—1458.

(45) Liu, C; Wan, T.; Wang, H.; Zhang, S.; Ping, Y.; Cheng, Y. A
Boronic Acid—Rich Dendrimer with Robust and Unprecedented
Efficiency for Cytosolic Protein Delivery and Crispr-Cas9 Gene
Editing. Sci. Adv. 2019, S, No. eaaw8922.

(46) Gurunathan, S.; Woong Han, J.; Kim, E.; Kwon, D.-N.; Park, J.-
K; Kim, J.-H. Enhanced Green Fluorescent Protein-Mediated
Synthesis of Biocompatible Graphene. J. Nanobiotechnol. 2014, 12, 41.

(47) Colombani, O.; Lejeune, E.; Charbonneau, C.; Chassenieux, C.;
Nicolai, T. Ionization of Amphiphilic Acidic Block Copolymers. J.
Phys. Chem. B 2012, 116, 7560—7565.

(48) Chiriac, V.; Balea, G. Buffer Index and Buffer Capacity for a
Simple Buffer Solution. J. Chem. Educ. 1997, 74, 937.

(49) Sobotta, F. H.; Kuchenbrod, M. T.; Grune, C.; Fischer, D.;
Hoeppener, S.; Brendel, ]J. C. Elucidating Preparation-Structure
Relationships for the Morphology Evolution During the Raft
Dispersion Polymerization of N-Acryloyl Thiomorpholine. Polym.
Chem. 2021, 12, 1668—1680.

(50) Ziebarth, J. D.; Wang, Y. Understanding the Protonation
Behavior of Linear Polyethylenimine in Solutions through Monte
Carlo Simulations. Biomacromolecules 2010, 11, 29—38.

(51) Huotari, J.; Helenius, A. Endosome Maturation. EMBO J. 2011,
30, 3481—-3500.

(52) Knop, K; Hoogenboom, R; Fischer, D.; Schubert, U. S.
Poly(Ethylene Glycol) in Drug Delivery: Pros and Cons as Well as
Potential Alternatives. Angew. Chem., Int. Ed. 2010, 49, 6288—6308.

(53) Mochizuki, A.; Kimura, M.; Ina, A,; Tomono, Y.; Tanaka, M.
Study on the Water Structure and Blood Compatibility of
Poly(Acryloylmorpholine-R-Butyl Methacrylate). ]. Biomater. Sci.
Polym. Ed. 2010, 21, 1895—1910.

(54) Gorman, M.; Chim, Y. H,; Hart, A.; Riehle, M. O.; Urquhart, A.
J. Poly(N-Acryloylmorpholine): A Simple Hydrogel System for
Temporal and Spatial Control over Cell Adhesion. J. Biomed. Mater.
Res. 2014, 102, 1809—181S.

(55) Gardey, E.; Sobotta, F. H.; Hoeppener, S.; Bruns, T.; Stallmach,
A.; Brendel, J. C. Influence of Core Cross-Linking and Shell
Composition of Polymeric Micelles on Immune Response and
Their Interaction with Human Monocytes. Biomacromolecules 2020,
21, 1393—1406.

(56) Martens, T. F.; Remaut, K; Demeester, J.; De Smedt, S. C.;
Braeckmans, K. Intracellular Delivery of Nanomaterials: How to
Catch Endosomal Escape in the Act. Nano Today 2014, 9, 344—364.

(57) Ribbeck, K; Gérlich, D. Kinetic Analysis of Translocation
through Nuclear Pore Complexes. EMBO ]. 2001, 20, 1320—1330.

(58) Rehman, Z. u,; Hoekstra, D.; Zuhorn, I. S. Mechanism of
Polyplex- and Lipoplex-Mediated Delivery of Nucleic Acids: Real-
Time Visualization of Transient Membrane Destabilization without
Endosomal Lysis. ACS Nano 2013, 7, 3767—3777.

(59) Salomone, F.; Cardarelli, F.; Di Luca, M.; Boccardi, C.; Nifosi,
R.; Bardi, G.; Di Bari, L.; Serresi, M.; Beltram, F. A Novel Chimeric
Cell-Penetrating Peptide with Membrane-Disruptive Properties for
Efficient Endosomal Escape. J. Controlled Release 2012, 163, 293—303.

(60) Dubois, J. L. N.; Lavignac, N. Cationic Poly(Amidoamine)
Promotes Cytosolic Delivery of Bovine Rnase a in Melanoma Cells,
While Maintaining Its Cellular Toxicity. J. Mater. Chem. B 2018, 3,
6501—-6508.

(61) Fischer, D.; Li, Y.; Ahlemeyer, B.; Krieglstein, J.; Kissel, T. In
vitro cytotoxicity testing of polycations: influence of polymer structure
on cell viability and hemolysis. Biomaterials 2003, 24, 1121—1131.

35247

(62) Kunath, K; von Harpe, A.; Fischer, D.; Petersen, H.; Bickel, U,;
Voigt, K; Kissel, T. Low-Molecular-Weight Polyethylenimine as a
Non-Viral Vector for DNA Delivery: Comparison of Physicochemical
Properties, Transfection Efficiency and in Vivo Distribution with
High-Molecular-Weight Polyethylenimine. J. Controlled Release 2003,
89, 113—125S.

(63) Ahn, C.-H.; Chae, S. Y,; Bae, Y. H,; Kim, S. W. Biodegradable
Poly(Ethylenimine) for Plasmid DNA Delivery. J. Controlled Release
2002, 80, 273—282.

(64) Breunig, M.; Lungwitz, U.; Liebl, R.; Goepferich, A. Breaking
up the Correlation between Efficacy and Toxicity for Nonviral Gene
Delivery. Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 14454—14459.

(65) Semple, S. C.; Akinc, A.; Chen, J.; Sandhu, A. P.; Muij, B. L;
Cho, C. K;; Sah, D. W. Y,; Stebbing, D.; Crosley, E. J.; Yaworski, E.;
Hafez, I. M,; Dorkin, J. R.; Qin, J.; Lam, K; Rajeev, K. G.; Wong, K.
F.; Jeffs, L. B.; Nechev, L.; Eisenhardt, M. L.; Jayaraman, M.; Kazem,
M.; Maier, M. A,; Srinivasulu, M.; Weinstein, M. J.; Chen, Q.; Alvarez,
R,; Barros, S. A,; De, S.; Klimuk, S. K; Borland, T.; Kosovrasti, V;
Cantley, W. L.; Tam, Y. K;; Manoharan, M.; Ciufolini, M. A.; Tracy,
M. A; de Fougerolles, A.; MacLachlan, I; Cullis, P. R,; Madden, T.
D.; Hope, M. J. Rational Design of Cationic Lipids for Sirna Delivery.
Nat. Biotechnol. 2010, 28, 172—176.

(66) Alabi, C. A; Love, K. T.; Sahay, G.; Yin, H,; Luly, K. M
Langer, R; Anderson, D. G. Multiparametric Approach for the
Evaluation of Lipid Nanoparticles for Sirna Delivery. Proc. Natl. Acad.
Sci. U.S.A. 2013, 110, 12881—12886.

(67) Jayaraman, M.; Ansell, S. M.; Mui, B. L.; Tam, Y. K; Chen, J;
Du, X,; Butler, D.; Eltepu, L; Matsuda, S.; Narayanannair, J. K;
Rajeev, K. G.; Hafez, I. M.; Akinc, A.; Maier, M. A,; Tracy, M. A;
Cullis, P. R.; Madden, T. D.; Manoharan, M.; Hope, M. J. Maximizing
the Potency of Sirna Lipid Nanoparticles for Hepatic Gene Silencing
in Vivo. Angew. Chem., Int. Ed. 2012, 51, 8529—8533.

(68) Whitehead, K. A.; Dorkin, J. R; Vegas, A. J.; Chang, P. H;
Veiseh, O.; Matthews, J.; Fenton, O. S.; Zhang, Y.; Olejnik, K. T,;
Yesilyurt, V.; Chen, D.; Barros, S.; Klebanov, B.; Novobrantseva, T.;
Langer, R;; Anderson, D. G. Degradable Lipid Nanoparticles with
Predictable in Vivo Sirna Delivery Activity. Nat. Commun. 2014, S,
4277.

(69) Varkouhi, A. K; Scholte, M.; Storm, G.; Haisma, H. J.
Endosomal Escape Pathways for Delivery of Biologicals. J. Controlled
Release 2011, 151, 220—228.

(70) Behr, J.-P. The Proton Sponge: A Trick to Enter Cells the
Viruses Did Not Exploit. Chimia 1997, 51, 34—36.

https://doi.org/10.1021/acsami.1c00829
ACS Appl. Mater. Interfaces 2021, 13, 35233—35247



Supporting Information

Correlation between Protonation of Tailor-Made
Polypiperazines and Endosomal Escape for

Cytosolic Protein Delivery

Franziska Hausigl, Fabian H. Sobotta', Friederike Richter!, Dominic O. Harz', Anja T megerl’z,

Johannes C. Brendel"”

"Laboratory of Organic and Macromolecular Chemistry (IOMC), Friedrich Schiller University
Jena, Jena, Germany
2Jena Center for Soft Matter (JCSM), Friedrich Schiller University Jena, Jena, Germany

(*) corresponding author (johannes.brendel@uni-jena.de)



Tables

Table S1 Summary of polypiperazines used in this Study. ........cccoeveeiiiiiiiiniiiieee e 13
Figures

Figure S1 Polymer 1abeling Strategies. ........cuieiviieiiiieiiie ettt e e sevee e s 10
Figure S2 '"H NMR traces of piperazine-based MONOMETS. .............coevrvrveereeeeeeeeeeeeeieeeeeeeenenenenens 11
Figure S3 "H NMR traces of POIYPIPETAZINES. .......ccovevrveveveeeeeeeeeeeeseeeeeeeeeeeeeeeeeeeeeeseseseseseeeseseeeeeneas 12
Figure S4 Relative buffer capacity of polypiperazines at different pH values. .........c.cccceveernennnen. 14
Figure S5 Potentiometric titration of commercial 1-PEL ..........ccccooiiiiiiiiiiieeeee 14
Figure S6 CytotoXiCity Of POLYPIPETAZINES. .....ccueeiuiieiiieiieeieeiieeteeriee e esiee e eseaeebeeseaeesseeseneenneas 15
Figure S7 Evaluation of polymer uptake by flow cytometry and data correction .............cc.c....... 16
Figure S8 Hemolysis and erythrocyte aggregation at different pH values. .........cccoceveriininennn 17
Figure S9 Interaction of polypiperazines with the plasma membrane of HEK 293T cells............ 18
Figure S10 Investigations of possible interactions between polymer and tested model compounds.
........................................................................................................................................................ 19
Figure S11 T-PMT images visualizing endosomal escape of calcein..........cceeeeveerieneeieeeennenne 20
Figure S12 3D-Images of calcein release. .........cueiuiiiiiiiiiiiiiiiieiieeieeeeeee e 20
Figure S13 T-PMT images visualizing endosomal escape of BSA. ........ccccooiiiiiiiiiniiiiiee, 21
Figure S14 Plot profile of BSA treated control cell. ...........ccoooieiiiiiiiiiiiiieeeeee e 21
Figure S15 Endosomal escape of labeled dextran investigated by CLSM. ..........ccceeviieiiennnnnnen. 22
Figure S16 Polymer and calcein localization at different time points. ........cc.ccocceerveenieineenicnnen. 23
Figure S17 Quantification of endosomal escape of calcein by flow cytometry..........ccccceeneennee. 24
Figure S18 Evaluation of endosomal escape of calcein via flow cytometry.......................... 23
Figure S19 Quantification of nuclear calcein delivery (image analysis). .......ccceevevveerciveerieeennnen. 26
Figure S20 Quantification of endosomal escape of labeled BSA by flow cytometry.................... 27
Figure S21 Evaluation of endosomal escape of labeled BSA via flow cytometry. .......ccccecueueeee 28
Figure S22 Quantification of nuclear BSA delivery (image analysis). ........ccccevveriiienieenieennennnen. 29
Figure S23 Colocalisation of polypiperazines and endolysosomes in HEK 293T cells. ............... 30
Figure S24 Cytotoxicity studies of RNase A without polymer addition..........c...ccoceeniinienniennen. 31
Figure S25 Evaluation of endosomal escape of EGFP via flow cytometry. .........ccccovevveenieeennnenn. 32



Further methods

Chemicals

All chemicals and solvents were purchased from Sigma-Aldrich, Carl Roth, Acros Organics,
ThermoFisher Scientific, and Iris Biotech and used without further purification, if not stated
otherwise. 2-(Butylthiocarbonothioylthio)propanoic acid (PABTC) was prepared as previously

reported[1]. 1,4-dioxane was treated with inhibitor remover resin for 24 h prior to use.

General procedure for the synthesis of piperazine monomers

A typical procedure for the synthesis of piperazine monomers was as follows: 1-Iso-
propylpiperazine (10 g, 77.97 mmol, 1 eq.) was dissolved in distilled dichlormethane (40 mL) and
4-methoxyphenol (20 mg) was added as inhibitor. Subsequently, the solution was placed in an ice-
bath and a solution of acryloylchloride (9.5 mL, 116.96 mmol, 1.5 eq.) in 10 mL distilled
dichlormethane was added dropwise under stirring. As the addition was finished, the mixture was
allowed to warm to room temperature and stirred overnight. The color of the solution changed from
yellowish to brown-red during the reaction. Afterward, 25 mL saturated NaOH solution was added,
the organic phase separated and the aqueous phase washed with dichlormethane (3 x 20 mL). Next,
the combined organic phase were washed with saturated NaHCO3 solution, dried over Na>SOg4, and
filtrated. Subsequent to evaporation of the solvent, the crude product was purified by vacuum

distillation (130 °C, 6 mbar) to obtain the pure product as colorless oil.
NAMP:

Yield: 45%. 'H NMR (MeOH-ds, 300 MHz): 8 = 2.30-2.38 (s, 3H, -CHs), 2.40-2.56 (m, 4H, -CH.-
N-), 3.62-3.78 (m, 4H, -CO-N-CH,-), 3.56-3.80 (m, 4H, -CO-N-CH>-), 5.73-5.79 (d, 1H, 37 =9.0.-
CH=CH,), 6.19-6.25 (d, 1H, 3] = 18.0, -CH=CH,), 6.73-6.82 (dd, 1H, 3J = 9.0, 3] = 18.0,-
CH=CH,).

NAEP:

Yield: 57%. '"H NMR (MeOH-ds, 300 MHz): § = 1.12-1.16 (t, 3H, 3J = 6.0, -CHs), 2.40-2.65 (m,
6H, -CH,-N-, -N-CH,-), 3.69 (m, 4H, -CO-N-CH>-), 5.74-5.78 (d, 1H, 3J = 9.0,-CH=CH.,), 6.19-
6.25 (d, 1H, 3] = 18.0,-CH=CH.), 6.73-6.82 (dd, 1H, 3] = 9.0, 37 = 18.0,-CH=CH,).



NAiPP:

Yield: 76%. '"H NMR (MeOH-ds, 300 MHz): & = 1.09-1.11 (d, 6H, 37 = 6.0, -CH), 2.58 (m, 4H, -
CH2-N-), 2.68-2.81 (sept, 1H, 3] = 6.0, -CH-), 3.67 (m, 4H, -CO-N-CH,-), 5.74-5.78 (d, 1H, 3] =
9.0,-CH=CH.), 6.18-6.25 (d, 1H, 3] = 18.0,-CH=CH.), 6.73-6.82 (dd, 1H, 3] = 9.0, 3] = 18.0,-
CH=CH,).

NABP:

Yield: 79%. 'H NMR (CDCls, 300 MHz): & = 1.06 (s, 9H, ~(CHs)3), 2.54-2.57 (t, 4H, 3J = 6.0, -
CH,-N-), 3.54-3.67 (m, 4H, -CO-N-CH.-), 5.65-5.69 (d, 1H, 3J = 9.0,-CH=CH>), 6.24-6.30 (d, 1H,
3J = 18.0,-CH=CHa), 6.52-6.61 (dd, 1H, 3J = 9.0, 3J = 18.0,-CH=CH.).

Fluorescence labeling of piperazine polymers

The fluorescence labeling of piperazine polymers was proceeded as follows: PNAiPPsoo (150 mg,
1.64 umol, 1 eq.) was dissolved in anhydrous dimethylfromamide (DMF, 2 mL). Afterwards,
triethylamine (0.455 pL, 3.28 umol, 2 eq.), Oregon Green cadaverine isomer 5 (164 pL of a 5 mM
solution in DMF, 0.821 umol, 0.5 eq.) and PyBOP (1.23 mg, 3.28 umol, 2 eq.) were added under
stirring. The mixture was stirred for 7 days at room temperature and a labeling efficiency of 78%
was monitored by SEC (eluent: DMAc + 0.21% LiCl, UV/Vis: 480-513 nm). Afterward, the
polymers were purified from free dye by dialysis of DMF solutions against deionized water for

several days (MWCO: 10-12 kDa) until no more free dye could be detected.

Nuclear magnetic resonance (NMR)

'H NMR were performed at room temperature on a AC 300 MHz spectrometer (Bruker, US).
Chemical shifts (8) are reported in ppm.



Determination of cytotoxicity

Cytotoxicity studies were performed using the mouse fibroblast cell line L929 (400620, CLS), as
recommended by ISO10993-5. In detail, cells were seeded at 10° cells mL™! (10* cells per well) in
a 96-well plate (VWR, Germany) and incubated for 24 h. No cells were seeded in the outer wells.
The medium was changed to the fresh cell culture medium 1 h prior to treatment. Afterward, the
polymer solutions in phosphate buffered saline (PBS) were added to the cells at the indicated
concentrations (from 5 to 1000 ng mL™"), and the plates were incubated for an additional 24 h. The
control cells were incubated with fresh culture medium containing the same amount of PBS as the
treated cells. Subsequently, the medium was replaced by a mixture of a fresh culture medium and
the resazurin-based solution alamarBlue (Thermo Fisher, Germany, prepared according to the
manufacturer’s instructions). After further incubation for 4 h at 37 °C under a humidified 5% (V/V)
CO2 atmosphere, the fluorescence was measured at Aex = 570 nm/Aem = 610 nm, with untreated
cells on the same well plate serving as negative controls. The negative control was standardized as
0% of metabolism inhibition and referred to as 100% viability. Cell viability below 70% was
considered to be indicative of cytotoxicity. Experiments were conducted in five technical
replicates. All experiments were conducted including Blanks, negative controls and cells treated

with 1-PEI (25 kDa) serving as positive control.

Lactate dehydrogenase (LDH) release assay

To investigate the polymers influence on the integrity of the cell membrane of HEK 293T cells the
leakage of LDH from the cytosol to the surrounding cell culture medium was investigated utilizing
the CytoTox-ONE™ Homogeneous Membrane Integrity Assay (Promega, Germany) according to
the manufacturer’s instructions. Briefly, cells were seeded, incubated and treated as described for
uptake studies. Following incubation for 16 h the supernatant was transferred into a 96 well plate
in triplicates and allowed to equilibrate to room temperature. Subsequently, the assay buffer
including the resaruzin-based substrate was added to the supernatant 1:1 and incubated at room
temperature for 10 min. After the addition of a stop solution included in the kit the fluorescence
intensity was measured at Aex=560 nm/Aen=590 nm. Cells treated with 0.9% (w/V) Triton X-100

30 min prior to harvest of the supernatant served as positive control (100 % LDH release). Cells



incubated solely with the same amount of PBS were used as negative control (0% LDH release).

The LDH release of the polymers was calculated as follows (3):

LDH-release / % = Hisampte)“Fglanty 100 (S1)

I(Triton Xx-100)~FI(Blank)
Where Fl(sample), FI(Blank), and FI(Triton X-100) represent the fluorescence intensity of a given

sample, respective cell culture medium without cells, and Triton X-100 treated cells, respectively.

Hemolysis assay

The membrane damaging properties of the polymers were quantified by analyzing the release of
hemoglobin from erythrocytes. Human blood was provided by the Department of Transfusion
Medicine, Jena University Hospital. Briefly, human blood was centrifuged at 4 500g for 5 min.
The pellet was washed three times with PBS (pH 7.4) by centrifugation at 4 500g for 5 min. Human
erythrocytes were suspended in PBS at pH 7.4 to resemble physiological conditions in
blood/cytoplasm or in PBS at pH 6 to mimic the slightly acidic environment in the early endosome.
Polymer suspensions of different concentrations, also prepared in the respective PBS buffer, were
mixed 1:1 with erythrocyte suspensions and were incubated at 37°C for 1 h. Erythrocyte
suspensions were centrifuged at 2 400g for 5 min. The release of hemoglobin in the supernatant
was determined at 544 nm. The absorbance was measured using a plate reader (Tecan, Germany).
Concurrently, determinations were conducted with washed erythrocytes either lysed with 1%
Triton X-100 or suspended in PBS at the respective pH as a reference. The hemolytic activity of

the homopolymers was calculated as follows (4):

A(sample)—A(PBS)
A(Triton X—-100)

Hemolysis | % = (S2)

Here, A(sample), A(PBS), and A(Triton X-100) are the absorbance of erythrocytes incubated with
a respective sample, suspended in PBS, and erythrocytes lysed with Triton X-100, respectively.

The analysis was repeated with blood from three different donors.

Erythrocyte aggregation

To investigate the behaviour of the pH-sensitive homopolymers towards cellular membranes at

different pH values, human erythrocytes were treated with homopolymers under physiological

6



conditions in human blood (pH 7.4) and in slightly acidic environment representing the pH of the
early endosome (pH 6). Erythrocyte suspensions in PBS at different pH values were prepared as
described above and mixed 1:1 with polymer solutions leading to final concentrations of
100 pg mL!. After incubation at 37 °C for 2 h, erythrocyte aggregation was measured at 645 nm
(Tecan, Switzerland). In addition, erythrocyte aggregation was evaluated by microscopic
evaluation (100x magnification). As positive and negative assay controls erythrocytes were treated
with 50 ug mL"' 25 kDa branched poly(ethylene imine) (bPEI) solution (Polysciences Inc.,
Warrington, US) or PBS buffer at respective pH. The aggregation activity of the homopolymers is

given as an aggregation rate calculated as follows (5):

1

Aggregation rate = AGample)

(S3)

Here, A(sample) is the mean absorbance of a given sample.

Dynamic light scattering (DLS)

Hydrodynamic diameter of polypiperazines with and without addition of BSA (Sigma, catalogue
number 05470) or RNase A (Merck, catalogue number 10109169001) were determined by using
dynamic light scattering (DLS, Zetasizer Nano-ZS, Malvern Instruments, U.K.). The polymers and
BSA were diluted in PBS (pH 7.4) for size determinations. RNase A was suspended in water at a
concentration of 10 mg mL™!. The instrument was operated with a 633 nm He-Ne Laser and
intensity fluctuations at a backscattering angle of 173° at a temperature of 25 °C were measured in
three runs (each an average of 3 x 30 s). A cumulants fit was used to calculate the Z-average. The

derived hydrodynamic radii are presented as mean £ SD.

Agarose gel electrophoresis

Potential interactions between the polymers and calcein were investigated by agarose gel
electrophoresis. Polymers (DP: 500, final concentration of 1 mg mL"!) mixed with calcein (final
concentration of 250 ug mL™") in PBS as well as Oregon Green-labeled polymers (10 mg mL™)
were diluted 1:6 with green gel loading buffer (Jena Biosciences, Jena, Germany) and applied to

an agarose gel (1% in TBE buffer). Electrophoresis was run in TBE buffer at 80 V for 60 min

7



followed by analysis with a gel documentation system (RED, Alpha Innotech, Germany, UV

excitation).

Aqueous size exclusion chromatography (SEC)

Aqueous SEC was conducted using a Jasco instrument equipped with DRI and UV detector. The
liquid chromatography system used PSS NOVEMA-MAX columns (guard/30/1 000/1 000 A,
5 um particle size). The aqueous eluent contained 0.3% (v/v) trifluoroacetic acid + 0.1 mol L
NaCl as additive. Samples were run at 1 mL min! at 30 °C. Aqueous SEC was measured for a 1+1
mixture of P(NAiPP)ss0 3C (concentration: 2.1 mg mL') and TRITC-Dex
((Tetramethylrhodamine-labeled dextran, 70 kDa, 20 mg mL') as well as both solutions

individually, using 100 pL injection volume each.

Dextran release assay

A tetramethylrhodamine functionalized dextran (70 kDa, Thermo Fisher, catalogue number
D1818) was dissolved in sterile PBS at 20 mg mL!. HEK 293T cells were seeded and treated
analogous to the calcein and BSA release assays but with a final concentration of 1 mg mL™! labeled
dextran. CLSM analysis was conducted analogously to calcein and BSA release assays, but
applying an argon laser for excitation at 405 nm (1%) and 561 nm (2%) as well as emission filters

for Hoechst (410-450 nm) and TRITC fluorescence (610-670 nm) with gains of 700 and 800.

Polymer uptake with endolysosomal co-staining.

To study the uptake and fate of the polypiperazines in cells, the homopolymers with the highest
DP (DP: 500) were labeled with Oregon Green after polymerization. The labeling efficiency was
determined spectrometrically. To obtain equal labeling efficiencies for the microscopic studies, the
labeled polymers were adjusted with unlabeled ones. HEK 293T cells (ACC 635, DSMZ) were
seeded at 2 x 105 cells mL™! in glass-bottomed cell culture dishes (Cellview, Greiner Bio-One,
Austria) and allowed to grow for 32 h. The medium was replaced with fresh Opti-MEM 1 h before

treatment. Cells were incubated with 100 pg mL™! of the respective polymer solutions at 37 °C
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under a humidified 5% (v/v) CO; atmosphere for 16 h. To image intracellular distribution in live
cells, Hoechst 33342 (Thermo Fisher, USA) was added at a final concentration of 5 ug mL™! for
10 min to stain cell nuclei. Five minutes before imaging, 50 nM LysoTracker Red DND-99 was
added to the cells. Live cell imaging was performed with an LSM880, Elyra PS.1 system (Zeiss,
Germany) using an argon laser for excitation at 405 nm (1%), 488 nm (1.2%), and 561 nm (2%),
and emission filters for Hoechst (410-451 nm), Oregon green (508-544 nm), and LysoTracker Red
(644-722 nm) with gains of 700, 850, and 800, respectively. An apochromatic 40 x 1.4 NA plan
oil immersion objective was used for magnification. All images of all experiments were acquired
(ZEN, black edition, version 2.3 SPI, Zeiss, Germany) and processed (Imagel, Java §[2])
consistently for polymer-treated cells and cells that served as controls. The colocalization image
was created with the Image Calculator following background subtraction showing all pixels with

green and red signal.

Image analysis for the quantification of endosomal escape

To check for a correlation between the microscopic data and the flow cytometry studies, endosomal
release was quantified in the microscopic images. HEK 293T cells were treated as described in the
main section. For this purpose, control and polymer images were acquired and processed (ImageJ,
Java 8[2]) in the same way. To obtain binary images of the Hoechst and respective green channels
(calcein or AF 488 for BSA), the Auto Threshold function of ImageJ was used with Huang's
method. Using the Analysis Particles function, the cell nuclei were counted (corresponding to
100% of'the cells). To count all nuclei with a green signal, an image was generated using the Image
Calculator, showing all nuclei with a green signal. Lastly, these were also counted and related to

the total number of nuclei.



Polymer synthesis
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Figure S1 Polymer labeling strategies. a The materials with DP 500 were labeled with Oregon
Green following a post-polymerization strategy. b NA/PP was co-polymerized with a monomer
which comprised the fluorescent dye sulforhodamine 101 to obtain a labeled version of the polymer

(3C"") complementary to the dyes used in the study.
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Polymer characterization
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Table S1 Summary of polypiperazines used in this study.

Polymer ID Polymer abbreviation M, n®/ g moL! My, sec?/gmol! PP

0A P(NAM)100 14 400 13 100 1.06
0B P(NAM)2s0 35500 24 800 1.20
0C P(NAM)s00 70 800 47200 1.30
0C’ P(NAM)s00-OG 71300 52 600 1.32
1A P(NAMP)100 15700 8 300 1.14
1B P(NAMP):2s0 38 800 23 800 1.16
1C P(NAMP)s00 77 300 53500 1.22
1C’ P(NAMP)s500-OG 77 800 62 000 1.31
2A P(NAEP)100 17 100 11 100 1.17
2B P(NAEP)2s0 42 300 25500 1.24
2C P(NAEP)s00 84 400 55 800 1.29
2C’ P(NAEP)s500-OG 84 900 68 200 1.45
3A P(NAiPP)100 18 500 14 400 1.15
3B P(NAiPP)2s0 45 800 40 300 1.29
3C P(NAiZPP)s00 91 400 65 000 1.23
3C’ P(NAiPP)s00-OG 91900 67 600 1.30
3C” P(NAiPP499-co-SR1011) 92 000 52900 1.29
4A P(NABP)100 19 900 16 000 1.18
4B P(NABP)2s0 49 300 30 500 1.30
4C P(NA?BP)s00 98 400 62 500 1.30
4C’ P(NA#BP)s500-OG 98 900 59 000 1.33

a Calculated based on [M]o/[CTA]o x monomer conversion. b Determined by SEC (Eluent: DMAc

+ 0.21 wt% LiCl, polysterene calibration). OG: Oregon green cadavarine 5-isomer, SR101:

Sulforhodamine 101 cadavarine.
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Figure S4 Relative buffer capacity of polypiperazines at different pH values. The relative
buffer capacity p was calculated from the titration data according to equation (2) (see methods
section) for P(NAMP)so0 (red), P(NAEP)s00 (orange), P(NAIPP)s00 (green) and P(NA7BP)so0 (blue).
According to Maxfield & Yamashiro et al.[3] the pH ranges within the compartments of the endo-
lysosomal pathway, early endosomes, late endosomes and lysosomes are indicated. EE - early

endosome, LE - late endosome, L - lysosome.
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Figure S5 Potentiometric titration of commercial I-PEI. a The titration curve of commercial 1-

PEI (25 kDa) was obtained from potentiometric titration of the acidified polymer solution against

sodium hydroxide in water with 150 mM sodium chloride. The pKa is indicated. b The relative

buffer capacity B was calculated form the titration data according to equation (2).
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Figure S6 Cytotoxicity of polypiperazines. Polymer concentration-dependent viability of murine
fibroblasts 1.929 was assed according to ISO10993-5 for P(NAMP), (red), P(NAEP), (orange),
P(NAiPP), (green) and P(NA7BP), (blue) with DP: 100 (triangle), DP: 250 (circle) and DP: 500
(square). Mean + SD of at least three independent experiments is shown. The viability of 1L929
cells treated with commercial 1-PEI (25 kDa, grey squares) is given for comparison. Connecting

lines do not represent actual data points; for visual support.
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Figure S7 Evaluation of polymer uptake by flow cytometry and data correction. The cellular
uptake of Oregon Green-labeled polymers (DP: 500) was assessed by flow cytometry after 16 h.
Here, the gating strategy of flow cytometry analysis including forward/sideward scatter (a) to
exclude debris, doublet discrimination (b) and the sideward scatter/Oregon Green signal (¢) are
shown. Histograms of HEK 293T cells in Opti-MEM incubated with 100 ug mL™! of the respective
polypiperazines (e-h) or P(NAM)s00 0C” (d) are displayed. The corresponding labeling efficiency
of the polymer in relation to P(NA7BP)so0 4C” is given with each histogram. For further data
analyses, a correction factor was applied to the obtained data to account for the different labeling

efficiencies. i It should be noted that the viability of the P(NABP)s00 4C” treated cells was reduced.
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Figure S8 Hemolysis and erythrocyte aggregation at different pH values. Human blood was
collected from three different donors. The containing erythrocytes were washed separately and re-
suspended in PBS buffers with pH 7.4 (a, ¢) and pH 6 (b, d), respectively. Red blood cells a in
PBS (pH 7.4) or b in PBS (pH 6) were incubated with the respective polymers at a polymer
concentration of 100 ug mL! at 37 °C for 1 h. The absorbance was measured via a microplate
reader (Tecan) and the aggregation rate was calculated according to equation (S3). The erythrocyte
aggregation was also evaluated microscopically (data not shown.) Erythrocytes ¢ in PBS (pH 7.4)
and d in PBS (pH 6) were incubated with the polymers at a concentration of 100 pg mL™! at 37 °C
for 2 h and centrifuged. The absorbance of the supernatant was determined using a microplate
reader (Tecan). Hemolysis was calculated in relation to Triton-X according to equation (S3). a - d
A hemoglobin release below 2% classifies the polymers as non-hemolytic according to the ASTM

standard F756-00. Mean + SD of experiments with blood from three different donors is given.
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Figure S9 Interaction of polypiperazines with the plasma membrane of HEK 293T cells. The
amount of released lactate dehydrogenase (LDH) in the supernatant of HEK 293T cells incubated
with Oregon Green-labeled polypiperazines was measured (CytoTox-ONETM Homogeneous
Membrane Integrity Assay, Promega, Germany). Cells lysed with Triton X-100 and treated with
the buffer PBS only served as assay-internal positive and negative controls, respectively. Labeled
P(NAM)so0 (light grey) served as a non-pH-responsive control. Commercial 1-PEI (25 kDa, dark

grey) was included for comparison. Mean + SD of three independent experiments is shown.
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Figure S10 Investigations of possible interactions between polymer and tested model
compounds. a Pure polymers (DP: 500) or polymers mixed with proteins were suspended in PBS
at a final concentration of 5 mg mL! and investigated via DLS (°173), mean + SD of three runs is
shown. b Unlabeled polymers (left, DP: 500, 1 mg mL") mixed with calcein (250 pg mL") in PBS
or labeled polymers (right, 10 mg mL") were applied to an agarose gel (1% in TBE buffer) and run
in the TBE buffer at 80 V for 60 min followed by analysis with a gel documentation system (RED,
Alpha Innotech, UV excitation). Pockets of agarose gel are marked with white boxes. ¢ Pure
PNAiPPsoo 3C, pure TRITC-Dex (Tetramethylrhodamine-labeled dextran, 70 kDa) or a 1+1
mixture of both were measured by SEC (Jasco, Eluent: 0.3% (v/v) trifluoroacetic acid + 0.1 M
NaCl in water) at | mL min™! at 30 °C (Columns: PSS NOVEMA-MAX 30/1000/1000 A) equipped
with UV (555 nm) and RI detection.
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Figure S11 T-PMT images visualizing endosomal escape of calcein. The merge of the calcein
channel and T-PMT of HEK 293T in Opti-MEM treated a with 25 ug mL™! calcein or b with
additional 100 ng mL!' P(NA7PP) 3C"” for 16 h are shown. See Figure 3 for further channels. a-b
Scale bar 20 pm. T-PMT - transmitted light detector.

Figure S12 3D-Images of calcein release. a Example images from a z-stack acquisition from the
lower, middle and upper part of a cell treated with calcein are given as a merge with the Hoechst
channel visualizing the nuclei. b Corresponding images from the z-stack of a cell additionally
treated with P(NAiPP)s00 3C"" reveal endosomal release and cytosolic as well as nuclear delivery

of calcein (also see Figure 3j for images showing the calcein channel only). a-b Scale bar 20 um.
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Figure S13 T-PMT images visualizing endosomal escape of BSA. The merged image of the
AF488 channel (BSA) and T-PMT of HEK 293T in Opti-MEM treated a with 5 pg mL™! labeled
BSA or b with additional 100 ug mL"' P(NAiPP) 3C"" for 16 h are shown. See Figure 4b, d and f
in the main manuscript for further channels. a-b Scale bar 20 pm. T-PMT - transmitted light

detector.
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Figure S14 Plot profile of BSA treated control cell. a The merged image of the Hoechst and the
BSA channel of a HEK 293T cell treated with 5 pg mL™! labeled BSA as a control and b the
corresponding plot profile is shown, indicating no AF488 signal within the cytosol and nucleus for
cells that were not treated with endosomolytic polymers. See Figure 4g-h for the polymer treated

cell. a Scale bar 20 um.
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Figure S15 Endosomal escape of labeled dextran investigated by CLSM. a HEK 293T cells
were treated with 1 mg mL™! TRITC-labeled dextran (70 kDa) or b with additional 100 pg mL™!
P(NAiPP)s00 3C, washed twice and imaged via CLSM. In contrast to the other microscopic studies,
unlabeled polymer was used in this experiment because SR 101 and TRITC would not have been
indistinguishable due to their similar spectra. Scale bar 20 pm. SR 101 — sulforhodamine 101,
TRITC — tetramethylrhodamine.
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Figure S16 Polymer and calcein localization at different time points. a P(NAiPP)sp0 3C™
interacts with the plasma membrane immediately after polymer and calcein addition and a short
swivel. b After the calcein release (see Figure 6), partial localization of P(NAiPP)s00 3C”” within
the nucleus was observed in some HEK 293T cells. a-b The calcein channel (first row) and the
corresponding image of the red channel in red or gray scale (polymer, second or third rows) as well

as the merge of the calcein and polymer channel (fourth row) are shown. Scale bar 20 pm.
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Figure S17 Quantification of endosomal escape of calcein by flow cytometry. HEK 293T cells
in DMEM + 10% serum were treated with calcein and 100 pg mL™! polypiperazines, washed twice,
trypsinized and analyzed via flow cytometry. The means + SD of three independent experiments
relative to control cells treated with calcein only (rel. MFI = 1) are shown. Statistical differences
between the means were calculated with Dunnett’s T3 test. The slight transparency of a bar

indicates gated cell populations below 70%. rel. MFI, relative mean fluorescence intensity.
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Figure S18 Evaluation of endosomal escape of calcein via flow cytometry. The gating strategy
of flow cytometry analysis including forward/sideward scatter (a) to exclude debris, doublet
discrimination (b) and the calcein/sideward scatter plot (¢) are shown. Scatter plots and histograms
of HEK 293T cells in Opti-MEM incubated with 25 ug mL"! calcein only (d, g, j), with additional
100 ug mL™!' P(NAiPP)s00 3C (e, h, k) and with additional 100 pg mL™! P(NA#BP)so 4C (f, i, 1) are
shown., indicating changes in the forward/sideward scatter for P(NAtBP)500 4C.
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Figure S19 Quantification of nuclear calcein delivery (image analysis). a-d Live-cell confocal
microscopy was conducted with HEK 293T cells in Opti-MEM either treated with 25 pg mL!
calcein or e-h additional 100 pg mL"' P(NAiPP)so0 3C™ for 16 h. Cells were washed and nuclei
stained with Hoechst 33342. b, f A binary image of the nuclei was obtained from the Hoechst
channel image using thresholding to determine the number of nuclei. ¢, g A binary image of the
calcein channel was also obtained using thresholding. d, h From the image showing the number of
nuclei (b, f) and the threshold image of the calcein channel (c, g), an image was calculated that
outputs all pixels that are simultaneously blue in the nuclei image and green in the calcein image
(given in green). These nuclei were counted and specified as a percentage in relation to the number
of all nuclei to provide a percentage of cells that show nuclear calcein delivery for this image. For
better understanding, the blue nuclei without calcein signal are also indicated (green + blue nuclei
correspond to 100%.). All images were acquired and processed with the same settings. All image

analyses were carried out with ImagelJ.[2] Scale bar 20 um.
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Figure S20 Quantification of endosomal escape of labeled BSA by flow cytometry. HEK 293T
cells in DMEM with 10% serum were treated with 5 ug mL™ labeled BSA and polymers at
comparable reactive amine contents, washed twice, trypsinized and analyzed via flow cytometry.
Means + SD of three independent experiments are shown. The statistical differences between the

means are not significant (P < 0.05) according to Dunnett’s T3 test. rel. MFI relative mean

fluorescence intensity.
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Figure S21 Evaluation of endosomal escape of labeled BSA via flow cytometry. The gating
strategy of flow cytometry analysis including forward/sideward scatter (a) to exclude debris,
doublet discrimination (b) and the gate for BSA escape positive cells (¢) are shown. Scatter plots
of HEK 293T cells in Opti-MEM incubated with 5 pg mL! BSA without the Alexa Fluor 488 label
only (d), with 5 pg mL™! BSA bearing the Alexa Fluor 488 tag (e) and with 5 pg mL™! labeled BSA
and additional 100 pg mL™' P(NAiPP)so 3C (f) are shown.
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Figure S22 Quantification of nuclear BSA delivery (image analysis). a-d Live-cell confocal
microscopy was conducted with HEK 293T cells in Opti-MEM either treated with 5 pg mL™! AF
488-functionalized BSA or e-h additional 100 ug mL' P(NAiPP)spo 3C™ for 16 h. Cells were
washed and nuclei stained with Hoechst 33342. b, f A binary image of the nuclei was obtained
from the Hoechst channel image using thresholding to determine the number of nuclei. ¢, g A
binary image of the AF 488 channel was also obtained using thresholding. d, h From the image
showing the number of nuclei (b, f) and the threshold image of the AF 488 channel (c, g), an image
was calculated that outputs all pixels that are simultaneously blue in the nuclei image and green in
the calcein image (given in green). These nuclei were counted and specified as a percentage in
relation to the number of all nuclei to provide a percentage of cells that show nuclear AF 488
delivery for this image. In case of this image all nuclei show AF 488 signal next to the Hoechst
signal. All images were acquired and processed with the same settings. All image analyses were

carried out with ImageJ.[2] Scale bar 20 pm.
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Figure S23 Colocalisation of polypiperazines and endolysosomes in HEK 293T cells. HEKT
293T cells in Opti-MEM were treated with 100 ug mL™! Oregon Green-labeled polypiperazines (a
P(NAiPP)s00 3C", b P(NA7BP)soo 4C") for 16 h. Cells were stained with Hoechst 33342 and
LysoTracker Red. The colocalization image was created with the Image Calculator showing all
pixels with green and red signal.[2] Scale bar 20 pm. Coloc — colocalization, LTR — LysoTracker
Red.
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Figure S24 Cytotoxicity studies of RNase A without polymer addition. HEK 293T cells were
incubated with RNase A (Roche) at the indicated concentrations (0 — 750 pg mL!) for 24 h, the
culture medium was changed to DMEM + 10% serum and the cell viability was determined via the
alamarBlue assay (Thermo Fisher). The activity of RNase A was investigated in DMEM + 10%
serum (grey solid squares, mean + minimum/maximum of two independent experiments is shown)

and Opti-MEM (black void squares, mean = SD of four independent experiments is shown).
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Figure S25 Evaluation of endosomal escape of EGFP via flow cytometry. a, b, ¢ The gating

strategy of flow cytometry analysis including forward/sideward scatter (a) to exclude debris,

doublet discrimination (b) and the gate for EGFP escape positive cells (¢) is shown. Scatter plots
of HEK 293T cells in DMEM + 10% serum incubated with 50 ug mL™' EGFP only (d) and with
additional 50 pg mL™! P(NA7BP)so0 4C (e) are shown. Scatter plots of HEK 293T cells in Opti-
MEM incubated with 50 pg mL™! EGFP only (f), with additional 50 pg mL!' P(NAiPP)s00 3C""(g)
and with additional 10 pg mL™' P(NA/BP)soo 4C (h) are shown.
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ABSTRACT

Cationic pH-responsive polymers promise to overcome critical challenges in cellular delivery.
Ideally the polymers become selectively charged along the endosomal pathway to disturb only the
local membrane and avoid unintended serum interactions or cytotoxic side effects at physiological
conditions. Polypiperazines represent a novel pH-responsive polymer class whose response can be
finely tuned within the relevant pH range (5 - 7.4) by variation of the pendant alkyl unit. Although
these materials were initially not considered for gene delivery due to a limited ability to condense
DNA, we discovered in the present study that the polypiperazines are still effectively binding
plasmid DNA (pDNA) and demonstrate high efficiency in transfection. By design of experiments
(DoE), a wide parameter space was evaluated in terms of pDNA and polymer concentrations to
identify optimal transfection conditions. Interestingly, the isopropyl modified polypiperazine
proved to be highly efficient over a wide range of concentrations outperforming even linear
polyethylenimine (1-PEI, 25 kDa) in regions of low N*/P ratios. Intrigued by the high efficiency,
we scrutinized the underlying transfection mechanisms. A quantitative polymerase chain reaction
(qPCR) surprisingly revealed that the pDNA within the piperazine-based polyplexes can be
amplified in contrast to polyplexes based on 1-PEI. The pDNA must therefore be highly accessible
and bound differently than for other known transfection polymers. Keeping the high efficacy
reached by the presented homopolymers in mind, the versatile synthesis promises various
opportunities to further optimize the design of these polypiperazines, which makes this class of

polymers highly attractive for future gene transfection systems.
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INTRODUCTION

With successful application of RNA-based systems, e. g. vaccines to combat the SARS-CoV-2
pandemic or anti-cancer treatments, the developments in the field of genetic material transfer have
recently accelerated. Polymer-based gene delivery systems are of special interest because they can
mimic viral gene delivery vectors while offering additional safety aspects such as reduced
pathogenicity and immunogenicity.> Additionally, polymer-based gene delivery systems provide
selective design opportunities through the introduction of chemical variations, can be produced in
larger scales, and have an improved long-term stability.> All gene delivery systems have to
overcome a number of extra- and intracellular obstacles to transport, e. g. a bulky nucleic acid such
as plasmid DNA (pDNA) into the nucleus. Thus, the pPDNA must be reversibly packaged and its
cellular uptake, endosomal escape, and nuclear transport (even in non-dividing cells) must be
facilitated without side effects.’ Within the polymer-based gene delivery systems the group of
cationic polymers can complex nucleic acids due to electrostatic interactions and shield their
negative charges to enhance cellular uptake and support endosomal escape.* Smart pH-responsive
cationic polymers are of interest as they can be tuned to react upon pH changes in the endosomal
pathway (e.g. with protonation), which may help to overcome endosomal entrapment.
Furthermore, pH-responsive protonation can prevent serum interactions and cytotoxic effects
induced by cationic charges at physiological conditions.> ¢ Following successful endosomal

release, nuclear import is required, which is regulated by cellular proteins and their interactions



with the cellular trafficking machinery. Nuclear import can be supported by polymers, although

the exact mechanisms have not yet been described in detail.’

In the last decade, correlations between the properties of cationic polymers and transfection
efficiencies were studied in terms of polymer architecture, molar mass, balance between
hydrophobicity and hydrophilicity, and the type of the cationic moieties.®° For instance, cationic
polymers can be integrated into more complex polymer architectures (hydrogel, micelles,
particles) or combined with additional anionic polymers to circumvent the activity-toxicity
dilemma.!%!! Another correlation was observed between higher molar masses of the polymers and
increased transfection efficiency, but this is often also associated with increased cytotoxicity. !>
Although such trends can be considered as guidelines, ideal characteristics of efficient transfection
polymers are hard to specify, since various interacting parameters must be considered. For
example, the nature of the cationic moiety represents a crucial factor, since it is a vital feature for
pDNA binding, cellular uptake, endosomal escape and pDNA release.'®?? In particular, basicity,

and thus the degree of protonation, as well as the size of the gene vehicles have been identified as

especially crucial physicochemical properties.??

Considering the ability to induce endosomal escape, we recently reported a direct correlation of
the escape efficiency with the basicity of polymers.?* Therefore, hydrophilic pH-responsive
polypiperazines were designed featuring different substituents on the protonatable amino groups.
Depending on the electron donating character of the substituent, the protonation or positive
charging, respectively, occurs at higher (strong donor) or lower pH values (weak donor). However,
all transitions remain in the range of pH 6 - 7 which is particularly interesting for inducing
endosomal escape. Since the polymers are barely charged at physiological pH value (pH 7.4) and

preliminary tests did not indicate an ability to condense genetic material, we initially did not intent



to test an application in the field of gene delivery. However, recent experiments caused a
reconsideration of this decision as these polymers revealed unexpected properties with regard to

pDNA complexation and its delivery into cells.

In the present study, we report a detailed investigation of the binding ability of the polypiperazines
and the relationships between their basicity and transfection efficiency. Further experiments were
performed to shed light on the differences in the transfection mechanism compared to linear
polyethylenimine (I-PEI), which is similar in terms of the polymer architecture and well
established as non-viral vector.”> 26 The investigated set of polypiperazines comprised poly(N-
acryloyl-N"-methylpiperazine) (PNAMP), poly(N-acryloyl-N'-ethylpiperazine) (PNAEP), poly(/NV-
acryloyl-N"-iso-propylpiperazine) (PNAi/PP) and poly(N-acryloyl-N'-tert-butylpiperazine)
(PNA/BP). Since this class of polymers has so far not been applied as gene delivery vectors, the
influence of key experimental parameters such as the concentration of nucleic acids or the
polymers are unknown and difficult to relate to well-established materials. Finding optimal
parameters, however, is pivotal to estimate the potential of such a new class of polymers, but also
very tedious if done classically according to the “one-factor-at-a-time” (OFAT) method.
Consequently, we have decided to apply a design of experiments (DoE) approach. Although few
reports have so far employed DoE methods for transfection optimization, their outcomes already
demonstrate its potential for time and resource efficient optimization.?’?* The DoE approach
analyzes data over a wide range of conditions simultaneously (in our case pPDNA and polymer
concentration). Overall, the DoE approach enables us to collect model-based data in order to
predict transfection efficiencies at any given condition, find the transfection optimum, and identify
trends among the polypiperazines. Intrigued by their surprisingly efficient transfection ability, we

further investigated potential transfection mechanisms of the polypiperazines. For this purpose,



we utilized quantitative polymerase chain reaction (QPCR) for the first time to investigate pDNA

accessibility within the polyplex and discovered differences to I-PEL.

EXPERIMENTAL SECTION

Further methods (size exclusion chromatography (SEC), pH-dependent ethidium bromide (EtBr)
displacement assay, microscopic investigation of the transfection efficiency, CCso calculations)

can be found in the Supporting Information (SI).
Materials

The following substances were used to conduct this study: cell culture media and supplements,
4-(2-hydroxethyl)piperazine-1-ethanesulfonic acid (HEPES), phosphate buffered saline (PBS,
Biowest, Nuaillé, France), fetal calf serum (FCS, Capricorn Scientific, Ebsdorfergrund, Germany),
Opti-MEM™  (Gibco, Thermo Fisher, Waltham, United States), pCMV-GFP pDNA
(PlasmidFactory, Bielefeld, Germany), Hoechst 33342 , TOTO™-3 iodide, YOYO™-1 iodide
(Life Technologies, Thermo Fisher), agarose, calcein, glucose, Hanks’ balanced salt solution
(HBSS), trypsin-ethylenediaminetetraacetic acid (EDTA) solution, Triton X-100, and 0.4 %
trypan blue solution (Sigma-Aldrich, St. Louis, United States), green gel loading buffer (Jena
Biosciences, Jena, Germany), 1 % ethidium bromide solution (EtBr, Carl Roth, Karlsruhe,
Germany), heparin sodium salt from porcine intestinal mucosa (Alfa Aesar, Haverhill, United
States), 1-PEI (M =25 kg mol!, Polysciences, Warrington, United States), SsoAdvanced
Universal SYBR Green Supermix (BioRad, Hercules, United States) and the CytoTox-ONE™
Homogeneous Membrane Integrity Assay kit (Promega, Madison, United States). As a control
plasmid not encoding for any fluorescent protein, pPDNA was isolated with the EndoFree® Plasmid

Mega Kit (Qiagen, Hilden, Germany) from E. coli containing pKMyc (4.8 kb, Addgene #19400,



Watertown, United States). For accessibility studies via quantitative polymerase chain reaction
(qPCR), pDNA encoding enhanced green fluorescent protein (EGFP) was isolated with the
EndoFree® Plasmid Mega Kit (Qiagen) from E. coli containing pEGFP-N1 (4.7 kb, Clontech,

#6085-1, Montain View, United States).
Cell culture

HEK 293T cells (CLS, Eppelheim, Germany) were routinely cultured in Dulbecco’s modified
eagle’s medium with 2 mM L-glutamine (1 gL' glucose, Biochrom, Cambridge, United
Kingdom) supplemented with 10 % fetal calf serum, 100 U mL™! penicillin, and 100 pg mL!
streptomycin (Biochrom) (growth medium) at 37 °C under a humidified 5% (v/v) CO>

atmosphere.
Polyplex preparation

For the preparation of polyplexes resulting in varying pDNA and polymer concentrations as well
as N*/P ratios (molar ratio of protonatable nitrogen atoms of polymer to phosphates of pDNA),
different amounts of pCMV-GFP pDNA and polymer dissolved in water were mixed in HBG
buffer (20 mM HEPES, 5% (w/v) glucose, pH 7.4), if not stated otherwise. A twofold
concentrated pPDNA solution was used, which was diluted 1:2 with a twofold concentrated polymer
solution. Immediately after combination, the mixtures were vortexed for 10 s at maximum speed
(3200 rpm) and incubated at room temperature for 15 min to ensure complex formation. N*/P

ratios were calculated as previously published,'® using different pPDNA concentrations in this work.
Transient transfection of adherent cells

For transfection studies, HEK 293T cells were seeded at a density of 0.2 x 10° cells mL! in 24-well

plates (VWR, Radnor, United States, 10° cells per well) and incubated in growth medium at 37 °C



(5 % (v/v) CO2) for 24 h. One hour prior to transfection, the medium was replaced by 450 pL
serum-free Opti-MEM™., Polyplexes were prepared as described above with commercial pPCMV -
GFP pDNA or pKMyc pDNA (not encoding for GFP as negative control). Cells were treated with
50 uL of the sample solution of the indicated pDNA concentration given as the phosphate
concentration (P conc.), polymer concentration given as the protonatable amine concentration (N*
conc.) and of the indicated N*/P ratio. Treatment with pure HBG buffer was used as negative
control. The supernatant was replaced by fresh growth medium after 4 h and cells were incubated
for further 20 h. For analysis via flow cytometry, cells were harvested by trypsinization and
resuspension in HBSS (Hanks’ balanced salt solution) supplemented with 2 % FCS and 20 mM
HEPES. Flow cytometry was conducted utilizing a CytoFlex S (Beckman Coulter, Brea, United
States). For each experiment, a quantity of 10* events were measured using gates of forward and
sideward scatter (FSC/SSC) to exclude debris and cell aggregates. The GFP expression of viable,
single cells was analyzed at Agx =488 nm combined with a 525/40 nm bandpass filter. The
population of cells with higher GFP signal than the control cells was gated as % of cells expressing
GFP. A detailed gating strategy is shown in the SI (Figure S5). Also, the mean fluorescence
intensity (MFI) of all viable cells is shown. The experiments were performed at least two times

and data are expressed as mean + SD.

Agarose gel electrophoresis

To investigate the pDNA binding and release abilities of the polypiperazines and 1-PEI, agarose
gel electrophoresis was conducted. Polyplexes were prepared at varying N*/P ratios (3; 11; 15;
30) as described above at a pCMV-GFP pDNA concentration of 46 umol L', In some
experiments, heparin was added as a competitive polyanion (final concentrations: 10; 50;

100 U mL") after polyplex formation and incubated for further 5 min. The samples were diluted



6:1 with green gel loading buffer and were run on a 1 % (w/v) agarose gel stained with ethidium
bromide (EtBr, 0.1 pg mL™) in tris(hydroxymethyl)aminomethan (TRIS) borate EDTA (TBE)
buffer at 80 V for 1 h. The gels were subsequently imaged using a gel imager (Red Imaging

System, Alpha Innotech, Kasendorf, Germany).

Dynamic/electrophoretic light scattering (DLS/ELS)

The hydrodynamic diameter and zeta potential of the polyplexes were investigated by DLS/ELS.
The polyplexes were prepared at N*/P 6 (P. conc =23 pmol L', N* conc. = 138 pmol L) in
50 uL. HBG buffer as described above. For zeta potential determinations, the polyplexes were
further diluted to 800 pL with ultrapure water. Measurements were conducted on a Zetasizer Nano-
ZS (Malvern Instruments, Malvern, United Kingdom) with a He-Ne laser operating at a
wavelength of 633 nm. Intensity fluctuations at a backscattering angle of 173° were detected. Each
sample was measured with three runs of 30 s at 25 °C after an equilibration time of 30 s. The mean
particle size was approximated as the effective (Z-average) diameter and the width of the
distribution as the polydispersity index (PDI) of the particles obtained by the cumulants fit
assuming a spherical shape. Data are expressed as mean + SD. Exemplary decay functions and

histograms are shown in the SI (Figure S25, S26).

Polyplex uptake

To study the cellular uptake of polyplexes, HEK 293T cells were seeded at a density of 0.2 x
10° cells mL! in 24-well plates (VWR, 10° cells per well) and cultured for 24 h in growth medium
as described for transfection studies. One hour prior to the addition of the polyplexes, the medium
was changed to serum-free Opti-MEM™. Polyplexes were prepared as described above after
labeling 1 ng pKMyc pDNA with 0.05 nmol YOYO™-1 iodide. Subsequently, the polyplex

suspensions were added to the cells, diluting the polyplexes 1:10 (final P conc. =46 pmol L™).



Following incubation for 4 h, cells were harvested by trypsinization and resuspension in HBSS
with 2 % FCS and 20 mM HEPES. Trypan blue solution (0.4 %) was added to a final concentration
of 0.04 % to quench fluorescence of polyplexes outside the cells. Via flow cytometry, cells were
analyzed as described above. The population of viable, single cells with higher YOYO™-1 iodide
signal than the control cells was gated as % of cells that have taken up pDNA. A detailed gating
strategy in shown in the SI (Figure S12). Also, the mean fluorescence intensity (MFI) of all viable

cells is shoen. The experiments were performed three times and data are expressed as mean + SD.

For uptake studies via confocal laser scanning microscopy (CLSM), polyplexes were prepared
with Oregon Green-labeled polymers and TOTO™.-3 iodide stained pKMyc pDNA.?* Here, the
labeled polymers were adjusted to the same degree of labeling among the polymers by mixing with
unlabeled polymers. TOTO™.-3 iodide (0.25 nmol per 1 pg pDNA) was used analogously to
YOYO™-1 iodide. HEK 293T cells were seeded and cultured in Opti-MEM™ as described above
in glass-bottomed dishes (CellView cell culture dishes with four compartments, Greiner Bio-One,
Kremsmuenster, Austria) and analyzed following incubation with polyplexes at N*/P 15 (P
conc. = 46 umol L!) for 4 h. To image their intracellular distribution in living cells, Hoechst
33342 (10 pg mL!) was added for 10 min to stain cell nuclei. Live cell imaging was performed
using a LSM880, Elyra PS.1 system (Zeiss, Oberkochen, Germany) applying the argon laser for
excitation at 488 nm (5 %) and 405 nm (1 %) and a He-Ne laser for excitation at 633 nm (2 %), as
well as emission filters for Hoechst (410-450 nm), Oregon Green (508-544 nm) and TOTO™.-3
(640-759 nm) with gains of 700, 850 and 750, respectively. For magnification, a 40 x 1.4 NA plan
apochromat oil objective was applied. Images were acquired using the ZEN software, version 2.3
SP1 (Zeiss) and processed with ImageJ (Java 8).>° All images were acquired and processed with

the same settings. The experiments were performed twice.
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Investigation of plasma membrane integrity

To investigate plasma membrane interactions of the polyplexes with HEK 293T cells, the leakage
of lactate dehydrogenase (LDH) from the cytosol to the surrounding cell culture medium was
investigated utilizing the CytoTox-ONE™ Homogeneous Membrane Integrity Assay according to
the manufacturer’s instructions. Briefly, cells were seeded, incubated and treated as described for
uptake studies. Following incubation for 1 h and 4 h, respectively, the supernatant was transferred
into a 96-well plate in triplicates and allowed to equilibrate to room temperature. Subsequently,
the assay buffer including the resazurin-based substrate mixture was added to the supernatant 1:1
and incubated at room temperature for 10 min. After the addition of a stop solution included in the
kit, the fluorescence intensity was measured at Aex=560 nm / Aem=590 nm with gain set to optimal
using an Infinite M200 PRO microplate reader (Tecan, Maennedorf, Switzerland). Cells treated
with 0.9 % (w/v) Triton X-100 30 min prior to harvest of the supernatant served as positive control
(0 % viability). Cells incubated solely with the same amount of HBG buffer were used as negative

control (100 % viability). The cell viability was calculated using equation 1:

c g eqe Flerri _ —FI
Cell viability / % = —tonX=100) __ (Blanld , () (1)
l:I(sample)_FI(Blamk)

Where Fl(sample), FI(Blank), and FI(Triton X-100) represent the fluorescence intensity of a given

sample, cell culture medium without cells, and Triton X-100 treated cells, respectively.
Calcein release assay

To determine the endosomal escape efficiency of the polyplexes, the membrane-impermeable dye
calcein was employed. Following procedures previously reported, ' 2% 3!-32 calcein was dissolved
in 1 M NaOH at a concentration of 50 mg mL! which was diluted with water to generate a working
solution at a concentration of 1 mg mL™!. For the experiments, HEK 293T cells were seeded at

2 x 10° cells mL! in 24-well plates (VWR, 10° cells per well) and cultured in growth medium at
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37°C (5% (v/v) COy) for 24 h. The medium was changed to fresh Opti-MEM™ 1 h prior to
treatment. Cells were treated with polyplexes at N*/P 15 as described for the transfection studies,
using pKMyc pDNA. Immediately after the addition of polyplexes, calcein was added to the cells
to give a final concentration of 25 ug mL!. The control cells were incubated with fresh culture
medium containing the same concentration of calcein (calcein control) or the same concentrations
of calcein and pDNA (pDNA control). For comparison, commercial 1-PEI (25 kDa) was also
studied, but at higher concentrations than previously reported.!® Following incubation for 4 h, cells
were carefully washed twice with PBS, harvested by trypsin treatment and resuspended in HBSS
supplemented with 2 % FCS and 20 mM HEPES. Investigations were carried out at dimmed light.
Via flow cytometry, a quantity of 10* events were measured as described before for the transfection
studies. The calcein signal of viable, single cells was analyzed at Agx = 488 nm combined with a
525/40 nm bandpass filter. The rel. MFI of all viable cells was calculated in relation to the calcein
control. The scatter plots can be found in the SI (Figure S23). The experiments were performed

trice and data are expressed as mean + SD.
Quantitative polymerase chain reaction (qPCR)

To investigate the accessibility of pDNA within the polyplex, qPCR was performed. For this
purpose, polyplexes were prepared using pPEGFP-N1 pDNA and the respective polymers at N*/P
3 and 15 in 20 mM HEPES solution to give a final pDNA concentration of 100 ng mL™'. For gPCR,
SsoAdvanced Universal SYBR Green Supermix and a qTOWER? thermal cycler (Analytik Jena,
Jena, Germany) were used according to the manufacturer's instructions. After activation at 98 °C
for 3 min, the thermal cycle profile consisted of denaturation at 98 °C for 15 s, annealing at 60 °C
for 30 s, and elongation at 60 °C for 30 s with fluorescence data collection for 35 cycles. In these

experiments, 1 ng of pDNA per reaction and 250 nM primer were used [forward primer (5'-3'):
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AAGTTCATCTGCACCACCG, reverse primer (5°-3"): TCCTTGAAGAAGATGGTGCG].*

The experiments were conducted twice.

Statistical analysis and DoE approach

To determine the effects of pPDNA and polymer concentration and their interactions on transient
transfection, the design-of-experiments (DoE) approach was employed. First, historical data were
used to define the design space. The focus was set on studying the polymers in the same design
space to identify correlations between polymer basicity and transfection. For this purpose, we used
a Central Composite Design (CCD) for the Response Surface Methodology (RSM) to create a
second or higher degree model using Design-Expert® (StatEase, Minneapolis, United States),
version 11. Measurement points in the design space were determined experimentally as described
above with key points tested multiple times (see Figure S7 for an exemplarily shown setup). For
the DoE approach, a new batch of PNA/PP with comparable molar mass and dispersity was
synthesized (Figure S2, table S1). Analysis of variance (ANOVA) was used to determine the
significance of the factors studied, their interactions, and the model itself. All other statistical
analyses were performed using SPSS Statistics (IBM, Armonk, United States), version 26. To
determine the statistical significance among polyplex uptake, membrane integrity and calcein
release data, one-way ANOVA was performed. If the ANOVA revealed significant differences
(p <0.05), post-hoc analyses with a Bonferroni correction were applied. Statistically significant
differences were indicated as follows: *p <0.05, **p <0.01, and ***p <0.001. The results are
presented as the mean value + standard deviation (Mean = SD) of at least three independent

determinations if not stated otherwise.
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RESULTS & DISCUSSION

Charge dependent pDNA binding and transient transfection of adherent cells

Based on our previous study, we did not expect the polypiperazines to exhibit a strong interaction
with genetic material, since the polymers revealed only a low protonation and thus only a limited
positive charge at physiological pH values, which is also reflected by their low toxicity despite
rather high molar masses (71 - 99 kDa, degree of polymerization (DP)= 500, Figure 1, S1, Table
S1).2* The tuning of the amino substitution resulted in different charge densities at pH 7.4, ranging
from 9 % for the less basic PNAMP to a maximum of 36 % for the more basic PNA7BP, which is
based on theoretical considerations derived from the titration of the polymers (Figure 1b).?* Initial
pDNA binding experiments relied on an EtBr exclusion assay. Despite the large polymer excess
(N*/P 30), only a charge-dependent displacement of EtBr up to 30 % was achieved (Figure S3, pH
7.4). For comparison, commercial 1-PEI (25 kDa, DP = 580), which has a charge density of more
than 50 % at physiological pH value,** % leads to a displacement of nearly 90 %, which reflects
the effective pDNA condensation known for this type of polymer (Figure S3, black). To further
verify the importance of the charge density for pPDNA condensation, the EtBr displacement assay
with the polypiperazines was additionally performed at lower pH values (pH 5 - 7, Figure S3).
Increased pDNA condensation at decreasing pH values confirmed our hypothesis that EtBr can be
displaced by protonated polypiperazines, however such conditions cannot be maintained in
common cell cultures. Although these results initially prompted us not to consider further
investigations, we recently tested the pDNA binding of the polypiperazines at physiological pH
using a gel migration assay (Figure 1b,c). As expected, PNAMP did not complex pDNA at any of
the N*/P ratios examined (3; 11; 15; 30), confirming that its charge density (9 %) was not sufficient

for stable polyplex formation However, PNAEP displayed an unexpected N*/P-dependent
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retardation of pDNA, starting at N*/P 11. More astonishingly, PNA/PP and PNA/BP retained
pDNA even at a low N*/P of 3, which suggested polyplex formation contradictive to the initial
EtBr assay. Interestingly, PNA/PP, PNA7BP and I-PEI showed the same pattern for pPDNA binding
despite their substantially different charge density at pH 7.4 (22 % and 36 % vs. > 50 %, as
previously reported 2%). Thus, the polypiperazines were able to efficiently bind pDNA and inhibited
its gel migration at pH 7.4, although they resulted in only a modest EtBr displacement. We
therefore assumed that the polypiperazines bind pDNA differently compared to the highly charged
I-PEI at pH 7.4. A different mode of binding in the case of PNA/PP and PNA/BP is also supported
by the hydrophobicity of the i-Pr and #-Bu side chains, which are able to interact with the

solvophobic portions of the DNA chains.

Intrigued by these new results and the high endosomal escape efficiency observed in our previous
study, we investigated the transfection efficiency of the polypiperazines. Similar to part of the
previous study, serum-free conditions were chosen. Since these polymers have not been utilized
for gene transfection before, we tested different pDNA concentrations at a constant polymer
concentration (N* conc., Figure 1d) as a starting point for evaluation of their efficiency. These
concentrations were subsequently varied in pursuing experiments at fixed N*/P ratios of 15 and
30 (Figure le). As anticipated from the pDNA binding experiments, transfection was not detected
for PNAMP at any of the conditions examined. In both, the fixed N* conc. and the fixed N*/P
ratio studies, the transfection efficiency of investigated polymers PNAEP, PNA/PP, PNA/BP and
I-PEI was significantly determined by the applied pDNA concentration. Moreover, our studies
revealed similar transfection patterns for PNAiPP and 1-PEI of over 90 % and 80 % transfected
cells, respectively. Transfection with both polymers resulted in similar percentages of GFP-
fluorescent cells whereby the MFI for 1-PEI was slightly higher (Figure S4a,c). Both polymers

functioned best at medium to high pDNA concentrations (> 12 pmol L) and medium N*/P ratios
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(15), although differences in the polymer/pDNA mass ratios of the polyplexes should be noted
(PNAiPP: ~8.4, I-PEI: ~2.0, also see Table S4). Interestingly, PNA/PP and PNA7BP outperformed
commercial I-PEI at N*/P 3. It was shown before that the transfection performance of PEI collapses

t.3¢ This reduction in

at lower N*/P ratios, whereby the exact ratio is molar mass dependen
transfection efficiency is associated with the deficiency of excess polymer, which was found to be
essential for PEI, as the presence of free polymer chains has a significant impact on the transfection
efficiency.’” However, unlike PEI, PNAiPP transfects efficiently at lower N/P ratios, at which free
pDNA is no longer detectable. We thus assume that the transfection mechanism of the
polypiperazines does not depend on free polymer chains. PNAEP and PNA7BP showed lower
transfection efficiencies at the selected conditions, whereby the results for PNAEP showed strong
variations, which could so far not be clarified. Cell viability was high in all treatments except for

the highest concentration of PNA7BP at N*/P 30 (Figure S4d), where toxic effects were observed

(Figure S51).
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Figure 1. Charge-dependent pDNA binding and transfection efficiency of polypiperazines in
HEK 293T cells. a Chemical structure of the control poly(N-acryloylmorpholine) (PNAM), the
polypiperazines, and 1-PEI including their pK, and the corresponding charge density at pH 7.4. b
The pDNA binding ability of the polymers was studied at various N*/P ratios and an equal P
concentration of 46 umol L' by gel electrophoresis (n>1). Free pDNA was investigated as
control. ¢ HEK 293T cells were treated with various polyplex formulations at a fixed protonatable
amine concentration (N* conc., polymer) resulting in increasing phosphate concentrations (P
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conc., pDNA) with decreasing N*/P ratios. d HEK 293T cells were treated with various polyplex
formulations at a fixed N*/P ratio of 30. ¢, d Transfection efficiency was analyzed by flow
cytometry and is shown as mean (n = 3) + SD and as individual data points (dots). **Significant
difference to the corresponding 1-PEI polyplex at respective P concentration (p < 0.01), */*
significant difference to the corresponding PNAEP polyplex at respective P concentration (p <
0.05/0.01).

Optimization of transfection efficiency

Encouraged by the initial transfection data, a more detailed investigation was conducted. Using
DoE methods, the transfection efficiency of the novel polypiperazines was thoroughly investigated
over wide concentration ranges. First, the previously generated data were used to define a design
space of 7-21 umol L' P and 67 - 222 pmol L' N* for the DoE-based optimization of the
transfection conditions of the most promising candidate PNA/PP and commercial 1-PEI for
comparison (also see Figure S6 for PNAEP and PNA/BP). Within this design space, several
measurement points were determined experimentally and the results fitted by surface models. The
models obtained for PNAi/PP and I-PEI are shown in Figure 2. Regardless of the concentration
ranges within the design space, PNA/PP formed a plateau where transfection efficiency was
predicted to be around 80 %. In contrast, 1-PEI showed an optimum at 215 umol L' N* and
7 umol L' P, and the model decreased with decreasing N* and increasing P concentration. The
results correlate very well with the initial measurements and confirm the importance of high N*/P

ratios for 1-PEI.
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Figure 2. Initial design space for optimization of the transfection efficiency of PNAiPP in
comparison to I-PEI in HEK 293T cells via DoE. a,b 3D surface models and ¢,d contour plots
of the response surface predicting the transfection efficiency (percentage of viable GFP-
fluorescent cells) in HEK 293T cells under serum-free conditions of a,c PNA7PP and b,d 1-PEI
show transfection maxima at different conditions.

Subsequently, we augmented the design space to 0 - 32 umol L' P and 0 - 250 pmol L' N* to
investigate the transfection efficiency outside the initial design space in order to identify the
beginning of the plateau of optimal transfection for PNAi/PP at the smallest possible P and N*
concentration and compare the pattern with all other polymers (the corresponding measurement
points are depicted in Figure S7). The resulting augmented 3D surface models are given in Figure
3. An overlay of the corresponding experimental results and the transparently displayed surface
response model is depicted in Figure S8. The augmented models showed that PNAEP and PNA/BP
exhibited one optimum, whereas comparable transfection patterns were revealed for PNAZPP and
I-PEI. Again, a broader range of conditions for optimal transfection was identified for PNAiPP.
The models for PNAEP, PNA/PP and I-PEI predicted transfection efficiency to be > 80 %, whereas

PNA/BP had comparatively lower transfection efficiency (~40 %) in the range studied.
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Interestingly, trends emerged between the basicity of the polypiperazines and the polymer as well
as pDNA concentrations for optimal transfection. The less basic PNAEP was most efficient at
comparatively high polymer concentrations and low pDNA concentrations, i.e., at higher N*/P
ratios. The more basic polypiperazines PNAiPP and PNA/BP revealed optima at lower polymer
and higher pDNA concentrations, i.e., at progressively lower N*/P ratios. However, PNAiPP,
which has medium basicity, performed best. It was surprising that PNA/BP did not transfect as
efficiently, as in comparison to PNAZPP it is highly charged and binds stronger to the pDNA.
Previous studies have shown that PNA/BP (CCso = 105 pg mL™!, see Figure S9) is more toxic than
PNAiPP (CCso =386 ug mL1),>* suggesting an efficiency-toxicity dilemma. The systematic
investigation using DoE surprisingly revealed very high efficiencies for PNAEP, unveiling the
optimum for transfection in a concentration range that was not covered in the previous studies (see
previous section).’® PNAEP achieved the same efficiency as PNAPP at higher polymer

concentrations and N*/P ratios, probably due to its lower charge density.
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Figure 3. Optimization of the transfection efficiency of polypiperazines in HEK 293T cells
under serum-free conditions via DoE. a-d Augmented 3D surface models and e-h augmented
contour plots of the response surface predicting the transfection efficiency (percentage of viable
GFP-fluorescent cells) of a, e PNAEP, b, f PNAiPP, ¢, g PNA/BP, and d, h I-PEI show transfection
maxima at different conditions. In the 3D plots, the measurement points located in front of the
model are indicated with red dots. Constant N*/P-ratios were plotted along the guidance lines
drawn in the contour plots. a-h HEK 293T cells were treated with various polyplex formulations.
Transfection efficiency was investigated by flow cytometry (statistics for b and f are given in Table

S2 and S3).

Comparing the initial and the augmented model for PNAZPP, it appeared that especially the bound-
ary regions may be more error-prone in the augmented model and the prediction at these regions
may be underestimated. Analysis of variance (ANOVA) revealed an R? of 88 - 94 % (Table 1) for
the augmented models (Figure 3a-d) indicating that these models were reliable and less than 6 -
12 % of variations remained. The optimal transfection conditions predicted by the models for the
four polymers were validated by experimental transfections (Table 1, also see Figure S10, S11 for
microscopic images and S12-S18 for scatter plots). Except for PNA/BP, which was validated only

in the optimum of the augmented design space, all models were validated at least in the optimum
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of the initial and in the optimum of the augmented design space. PNAiPP was also validated at the
second optimum (10 pmol L' P and 165 pmol L' N*) within the augmented design. In addition,
PNAPP was validated at the plateau boundary (7 pmol L' P and 67 pmol L' N¥) of the initial
design space to save P and N* quantities for the sake of identifying the most economical
transfection conditions. For the polypiperazines, the percentage of GFP-fluorescent cells under
optimal conditions was predicted to be > 80 % for PNAEP as well as PNAiPP and close to 50 %
for PNA/BP (Figure 3). The experimental transfection efficiencies of PNA/PP and I-PEI were

close to 100 %, which was higher than predicted (Table 1, also see Table S4 for mass ratios).

Table 1. Regression coefficients for the DoE models and the validation runs.

Validation runs

lue .
Rzof PV2 N . Viable GFP-fluorescent
Polymer odel of N* conc. P conc. N*/P cells / %
model

i +
umol L umol L1 Predicted Mean = SD

+SD ¢ (measured)
< a 222 22 10 82.1+229 80.14+5.72
PNAEP  88.6

0.0001 < 243 15 16  100.6+25.6 72.19+17.53
a 176 12 14 76.1+£19.4 99.96 = 0.03
‘ < b 67 7 9 304+13.9 99.96+0.01
PNAPP 939 60001 < 153 27 6 90.6+213 99.99+0.01
¢ 165 10 16 764+19.6 99.97+0.02

<
PNABP 928 o0 ¢ 155 28 6 454+105 5636+ 17.59
< a 215 7 29 76.1£25.4 99.83 +0.03
I-PEIL 874 0.0001 171 9 20 82.6+26.2 99.91 +0.06

 predicted experimental conditions from initial design space for high transfection efficiency.
® factorial point of the initial design space with lowest N* and P concentration.

¢ predicted experimental conditions from augmented design space for high transfection efficiency.
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4 standard deviation for the predicted values might exceed 100 % for mathematical reasons.

Indeed, values approaching 100 % transfection might appear unusual and are rarely reported, but,
to the best of our knowledge, similar systems have so far not been optimized by a DoE approach.
A closer look at the experimental flow cytometry measurements of the validation runs further
reveals an undeniable shift of the cell population for most experiments (Figures S13-S18)
compared to the control. However, it has to be kept in mind that we used adherent HEK 293T cells
at high confluency in these experiments, which might for example explain differences to highly
optimized suspension cell lines used for technical protein production.** Considering the augmented
model, the exceedance of the predicted values is mainly explained by the possible underestimation
of the transfection efficiency in the boundary regions of the design space, which particularly
becomes apparent for PNA/PP at the lowest evaluated concentrations. The predicted optimum for
PNABP (45 % GFP-fluorescent cells) was in line with the experimental outcome (56 = 17 %),
which is also the case for the result for PNAEP (80 + 6 %, predicted: 82 %), if the initial design
space is considered. For the augmendeted design space, the experimental results (72 £ 17 %) at
the predicted optimum of PNAEP were however lower than the values obtained from the model
(100 %), but still within reasonable range considering the standard deviation of the model (see also
Figure S19 for the 95% confidence intervall of the model for PNAEP at exemplarily chosen
concentrations P of 22 pmol L' and 15 pumol L'). Again, we like to emphasize that the
discrepancies might arise from the set boundary regions of the augmented design space, but the

initial model clearly matches the experimental outcomes.

Overall, the optimization of the transfection efficiency with a DoE enabled the creation of

statistically valid models regarding the optimal settings for polypiperazines and 1-PEI while saving
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enormous amounts of material and time. The highest transfection efficiencies were achieved for
PNAi/PP and I-PEI (about 100 % in the validation experiments), but PNAEP also reached
transfection efficiency of about 80 % in the validation of the optimum. This concentration range
would usually not be covered in a classical OFAT approach, which underlines the power of DoE.
Thus, PNAEP, which showed no toxicity up to concentrations of 1 mg mL™ (correspondes to
6 mmol L' N*) according to 1SO10993-5,%* is a positive example that the efficiency-toxicity
dilemma can also be overcome by simple homopolymers, if the pH-response and the charge
density is finely tuned. Nevertheless, both the preliminary studies and the systematic optimization
of the transfection efficiency revealed PNAi/PP to be the best performer of the four
polypiperazines. Interestingly, the range of pDNA and polymer concentrations for optimal
transfection with PNAiPP is significantly broader than for all other polymers including I-PEL
Although the transfection optimum of PNA/PP is at a higher P conc. (~24 pmol L), it also
transfects in the optimal range of I-PEI (~8 umol L!) with comparably high efficiency and further

at lower polymer concentrations (~67 pmol L' of N*).
Interactions with cellular membranes and endosomal escape

Due to the low N*/P ratios required for efficient transfection of PNA/PP, interactions with cellular
membranes were examined to elucidate the transfection mechanism. To measure polyplex uptake,
pDNA was stained with the intercalating dye YOYO™-1 and polyplexes were formed at N*/P 3
and 15. Simultaneously, plasma membrane integrity was measured by an enzyme-based assay
using the cell culture supernatant (LDH assay). The polyplex uptake was found to be dependent
on the charge density, the incubation time, the N*/P ratio, and the toxicity of the polymer (Figure
4a, bars). Unlike PNAMP, PNAEP led to substantial uptake at N*/P 15 after 4 h. In general, the

more basic PNA/PP and PNA/BP led in general to higher uptake rates with the exception that
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PNAPP still gave only a limited uptake at a low N*/P of 3. We did not observe any pDNA uptake
for I-PEI at N*/P 3 (Figure 4a, black bars) which correlates with the lack of transfection at these
conditions.?” The most efficient uptake in the chosen setup was observed for PNAPP at N*/P 15
after 4 h (also see Figure S20, S21). When the number of cationic charges exceeds a tolerable
concentration for the plasma membrane (Figure 4a, dots), the uptake rate collapsed, as it was

demonstrated in the case of PNA7BP at higher N*/P ratios.

A calcein release assay was performed to investigate a potential perforation of the endosomal
membranes by the polyplexes. Although it has to be kept in mind that calcein is much smaller
compared to the pDNA, this simple and rapid method often correlates with transfection
efficiency.!® 4% 4! In a previously published study, a similar assay was used to evaluate the
endosomal escape capacities of the free polypiperazines.?* Building on the previous study that
showed clear correlations between microscopy and flow cytometry, in this study we performed
only flow cytometric analyses to provide an indication of whether endosomal release also is also
successful in the presence of pPDNA. Under the same conditions as for the polyplex uptake assays,
the relative fluorescence intensity of calcein increased for PNAi/PP, PNA/BP, and I-PEI
polyplexes, which were most pronounced for I-PEI after 4 h (Figure 4b). Interestingly, at lower
pDNA concentration (12 umol L', Figure S22), PNAiPP showed comparable intensities
indicating calcein release as found for 1-PEI despite their markedly different basicity, whereas at
higher pDNA and correspondingly higher polymer concentrations, the calcein release of 1-PEI
significantly exceeded that of PNAPP (P conc. = 46 umol L™, Figure 4b). As shown previously,
the increased amount of free 1-PEI has a pivotal role in endosomal escape and is also crucial for
the transfection mechanism.*> * Our previous studies also showed very low calcein release
efficiency for PNAEP.?* In the context of nucleic acid transfection, however, only a few released

pDNA strands may be sufficient because a plasmid can be repeatedly transcribed for subsequent
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protein production.** This might explain why transfection efficiencies comparable to PNAPP
were obtained for the less basic PNAEP, although higher polymer concentrations had to be applied.
In general, our results are consistent with the previously published study on cytosolic delivery of
proteins, in which PNA/PP also performed best in Opti-MEM™, considering efficiency and
toxicity.>* The increased plasma membrane activity of the more charged PNA/BP has again an
unfavorable effect in the context of transfection with nucleic acids, as limitations in cell viability

impede protein biosynthesis.
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uptake into HEK 293T cells was investigated via flow cytometry, and is represented as the MFI of
viable, single cells (bars). Before harvesting the cells for the uptake measurement, their membrane
integrity was measured via LDH assay, using cells lysed with Triton X-100 as control. Here, the
percentage of viable cells with intact membranes is indicated (dots). Data are represented as the
mean + SD of three independent measurements. b The endosomal release of calcein was
investigated by flow cytometry, whereby higher intensities relative to the calcein control cells
(treated with the same calcein concentration, but without polymers) indicate endosomal escape.
HEK 293T cells were treated with polyplexes (final P conc. =46 umol L!) and/or 25 pg mL!
calcein. Data are reported as the mean £ SD of three independent experiments. a,b **/***Significant
difference to the corresponding I-PEI polyplex at respective time point (p < 0.01/0.001),
#/# "significant difference to the controls (p < 0.05/0.01/0.001).

To investigate uptake and interaction with cellular membranes in more detail, we used live-cell
confocal laser scanning microscopy (CLSM) and polyplexes prepared from Oregon Green labeled
polypiperazines and TOTO™.-3 stained pDNA.?* Here, a lower polyplex concentration was
applied to minimize toxic effects expected for PNA/BP based on plasma membrane integrity data
(final P conc. = 12 pmol L™, also see Figure S22 for calcein release assay data at these conditions).
For PNAMP, negligible polymer uptake was observed in small, isolated compartments, but no
pDNA uptake was found (Figure 5). A slight uptake was measured for PNAEP, and PNA/BP
showed toxic effects despite the onset of lower polymer concentration (Figure S24). PNAi/PP
induced efficient polymer and pDNA uptake. The TOTO™.-3 signal was distributed throughout
the cytoplasm in approximately 10 % of cells, indicating endosomal escape of the polyplex and
subsequent incorporation of released TOTO™.-3 into cytoplasmic genetic material. Interestingly,
when released, the signal of PNAi/PP (Oregon Green) was not distributed throughout the cytosol
but assimilated in the nucleus (Figure 5), which confirms the polymers ability to pass the nuclear
membrane. In the case of PNA7BP, we also observed Oregon Green signals in the nucleus, but

here we assume toxic effects such as membrane disruption as causative (also see Figure S24).
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Figure 5. Uptake and intracellular trafficking of piperazine-based polyplexes. HEK 293T
cells were treated with polyplexes of Oregon Green-labeled polypiperazines (green channel) and
TOTO™.-3 iodide-stained pKMyc pDNA (red channel, P conc = 12 pmol L!) at N*/P 15 for 4 h.
The cells were stained with Hoechst 33342 (blue channel) to visualize the nuclei in live-cell
confocal microscopy. Representative images of two independent experiments are shown. Scale bar
20 pm. Lower magnification images showing a larger number of cells including bright field images
and are provided in the SI (Figure S24).
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Polyplex characterization and stability

To better understand the interaction of the polypiperazines with genetic material and to unravel
the mystery of why these polymers perform so well despite their lower charge density at pH 7.4,
the polyplexes were studied in more detail. The hydrodynamic diameter, polydispersity index
(PDI), and surface charge in comparison to free pDNA were investigated by DLS/ELS.
Accordingly, polyplexes <200 nm were formed with PNAEP, PNA/PP and PNA7BP (Figure 6a,
S25, S26). PNAMP formed larger aggregates due to less intensive packaging as indicated before.
The PDI for all polyplexes was in a desirable range < 0.250. The zeta potential correlated with the
charge density of the polymers, with the 1-PEI polyplexes exhibiting the strongest positive surface
charge (Figure 6b). In brief, the formation of polyplexes in a favorable size with a desirable surface

charge supports the gene delivery potential of PNAEP, PNA/PP and PNA/BP.
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Figure 6. Polyplex characterization Polyplexes at N*/P 6 were characterized in terms of a
diameter of the intensity weighted maximum peak and PDI by DLS. The black and white dotted
lines indicate the desired size (< 200 nm) and PDI range (< 0.250), respectively. Exemplary decay
functions and intensity histograms are shown in the SI (Figure S25, S26). b The polyplexes were
further characterized in terms of surface charge by ELS. For comparison, free pDNA was
investigated as well. a,b The values represent the means + SD of three technical replicates.
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We also investigated the stability of the polyplexes by adding the competitive polyanion heparin
to induce the release of pDNA, which can be visualized by a gel migration assay. Among the
polypiperazines a trend towards increased stability with increased basicity was found. At N*/P 15,
pDNA can be released from the PNAEP polyplexes at all investigated heparin concentrations
(Figure 7a), whereas only a negligible pDNA release was observed for PNAiIPP polyplexes at any
of the tested conditions (Figure 7b). Finally, no pDNA release was be observed for PNAzBP
(Figure 7¢). On the contrary, 1-PEI fully releases pDNA in each of the tested conditions, indicating
a different mode of pDNA binding of polypiperazines and 1-PEI (Figure 7d,e). We hypothesize
that the increasing hydrophobicity of the alkyl side chains could form increasing local secondary
interactions that stabilize the polypiperazine polyplexes if the competing heparin is added. In the
case of PNAEP (lowest hydrophobicity), the secondary interactions might not be sufficient to
prevent dissociation of the polyplex under polyanion addition (N*/P 15). On the other hand, in
case of low PNAEP excess (N*/P 3), the packing density of the polymer chains at the pDNA could
be much higher, favoring the proximity of the molecules and possibility of formation of local
secondary interactions. Unpacking of pDNA was described as a critical factor in transfection and
sophisticated systems were developed for pPDNA release.* 4> ¢ However, the conducted heparin
release experiment indicated that the delivery mechanism of the polypiperazines differs from well-
known I-PEI and may not involve full pDNA release. In consideration of the CLSM studies, even

a direct transfer of the still polymer-bound pDNA into the nucleus would be conceivable.
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Figure 7. pDNA release behavior of polypiperazines and I-PEI. a-d Agarose gel electrophoresis
was conducted to investigate polyplex stability and pDNA release. Polyplexes were prepared at
N*/P 3 and 15 and incubated with different concentrations of heparin as a competitive polyanion.
For comparison, free pPDNA was investigated as well. A representative image (n = 2) for a PNAEP,
b PNAiPP, ¢ PNAsBP and d 1-PEI is shown. e PNAiPP (green, upper) and I-PEI (black, lower)
polyplexes differ in their stability and pDNA release behavior upon heparin treatment. Created
with Biorender.com
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Accessibility of pDNA within the polyplex and transfection mechanism

These release data raised the question of how polypiperazines, particularly PNAiPP, can
effectively transfect cells despite the lack of pDNA release. To test whether the pDNA within the
polyplex is accessible for transcription, we used qPCR to model an enzyme complex and examine
the accessibility of the pDNA. Interestingly, the presence of the polypiperazines did not inhibit the
gPCR under the tested conditions (Figure 8a). 1-PEI polyplexes at N*/P 3 (no transfection) also
did not disturb qPCR, but in the case of N*/P 15, qPCR was completely inhibited (Figure 8a, black
triangles). These data support our hypothesis that PNAiPP and I-PEI polyplexes may differ in their
pDNA binding mode and may be packaged differently, which could explain the difference in
pDNA accessibility (Figure 8b). The distinctly lower charge density of the polypiperazines
compared to I-PEI may explain the differences in polyplex packaging, pDNA binding and
accessibility. The polypiperazines provide the opportunity for pPDNA to remain freely accessible
within the polyplex for transfection, thus circumventing the need for release of genetic material.
The transfection mechanism of polypiperazines is thus clearly different from those previously
described for other polymers. However, it has also to be mentioned that the different mode of
binding and the corresponding accessibility might enhance the degradation of the pDNA by
nucleases as well if in vivo applications are considered. Corresponding studies on the protective
character of these polyplexes will be subject of follow-up investigations, which further include

aspects to optimize the system.
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Figure 8. Investigation of pDNA accessibility within polypiperazine and 1-PEI polyplexes. a
Polyplexes were prepared in 20 mM HEPES buffer at N*/P 3 and 15 to investigate pDNA
accessibility via qPCR. For comparison, free pDNA in 20 mM HEPES was investigated as well at
the same concentration as used for the polyplexes. Representative amplification curves (n = 2) are
shown for PNAMP (red), PNAEP (orange), PNA/PP (green), PNABP (blue), I-PEI (black) as well
as uncharged PNAM (grey) and free pDNA (pink). b A schematic representation of PNA/PP
(green) and 1-PEI (black) polyplexes illustrates differences in their pPDNA accessibility.

33



CONCLUSION

The systematic variation of the pendant alkyl unit on the pH-responsive amino group enables a
fine tuning of the charge density on a family of piperazine based polymers (charge ratio between
9 % -36 % at pH 7.4), whereat the polymer featuring an isopropyl group (PNAiPP) and a moderate
charge density appears to be an efficient and versatile polymer for pPDNA transfection. While initial
complexation studies based on an EtBr assay indicated only a weak binding ability of these
polymers, more detailed investigations based on gel retardation revealed indeed a stable polyplex
formation, which however differs in terms of pDNA condensation from common transfection
polymers such as I-PEI In order to find optimal conditions for this new class of polymers, a DoE
approach was applied to screen a broad design space in terms of concentrations of pDNA and
polymer. These experiments revealed that even the slightly charged polypiperazines PNAEP (13 %
charge density) and PNAiPP (22 %) can transfect as efficiently as the highly charged 1-PEI
(> 50 %). Although the overall activity of the polypiperazines correlated with their charge density,
the upward trend collapsed in the case of PNA/BP, which is due to toxic effects induced by this
polymer. In the case of PNA{PP, the limited charge density seems to represent a fine balance for
achieving efficient transfection, without causing toxic side-effects, yet. Interestingly, PNAiPP
appears to transfect very effectively over a very wide range of concentrations and N*/P ratios and
outperforms 1-PEI in terms of the latter ratios as it still achieves excellent transfection efficiencies
at a N*/P ratio of 3. Surprisingly, even PNAEP was effective at higher polymer concentrations,
although its ability to induce endosomal escape was limited compared to the more basic polymers
(PNAiPP, PNA7BP, and PEI). More detailed microscopy studies further revealed that the
polypiperazines appear to transport genetic material into the nucleus, which is a critical hurdle in

pDNA transfection, but still showed no or only limited signs of toxicity. In contrast to common
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cationic transfection agents and polymers like 1-PEI, almost no pDNA release was observed for
polyplexes based on PNA/PP and PNAsBP if treated with the competitive polyanion heparin.
However, the successful amplification (QPCR) of the pDNA bound in a polyplex with the
polypiperazines indicated that a release is not necessary for an efficient transcription in these cases
and the underlying mechanism must differ from that of other commonly applied cationic polymers,
where a release is vital for efficient transcription.*’*® As stated above the condensation of the
pDNA by the polypiperazines differs significantly from previously described polyplexes, for
example 1-PEL. We assume that the comparably loose binding of the polypiperazines enables an
unhindered transcription of the pDNA even if complexed by the polymers. The unique transfection

mechanism we postulate, is further schematically depicted in Figure 9.
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Figure 9. Suggested transfection mechanism of PNA/PP in comparison to I-PEI. PNA/PP and
1-PEI polyplexes vary in their transfection mechanism to some extent. The pDNA in PNA/PP
polyplexes is more loosely packaged than in the 1-PEI polyplexes at physiological pH, but along
the endosomal pathway, both polyplexes result in endosomal release. Whereas in the case of
PNAPP, the pDNA enters the nucleus within the polyplex, in the case of 1-PEI, the pDNA is
released and imported into the nucleus without polymer. The loose packing of PNAZPP polyplexes
allows access of the transcribing enzyme complex. Both systems result in efficient transfection
under optimal conditions.
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Overall, our findings underline that the characteristics of piperazine-based transfection agents
might differ significantly from established materials but nevertheless enable highly efficient
transfection. Considering the versatile synthesis of the presented polypiperazines, alternative
design options arise allowing for example the straightforward integration of targeting moieties,
stealth units, or co-delivery of drugs. In particular with regard to tailored gene therapies, these
opportunities may open new pathways along the lines of CRISPR/Cas 9 or related editing
techniques, and we are convinced that this new class of polymers can play a key role in related

developments.
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ADDITIONAL RESULTS
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Figure S1. Synthesis of polypiperazines. The piperazine based vinyl monomers were

polymerized via RAFT polymerization as previously reported.!

Table S1. Summary of polypiperazines used in this study.

Polymer ID Polymer abbreviation Mgn;lf(l;;? / Mlgl’nslgf_lb / Db
0C PNAM;s00 70 800 47 200* 1.30%*
1C PNAMP509 77 300 53 500%* 1.22%*
1C’ PNAMP500-OG 77 800 62 000* 1.31%
2C PNAEPs00 84 400 55 800* 1.29%*
2C’ PNAEPs500-OG 84 900 68 200* 1.45%
3C PNAiPPs00 91 400 50 100 1.31
3C 2 PNAiPPs00 (2nd batch) 91 400 53200 1.31
3C’ PNAiPP500-OG 91 900 67 600* 1.30%*
4C PNA7BPs00 98 400 62 500%* 1.30%*
4C’ PNABP500-OG 98 900 59 000* 1.33%

* These data have already been published and are listed here only for the sake of completeness.' a
Calculated based on [M]o/[CTA]Jo * monomer conversion. b Determined by SEC (Eluent: DMAc

+ 0.21 wt% LiCl, polystyrene calibration). OG - Oregon green cadavarine 5-isomer.



—— PNAPP, , 1st batch
—— PNAPP, , 2nd batch
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Elution volume / mL

Figure S2. SEC traces of PNAi/PP. SEC-traces of both PNA7PP batches utilized in this study.
The first batch was used in the classical optimization of the transfection efficiency and for all
studies on the transfection mechanism. The second batch was used for the optimization via DoE.
SEC was measured in DMAc + 0.21 wt% LiCl using refractive index (RI) detection and

polystyrene calibration.
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Figure S3. pH-dependent pDNA binding and polyplex stability. The pH-dependent pDNA
binding of the polypiperazines was studied at N*/P 30 by an EtBr quenching assay using different
buffers in a pH range from 5 to 7.4, representing the physiologically relevant pH range during
transfection experiments. 1-PEI was investigated for comparison. Data are presented as the mean

+ SD of three independent determinations.
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Figure S4. MFI values and viability data of the classical transfection optimization. a, b HEK
293T cells were treated with various polyplex formulations at different pPDNA concentrations. The
variation of the phosphate concentration (P conc., pDNA) at a constant protonatable amine
concentration (N* conc., polymer) of 138 pmol L™! resulted in varying N*/P ratios. ¢, d HEK 293T
cells in serum-free Opti-MEM™ were treated with various polyplex formulations at varying
pDNA concentrations as described in a, b. N*/P ratios of 15 (striped) and 30 (solid) were
investigated at the resulting concentrations of protonatable amines. a, ¢ Transfection efficiency
and b, d cell viability according to the FSC/SSC plot were investigated by flow cytometry and are
represented as the mean + SD (bars) and the individual data points (dots). A detailed gating strategy
with scatterplots can be found in Figure S5. Corresponding 1-PEI polyplexes were investigated for

comparison to the polypiperazines.
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Figure S5. Gating strategy for transfection efficiency experiments. a Viable cells were gated
according to the FSC/SSC pattern. b Subsequently, single cells were discriminated from doublets
using the FSC-A/FSC-H dot plot. ¢ GFP-fluorescent cells were identified by gating the single cells
to the unstained pKMyc control. The FITC/SSC dot plots are shown for d PNAMP, e PNAEP, f
PNA/PP, g PNA/BP and h 1-PEI (N* conc. = 688 umol L', P conc. = 23 umol L', N*/P 30). i

Cytotoxic side effects were observed for PNA/BP under these conditions (also see figure S4d).
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Figure S6. DoE models in narrower range for PNAEP and PNA7BP. a,b 3D plots and ¢ contour
plots of models predicting the transfection efficiency (percentage of viable GFP-fluorescent cells)
of a,c PNAEP and b,d PNA7BP are shown. a-d HEK 293T cells in serum-free Opti-MEM™ were
treated with various polyplex formulations containing pCMV-GFP pDNA for 4 h followed by

subsequent incubation in growth medium for 20 h. Transfection efficiency was investigated by

flow cytometry.
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Figure S7. Exemplarily chosen augmented design space of the DoE. Measurement points and

the corresponding numbers of repetition are indicated next to the points in the grid.



Table S2. ANOVA applied to the DoE model for PNAiPP in Figure 3b and 3f.

Source Sum of Squares df Mean Square F-value p-value

Block 11.17 1 11.17

Model 751.29 11 68.30 5498 <0.0001 significant
A-molar N conc. 0.5453 1 0.5453 0.4390 0.5115

B-molar P conc. 0.1800 1 0.1800 0.1449  0.7055

AB 5.19 1 5.19 4.18 0.0478

A2 83.13 1 83.13 66.93 < 0.0001

B2 6.26 1 6.26 5.04 0.0305

A’B 8.29 1 8.29 6.67 0.0136

A3 26.26 1 26.26 21.14 <0.0001

B? 33.69 1 33.69 27.12 <0.0001

A’B? 9.56 1 9.56 7.69 0.0085

AB? 18.69 1 18.69 15.05 0.0004

B* 38.40 1 38.40 30.92 <0.0001

Residual 48.44 39 1.24

Lack of Fit 47.49 29 1.64 17.17 <0.0001 significant
Pure Error 0.9537 10 0.0954

Cor Total 810.91 51

Table S3. Fit statistics for the DoE model in Figure 3b and 3f.

Std. Dev. 1.11 R? 0.9394
Mean 5.20 Adjusted R? 0.9223
C.V.% 21.44 Predicted R? 0.8388

Adeq Precision  20.4872

10
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Figure S8. Transparent representation of the 3D surface models in Figure 3. a-d 3D surface
models predicting the transfection efficiency (percentage of viable GFP-fluorescent cells) of a
PNAEP, b PNA/PP, ¢ PNA/BP, and d I-PEI. The measurement points located above the surface
of the model are indicated with red dots, while the pink ones represent points below the surface.

a-d HEK 293T cells were treated with various polyplex formulations. Transfection efficiency was

investigated by flow cytometry.
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Figure S9. CCso values of PNA/PP, PNAfBP and commercial I-PEIL. As already published,
metabolic activity was measured in 1929 cells in growth medium using the alamarBlue assay
following incubation with PNA/PP (green), PNA/BP (blue) and I-PEI (black) polymers at
indicated concentrations for 24 h.! Dots represent values of single repetitions and lines represent
logistic fit functions calculated via OriginPro, version 2020b (n > 3). The concentration of 50 %

toxicity for each polymer is indicated with a star.
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Figure S10. Micrographs of the validation of the augmented design space. The augmented
models (see Figure 3) were validated at the predicted optima (see Table 1) by transfecting HEK
293T cells with the respective polyplex formulations. Cells were imaged prior to flow cytometry.

Scale bar 200 um.

PNA/PP I-PEI
N%P 16 N*/P 20

Mass ratio =8.6 Mass ratio = 2.5

PPN

Figure S11. Microscopic images of the validation of PNA/PP and I-PEI at similar N*/P ratios.

The augmented models (see Figure 3) were validated at the predicted optima (see Table 1) by
transfecting HEK 293T cells with the respective polyplex formulations. Cells were imaged prior

to flow cytometry. Scale bar 200 um See Figure S10 for flow cytometry results.
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Table S4. Polymer and pDNA concentrations in the validation runs.

Validation runs

Polymer R’of pvalue N* conc. Polymer P conc. pDNA N*/P Mflssd Viable GFP-ﬂ;mrescent
model of model conc. conc. ratios cells / %
Mean + SD
-1 -1 -1 -1 .
umol L ug mL umol L ug mL Predicted (measured)
a 222 373 22 7.2 10 52 82.12 80.14 £5.72
PNAEP 88.6 <0.0001 —, 72.19 +
243 40.9 15 4.9 16 8.4 100.59 1753
a 176 32.1 12 3.9 14 8.2 80.41 99.96 + 0.03
b 67 12.2 7 23 9 5.3 39.39 99.96 + 0.01
PNA/PP 939 <0.0001
: ¢ 153 27.9 27 8.8 6 32 90.63 99.99 £ 0.01
¢ 165 28.4 10 3.3 16 8.6 76.44 99.97 £ 0.02
PNABP 928 <0.0001 © 155 30.4 28 9.2 6 33 4538 20-30
a 215 9.0 7 23 29 3.9 76.07 99.83 +£0.03
1-PEI 87.4  <0.0001
¢ 171 7.2 9 2.9 20 2.5 82.62 99.91 £ 0.06

? predicted experimental conditions from initial design space for high transfection efficiency.
® factorial point of the initial design space with lowest N* and P concentration.
¢ predicted experimental conditions from augmented design space for high transfection efficiency.

4 polymer/pDNA

14
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Figure S12. Scatter plots of selected validation experiments. GFP-fluorescent cells were

identified by gating the single cells to the unstained pKMyc control. The FITC/SSC dot plots are

shown for a PNAPP (N* conc. =165 umol L, P conc. = 10 umol L', N*/P 16) and b 1-PEI (N*

conc. = 171 pmol L, P conc. = 9 pmol L', N*/P 20).
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Figure S13 Flow cytometric data of the validation runs for PNA/PP at 176 pmol L' N* and
12 pmol L' P. a Scatter plots of cells treated with 12 umol L' pCMV-GFP pDNA for control. b-

f Scatter plots of cells treated with PNAZPP polyplexes (5 replicates).
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Figure S14. Flow cytometric data of the validation runs for PNA/PP at 67 pmol L-! N* and
7 pmol L P. a Scatter plots of cells treated with 7 pmol L' pPCMV-GFP pDNA for control. b-f

Scatter plots of cells treated with PNAZPP polyplexes (5 replicates).
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Figure S15. Flow cytometric data of the validation runs for PNAZPP at 153 pmol L' N* and
27 nmol L P. a Scatter plots of cells treated with 27 pmol L' pCMV-GFP pDNA for control. b-

f Scatter plots of cells treated with PNAZPP polyplexes (5 replicates).
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Figure S16. Flow cytometric data of the validation runs for PNAZPP at 165 pmol L' N* and
10 pmol L' P. a Scatter plots of cells treated with 10 umol L' pCMV-GFP pDNA for control. b-

f Scatter plots of cells treated with PNAZPP polyplexes (5 replicates).
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Figure S17. Flow cytometric data of the validation runs for IPEI at 171 pmol L' N* and
9 umol L' P. a Scatter plots of cells treated with 9 pmol L' pCMV-GFP pDNA for control. b-f

Scatter plots of cells treated with IPEI polyplexes (5 replicates).
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Figure S18. Flow cytometric data of the validation runs for IPEI at 215 pmol L' N* and
7 pmol L P, a Scatter plots of cells treated with 7 umol L' pCMV-GFP pDNA for control. b-f

Scatter plots of cells treated with IPEI polyplexes (5 replicates).
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Figure S20. Polyplex uptake in HEK 293T cells. Polyplexes were prepared with YOYO-1
labeled pDNA at N*/P 3 and 15 (final P conc. = 46 umol L!). The polyplex uptake into HEK 293T
cells in serum-free Opti-MEM™ was investigated via flow cytometry after 1 h and 4 h,
respectively, and is represented as the percentage of viable, single, GFP-fluorescent cells.
Fluorescence outside the cells was quenched with 0.04% trypan blue. A detailed gating strategy
with scatterplots is provided in Figure S10. Data are represented as the mean + SD of three
independent measurements. ~/* Significant difference to the corresponding 1-PEI polyplex at

respective time point (p < 0.05/0.001).
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Figure S21. Gating strategy for polyplex uptake experiments. a Viable cells were gated

according to the FSC/SSC pattern. b Subsequently, single cells were discriminated from doublets

using the FSC-A/FSC-H dot plot. ¢ YOYO-1-fluorescent cells were identified by gating the single

cells to the polymer-free control. The FITC/SSC dot plots are shown for d, g the polymer-free

control, e, h PNA7PP at N*/P 3, f, i PNA/PP at N*/P 15 d, e, h after | h and g, f, i after 4 h (P

conc.

=46 pmol L),
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Figure S22. Calcein release at lower pDNA and polymer concentration. The endosomal release
of the small molecule calcein was investigated by flow cytometry, whereby higher intensities
relative to the calcein control cells (treated with the same calcein concentration, but without
endosomal escape-inducing polymers) indicate endosomal escape and membrane interactions.
HEK 293T cells in serum-free Opti-MEM™ were treated with polyplexes at N*/P 15
(P conc. = 12 pumol L") and 25 pg mL™! calcein. Data are reported as the mean + SD of three
independent experiments. *#Significant difference to the corresponding 1-PEI polyplex at the
respective time point (p < 0.001). Scatter plots illustrating the gating strategy are given in figure

S12.
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Figure S23. Gating strategy for calcein release experiments. a Viable cells were gated
according to the FSC/SSC pattern. b Subsequently, single cells were discriminated from doublets
using the FSC-A/FSC-H dot plot. The FITC/SSC dot plots are shown for ¢ untreated cells, d
calcein treated control cells and cells that were additionally treated with e PNAMP, f PNAEP, g

PNA/PP, h PNAtBP and i I-PEI (P conc. = 46 pmol L!).
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Figure S24. Lower magnification images of HEK 293T cells treated with labeled polyplexes.
HEK 293T cells in serum-free Opti-MEM™ were treated with polyplexes of Oregon Green-
labeled polypiperazines (green channel, N* conc. = 183 umol L'!) and TOTO-3 iodide-stained
pKMyc pDNA (red channel, P conc.: 12 umol L) at N*/P 15 for 4 h. The cells were stained with
Hoechst 33342 (blue channel) to visualize the nuclei in live-cell confocal microscopy.

Representative images (n = 2) for a PNAMP, b PNAEP, ¢ PNAiPP, and d PNA7BP are shown.
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Figure S25. Exemplary exponential decay functions from DLS measurements of polyplexes.
Polyplexes were prepared with 460 pumol L' pPKMyc pDNA at a protonatable amine concentration
of 230 pmol L' (N*/P 6). The exponential decay correlation coefficients of a single measurement
are displayed for PNAMP (red), PNAEP (orange), PNAiPP (green), PNA/BP (blue) and I-PEI

(black).
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Figure S26. Exemplary histogramms from DLS measurements of polyplexes. Polyplexes were
prepared with 460 pmol L™! pKMyc pDNA at a protonatable amine concentration of 230 pmol L™!
(N*/P 6). The histograms of a single measurement are displayed for PNAMP (red), PNAEP

(orange), PNAiPP (green), PNABP (blue) and 1-PEI (black).

29



ADDITIONAL METHODS

Size exclusion chromatography (SEC)

N,N-Dimethylacetamide (DMAc¢)-SEC was conducted using an 1200 series instrument (Agilent,
Santa Clara, United States) equipped with a PSS degasser, a G1310A pump, a G7162A differential
refractive index (RI) and an G1315D detector (diode array detector, DAD). The liquid
chromatography system used 1 x GRAM 30 A column and 1 x GRAM 1000 A column (both 300
x 0.8 mm, 10 um particle size, PSS, Mainz, Germany) in series. The DMAc eluent contained
0.21% (w/w) LiCl as additive. Samples were run at 1 mL min™! at 40 °C. Analyte samples were
filtered through a polytetrafluoroethylene (PTFE) membrane with 0.45 um pore size prior to

injection. Polystyrene (PS) narrow standards (PSS) were used to calibrate the SEC system.

pH-dependent Ethidium Bromide (EtBr) quenching assay

Adapted from previous reports,” the binding of pDNA to the polymers was measured via
quenching EtBr fluorescence by the interaction of the polymers with pDNA. Briefly, 46 pmol L!
pCMV-GFP pDNA were incubated with EtBr (1 ug mL™) in a total volume of 100 pL buffer at
room temperature for 10 min. The buffers used were HBG buffer at pH 7.4 and 7.0 and acetate
buffer at pH 5.8 and 5.0. Subsequently, polyplexes at N*/P 30 were prepared in black 96-well
plates (Nunc, Thermo Fisher, Waltham, United States) and incubated at 37 °C for 15 min before
measuring the fluorescence intensity at Aex= 525 nm / Agm = 605 nm. Samples containing pDNA
and EtBr or only EtBr (1 ug mL™) in the respective buffer were defined as maximum (100 %) and
background fluorescence, respectively. The percentage of dye displaced upon polymer-pDNA

interaction was calculated using equation S1:
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Rel. FI/ % = —camplo~Fl@ianh 19 (g1

Fl(ppNna)—FI(Blank)

Here, rel. FI is the relative fluorescence intensity of EtBr and Flsample), FIBlank), and Flppna) are
the fluorescence intensities of a given sample, of EtBr in buffer, and the EtBr intercalated into
pDNA in buffer, respectively. Data are expressed as mean = SD of three independent

determinations.

Microscopic investigation of the transfection efficiency

In addition to flow cytometric measurements, transfection efficiency was also examined
microscopically. The cells were imaged before flow cytometry analysis employing a Cytation 5
Cell Imaging Multi-Mode Reader (BioTek Instruments, Inc., Winooski, USA) equipped with a
10x objective using brightfield imaging and the GFP channel (Aex = 469/35 nm, Agm = 525/39 nm).

Images were processed using ImagelJ software (Java 8).?
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Abstract

Although there has been substantial progress in the research field of gene delivery, there are some challenges remain-
ing, e.g. there are still cell types such as primary cells and suspension cells (immune cells) known to be difficult to
transfect. Cationic polymers have gained increasing attention due to their ability to bind, condense and mask genetic
material, being amenable to scale up and highly variable in their composition. In addition, they can be combined
with further monomers exhibiting desired biological and chemical properties, such as antioxidative, pH- and redox-
responsive or biocompatible features. By introduction of hydrophobic monomers, in particular as block copolymers,
cationic micelles can be formed possessing an improved chance of transfection in otherwise challenging cells. In this
study, the antioxidant biomolecule lipoic acid, which can also be used as crosslinker, was incorporated into the hydro-
phobic block of a diblock copolymer, poly{[2-(dimethylamino)ethyl methacrylatel, o;,-b-[n-(butyl methacrylate),,-
co-(lipoic acid methacrylate),,]} (P(DMAEMA, 4,-b-[nBMA,, ,-co-LAMA,])), synthesized by RAFT polymerization and
assembled into micelles (LAMA-mic). These micelles were investigated regarding their pDNA binding, cytotoxicity
mechanisms and transfection efficiency in K-562 and HEK293T cells, the former representing a difficult to transfect,
suspension leukemia cell line. The LAMA-mic exhibited low cytotoxicity at applied concentrations but demonstrated
superior transfection efficiency in HEK293T and especially K-562 cells. In-depth studies on the transfection mechanism
revealed that transfection efficiency in K-562 cells does not depend on the specific oncogenic fusion gene BCR-ABL
alone. It is independent of the cellular uptake of polymer-pDNA complexes but correlates with the endosomal escape
of the LAMA-mic. A comparison of the transfection efficiency of the LAMA-mic with structurally comparable micelles
without lipoic acid showed that lipoic acid is not solely responsible for the superior transfection efficiency of the
LAMA-mic. More likely, a synergistic effect of the antioxidative lipoic acid and the micellar architecture was identified.
Therefore, the incorporation of lipoic acid into the core of hydrophobic-cationic micelles represents a promising tailor-
made transfer strategy, which can potentially be beneficial for other difficult to transfect cell types.

Keywords: Gene delivery, Cationic polymer, Lipoic acid, Micelle, K-562 cells, Transfection

Introduction
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electrostatic interaction, thereby protecting it from deg-
radation, facilitating its cellular uptake, enabling escape
from the endolysosomal pathway, and finally releas-
ing it inside the cytosol [3]. Furthermore, polymers are
easy and cost-effective to produce on a large scale, show
low immunogenicity and can transport high molecular
weight genetic materials, such as plasmid DNA (pDNA)
[4, 5].

Despite remarkable progress, there are still many chal-
lenges encountered for these applications, e.g. not all
cell types can be genetically modified (transfected) eas-
ily, including primary cells and suspension cells (immune
cells) [6-8]. To date, viral infection, electroporation or
nucleofection have been successfully applied for these
cells. However, this is not suitable for all applications [4,
9, 10]. Alternatively, cationic polymers can be applied to
transfect cells. The ability to genetically modify suspen-
sion cells is of great interest, not only for vaccinations,
inflammation-related diseases or cancer in general, but
also for leukemia patients where the immune cells are
directly affected. For example, chronic myeloid leukemia
(CML) can still only be clinically healed but not cured,
with 40 % of patients free of treatment after therapy [11-
13]. Polymeric nanocarriers could be a promising strat-
egy to interact more efficiently with immune cells and
enhance the intracellular concentration of active agents
to counteract mechanisms such as drug resistance or
poor response to treatment [14, 15]. In this regard, the
group of E. Wagner could already show successful trans-
fection of pDNA with poly(ethylene imine) (PEI) only in
combination with transferrin [16—18]. Another promis-
ing strategy was demonstrated by H. Uludag and cowork-
ers who statistically incorporated hydrophobic moieties
into polymeric nanocarriers that were beneficial for the
transfection of siRNA and subsequent knockdown of
the BCR-ABL fusion protein in the CML cell line K-562
[19-21].

One key advantage of polymeric gene carriers is
their versatility in composition, allowing the introduc-
tion of different additional features such as tempera-
ture-, pH- or redox-responsiveness, thereby generating
nanocarriers tailored for a specific site of action [5, 22].
The advancement of living or controlled polymeriza-
tion methods resulted in preparation of polymers with
various compositions and complex architectures such
as, gradient, block, star and comb copolymers [23].
Among reversible deactivation radical polymerization
(RDRP) methods, reversible addition fragmentation
chain transfer (RAFT) polymerization, a process based
on an equilibrium between active and dormant chains
achieved by a degenerative transfer system, is prom-
ising due to the relative insensitivity towards func-
tional groups of the monomers and can therefore be
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applied for a wide range of suitable monomers. How-
ever, disulfide bonds are a potential exception since
they are susceptible to radicals [23, 24]. Additionally,
RAFT polymerization is compatible with a wide range
of unprotected monomer functionalities, such as qua-
ternary amino, carboxylic acid, epoxy, hydroxyl (e.g.
in hydroxyethyl methacrylate (HEMA)) and tertiary
amino (e.g. in 2-dimethylaminoethyl methacrylate
(DMAEMA)) groups. This makes the production of
polymers with the desired functionalities easier com-
pared to, e.g. the post-modification strategy of poly-
mers to obtain defined polymer architectures [25].

Polymeric micelles with various compositions have
already been investigated for gene delivery [26-29].
Due to the amphiphilic nature of the block copolymers,
microphase separation occurs during self-assembly,
resulting in micellar formation of diverse morphologies
[30]. A commonly applied method for polymer assem-
blies is dispersion of polymers, which involves solvent
evaporation, salting-out, dialysis, supercritical fluid tech-
nology and nanoprecipitation [31].

In general, polymeric micelles for gene delivery con-
tain a hydrophilic cationic segment, responsible for
condensing the genetic material and protecting it from
degradation, e.g. PDMAEMA with a pK, (*7.5) within
a physiologically relevant pH range [32, 33]. Besides,
micelles also contain a hydrophobic segment responsi-
ble for its stability and potentially contributing to effi-
cient transfection as they can facilitate interaction with
the lipophilic cell membranes promoting cellular uptake
and release from the endosomes [34—36]. Among others,
n-butyl methacrylate (nBMA) has been shown to form a
stable hydrophobic core and, as such, been included for
hydrophobic modifications of polymers and formation of
micelles [36—38].

To stabilize the micelle architecture, crosslinkers such
as disulfide linkage have been applied. Disulfide link-
ages are stable under oxidizing conditions and break
down under reductive conditions, which are found inside
cells [39]. A stable micelle can therefore be prepared by
incorporating sulfur containing moieties, e.g. the anti-
oxidant biomolecule lipoic acid, which is an essential
fatty acid, a potential therapeutic [40, 41], and capable
of forming disulfide linkages in the micellar core [42].
For drug delivery systems, Zhong and coworkers dem-
onstrated that different lipoic acid conjugated materials
possessed superior stability in the extracellular environ-
ment and underwent rapid de-crosslinking and disassem-
bly under reductive conditions [39, 43—-45]. Moreover,
lipoic acid was beneficial for transfection of siRNA or
pDNA in different adherent cell lines when incorporated
into nanogels [46], as hydrophobic modification of lin-
ear poly(ethylene imine) (LPEI) [47], or as amphiphiles
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[48, 49]. However, the contribution of lipoic acid within
micelles to gene transfer into immune cells is not known.
In the present study, lipoic acid derived micelles were
investigated as a potent nanocarrier for genetic mate-
rial into the CML cell line K-562. The micelles were for-
mulated from a block copolymer synthesized via RAFT
polymerization, the first block comprising PDMAEMA
and the second lipoic acid methacrylate (LAMA) and
nBMA. Whereas PDMAEMA forms the shell and con-
tributes to pDNA binding and endosomal escape, nBMA
forms the micellar core into which lipoic acid-containing
monomers were introduced to establish antioxidant and
crosslinking potential. Following physicochemical char-
acterization, the pDNA binding properties, cytotoxic-
ity, and transfection efficiency (expression of enhanced
green fluorescent protein (EGFP)) in the erythroleukemic
suspension cell line K-562 were investigated. The results
were compared to the human embryonic kidney cell line
HEK293T. The contribution of lipoic acid to the superior
transfection efficiency in K-562 cells was investigated in
detail by further testing of other leukemia cell lines as
well as pDNA uptake and endosomal escape properties.
Additionally, the influence of structure and composi-
tion was investigated by comparing the potential of the
LAMA-micelles with lipoic acid-free precursor micelles.

Main methods
Materials, instruments, further methods and calculations
can be found in the Additional file 1.

Synthesis and characterization, general procedure

(4-cyano pentanoic acid)yl ethyl trithiocarbonate
(CPAETC) (24.9 mg, 9.47 x107° moles), 2-(dimeth-
ylamino)ethyl methacrylate (DMAEMA) (2.25 g,
1.43 x 10~ % moles), 1,4-dioxane (3.0 g), a 1 wt.% solution
of 4,4/-azobis(4-cyanovaleric acid) (ACVA) in 1,4-diox-
ane (318,4 mg, 3,18 mg ACVA, 1.1 x 10~° moles) and
1,3,5-trioxane (external NMR standard, 25 mg) were
introduced to a 8 mL microwave vial equipped with a
magnetic stirring bar. The vial was sealed, and the solu-
tion deoxygenated by bubbling argon through it for
10 min. The vial was placed in an oil bath at 70 °C and
allowed to stir for 7 h. The polymer was precipitated
three times from tetrahydrofuran (THF) into cold hexane
and dried under reduced pressure to give a yellow solid.
A portion of the precursor, macro-chain transfer agent
(macro-CTA) of poly[2-(dimethylamino)ethyl meth-
acrylate] (PDMAEMA) (347.0 mg, 2.29 x 10~° moles),
butyl methacrylate (xBMA) (557.0 mg, 3.92x 1073
moles), lipoic acid methacrylate (LAMA) (220.0 mg,
6.88 x 10~ * moles), THF (4.1 g), a 0.5 wt.% solution of
ACVA in THF (250 mg, 4.46 x 10~ ° moles) and 1,3,5-tri-
oxane (external NMR standard, 20.0 mg) were introduced
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to a 8 mL microwave vial equipped with a magnetic stir-
ring bar. The vial was sealed, and the solution deoxygen-
ated by bubbling argon through it for 10 min. The vial
was placed in an oil bath at 70 °C and allowed to stir for
7 h. The polymer was precipitated three times from THF
into cold hexane and dried under reduced pressure to
give a yellow solid. For further experimental details of all
polymerizations refer to Additional file 1.

Assembly procedure for micelle formation

Typical assembly procedure. 30 mg of polymer was dis-
solved in THF (3 mL) and added to a 20 mL vial. Water
(6 mL) was added to this solution through a syringe using
a syringe pump (rate: 0.2 mL min~'). Afterwards, (A) the
polymer solution was added to a dialysis bag (Standard
RC Tubing MWCO: 6-8 kDa) and dialyzed against water
over three days, changing the bulk water twice a day or,
(B), the polymer solution was left for two days at room
temperature until THF was completely evaporated. The
final concentration was determined by measuring the
mass difference of three freeze dried samples of known
volume. The micelles were characterized regarding their
critical micelle concentration (CMC), hydrodynamic
diameter and morphology using Nile Red as a fluorescent
probe, dynamic light scattering (DLS) and cryo trans-
mission electron microscopy, respectively. Experimental
details for each analysis are provided in Additional file 1.

Cryo transmission electron microscopy (cryo-TEM)
Cryo-TEM images were acquired with a 200 kV FEI Tec-
nai G2 20 transmission electron microscope equipped
with a 4k x 4k Eagle HS CCD and an Olympus Meg-
aView camera (1379 x 1024 pixels) for overview images.
Sample preparation was performed by plunge-freezing
the samples with a Vitrobot Mark IV system. 8.5 uL of
the aqueous solutions were blotted (blot force — 2; blot-
ting time 1 s) on Quantifoil grids (R2/2, Quantifoil, Jena,
Germany) and were vitrified in liquid ethane. The grids
were rendered hydrophilic by Ar-plasma cleaning for 30
s (Diener Electronics, Germany). Samples were stored in
liquid nitrogen until transfer to the cryo holder (Gatan
626). Transfer to the microscope was performed with a
Gatan cryo stage and the temperature was maintained
below — 172 °C at all times after vitrification.

Polyplex preparation

The polyplexes were prepared in HBG buffer (20 mM
4(2hydroxethyl) piperazine-1-ethanesulfonic ~ acid
(HEPES) and 5% (w/v) glucose, pH 7.4). A 30 pug mL™!
solution of pDNA was mixed 1:2 with different quantities
of dissolved polymer to give a final pDNA concentration
of 15 pg mL™!, with varying N*/P ratios (molar ratio of
protonatable nitrogen atoms to phosphates of pDNA,
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see Additional file 1). Immediately after combination,
the mixtures were vortexed for 10 s at maximum speed
(3200 rpm) and incubated at room temperature for 15
min to ensure complex formation.

Ethidium bromide quenching assay (EBA) and heparin
release assay (HRA)

The formation of polyplexes with pDNA was identified
via quenching of ethidium bromide (EtBr) fluorescence
by polymers interacting with pDNA as described before.
(50] Briefly, 30 pug mL™' pKMyc pDNA in HBG buffer
(pH 7.4) were incubated with EtBr (1 pug mL™') at room
temperature for 10 min. Different polymer stock solu-
tions were prepared by dilution with HBG buffer (pH 7.4)
to give different N*/P ratios. Subsequently, the pDNA-
EtBr solution was mixed 1:2 with the different polymer
stock solutions in black 96-well plates (Nunc, Thermo
Fisher, Germany) and incubated at 37 °C for 15 min
before measuring the fluorescence intensity at Ay, =525
nm / Ag,, =605 nm. A sample containing only pDNA and
EtBr was defined as maximum fluorescence (100 %).

For the HRA, heparin was added to the formed poly-
plex-EtBr mixtures using the dispenser of the microplate
reader to obtain the indicated concentrations (Addi-
tional file 1: Table S2). After each addition, the plate was
shaken, incubated at 37 °C for 10 min and fluorescence
intensity was measured.

The percentage of EtBr displaced upon polyplex forma-
tion or re-intercalating following pDNA release by hepa-
rin was calculated using Eq. (1):

Sample

F
rFI/% = -100 (1)

pDNA

Where rFl is the relative fluorescence intensity and
Foample and Fopyu are the fluorescence intensities of a
given sample and the EtBr intercalated into pDNA alone
(in the case of the HRA with heparin), respectively.
Data are expressed as mean=+SD of three independent
determinations.

The heparin concentration needed to release 70% of
pDNA was calculated with OriginPro, Version 2018b
(OriginLab Corporation, US) and can be found in the
Additional file 1.

Cell culture

The mouse fibroblast cell line L-929 and the human
embryonic kidney cell line HEK293T were obtained from
CLS (Germany). They were maintained as recommended
by the supplier and cultured in D10 (low glucose Dul-
becco’s modified eagle’s medium (DMEM) supplemented
with 10% (v/v) fetal calf serum (FCS), 100 U mL™!
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penicillin and 100 pg mL™" streptomycin) at 37 °C in a
humidified 5% (v/v) CO, atmosphere. The chronic mye-
loid leukemia (CML) cell line K-562 was obtained from
DSMZ (Germany) and cultured in R10 (Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented
with 10% (v/v) FCS, 100 U mL™! penicillin and 100 pg
mL~! streptomycin) at 37 °C in a humidified 5% (v/v)
CO, atmosphere. For comparison to other leukemia cell
lines and determining the influence of BCR-ABL, the
transformed acute myeloid leukemia (AML) cell line
MO07p210 [51] and the CML blast crisis cell lines LAMA-
84 and KCL-22 were analyzed. All cell lines, except for
MO07p210, were obtained from DSMZ. The cells were cul-
tured as described for the K-562 cells.

For experiments, L-929 and HEK293T cells were
seeded at 0.1 or 0.2 x 10° cells mL™!, respectively, in
growth medium (D10) containing 10 mM HEPES for sta-
bility of the pH value and incubated at 37 °C in a humidi-
fied 5% (v/v) CO, atmosphere for 24 h. One hour prior
to transfection, the medium was changed to fresh growth
medium with HEPES. Unless stated otherwise, the K-562
and other leukemia cell lines were seeded at 0.3 x 10°
cells mL™! in growth medium (R10) containing 10 mM
HEPES and incubated at 37 °C in a humidified 5% (v/v)
CO, atmosphere for about 3 h before transfection.

Determination of cytotoxicity

For determination of cytotoxicity of the polymers, two
different methods were used: The PrestoBlue assay
for metabolic activity and the CytoTox-ONE™ assay for
membrane integrity of the cells. The PrestoBlue" assay
was performed with the L-929 cells based on ISO10993-
5. In detail, cells (concentration as indicated above) were
seeded in 100 pL per well in a 96-well plate without using
the outer wells and treated in sextuplicates with poly-
mers at different concentrations, ranging from 5 pg mL™
to 200 pug mL™" for 24 h. The medium was replaced by a
10% (v/v) PrestoBlue™ solution in fresh culture medium,
prepared according to the manufacturer’s instructions.
Following an incubation at 37 °C for 45 min, the fluores-
cence was measured at A, =570 / Ay ;=610 nm. Non-
treated control cells on the same plate were referred to
as 100% viability. Values above 70% were regarded as
non-toxic. To assess the toxicity of polyplexes used for
transfection, K-562 and HEK293T cells were seeded in
500 pL per well in a 24-well plate and treated with the
polyplexes at N*/P 30 for 24 h prior to the PrestoBlue""
assay. The polyplexes were prepared as described above
with isolated pKMyc pDNA and added to the cells dilut-
ing the polyplexes 1:10 in the cell culture medium. Data
are expressed as mean =+ SD of at least three independent
determinations.
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For determination of the release of lactate dehydroge-
nase (LDH) due to membrane disruption, the CytoTox-
ONE"™ assay (LDH-assay) was performed according to
the manufacturer’s instructions following incubation
of the cells with polyplexes as described above in 500
uL per well of a 24-well plate for 24 h. The supernatant
was transferred to a new 96-well plate as a triplicate and
allowed to cool down to room temperature for 30 min.
Subsequently, the substrate mixture including assay
buffer was added and incubated at room temperature
for 10 min. The fluorescence intensity was measured at
Apx=560 nm / Ap,, =590 nm following the addition of
the stop solution. For the positive control (100% LDH
release), cells were incubated with 0.2 % Triton X-100 for
30 min prior to analysis. Cells incubated with only pDNA
were used as negative control (0% LDH-release). The rel-
ative number of viable cells with intact membranes was
calculated as follows (2):

l:Sample —Fo

Viability/% = 100 — 100 (2)

Positive control — FO

Where Fg, 00 For and Fpogigive control FEPresent the fluo-

rescence intensity of a given sample, medium without
cells, and of the Triton X-100 treated cells, respectively.

Transfection efficiency
Transfection studies were performed in HEK293T, K-562
and further leukemia cells. The cells were seeded in 500
uL per well in 24-well plates and treated with polyplexes
at N*/P 30. The polyplexes were prepared as described
above with isolated mEGFP-N1 pDNA and added to
the cells diluting the polyplexes 1:10 in the cell culture
medium for an incubation period of 24 h. For analysis via
flow cytometry, HEK293T cells were harvested by trans-
ferring the supernatant to a 24-well plate, trypsinizing
the cells and resuspending them in the respective super-
natant again. Subsequently, fresh D10 was added, dilut-
ing the cell suspension 1:2. Half of the suspension was
transferred to a 96-well plate for measurement, while the
remaining cells were incubated for another 48 h. K-562
cells were harvested by resuspension and subsequent
transfer of half of the cell suspension to a 96-well plate
for measurement. For long-term transfection (72 h), the
remaining cell suspension was split 1:2 by adding the
same amount of fresh R10 and incubated for further 48 h.
For determination of transfection efficiency, cells
were analyzed as described in the instrumentation sec-
tion (Additional file 1). Viable cells showing EGFP signal
higher than the mock control cells incubated with poly-
plexes of the respective polymer and pKMyc pDNA were
gated as percentage of cells expressing EGFP and the
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relative mean fluorescence intensity (rMFI) of all viable
cells was calculated in relation to the respective mock
control. The experiments were performed at least three
times and data are expressed as mean =+ SD.

Polyplex uptake

To study the uptake of polymers over time in HEK293T
and K-562 cells, the cells were seeded in 500 pL per well
in 24-well plates and treated with polyplexes at N*/P
30 for indicated time periods. The polyplexes were pre-
pared as described above after labelling 1 pg pKMyc
pDNA with 0.027 nmol YOYO-1 iodide. Subsequently,
the polymer-pDNA-solutions were added to the cells,
diluting the polyplexes 1:10 in cell culture medium. Fol-
lowing incubation, the HEK293T cells were harvested
by trypsinization and resuspension in FC-buffer (Hanks’
Balanced Salt Solution, supplemented with 2% FCS and
20 mM HEPES), while the K-562 cells were only resus-
pended. Trypan blue solution (0.4%) was added to a
final concentration of 0.04% to quench fluorescence
of polyplexes outside the cells. Cells were analyzed via
flow cytometry or confocal laser scanning microscopy
(CLSM) as described in the instrumentation section
(Additional file 1). Viable cells showing YOYO-1 signal
higher than the control cells, which were incubated with
YOYO-1-pDNA only, were gated as percentage of cells
that have taken up pDNA and the rMFI of all viable cells
was calculated in relation to the control cells. The experi-
ments were performed at least three times and data are
expressed as mean =+ SD.

Calcein release assay

To determine the endosomal escape efficiency of the
polymers, a calcein release assay was performed with
HEK293T and K-562 cells. The cells were seeded in 500
uL per well in 24-well plates and treated with polyplexes
at N*/P 30. Just before the addition of polyplexes, the
non-cell-permeable dye calcein was added to the cells to
give a final concentration of 25 pug mL ™. Following incu-
bation for different time periods, the cells were washed
via centrifugation at 250xg for 5 min. Prior to the wash-
ing step, the HEK293T cells were harvested by trypsini-
zation and resuspension in FC-buffer, whereas the K-562
cells were only resuspended. Via flow cytometry, cells
were analyzed as described in the instrumentation sec-
tion (Additional file 1). Viable cells showing a calcein sig-
nal higher than the control cells incubated with calcein
only were gated as percentage of cells that show strong
calcein signal and the rMFI of all viable cells was calcu-
lated in relation to the control cells. The experiments
were performed three times.
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Statistics

To determine the statistical significance, repeated meas-
ures analysis of variance (RM-ANOVA) was performed.
If the RM-ANOVA revealed significant differences
(p<0.05), post-hoc analyses with a Bonferroni correction
were applied. If not stated otherwise, statistically signifi-
cant differences to the control were indicated with * for
p<0.05, ** for p<0.01, and with *** for p<0.001. All sta-
tistical analyses were performed with data of n> 3 in Ori-
gin, Version 2018b (OriginLab Corporation, US). Further
details can be found in the Additional file 1.

Results and discussion

Polymer synthesis and micelle formation

Lipoic acid has antioxidant potential and has been stud-
ied for treatment of different diseases. In addition, stud-
ies have shown that lipoic acid exhibits redox properties,
thus, they can be used as a crosslinking agent when
incorporated in micelles or nanoparticles [52]. Two
approaches for incorporating functional groups into pol-
ymers include (i) coupling them to a monomer and (ii)
post-modification of a polymer. In this study, we opted
for the first method due to the advantages for quantifi-
cation and analysis that are provided by this method.
Lipoic  acid-methacrylate  (2-(methacryloyloxy)ethyl
5-(1,2-dithiolan-3-yl)pentanoate, LAMA), was synthe-
sized by a N,N’-dicyclohexylcarbodiimide (DCC)/4-
(dimethylamino)pyridine (DMAP) coupling reaction
(Scheme 1a), which is a well-established method for
esterification reactions [53].
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The polymers were synthesized by RAFT polymeriza-
tion with (4-cyano pentanoic acid)yl ethyl trithiocar-
bonate (CPAETC) as a chain transfer agent (CTA) and
4,4'-azobis(4-cyanovaleric acid) (ACVA) as the initiator.
Firstly, a PDMAEMA homopolymer was synthesized
to serve as a macro-CTA for block copolymer synthe-
sis as well as a control polymer for biological studies
(Scheme 1b). Previous research had demonstrated that
homopolymers of DMAEMA as well as the acrylamide
analogue dimethylamino ethyl acrylamide (DMAEAm)
were less toxic than LPEI but exhibited decreasing viabil-
ity of cells with increasing molar mass [50, 54]. For this
reason, a target degree of polymerization (DP) of 100 was
chosen for the cationic homopolymer and more impor-
tantly, to achieve desired spherical micelles of sizes less
than 100 nm. The macro-CTA was subsequently chain-
extended with LAMA and #BMA to form a block copoly-
mer P(DMAEMA-b-[nBMA-co-LAMA]). nBMA was
chosen because of its biological benefits, i.e. for the inter-
action with cell membranes [55]. While PDMAEMA was
incorporated as the hydrophilic and pH-responsive seg-
ment, the LAMA monomer was statistically integrated
into the hydrophobic block of #BMA. The overall com-
position (hydrophobic to hydrophilic) was optimized to
facilitate the formation of spherical micelles. All polym-
erizations were carried out at 70 °C and stopped after 7 h
to avoid high polydispersity due to dead chain forma-
tion. Monomer conversions were typically in the range of
65 to 70% for the homopolymers and 40 to 80% of the
subsequently extended block (determined via 'H NMR,
Additional file 1: Table S3, Fig. S2). SEC analysis of the
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- DCC/DMAP _ 5 |
O/\/ + HO _— > A \O/ N ™~ 4
S-g/ DCM,0°C-RT, 16h ! ‘
HEMA Lipoic Acid Lipoic acid-methacrylate
(LAMA)
b
ACVA (o] ACVA
M )k _DMAEMA \ S\n/s\/ LAMA, nBMA U }co ) STI/SV
1,4 Dioxane NC | ‘018 THF 101 2: o
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CPAETC P(DMAEMA) P(DMAEMA-b-[nBMA-co-LAMA])
LAMA-mic |

Scheme 1 Synthetic routes. a Synthesis of the LAMA monomer via DCC/DMAP esterification coupling reaction. b A chain transfer agent, CPAETC,

was used to synthesize a macro-CTA, PDMAEMA, via RAFT polymerization. The macro-CTA was then used to synthesize the block copolymer under

same conditions
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polymers showed narrow molar mass distributions (P =
1.17 for PDMAEMA and P = 1.19 for P(DMAEMA-b-
[nBMA-co-LAMA]), Additional file 1: Fig. S1, S3).
Micelles of the diblock copolymers P(DMAEMA, ;-
b-[nBMA ,)-co-LAMA,,]) (LAMA-mic), were formed
by solvent-exchange followed by dialysis in water. DLS
measurements were conducted to determine the hydro-
dynamic size of the formulated micelles (Fig. 1a, Addi-
tional file 1: Table S4). The results showed a monomodal
distribution with an average hydrodynamic radius of 47
nm and a polydispersity index of 0.19. It is worth not-
ing that the size below 100 nm is favorable for endocytic
uptake [56]. Additionally, cryo-TEM measurements were
conducted to investigate the morphology of the parti-
cles (Fig. 1b). The images showed micelles featuring a
spherical morphology with rather homogeneous particle
size distributions (@ 25.4£2.9 nm). The slightly smaller
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size measured by cryo-TEM compared to DLS is com-
mon due to the micellar shell and the hydrodynamic
interactions measured by cryo-TEM showing little or no
contrast.

Polyplex formation and characterization

To investigate whether the targeted micelle, LAMA-mic,
is able to bind genetic material such as pDNA, fluores-
cence-based assays as EBA and HRA were performed
(Fig. 2). The EBA was conducted at different N*/P ratios
(molar ratio of amines of the polymer to phosphates of
the genetic material) with a constant amount of pDNA.
A decrease in the fluorescence signal of the pDNA-EtBr
solution upon addition of the polymers indicated a suc-
cessful formation of polyplexes due to the displacement
of the EtBr from the pDNA. To investigate the stability
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Fig. 1 Morphology of assembled block copolymers. a DLS intensity and correlation plots showing unimodal distribution with an average size
below 100 nm and small PDI. b Cryo-TEM image of the formulated micelles from solvent exchange method showing a homogenous spherical
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of the polyplex, the polyanionic polysaccharide heparin
was added to polyplexes of N*/P 30. Due to its negative
charge, heparin can bind to the cationic moiety, replace
the pDNA and EtBr can thus intercalate again into the
pDNA, resulting in an increasing fluorescence intensity
(FI). All tested polymers were shown to decrease the
relative FI (rFI) in the EBA but to a different extent. The
binding efficiency of the LAMA-mic (42+3% rFI) was
comparable to that of the PDMAEMA homopolymer
(50+£16% rFI) demonstrating that the architecture has
no influence here. However, the EtBr displacement with
the LAMA-mic was not as strong as with LPEI (14+2%
rFI). A gel retardation assay (GRA) indicated a complete
retention of the pDNA in polyplexes at N*/P>10 for
all polymers in contrast to the migration of pure pDNA
(Additional file 1: Fig. S6). Since the increase in EtBr fluo-
rescence intensity is based on an intercalation between
the hydrophobic base pairs of the double helix, [57, 58]
the EtBr displacement in case of the LAMA-mic and
PDMAEMA may be distorted by the presence of more
hydrophobic monomers (for logP values refer to Addi-
tional file 1: Table S6) and uncharged cationic moieties at
pH 7.4, respectively.

Regarding polyplex stability, the influence of the
micellar composition is more pronounced. While LPEI
required only 18 U mL ™! heparin to release 70% of the
pDNA, the LAMA-mic required double and PDMAEMA
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nearly four times the amount of heparin, indicating an
increased stability of the latter against anionic antago-
nists, which was also shown for other micellar systems
[55]. The PDMAEMA-based systems reached plateaus
around 70% rFI. This could be caused by hydrophobic
interactions with the pDNA, e.g. by the hydrophobic
monomers or uncharged DMAEMA moieties at pH 7.4,
which are less influenced by an anionic reagent like hepa-
rin. Overall, the LAMA-mic exhibits strong pDNA bind-
ing properties required for efficient gene carriers.

Cytotoxicity

Since the presence of cationic charges and hydropho-
bic side chains in polymers might be problematic for
cells, [36, 59] the LAMA-mic was investigated regard-
ing its cytotoxic effects in different cell lines. To assess
the metabolic activity of the cells, the PrestoBlue"
assay was performed based on 1SO10993-5 with L-929
cells (Fig. 3a). The cells incubated with LAMA-mic and
the PDMAEMA homopolymer showed less cytotoxic-
ity at higher concentrations than the commercial LPEI
which served as control. At concentrations equal to
N*/P 30, which was later used to investigate the transfec-
tion efficiency, incubation with polymers resulted in cell
viability above 70% in all cases, indicating good viabili-
ties. The metabolic activity was further investigated in
HEK293T and K-562 cells applying polyplexes at N*/P
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Fig. 3 Toxicity of LAMA-mic in different cell lines. a PrestoBlue™ assay in -929 cells following incubation with respective polymers at indicated
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30 (Additional file 1: Fig. S7A). Especially in HEK293T
cells, the LAMA-mic exhibited lower metabolic activity
(57 £8% viable cells), although the cells did not appear
to be dead when observed by light microscopy (Addi-
tional file 1: Fig. S8). Upon treatment with the LAMA-
mic, HEK293T cells exhibited a rounded shape, formed
spheroids, and started to detach. This phenomenon
was observed for other polymers as well, [60] but more
detailed investigations are required to understand the
principle mechanism for this material, which was not the
focus of this study.

To ensure that the decreased metabolic activity was not
caused by a removal of viable yet detached cells during
the washing steps or by the assay reagent not reaching the
center of the HEK293T spheroids, other assays employ-
ing different cytotoxicity mechanisms were performed.
The influence of the polyplexes on the membrane integ-
rity was investigated using the LDH-assay and propid-
ium iodide staining in combination with flow cytometry
(Fig. 3b, Additional file 1: Fig. S7B, C). In both assays, an
entering of the reagent into the cells is not necessary and
the supernatant is measured either pure (LDH-assay) or
together with the single cell suspension by re-addition
after trypsinization (flow cytometry). The LDH-assay is
based on resazurin, measuring the activity of the enzyme
LDH after its release into the medium if the membrane
integrity of the cells was destroyed. In flow cytometry, on
the other hand, dead cells can be identified due to their
changes in shape and granularity in the FSC/SSC plot.
Propidium iodide staining was used as a further identi-
fication of dead cells to adjust the analysis parameters.
HEK293T cells treated with the LAMA-mic exhibited
viabilities above 90% with both methods, LDH-release
and FSC/SSC, whereas K-562 cells showed nearly the
same viability as observed in the PrestoBlue " assay (70 to
80% viable cells). These results indicate that the LAMA-
mic is not or only slightly influencing the membrane
integrity of HEK293T and K-562 cells, respectively, and
that the spheroid formation of the HEK293T cells could
be a result of the LAMA-mic’s influence on the interac-
tion between HEK293T cells and the surface of the culti-
vation vessel rather than of toxic effects.

The impact of the polymers on membranes was inves-
tigated using human erythrocytes in hemolysis (Fig. 3c)
and aggregation assays (Additional file 1: Fig. S9). Fol-
lowing serum removal, the cells were resuspended in
PBS of pH values present in blood/cytoplasm (pH 7.4)
or endosomal compartments (pH 6) and incubated with
the polymers for 1 h, followed by centrifugation and
absorption measurement of the released hemoglobin in
the supernatant. Whereas LPEI and PDMAEMA were
only slightly hemolytic (<4.4% hemoglobin release), the
LAMA-mic showed doubled hemolytic activity at 50 pg
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mL™!, indicating a contribution of the micellar hydro-

phobic core or the locally increased amount of cationic
charges due to micellar architecture to membrane inter-
action. With the exception of LPEI, there was no signifi-
cant influence of pH value on hemolysis (p =0.06).

The observed low toxicity for PDMAEMA is consist-
ent with results of previous studies [54, 61]. However, the
increased membrane interactions of the LAMA-mic are
not too surprising as the integration of hydrophobic moi-
eties (e.g. nBMA) is known for this effect [62, 63].

Transfection efficiency

The gene delivery to suspension cells is for unresolved
reasons less efficient in comparison to adherent cells [8].
Therefore, the transfection efficiency of the polymers was
investigated by treating HEK293T and K-562 cells with
polyplexes of polymers and pDNA encoding for EGFP
at the optimal N*/P ratio 30. Following incubation (24 h
or 24 h with additional 48 h in growth media), cells were
analyzed via flow cytometry regarding the amount of
viable and EGFP-positive cells (Fig. 4a) and the relative
mean fluorescence intensity (rMFI) of all viable single
cells (Additional file 1: Fig. S10).

In both cell lines, the LAMA-mic showed an increased
number of EGFP-positive cells but with peculiar differ-
ences. Whereas in HEK293T cells the transfection effi-
ciency of LAMA-mic and LPEI were comparable after
24 h, the LAMA-mic outperformed LPEI by more than
seven times in K-562 cells (294+12% vs. 2+2% viable
EGFP-positive cells, p<0.001). Interestingly, the trans-
fection efficiency of the LAMA-mic increased almost
twofold in both cell lines following incubation in growth
media for further 48 h, although being only significant
in K-562 cells (p(HEK293T)=0.15, p(K-562)=0.03).
This could indicate a slower, continuous transfection
mechanism (i.e. polyplex uptake and endosomal escape)
for the LAMA-mic, whereas LPEI could reach its maxi-
mum already after 24 h. In contrast, the homopolymer
PDMAEMA showed nearly no transfected cells in both
cell lines (< 2% EGFP-positive cells). This is in accordance
to previous studies of PDMAEMA [54, 61, 64]. Successful
transfections with PDMAEMA could only be observed at
higher molecular weight and/or higher pPDNA concentra-
tion [65, 66].

Since the LAMA-mic results in a remarkably efficient
gene expression in K-562 cells, even without the addition
of transferrin and although these cells are considered to
be difficult to transfect, the following sections will dis-
cuss, which parameter can be responsible for this. One
reason could be the altered metabolism of these cells
due to the generation of the BCR-ABL oncogene encod-
ing for the BCR-ABL fusion protein [67, 68]. Hence,
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the transfection efficiency of the LAMA-mic was inves-
tigated in the additional BCR-ABL positive CML cell
lines LAMA-84 and KCL-22, and in the AML cell line
MO07p210 expressing the fusion protein as well. As shown
in Fig. 4b, none of the cell lines could be transfected with
the same conditions which were successful in K-562
cells. On the contrary, the LAMA-84 and MO07p210
cells showed severe toxicity following incubation with
the LAMA-mic implying that BCR-ABL is not the cru-
cial point for the transfection efficiency of the LAMA-
mic, and that there must be other/additional parameters
whose determination will need more profound inves-
tigations, e.g. regarding the influence of differences in
signaling and metabolism of the cell lines [69] on the
transfection efficiency.

Transfection mechanism of LAMA-mic

For elucidation of the LAMA-mic’s high transfection effi-
ciency in the suspension cell line K-562, two crucial cel-
lular issues of gene delivery, namely, the cellular uptake
and the endosomal release, were studied in more detail.
To assess the polyplex uptake, K-562 and HEK293T
cells were incubated with YOYO-1 labelled polyplexes
at N*/P 30 for different time periods and analyzed via
flow cytometry regarding the amount of YOYO-1 posi-
tive cells (Additional file 1: Fig. S12A) and rMFI of all
viable single cells or via CLSM regarding the intracellu-
lar distribution of the polyplexes (Fig. 5a, b and S15-16).
For CLSM studies, the cells were additionally labeled
with LysoTracker™ Red for endolysosomes and Hoe-
chst 33342 for nuclei. Both cell lines show YOYO-1

positive cells after 1 h already with some of the poly-
plexes located in acidic compartments. It is remark-
able that no significant differences between the polymers
were observed regarding the rMFI in flow cytometry. To
the contrary, the uptake patterns of the cell lines were
found to be different. Only PDMAEMA showed slightly
lower rMFI values in both cell lines. In HEK293T cells,
a time-dependent uptake was found for all polyplexes,
whereas in K-562 cells the uptake reached a constant
level after 4 h. After 1 h and consistent with the CLSM
images, the uptake in K-562 cells was slightly higher
than in HEK293T cells, whereas after 24 h, the uptake
in HEK293T was almost four times as high as in K-562
cells. A low endocytosis rate by suspension cells was
also observed in other studies [20, 70]. This may also be
associated with increased exocytosis, where the uptaken
polyplexes are removed at a rate comparable to the rate
they are taken up. As these results do not correlate to the
observed transfection efficiencies, the observed differ-
ences of cellular uptake are not a critical aspect for the
LAMA-mic in K562 cells.

Moreover, the endosomal escape was investigated
using the calcein release assay. Calcein is a non-mem-
brane-permeable dye taken up by endosomes. If a poly-
mer is able to escape the endosome by attacking the
endosomal membrane, calcein can be released into the
cytoplasm, causing a diffuse fluorescence pattern, which
can be detected via flow cytometry, e.g. in an alteration
in the pattern of the FITC channel (Additional file 1: Fig.
S14). Therefore, the cells were incubated with calcein and
polyplexes at N*/P 30 for different periods of time and
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the treatment were determined with only LAMA-mic showing a significant difference to the control (p <0.001)

were analyzed via flow cytometry (Additional file 1: Fig.
S12B and Fig. 5b). In contrast to the pDNA uptake, the
endosomal release showed almost no dependence on the
cell line but on the polymer used. In both cell lines the
LAMA-mic exhibited a significantly better release of cal-
cein (p <0.01), in particular during the first hours (1-4 h),
indicating the potential of block copolymers for endoso-
mal release also in difficult to transfect cell lines.

Influence of lipoic acid on stability and transfection
efficiency

To investigate the role of lipoic acid for the improved
transfection efficiency of the LAMA-mic in detail, an
additional set of polymers was prepared comprising two
polymers without lipoic acid, PIDMAEMAg,-b-nBMA ;)
and P(DMAEMAy-b-[nBMAg,-co-HEMA,,]) (see Addi-
tional file 1: Table S3). The first resembled an amphiphilic

block copolymer, which lacks the LAMA moiety, while
the second was synthesized to mimic a hydrolyzed and
cleaved lipoic acid from the original LAMA copolymer.
Another version of the LAMA-mic (P(DMAEMAg,-b-
[nBMA,j;-co-LAMA y]) copolymer, LAMA-mic II) was
synthesized for the comparison of all polymers with the
same macro-CTA. The polymeric micelles (BMA-mic,
HEMA-mic and LAMA-mic II) were spherical, unimodal
and similar in size (Additional file 1: Table S4, Fig. S4, S5).

To investigate the influence of lipoic acid on the micelle
stability, the critical micelle concentration (CMC) was
determined using Nile Red encapsulation as a fluores-
cence probe (Additional file 1: Fig. S18) [71]. The results
showed comparable CMC values for all micelles below
the concentrations used for cell experiments (LAMA-
mic II: 29, HEMA-mic: 30, BMA-mic: 26 pg mL™Y) indi-
cating the presence of mainly micelles with comparable
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physicochemical properties during transfection (Addi-
tional file 1: Table S5). Additionally, the polyplex stability
was investigated by DLS following dilution of the respec-
tive polyplexes to concentrations used for transfection
(Additional file 1: Fig. S17, Table S4). Although the sizes
of the micelles hardly changed, the correlation coefficient
of lipoic acid free HEMA- and BMA-mic decreased,
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II polyplexes, indicating a synergistic stabilizing effect of
lipoic acid and the hydrophobic monomers.

With suitable polymers available, HEK293T and K-562
cells were incubated and analyzed as described before
with the corresponding polyplexes at N*/P 15 and 30
(Fig. 6a, b). When comparing the different micelles, the
micelles without lipoic acid were also able to transfect

whereas it remained constant in the case of LAMA-mic HEK293T cells, although to a slightly lesser extent. In

K-562 cells, the transfection efficiency of the LAMA-mic
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polymers at N*/P 30, in respective growth medium (D10 or R10 with 10 mM HEPES) either for 24 h or for 24 h followed by splitting of cells and
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mean=£SD (n=3). b + d HEK293T cells. ¢+ e K-562 cells. Regarding significant differences, the main effects of the treatment were determined
since there was no significant interaction of incubation time and treatment. *: significant difference to LAMA-mic I, N*/P 15 (p < 0.05). **: significant
difference to LAMA-mic I, N*/P 15 (p < 0.01). ***: significant difference to LAMA-mic Il, N*/P 15 (p <0.001)




Richter et al. J Nanobiotechnol (2021) 19:70

II polyplexes at N*/P 15 was significantly higher than
the polyplexes of the other micelles at N*/P 30 (HEMA-
mic: 22+11% points, ppt; p<0.001; BMA-mic: 19+4
ppt, p=0.002) indicating an increase in efficiency by the
incorporation of lipoic acid into micelles. The FSC/SSC
plot of the flow cytometer was used to investigate the
cytotoxicity of the polyplexes at the applied concentra-
tions (Fig. 6¢, d). Whereas the HEK293T cells showed
no viabilities less than 89% in all cases, the K-562 cells
exhibited decreased viability, in particular at N*/P 30
after 24 h (BMA-mic: 64+1%, HEMA-mic: 56+3%,
LAMA-mic II: 58 2% viable cells). Nevertheless, the
K-562 cells could recover as indicated by an increase in
viability to more than 70 % viable cells following splitting
and incubation for further 48 h, which is linked to higher
transfection efficiency at N*/P 15, especially for LAMA-
mic II (black squares in Fig. 6a, b). For HEK293T cells,
however, the increase in efficiency was less pronounced
compared to the K-562 cells.

In summary, all three micelle systems represent prom-
ising candidates for efficient gene delivery to K-562 cells
with the higher transfection efficiency of the LAMA-mic
I indicating a synergistic effect for the lipoic acid and the
architecture.

Conclusions

Since the cells of our immune system and blood are
known to be hard to transfect or modulate, diseases like
CML still suffer problems like drug resistance or poor
treatment response. Polymeric nanocarriers could be a
solution to enhance interaction with blood cells and to
increase the intracellular concentration of active agents.
Therefore, a well-defined lipoic acid containing diblock
copolymer, P(DMAEMA,,-b-[nBMA,,,-co-LAMA,,]),
was synthesized via RAFT polymerization and formu-
lated into defined spherical micelles (LAMA-mic) to
investigate its transfection efficiency of pDNA in dif-
ferent cell lines, including the CML cell line K-562. The
LAMA-mic is able to bind and release the genetic cargo,
caused low toxicity at used concentrations and exhibited
transfection efficiencies comparable to that of the com-
mercial control LPEI in HEK293T cells. Remarkably,
whereas LPEI showed almost no transfection in K-562
suspension cells, the LAMA-mic exhibited an increase in
EGFP-positive cells by more than sevenfold. Compared
to the homopolymer PDMAEMA, the 54-fold increase
in transfection efficiency was even more impressive and
demonstrated the impact of the polymer design and/or
architecture. This transfection efficiency does not seem
to depend on the BCR-ABL fusion protein as a crucial
point, since no other tested CML or AML cell line with
this fusion protein could be transfected. Further mecha-
nistic studies were performed regarding endosomal
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escape and polyplex uptake kinetics, which however
could not be correlated to the performance of the poly-
mers. In contrast to LPEI, the LAMA-mic showed good
endosomal escape in both cell lines, pointing to poten-
tially different escape mechanisms. The polymers did not
show any effect on cellular uptake, although the cell line
itself made a difference.

To investigate the effect of the lipoic acid functionality
on transfection efficiency, two precursor polymers with-
out the LAMA monomer, BMA-mic and HEMA-mic,
were synthesized and formulated into micelles of compa-
rable sizes and CMCs. It was found that the incorpora-
tion of lipoic acid into the core of a hydrophobic-cationic
micelle enhances its gene delivery efficacy, especially in
the difficult-to-transfect K-562 suspension cells. How-
ever, the influence of the architecture in general was
more pronounced, as all micelles showed good efficien-
cies. Therefore, the LAMA-mic represents a promising
nanocarrier system for gene delivery in hard-to-transfect
blood cells.
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ADDITIONAL METHODS

Materials.

2-(Dimethylamino)ethyl methacrylate (DMAEMA) (98%), 2-Hydroxyethyl methacrylate
(HEMA) (99%), n-Butyl methacrylate (nBMA) (99%), N,N’-Dicyclohexylcarbodiimide (DCC)
(99%), 4-(Dimethylamino)pyridine (DMAP) (99%) and Nile Red (98%) were obtained from
Sigma-Aldrich (Germany) and used as received. a,0’-Azoisobutyronitrile (AIBN) was obtained
from Sigma-Aldrich and recrystallized from methanol. (4-cyano pentanoic acid)yl ethyl
trithiocarbonate (CPAETC) and 2-(methacryloyloxy)ethyl 5-(1,2-dithiolan-3-yl)pentanoate

(LAMA) were synthesized according to previous literature.[1, 2]

For biological studies, following substances were ordered from suppliers in brackets: cell culture
media and supplements (Biowest, France), fetal calf serum (FCS, Capricorn Scientific, Germany),
PrestoBlue™ solution, YOYO™-1 iodide (Life Technologies, Thermo Fisher, Germany), trypsin-
EDTA-solution, Triton X-100, 0.4% trypan blue solution and Hanks’ balanced salt solution,
calcein (Sigma-Aldrich), 1% ethidium bromide solution (EtBr, Carl Roth, Germany), heparin
sodium salt from porcine intestinal mucosa (Alfa Aesar), linear poly(ethyleneimine) (LPEI,
My, = 25 kg mol™!) and branched PEI (BPEI, My, = 10 kg mol!, Polysciences, Germany), Green
Gel Loading Buffer and High Range DNA Ladder (Jena Bioscience, Germany). mEGFP-N1 was
a gift from Michael Davidson (Addgene plasmid #54767; http://n2t.net/addgene:54767; RRID:
Addgene 54767). pKMyc was a gift from lan Macara (Addgene plasmid #19400;

http://n2t.net/addgene:19400; RRID: Addgene 19400).



Instruments.

Nuclear magnetic resonance (NMR) spectroscopy. '"H NMR (300 MHz) and DEPT *C (75 MHz)
spectra were recorded on a Bruker AC 300 MHz spectrometer at 300 K. The delay time (d1) was

set at 1 s for 'H NMR and 2 s for DEPT '3C. Chemical shifts (8) are reported in ppm.

Size exclusion chromatography (SEC). SEC was conducted on one of two instruments.
Dimethylacetamide (DMAc)-SEC was conducted using an Agilent 1200 series instrument
equipped with differential refractive index (DRI) and UV/VIS (DAD) detector. The liquid
chromatography system used 1 x PSS GRAM 30 A column (300 x 0.8 mm, 10 pum particle size)
and 1 x PSS GRAM 1000 A column (300 x 0.8 mm, 10 um particle size). The DMAc eluent
contained 0.21 wt.% LiCl as additive. Samples were run at 1 mL min' at 40 °C. Analyte samples
were filtered through a polytetrafluoroethylene (PTFE) membrane with 0.45 um pore size prior to
injection. Poly(methyl methacrylate) (PMMA) narrow standards (PSS) were used to calibrate the
SEC system. The measurements in chloroform were carried out on a Shimadzu system (Shimadzu
Corp., Kyoto, Japan) equipped with a SCL-10A VP system controller, a SIL-10AD VP auto
sampler, a LC-10AD VP pump, a RID-10A RI detector, a CTO-10A VP oven and a PSS
SDVguard/lin S column (5 mm particle size). A mixture of chloroform/iso-propanol/triethylamine
(94/2/4 vol%) was used as an eluent at a flow rate of 1 mL min~! and an oven temperature of 40 °C.
PMMA standards (400-100,000 gmol ') were used to calibrate the system. Experimental M skc
and D (Mw/M,) values of synthesized polymers were determined using PSS WinGPC UniChrom

GPC software.

Flow cytometry. Flow cytometry was conducted on the CytoFlex S by Beckman Coulter GmbH,

Germany. For each experiment, 10* cells per sample were analyzed regarding their viability in the



forward and sideward scatter (FSC/SSC) plot and their fluorescence at Agx =488 with a 525 nm

bandpass filter, since all employed stains (YOYO-1, EGFP, calcein) were green fluorescent.

Microplate reader. Fluorescence intensity measurements for EBA, HRA, PrestoBlue™ and LDH
assays as well as absorption measurements for hemolysis and aggregation assays were performed
on the Infinite M200 PRO microplate reader (Tecan, Germany) with Aex / Aem used as indicated in

the respective method sections and gain set to optimal.

Detailed Monomer/Polymer Synthesis and Characterization.

Synthesis of lipoic acid methacrylate (2-(Methacryloyloxy)ethyl 5-(1,2-dithiolan-3-yl)pentanoate,
LAMA). Lipoic acid (2.77 g, 1.34 x 10 moles), 2-Hydroxyethyl methacrylate (HEMA) (1.66 g,
1.27 x 102 moles) and 4-(Dimethylamino)pyridine (DMAP) (1.02 g, 8.37 x 10~ moles) were
dissolved in Dichloromethane (22 mL) in a round bottom flask and cooled under stirring over ice
for approx. 10 min. N,N’-Dicyclohexylcarbodiimide (DCC) (3.36 g, 1.62 x 10~ moles) dissolved
in Dichloromethane (22 mL) was added dropwise to the mixture. The reaction mixture was cooled
with ice for 30 min and then left at room temperature overnight. The crude mixture was dried under
reduced pressure and then a flash column chromatography was performed to purify the product
(hexane 60: ethyl acetate 40). 'TH NMR (300 MHz, Chloroform-d) & 6.14 (s, 1H), 5.61 (s, 1H), 4.35
(s, 4H), 3.64 — 3.47 (m, 1H), 3.26 — 3.05 (m, 2H), 2.55 — 2.41 (m, 1H), 2.36 (t, J= 7.4 Hz, 2H),
1.98 — 1.83 (m, 4H), 1.78 — 1.58 (m, 4H), 1.56 — 1.41 (m, 2H). '*C NMR (75 MHz, Chloroform-
d) 6 173.16, 167.06, 135.93, 126.00, 62.41, 61.98, 56.28, 40.19, 38.47, 34.57, 33.86, 28.67, 24.60,

18.25.

Typical synthesis of P(DMAEMA) via RAFT polymerization. CPAETC (24.9 mg, 9.47 x 107
moles), DMAEMA (2.25 g, 1.43 x 10”2 moles), 1,4-dioxane (3.0 g), a 1% (w/w) ACVA in 1,4-

dioxane (318,4 mg, 1.1 x 10~ moles) and 1,3,5-trioxane (external NMR standard, 25 mg) were



introduced to a 8 mL microwave vial equipped with a magnetic stirring bar. The vial was sealed,
and the solution deoxygenated by bubbling argon through it for 10 min. The vial was placed in an
oil bath at 70 °C and allowed to stir for 7 h. The polymer was precipitated three times from THF

into cold hexane and dried under reduced pressure to give a yellow solid.

Typical synthesis of P(DMAEMA-b-[nBMA-st-LAMA]) via RAFT polymerization. A portion of the
precursor P(DMAEMA) macro-CTA (347.0 mg, 2.29 x 10 moles), nBMA (557.0 mg, 3.92 x 10
3 moles), LAMA (220.0 mg, 6.88 x 10" moles), THF (4.1 g), a 0.5% (w/w) solution of ACVA in
THF (250 mg, 4.46 x 10 moles) and 1,3,5-trioxane (external NMR standard, 20.0 mg) were
introduced to a 8 mL microwave vial equipped with a magnetic stirring bar. The vial was sealed,
and the solution deoxygenated by bubbling argon through it for 10 min. The vial was placed in an
oil bath at 70 °C and allowed to stir for 7 h. The polymer was precipitated three times from THF

into cold hexane and dried under reduced pressure to give a yellow solid.

Synthesis of P(DMAEMA-b-[nBMA-st-HEMA]) via RAFT polymerization. A portion of the
precursor P(DMAEMA) macro-CTA (200.0 mg, 1.41 x 10 moles), nBMA (339.9 mg, 2.39 x 10
3 moles), HEMA (54.9 mg, 4.22 x 10™* moles), THF (3.68 g), a 1.0% (w/w) solution of ACVA in
THF (105.0 mg, 3.75 x 10 moles) and 1,3,5-trioxane (external NMR standard, 31.0 mg) were
introduced to a 8 mL microwave vial equipped with a magnetic stirring bar. The vial was sealed,
and the solution deoxygenated by bubbling argon through it for 10 min. The vial was placed in an
oil bath set at 70 °C and allowed to stir for 7 h. The polymer was precipitated three times from

THF into cold hexane and dried under reduced pressure to give a pale yellow solid.

Synthesis of P(DMAEMA-b-nBMA) via RAFT polymerization. A portion of the precursor

P(DMAEMA) macro-CTA (200.0 mg, 1.41 x 10™ moles), ZBMA (339.8 mg, 2.39 x 10~ moles),



THF (3.52 g), a 1.0% (w/w) solution of ACVA in THF (94.0 mg, 3.35 x 10" moles) and 1,3,5-
trioxane (external NMR standard, 28.0 mg) were introduced to a 8 mL microwave vial equipped
with a magnetic stirring bar. The vial was sealed, and the solution deoxygenated by bubbling argon
through it for 10 min. The vial was placed in an oil bath set at 70 °C and allowed to stir for 7 h.
The polymer was precipitated three times from THF into cold hexane and dried under reduced

pressure to give a pale yellow solid.

Calculations for RAFT Polymerization.

Monomer conversion (p) was calculated from '"H NMR data by comparing the integrals of vinyl
peaks (5.5-6.3 ppm) against an external reference (1,3,5-trioxane, 5.14 ppm) before (¢ = 0) and
after (¢ = final) polymerization. The theoretical number-average molar mass (Mnm) was then

calculated using equation 3a and b for PDMAEMA and P(DMAEMA-b-[nBMA-st-LAMAY])

respectively:
g\ _
My in (@) = (MWppagma * DP xp) + Mwepy ... (3a)
My (-2) = (Mwyapia * DP %) + (MWngaga * DP 5 D) + MWngcrocra - (3b)

Where DP is the target degree of polymerization of each monomer and, Mwpmaema, MwuBMmAa,
Mwnma, Mwcera and MWmacrocTa are the molecular weight of the monomers, CTA and macro-CTA
(PDMAEMA), respectively, and p is the monomer conversion of each monomer. Note: same

formula was used for control polymers by substituting variables.



Table S1. Amount of different substances used for polymerization of polymers.

P(DMAEMA- P(DMAEMA. | P(OMAEMA- | P(OMAEMA-
PDMAEMA b-[nBMA-st- PDMAEMA b-nBMA) b-[nBMA-st- b-[nBMA-st-
LAMAY) LAMAY) HEMAJ)
Monomer DMAEMA I;%i/[/[i’ DMAEMA nBMA I;1ABII\\A/[2’ I:gll\\/[/[i’
DPtarget 150 200 150 170 200 200
mera added (mg) 50 250.0 50 200 200 200
ncra added (moles) 1.90 x 104 1.65 x 107 1.9 x 10+ 1.44 x 1073 1.14 x 107 1.14 x 107
Mmonomer added (mg) 4483 557.7 4483 340 474.2 394.8
Nmonomer added (moles) 2.85 x 1072 3.31 x 1073 2.85 x 1072 2.39 x 1073 2.81 x 1073 2.81 x 1073
macva added (mg) 426 1.24 426 0.89 1.05 1.05
nacva added (moles) 1.5 %1073 4.4 x10° 1.5x10° 3.19 x 106 1.41 x 10°¢ 3.75 x 10°°
Dioxane added (uL) 2361 4583 2470 3500 4060 4140
CPAETC/ACVA 12.5 3.8 12.5 4.41 3.75 13.7
T (°C) 70 70 70 70 70 70
Time (min) 420 420 420 420 420 420

From left to right, each PDMAEMA was a precursor of the subsequent block copolymer/s.

Critical Micelle Concentration.

Critical micelle concentrations (CMC) were determined by fluorescence measurements at 25 °C
with a Tecan Infinite M200 PRO microplate reader, using Nile Red as the fluorescence dye. A
bulk solution of each polymer with concentrations ranging from 3.8-4.6 mg mL™!' were prepared
and a solution of Nile Red in THF, 3.14 x 10* M (0.01 mg mL"). Sample concentrations ranging
from 1.0 mg mL™"! to 0.001 mg mL™! of polymer were prepared in a vial by diluting the stock
solutions, followed by a solution of Nile Red (0.01 mg mL™) and incubated for 4 h at room
temperature under reduced pressure. Then 100 pL of each sample was transferred to a 96-well
plate and equilibrated at each temperature for 30 min. The fluorescence was measured in 96-well
plates using an excitation wavelength of 535 nm. The fluorescence emission spectra were
measured from 400 to 600 nm in 2 nm steps. For CMC determination the maximum of each

fluorescence emission spectra was plotted versus the micelle concentration for each sample,



respectively. The CMC was determined as the intersection point in the plot of the maximum

fluorescence emission versus the micelle concentration.

Dynamic Light Scattering (DLS) Measurements.

The hydrodynamic diameters of the nanoassemblies were monitored by DLS using a Zetasizer
Nano ZS (Malvern Instruments, Germany) with a He—Ne laser operating at a wavelength of 633
nm. Each sample was measured in triplicates at 25 °C with measurement duration set to automatic
(about 10 min) after an equilibration time of 120 s. The counts were detected at an angle of 173°.
The mean particle size was approximated as the effective (z-average) diameter and the width of
the distribution as the polydispersity index of the particles (PDI) obtained by the cumulants method
assuming a spherical shape. Data are expressed as mean + SD of three technical repetitions. Each
micelle suspension was measured after filtration (0.20 pm polytetrafluoroethylene (PTFE)
membrane) except for P(DMAEMAI¢1-b-[nBMA124-st-LAMA2]). Filtered bulk polymer

solutions were stored at room temperature (RT).

The size (hydrodynamic diameter) of the polyplexes was measured following polyplex preparation
at N*/P 30 in 100 uLL HBG buffer as described in the manuscript. Each sample was measured in
triplicates with three runs of 30 s at 25 °C after an equilibration time of 30 s. Data are expressed

as mean of three technical replicates.

N*/P Ratio Calculations.

The N*/P ratio was defined as the ratio of the total amount of protonatable amines in polymer

solution in relation to the total amount of phosphates in the pDNA solution.

The volume of polymer needed to prepare polyplexes with 15 ug mL™! pDNA at different N*/P

ratios was calculated as described by the following equations:



Vv Vtotal P
poly N
poly
B nppna - P
Vpoly - Vtotal ‘N
poly
MypNA * P Mpoly
Vpoly Vtotal N-M
poly pDNA

Where Viotal, P, Vpoly and Npoly are the total required volume, the total number of phosphates of the
pDNA, the required volume of polymer and the total number of active amines of the polymer,

respectively.

Heparin dissociation assay.

Table S2. Kinetic cycle protocol for automated heparin addition by the microplate reader

Kinetic Repetitions Addition of heparin Orbital Incubation Measurement
cycle shake
V/uL  Stock Solution /
U mL!
1 2 5 100 10s 10 min, 37°C  Agx =525 nm / Agm = 605 nm
2 1 15 100 10s 10 min, 37°C  Aex = 525 nm/ Aem = 605 nm
3 3 5 500 10s 10 min, 37°C  Agx =525 nm / Agm = 605 nm
4 1 10 500 10s 10 min, 37°C  Aex = 525 nm/ Aem = 605 nm

The heparin concentration needed to release 70% of pDNA was calculated with OriginPro, Version
2018b (OriginLab Corporation, US) using a logistic function fitted to the respective single

measurement points (n = 3) of each polymer (4).

Ar-Ay
1+(x/x()P

+A, (4)

Where A1, Az, xo and p are the initial value, the final value, the center and the power of the curve,
respectively. The HC7o-values (y = 70) were calculated by substitution of the respective values

into the equation.

10



Gel Retardation Assay (GRA).
The complex formation of the polymers with pDNA was further investigated with the GRA.

Briefly, polyplexes were formed at varying N*/P ratios as described in the respective section.
Following the 15 min incubation, the samples were diluted 1:6 with Green Gel Loading Buffer
and run on a 1% (w/v) agarose gel containing 0.1 pg mL™! ethidium bromide (EtBr) at 80 V for

1 h. The gel was images using the Red™ Imaging System (Alpha Innotech, Kasendorf, Germany).

Erythrocyte Aggregation and Hemolysis.

The interaction of polymers with cellular membranes was examined by analyzing the release of
hemoglobin from erythrocytes as published before.[3, 4] Blood from human donors, collected in
tubes with citrate, was obtained from the Department of Transfusion Medicine of the University
Hospital, Jena. The blood was centrifuged without pooling at 4,500 x g for 5 min, and the pellet
was washed three times with cold phosphate buffered saline (PBS, pH 7.4). Following a 10 times
dilution with PBS (either pH 7.4 or pH 6.0), 500 nL aliquots of erythrocyte suspension were mixed
1:1 with the polymer solutions, which were prepared with PBS pH 7.4 or pH 6.0, and incubated at
37 °C for 60 min. After centrifugation at 2,400 x g for 5 min, the supernatant was transferred to a
clear flat bottomed 96-well plate (VWR, Germany) and the hemoglobin release was determined as
the hemoglobin absorption at A= 544 nm. Absorption at A=630nm was used as reference.
Complete hemolysis (100 %) was achieved using 1 % Triton X-100 as positive control. Pure PBS
was used as negative control (0 % hemolysis). The hemolytic activity of the polycations was

calculated as follows (5):

(Asample_ ANegative control) - 100 (5)

Hemolysis / % =

(Apositive control_ANegative control)

11



Where Asample, ANegative control and Apositive control are the absorption values of a given sample, the PBS
treatment and the Triton X-100 treatment, respectively. A value less than 2% hemolysis rate was

classified as non-hemolytic, 2 to 5% as slightly hemolytic and values > 5% as hemolytic.

To determine the cell aggregation, erythrocytes were isolated as described above. Subsequently,
100 pL of the erythrocyte-polymer suspension were transferred to a clear flat bottomed 96-well
plate (VWR, Germany). The cells were incubated at 37 °C for 2 h, and the absorbance was
measured at A = 645 nm. Cells treated with PBS served as negative control and cells treated with
50 ug mL™! 10 kDa bPEI were used as positive control. Aggregation potential of the polymers was

calculated as follows (6):

. A i
Aggregatlon _ “Negative control (6)

ASample

Where Asample and Anegative control are the absorption values of a given sample and the PBS treatment,
respectively. Experiments were run in technical triplicates and were performed with blood from

three different blood donors.

Polyplex Uptake with CLSM and Image Processing.

For uptake studies via confocal laser scanning microscopy (CLSM), cells were seeded and treated
as described for flow cytometry analysis, but in glass-bottomed dishes (CellView cell culture
dishes with four compartments, Greiner Bio-One) and analyzed following incubation with
polyplexes containing YOYO-1 labeled pDNA (0.027 nmol per 1 ug pDNA) and indicated
polymers for 1 h. To image intracellular distribution in living cells, Hoechst 33342 was added for
5 min to stain cell nuclei. To stain acidic compartments inside the cells, 50 nM LysoTracker™
Red (LTR) were added for 5 min. Prior to imaging, trypan blue was added to a final concentration

0f 0.04% to quench fluorescence of YOYO-1 outside the cells. Live cell imaging was performed

12



using a LSM880, Elyra PS.1 system (Zeiss, Germany) applying the argon laser for excitation at
488 nm (2%) and 405 nm (0.5%), emission filters for 410-479 nm (Hoechst) and 508-553 nm
(YOYO-1) with a gain of 700, respectively. LTR was excited at 561 nm and detected with an
emission filter for 589-690 nm and a gain of 650. To avoid cross talk between the different
channels, Hoechst and LTR were imaged simultaneously in one track and YOYO-1 in a second
track. For fast imaging, the tracks were switched in every line of the image. The images were
acquired as z-stacks of 6 slices around the center of the cells (in total 7 um for HEK293T and 15
pum for K-562 cells) to image also polyplexes not present in the center of the cells. For
magnification, a 40 x 1.4 NA plan apochromat oil objective was applied. Images were acquired
using the ZEN software, version 2.3 SP1 (Zeiss, Germany). The experiments were performed at
least twice. All images were processed in batch mode using ImageJ, version 1.52.% At first, the 3D
data of the images were turned into 2D images via maximum intensity projection of all 6 slices.
Subsequently, the lower and upper limits of the grey values were adjusted for each channel to

enhance the contrast of the images. Same values were applied to all images within one cell line.
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FURTHER RESULTS

Characterization of Polymers.
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Figure S1. Characterization of PDMAEMA 101 and PDMAEMAgs.
Conversion from 'H NMR, molar masses determined by (A) (CHCI3/IPA/NEts;) SEC traces—
PMMA calibration and (B) (DMAc + 0.21 % LiCl) SEC traces— PMMA calibration.
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Figure S3. Kinetic results.

(A) P(DMAEMA 01-b-[nBMA 120-st-LAMA2]), (B) P(DMAEMAso-b-nBMAgs)  (C)
P(DMAEMAso-b-[nBMA 101-s--LAMA9]), (D)  P(DMAEMAso-b-[1BMAo,-st-HEMA 7]).
Conversion from 'H NMR, molar masses determined by (CHCI3/IPA/NEt3) SEC traces-PMMA
calibration (A) and SEC-9: DMAc + 0.21 % LiCl — PMMA calibration (B-D).
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Table S3. Summary of polymer characterization.

Polymer-ID [a] M, ., [b] M, opc lcl D [c]
kg mol”’
PDMAEMA 01 16.1 13.8 1.17
P(DMAEMA 101-b-[nBMA 120-co-LAMA22]) 39.2 30.0 1.19
PDMAEMAs9 142 14.0 1.15
P(DMAEMAss-b-1BMAss) 23.9 21.0 1.18
P(DMAEMAGg9-b-[nBMAogz-co-HEMA 17]) 29.6 24.7 1.26
P(DMAEMAGs9-b-[nBMA 101-co-LAMA 19]) 34.7 23.1 1.32
[a] Degree of Polymerization was determined via '"H NMR.
[b] Determined using equation 6 of the ESI.
[c] Determined via CHCI3-SEC and DMAc-SEC with PMMA standards.
Table S4. Summary of micelle characterization.
Micelle Polyplex
Stock-solution 370-540 pg mL™! 370-540 pg mL™! 37-54 pg mL!
Code Size [a] PDI [b] Size [a] PDI [b] CMC [¢] Size [a] PDI [b] Size [a] PDI [b]
nm nm pg mL! nm nm
LAMA-mic 46.6 0.19 53.4 0.15 - - - - -
BMA-mic 19.5 0.25 46.6 0.10 26 56.8 0.21 73.4 0.38
HEMA-mic 21.7 0.19 51.3 0.08 30 54.1 0.10 63.3 0.26
LAMA-mic II 24.2 0.23 54.2 0.12 29 61.1 0.14 62.4 0.26

[a] Determination of the size as the hydrodynamic diameter via DLS (concentrations see Table S3).

[b] Determined via DLS (concentrations see Table S3).
[c] Determined using Nile Red encapsulation as fluorescence probe.
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DLS Measurement of Micelles.
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Figure S4. DLS measurements of the micelles.

(A) LAMA-mic, (B) BMA-mic, (C) LAMA-mic II and (D) HEMA-mic; stock solutions.
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Original Cryo-TEM images

A

Figure SS. Original cryo-TEM images of micelles.
(A) LAMA-mic, (B) BMA-mic, (C) LAMA-mic II, (D) HEMA-mic.
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Further Biological Results.
Table S5. Polymer concentrations in different assays.

Amount of lipoic acid on

Stock solutions EBA/HRA, DLS Cell—based assays cells

pgmL"! pgmL"! pgmL"! UM
- N*P15  N¥P30  N¥P15  N¥P30  N*¥P15  N¥*P30

pDNA - 15 15 1.5 1.5 - -
LPEI 1000 30 59 3.0 59 - -
PDMAEMA 10000 111 221 11.1 22.1 - -
LAMA-mic 2100 275 549 275 549 14.8 295
PDMAEMA II 10000 111 221 11.1 22.1 - -
BMA-mic 4940 189 371 18.9 37.1 - -
HEMA-mic 4600 228 455 22.8 455 - -
LAMA-mic II 4580 269 538 26.9 53.8 14.8 295
LPEI PDMAEMA LAMA-mic

S0P RESE 0SS0 P e 5 01.0::300D L

—

Figure S6. Gel retardation assay.
The agarose gel was loaded with polyplexes prepared as described before. L: High Range DNA
Ladder, P: only Polymer at concentrations equal to N*/P 30, numbers indicate the respective N*/P

ratios, D: pDNA in HBG buffer at the same concentration used for polyplexes.
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Table S6. Computational analysis of monomer hydrophobicity by Molinspiration.

EI DMAEMA nBMA LAMA
~ (o] 0. o 5
Structure HN/ ) \N/\/ j_(J\ N e % )\g/ \/\OJV\AE)
| o 5
MW 45.09 157.21 142.20 318.46
logP1 0.1 14 2.81 343

!The logP values were calculated using the Molinspiration Property Calculation Service of the
Molinspiration Cheminformatics website (https://www.molinspiration.com/cgi-bin/properties).
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Figure S7. Cytotoxicity of polymers in HEK293T and K-562 cells.

(A) Metabolic activity using the PrestoBlue™ assay following incubation of cells with polyplexes
of indicated polymers and pDNA at N*/P 30 for 24 h. Values represent mean + SD of n = 3. (B)
Membrane integrity using propidium iodide (PI) staining and flow cytometry following incubation
of cells with polyplexes of indicated polymers and pDNA at N*/P 30 for 24 h. Viability was
calculated as the difference of 100 and the percentage of PI positive cells gated in the ECD-
channel. Values represent mean + SD of n > 1. (C) Viable cells according to appearance of cells

in FSC/SSC plot of flow cytometry. Values represent mean + SD ofn > 1.
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LAMA-mic |

Figure S8. Spheroid formation in different cell lines.
Cells were incubated with polyplexes and pDNA at N*/P 30 for 24 h. Images were acquired via

light microscopy.

|Aggregation [l pH 747477 pH 6.0

PBS relative to sample

25 50 25 50
PDMAEMA LAMA-mic
Polymer concentration / uyg mL™'

Figure S9. Interaction of polymers with erythrocyte membranes.

Human erythrocytes were washed and incubated with polymers at different concentrations in PBS
of different pH values present in blood/cytoplasm (pH 7.4) or endosomal compartments (pH 6).
Aggregation of indicated polymers was measured as light absorption by erythrocytes. Values are
calculated as the negative control (PBS value) relative to the sample value and represent mean =+

SD (n = 3).
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Figure S10. Transfection efficiency of LAMA-mic in different cell lines.

EGFP expression of viable cells was analyzed via flow cytometry following incubation of cells
with polyplexes of mEGFP-N1 pDNA and polymers at N*/P 30 in respective growth medium
(D10 or R10 with 10 mM HEPES) either for 24 h or for 24 h, splitting the cell suspension 1:2 and
further incubation for 48 h. Values represent mean + SD of rMFI values of viable, single cells (n

>3).
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Figure S11. Gating strategy for pPDNA transfection using the example of 24 h incubation.
Viable single cells were gated in FSC/SSC and FSC-A/FSC-H dot plots (A,B). Subsequently cells

with EGFP fluorescence were discriminated by gating to the respective pKMyc control.
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Figure S12. Investigation of the gene delivery process.

HEK293T K-562

Incubation time / h

(A) Cellular internalization of LAMA-mic polyplexes in different cell lines. Cells were incubated

with polyplexes of polymers and YOYO-1-labeled pDNA at N*/P 30 and analyzed via flow

cytometry. Cells incubated with labeled pDNA served as control. Values represent mean + SD of

% cells showing YOYO-1 fluorescence higher than the control (n = 3). (B) Endosomal escape of

LAMA-mic polyplexes detected by the non-permeable dye calcein and analyzed via flow

cytometry. Values represent mean = SD of % cells showing higher fluorescence intensity than the

calcein control (n = 3).
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Figure S13. Gating strategy for polyplex uptake using the example of 4 h incubation.
Viable single cells were gated in FSC/SSC and FSC-A/FSC-H dot plots (A,B). Subsequently cells
with YOYO-1 fluorescence were discriminated by gating to the pPDNA-YOYO-1 control of the

respective incubation time.
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Figure S14. Gating strategy for calcein release using the example of the 4 h incubation.
Viable single cells were gated in FSC/SSC and FSC-A/FSC-H dot plots (A,B). Subsequently cells
with calcein fluorescence higher than the control were discriminated by gating to the calcein

control of the respective incubation time.
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Figure S15. CLSM study of polyplex uptake in K-562 cells.

K-562 cells were incubated with polyplexes of YOYO-1-labeled pDNA and polymers at N*/P 30
in growth medium (R10 with 10 mM HEPES) for 1 h. Endolysosomes were stained with
LysoTracker™ Red (red), Nuclei were stained with Hoechst 33342 (blue) and YOYO-1

fluorescence (green) was quenched with trypan blue.
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Figure S16. CLSM study of polyplex uptake in HEKT293T cells.

HEK293T cells were incubated with polyplexes of YOYO-1-labeled pDNA and polymers at N*/P
30 in growth medium (D10 with 10 mM HEPES) for 1 h. Endolysosomes were stained with
LysoTracker™ Red (red), nuclei were stained with Hoechst 33342 (blue) and YOYO-1

fluorescence (green) was quenched with trypan blue.
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ABSTRACT

Cationic polymers are promising gene delivery vectors due to their ability to bind and protect genetic material.
The introduction of hydrophobic moieties into cationic polymers can further improve the vector efficiency, but
common formulations of hydrophobic polymers involve harsh conditions such as organic solvents, impairing
intactness and loading efficiency of the genetic material. In this study, a mild, aqueous formulation method for
the encapsulation of high amounts of genetic material is presented. A well-defined pH-responsive hydrophobic
copolymer, i.e. poly((n-butylmethacrylate)-co-(methylmethacrylate)-co-(2-(dimethylamino) ethylmethacrylate)),
(PBMD) was synthesized by reversible addition fragmentation chain transfer (RAFT) polymerization. Exploiting
the pH-dependent solubility behavior of the polymer, stable pDNA loaded nanoparticles were prepared and
characterized using analytical ultracentrifugation (AUC), cryo-transmission electron microscopy (cryo-TEM) and
dynamic light scattering (DLS). This novel formulation approach showed high transfection efficiencies in
HEK293T cells, while requiring 5- to 10-fold less pDNA compared to linear polyethylenimine (LPEI), in particular
at short incubation times and in serum-containing media. Furthermore, the formulation was successfully adopted
for siRNA and mRNA encapsulation and the commercially approved polymer Eudragit® E(PO/100). Overall, the
aqueous formulation approach, accompanied by a tailor-made hydrophobic polymer and detailed physico-
chemical and application studies, led to improved gene delivery vectors with high potential for further

applications.

1. Introduction

In the past years, it has been shown that several human diseases have
a genetic origin and result in symptoms caused by a malfunction in the
protein expression. Such malfunctions may be mitigated by the intro-
duction of genetic material into affected cells (Dunbar et al., 2018; Pack
et al., 2005). Furthermore, the introduction of nucleic acids such as
pDNA and mRNA encoding for antigens is a promising approach for
vaccination against infectious diseases and in tumor immunotherapies
(Ginn et al., 2018; Hobernik and Bros, 2018; Lopes et al., 2019). Nucleic
acids are easily degraded by ubiquitously present nucleases, and their
negative net charge also hampers their ability to cross cellular mem-
branes. Therefore, a suitable delivery system is required (Abdelhady
et al., 2003; Yin et al., 2014). To date, mostly viral vectors have entered
clinical trials for evaluation due to their natural ability to infect cells and

their high delivery efficiency. However, viral vectors are potentially
immunogenic and pathogenic, encapsulate only a limited quantity of
genetic material per vector, and can be costly to produce (Lundstrom,
2018; Shirley et al., 2020).

Polymer-based, synthetic systems represent a promising area of
research to bypass the above-mentioned obstacles. The versatility in
architecture, design, and functionalization of cationic polymers offers
numerous possibilities to tune the interaction with genetic material,
ultimately controlling the size, charge distribution, and stability of the
polymer-DNA complexes under physiological conditions (Wong et al.,
2007). Additionally, polymers possess the ability to protect negatively
charged genetic material from degradation and can facilitate cellular
uptake (Bloomfield, 1997). The cationic moieties further contribute to
passing intracellular barriers such as the endosomal membrane to avoid
lysosomal degradation and to release the intact genetic material at its
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desired site of action (Laechelt and Wagner, 2015; Pack et al., 2005).
The introduction of hydrophobic moieties into cationic polymers has
been found to be beneficial for delivery systems in vitro and in vivo as this
facilitates association and interaction with the lipophilic cell membrane
surfaces, thus, promoting cellular uptake and subsequent release from
the endosomes (Adolph et al., 2014; Convertine et al., 2009; Incani et al.,
2010; Liu et al., 2010; Wakefield et al., 2005). Furthermore, hydro-
phobicity can induce assembly of polymers in polar environments,
improving the complex stability through hydrophobic interactions,
particularly under physiological conditions in the presence of proteins
and salts (Adolph et al., 2014; Eltoukhy et al., 2013; Rinkenauer et al.,
2015a). Optimization of these effects can be facilitated through con-
trolling the hydrophilic-hydrophobic balance within the polymer over
the entire physiologically relevant pH range by fine-tuning the combi-
nation of cationic pH-responsive and hydrophobic groups (Convertine
et al., 2009). The hydrophobic character of the polymers can be intro-
duced in a number of ways, such as functionalization of the cationic
polymer with lipophilic moieties such as acetyl groups, lipids, and
cholesterol, (Forrest et al., 2004; Han et al., 2001; Schroeder et al.,
2012) by the choice of the polymer backbone chemistry, (e.g., norbo-
nenes, methacrylates, acrylates), (Breitenkamp and Emrick, 2008; Rin-
kenauer et al., 2015b; Smith et al., 2007; van de Wetering et al., 1999) or
by introducing monomers in the polymer architecture with hydrophobic
side chains such as alkanes, fluorinated, synthetic, or natural aromatic
systems (Adolph et al., 2014; Buerkli et al., 2014; Cokca et al., 2020;
Eltoukhy et al., 2013; Nelson et al., 2013; Shen et al., 2020; Tan et al.,
2018; Wakefield et al., 2005). It was shown that hydrophobic modifi-
cations of e.g., poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA)
led to enhancing effects on the gene delivery efficiency (Cheng et al.,
2012; Convertine et al., 2009; Manganiello et al., 2012; Nelson et al.,
2013). However, most studies were conducted with water-soluble
polymers enabling complexation of genetic material in aqueous media.
In this case, solubility was maintained by limiting the number of the
hydrophobic groups incorporated into the polymer or by designing
amphiphilic block copolymers that self-assemble into larger structures
in solution (e.g, micelles). However, by a further increase in hydro-
phobicity, not only water solubility of the polymers is reduced, but also
the encapsulation of the genetic material becomes more challenging due
to the hydrophilic character of the nucleic acids. Therefore, the formu-
lation method should be carefully designed to ensure sufficient
complexation or encapsulation of the genetic material.

Common methods applied for formulation of nanoparticles from
water-insoluble, hydrophobic polymers are the emulsion/solvent evap-
oration and the nanoprecipitation techniques. These methods are
applicable to a wide variety of polymers and cargos, and allow to tune
nanoparticle size and dispersity (Perevyazko et al., 2012; Yildirim et al.,
2015). Genetic material can be encapsulated via different approaches: (i)
pre-complexation with cationic polymers followed by encapsulation via
emulsion techniques (Press et al., 2014); (ii) addition of the genetic
material during the formulation (Cohen et al., 2000; Niu et al., 2009),
(iii) complexation to the surface of preformulated cationic particles by
electrostatic interactions (Bivas-Benita et al., 2004; Jain et al., 2015), or
(iv) complexation of genetic material to the surface of particles coated
with cationic surfactants or polymers (Fay et al., 2010). The emulsion
method requires the application of ultrasonication or high-speed ho-
mogenization, exposing the genetic material to harsh conditions during
the formulation process, potentially impairing its integrity and, there-
fore, its functionality (Lengsfeld and Anchordoquy, 2002). Subsequent
addition of genetic material to preformulated nanoparticles is a possi-
bility to avoid exposure to such harsh conditions. However, limitation of
PDNA complexation to the nanoparticle surface potentially leads to
reduced encapsulation/binding efficiencies compared to encapsulation
within the nanoparticle. In comparison to the emulsion technique,
nanoprecipitation is a relatively simple and mild method, which does
not expose genetic material to high shear forces or temperatures during
formulation. It also allows the encapsulation of genetic material during
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the formulation process. However, the typical use of organic solvents,
which potentially induce cytotoxicity and other adverse effects in bio-
logical systems, requires extensive post-formulation purification pro-
cedures (evaporation or dialysis) before they can be used as a
therapeutic agent (Brayton, 1986; Jamalzadeh et al., 2016).

A well-known example for a hydrophobic cationic polymer used for
nanoparticle formulation by the emulsion or nanoprecipitation tech-
nique is the commercial polymer Eudragit® E(PO/100) composed of a
pH-responsive  cationic ~ 2-(dimethylamino)ethyl = methacrylate
(DMAEMA) unit copolymerized with n-butyl methacrylate (nBMA) and
methyl methacrylate (MMA) as hydrophobic moieties in a typical mass
ratio of 2:1:1. This copolymer was approved by the Food and Drug
Administration (FDA) and European Medicines Agency (EMA) as a
coating material for orally administered drugs and has been used for
nanoparticular encapsulation and binding of several drugs (e.g., curcu-
min, genistein, efavirenz) (Hari et al., 2016; Moorthi et al., 2013; Tang
et al., 2011) including genetic material. In a study by Lehr and col-
leagues, Eudragit® E(PO/100) nanoparticles formulated by the emul-
sion technique were used to bind siRNA and were shown to induce
knock-down of the BfL1/A1 gene in macrophages (Jain et al., 2015).
Another approach by Singh and coworkers used nanoparticles composed
of Eudragit® E(PO/100) and PLGA coated with the cationic surfactant
cetyltrimethylammonium bromide (CTAB) to transport IL-10 encoding
PDNA in vivo (Basarkar and Singh, 2009). Both studies demonstrated the
potential of the Eudragit® E(PO/100) polymer for efficient gene de-
livery, but were limited to organic solvent-based formulation methods
or surface binding of the genetic material.

The aim of this study was to fully exploit the potential of cationic
hydrophobic polymers and to develop a new “green” and organic
solvent-free formulation technique that allows the encapsulation of ge-
netic material without the associated cytotoxic effects potentially
imposed by the use of organic solvents. Reversible addition fragmenta-
tion chain transfer (RAFT) polymerization was used to synthesize a well-
defined statistical copolymer P(nBMA-co-MMA-co-DMAEMA) (PBMD)
with a monomer composition comparable to the Eudragit® E(PO/100)
polymer. Firstly, the PBMD polymer was tested for pDNA binding and
release capability in the physiologically relevant pH range (lysosomal to
blood pH, pH 5 to pH 7.4). Subsequently, the PBMD polymer was used
for encapsulation of pDNA by applying an organic solvent-free, pH-
driven formulation technique. The formulated pDNA-polymer com-
plexes (PBMDagu(pDNA)) were then characterized by dynamic light
scattering (DLS), cryo-transmission electron microscopy (cryo-TEM),
and analytical ultracentrifugation (AUC). The transfection efficiency
was compared to nanoparticles manufactured by the common nano-
precipitation method with surface-bound pDNA. The PBMDjqu(pDNA)
complexes were further optimized for transfection efficiency in
HEK293T cells. The optimized formulation and transfection conditions
were then also applied to the commercially available polymer Eudragit®
E(PO/100), and compared to other commercially-available and
polymer-based transfection agents such as LPEI and Viromer® RED.
Furthermore, the new formulation technique was successfully imple-
mented for the complexation and transfection of siRNA and mRNA, thus
demonstrating the broad application potential of the polymer and
formulation method developed here.

2. Materials and methods

Materials and further methods can be found in the supporting in-
formation (SI).

2.1. Synthesis of P(nBMA-co-MMA-co-DMAEMA) (PBMD) via RAFT
polymerization

(4-cyanopentanoic acid)ylethyl trithiocarbonate (CPAETC) (130.7
mg, 4.96 x 10~* mol), nBMA (3.5 g, 2.48 x 1072 mol), MMA (2.5 g,
2.52 x 10~2 mol), DMAEMA (7.8 g, 4.97 x 102 mol), 1,4-dioxane (6.2
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g), a 1.0% (w/w) solution of 4,4-azobis(4-cyanovaleric acid) (ACVA) in
1,4-dioxane (1.4 g, 14.4 mg ACVA, 5.12 x 107> mol) and 1,3,5-trioxane
(external NMR standard, 23.7 mg) were introduced to a 20 mL micro-
wave vial equipped with a magnetic stirring bar. The vial was sealed,
and the solution deoxygenated by bubbling argon through it for approx.
10 min. The vial was placed in an oil bath set at 70 °C and allowed to stir
for 21 h, with samples taken for 'H NMR and size exclusion chroma-
tography in DMAc (DMAc-SEC) at designated times. The polymer was
precipitated three times from THF into cold hexane and dried under
reduced pressure to give a yellow solid. DMAc-SEC: My sgc = 25.1 kg
mol™!, p=1.13.

2.2. Acid-base titration

Titration of the polymers was conducted using a Metrohm OMNIS
integrated titration system (Metrohm, Herisau, Switzerland). For a
typical measurement, the polymer was dissolved in 150 mM NacCl (in
0.02 M HCD) at 5 mg mL L. 9 mL of this solution was taken, and 1 M HCl
(50 pL) was added to give an acidic solution (pH < 2). The polymers
were titrated against 0.1 M NaOH solution to a pH value of ~ 12. The
pK, values were estimated from equivalence points determined by the
OMNIS titration software, using the Henderson-Hasselbalch equation
(1), where [HA] is the concentration of acid and [A~] the concentration
of the corresponding base:

[A7]

PH = pK, 'Hogm (@)

2.3. Gel retardation assay (GRA)

pDNA binding ability of LPEI, PDMAEMA, and the PBMD polymer at
varying nitrogen to phosphate (N/P) ratios were determined by agarose
gel electrophoresis. PDMAEMA and PBMD polymer were dissolved in
0.2 M sodium acetate buffer (pH 5.8) at a concentration of 2 mg mL L.
LPEI was dissolved in water acidified with HCI at a concentration of 1
mg mL ™!, Subsequently, the polymers and the pKMyc pDNA stock so-
lution in water were diluted in HBG buffer (5% (w/v) glucose, 20 mM (4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES), pH 7.4) to
the respective concentrations needed for various N/P ratios, mixed 1:2
by vortexing and incubated for 15 min. The samples were diluted 6:1
with green gel loading buffer (Jena Biosciences, Jena, Germany) and
were run on a 1% (w/v) agarose gel stained with ethidium bromide
(EtBr, 0.1 uyg mL 1) at 80 V for 1.5 h. The gels were subsequently imaged
by using a gel imager (Red™ Imaging System, Alpha Innotech, Kasen-
dorf, Germany).

2.4. Ethidium bromide binding assay (EBA) and heparin release assay
(HRA)

pDNA complexation and complex stability were further investigated
by using an EtBr quenching and heparin release assay as described
elsewhere (Richter et al., 2020). Briefly, pKMyc-pDNA at a concentra-
tion of 15 ug mL~! was incubated with EtBr in HBG buffer (pH 7.4) for
10 min. The polymer stock solutions (prepared as described above) were
diluted with HBG bulffer (pH 7.4) in a black 96-well plate (Nunc, Thermo
Fisher, Waltham, MA, U.S.) to reach N/P ratios ranging from 1 to 50.
Subsequently, pDNA was added and the complexes were incubated at
37 °C for 15 min. EtBr fluorescence intensity was measured at Agx = 525
nm / Agm = 605 nm. pDNA without polymer was defined as 100% free
PDNA. The release of complexed pDNA was studied by stepwise addition
of heparin and measurement of the resulting changes in EtBr fluores-
cence intensity. Influence of the pH value on pDNA binding and release
was studied by performing the assay at varying pH values in the
respective buffers (0.2 M acetate buffer pH 5; 5.8 and HBG buffer pH 6.5;
7; 7.4). The obtained measurement points were fitted using Origin Pro
Software (Version 2018b, Origin Lab Corporation, Northampton, MA, U.

International Journal of Pharmaceutics 593 (2021) 120080

S.) using either logistic or exponential functions to represent the
apparent experimental results as a guide to the eye.

2.5. Aqueous formulation approach for pDNA encapsulation
((PBMDaqu(pDNA))

A stock solution of the PBMD polymer was prepared by dissolution in
0.2 M sodium acetate buffer (pH 5.8). pDNA (pCMV-GFP, mEGFP-N1 or
pKMyc) was dissolved in ultrapure water. The solutions were stored at
4 °C prior to use. To prepare PBMDaqu(pPDNA) complexes the PBMD
polymer and the pDNA were, accordingly to the GRA and EBA, diluted in
HBG buffer (pH 7.4; for DLS and transfection experiments) or 20 mM
HEPES buffer (for cryo-TEM and AUC measurements) to reach the
respective N/P ratios and mixed in a ratio of 1:2. The mixtures were
vortexed immediately for 10 s and incubated for at least 15 min at room
temperature (RT) before usage.

2.6. Organic solvent-based formulation of nanoparticles (PBMDog(out,
PDNA), PBMDory(in,pDNA))

For nanoparticle formulation, the polymer was dissolved in 2.5 mL
acetone (2 mg mL ™). The polymer solution was dropped manually into
5 mL ultrapure water and the resulting nanoparticle suspension was
stirred at 800 rpm overnight to allow the organic solvent to evaporate.
Then, the suspensions were stored at 4 °C until usage. To determine the
concentration after solvent evaporation, a known volume of the nano-
particle suspension was lyophilized, and the dry residues were weighed
afterwards. To reach the respective N/P ratios, pDNA (pCMV-GFP) at
varying concentrations was either added during the formulation process
to the polymer dissolved in acetone (prior to precipitation in water,
PBMDoy,(in,pDNA)) or after nanoprecipitation to the final aqueous
particle suspension (PBMDg,g(out,pDNA)).

2.7. Dynamic light scattering (DLS)

Hydrodynamic diameter and zeta potential of PBMDog(out,pDNA),
PBMDgy(in,pDNA), and PBMDaqu(pDNA) complexes formulated with
pCMV-GFP pDNA at varying N/P ratios were determined by using dy-
namic and electrophoretic light scattering (DLS/ELS, Zetasizer Nano-ZS,
Malvern Instruments, Worcestershire, U.K.). The nanoparticles were
diluted in ultrapure water for size and zeta potential determinations.
PBMDaqu(pDNA) complexes were prepared at a pDNA concentration of
15 ug mL ! in 50 uL HBG buffer for size measurements and were further
diluted to 800 pL with ultrapure water for zeta potential determination.
The instrument was operated with a 633 nm He-Ne Laser and intensity
fluctuations at a backscattering angle of 173° at a temperature of 25 °C
were measured. At least three batches were measured per sample. The
derived hydrodynamic diameters are presented as mean + SD. Large
aggregates (>1000 nm) were considered as a fixed value (1000 nm)
when calculating the mean and standard deviation. Original data,
exemplary decay functions, and derived hydrodynamic diameter dis-
tributions are shown in the SI (Table S1 to S4, Fig. S2, S3).

2.8. Cryo-transmission electron microscopy (cryo-TEM) and scanning
electron microscopy (SEM) measurements

PBMDqu(pDNA) at N/P 20 using mEGFP-N1 pDNA in 20 mM HEPES
buffer and PBMD,(in,pDNA) nanoparticles using pCMV-GFP pDNA
were prepared as described above. Electron microscopy imaging was
performed with a Sigma VP Field Emission Scanning Electron Micro-
scope (Carl-Zeiss, Jena, Germany) using an InLens detector with an ac-
celeration voltage of 6 kV. The samples were coated with a thin layer of
platinum (4 nm) via sputter coating (CCU-010 HV, Safematic, Zizers,
Switzerland). Cryo-TEM investigations were performed on a FEI Tecnai
G2 20 transmission electron microscope at an acceleration voltage of
200 kV. Samples were blotted onto a Quantifoil grid (R 2/2, Quantifoil,



J.I. Solomun et al.

8.5 uL of solutions with a concentration of 250 pg mL™) utilizing a
Vitrobot Mark IV preparation unit (blotting time 1 s, offset —6 mm).
Samples were vitrified utilizing liquid ethane as a cryogen. After blot-
ting, the sample temperature was maintained at a temperature below
—165 °C at all times. The grids were loaded into the cryo-holder (Gatan
626) using the Gatan cryo transfer stage. Images were acquired with a
CCD camera (MegaView, Olympus Soft Imaging Solutions, Muenster,
Germany). Contrast adjustments and image analysis was performed by
ImageJ (Version 1.52a, National Institutes of Health, Bethesda, MD, U.
S).

2.9. Sedimentation velocity experiments via analytical ultracentrifugation
(AUC)

The PBMDjqu(pDNA) complexes and PDMAEMA polyplexes at N/P
20 were prepared in 20 mM HEPES buffer using td-tomato-N1 pDNA to
obtain concentrations up to 1 mg mL™!. The complexes were investi-
gated via sedimentation velocity AUC experiments at different concen-
trations (0.1-1 mg mL’l) using the universal refractive index (RI)
detection in terms of interference fringes and the absorbance detection
in terms of optical density (OD). A rotor speed of 7,500 rpm was used for
24 h, followed by spinning the rotor at a speed of 42,000 rpm for a
further 24 h in order to investigate potentially present smaller species.
All AUC experiments were performed using an Optima AUC (Beckman
Coulter Instruments, Brea, CA, U.S.) with an An-50 Ti eight-hole rotor.
The ultracentrifuge cells contained double sector epon centerpieces with
a 12 mm optical solution path length. The cells were assembled with
sapphire windows. The corresponding sectors were filled with approx.
440 pL pure solvent in the reference sector and approx. 420 uL of diluted
sample solution in the sample sector. Rotor position eight was used as
the counterbalance and for the optical module calibration. Scans were
acquired in six-minute intervals. All experiments were performed at
20 °C. The RI detection as well as absorbance detection in terms of OD at
the wavelength of the RAFT-agent containing polymer, i.e. at A = 310
nm, and that of the DNA, ie. at A = 260 nm, were utilized for the
observation of sedimentation boundaries in respect to time in the AUC
cells. The recorded sedimentation velocity data were numerically
analyzed with SEDFIT and the Is — " (s) model considering non-diffusing
species (Schuck and Rossmanith, 2000).

2.10. Transfection of HEK293T cells with mEGFP-N1 pDNA

The HEK293T cell line was cultured in Dulbecco’s modified eagle
medium (DMEM, 1 g L1 glucose, 10% (v/v), fetal bovine serum (FBS),
100 U mL ! penicillin and 100 ug mL~" streptomycin) (growth medium)
at 37 °C in a humidified 5% (v/v) CO, atmosphere. For transfection
experiments, 0.2 x 10° cells mL ™! were seeded into a 24-well plate in
500 pL growth medium supplemented with 10 mM HEPES and allowed
to recover for 24 h. 1 h prior to treatment, medium was changed to 450
uL fresh growth medium (with 10 mM HEPES). PBMDq,(pDNA) com-
plexes and LPEI and PDMAEMA polyplexes were freshly prepared as
described above using mEGFP-N1 pDNA and pKMyc pDNA (not
encoding for green fluorescent protein as negative control). Cells were
treated with 50 pL sample solution of the indicated N/P ratio and pDNA
concentration or HBG buffer as control and incubated for 1 or 4 h.
Subsequently, the supernatant was removed, replaced by fresh growth
medium (with 10 mM HEPES) and the cells were further incubated up to
24 h. After incubation, the cells were detached by trypsin-EDTA,
resuspended in Hank’s Balanced Salt Solution (HBSS) (2% (v/v) FBS,
20 mM HEPES) and measured by flow cytometry (CytoFlex S, Beckmann
Coulter, Brea, CA, U.S.). A quantity of 10* cells was analyzed by their
forward and sideward scatter (FSC/SSC) to determine the viable single
cells. The EGFP expression of the viable single cells was analyzed at Agx
= 488 nm combined with a 525/40 nm bandpass filter (FITC channel).
Fluorescent cells were identified by gating to the negative control not
encoding for EGFP (pKMyc-polymer complex). A detailed gating
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strategy is shown in the supporting information (SI, Fig. S5). Further, the
cells were imaged by using a Cytation5 Cell Imaging Multi-Mode Reader
(BioTek Instruments, Inc., Winooski, VT, USA) equipped with a 4x
objective using brightfield imaging and the FITC channel (Agx = 469/35
nm, Agm = 525/39 nm). Images were processed using ImageJ software

2.11. Knock-down of GFP in HEK-GFP cells using anti-GFP-siRNA

The HEK-GFP cell line was cultivated in growth medium at 37 °C in a
humidified 5% (v/v) CO, atmosphere. 24 h prior to transfection experi-
ments, 0.1 x 10° cells mL™! were placed in a 24-well plate in 500 pL
growth medium supplemented with 10 mM HEPES and allowed to grow.
The growth medium was replaced by 450 pL fresh growth medium (with
10 mM HEPES) 1 h prior to treatment. PBMDjqu(siRNA) complexes were
freshly prepared as described for pDNA-complexes using anti-GFP siRNA
(sense: GCAAGCUGACCCUGAAGUUCAU, antisense: GAACUUCAGGGU-
CAGCUUGCCG and neg. control siRNA (sense: UUCUCCGAACGUGU-
CACGUATdT, antisense: ACGUGACACGUUCGGAGAAATAT). The cells
were treated with 50 L of the freshly prepared complexes. Complexes
with negative control siRNA and HBG buffer were used as negative con-
trols. Lipofectamine was used as a commercial positive control prepared
according to the manufacturers protocol using the same siRNA concen-
tration as for the PBMDaqu(siRNA) complexes. 24 h after treatment, the
samples were removed, replaced by fresh growth medium (with 10 mM
HEPES), and incubated up to 72 h. The cells were detached with trypsin-
EDTA. After resuspension in HBSS, the cells were analyzed by flow
cytometry at an excitation wavelength of 488 nm and a 525/40 nm
bandpass filter (OD1; FITC-OD1 channel). The gating strategy is shown in
the SI (Fig. S6).

2.12. Transfection of HEK293T cells with GFP-mRNA

The HEK293T cell line was cultivated and seeded into 24-well plates
prior to experiments as described above. The medium was replaced by
450 pL fresh growth medium (10 mM HEPES) 1 h prior to treatment.
PBMD4qu(mRNA) complexes with GFP-mRNA were freshly prepared as
described for pDNA complexes. Complexes with Viromer® RED were
prepared as described by the manufacturers protocol and subsequently
diluted to the respective mRNA concentration. 50 uL of the samples was
added to the cells and incubated for 4 h. Subsequently, the samples were
replaced by fresh growth medium and the cells were incubated for
another 20 h. After incubation, the cells were detached by trypsin-EDTA
and resuspended in HBSS for analysis by flow cytometry. The fluores-
cence of the viable single cells was analyzed at Agx = 488 nm using the
FITC channel (gating strategy: Fig. S7).

2.13. PrestoBlue™ assay for determination of cytotoxicity in HEK293T
and L-929 cells

For cytotoxicity assays, HEK293T cells were seeded into 24-well
plates at a density of 0.2 x 10° cells mL™! in 500 uL growth medium
(with 10 mM HEPES) and incubated for 24 h to allow cell recovery. After
a media change to 450 pL fresh growth medium 1 h prior to treatment,
50 pL of PBMDjqu(pDNA) complex was added to test a concentration
range of 0.25-1.5 ug mL™! pDNA. The cells were incubated with the
samples for 1, 4 or 24 h. Subsequently, the supernatant was removed and
replaced with 500 uL fresh growth medium (with 10 mM HEPES). 24 h
after treatment, the medium was replaced by a 10% (v/v) solution of
PrestoBlue™ diluted with growth medium. The cells were incubated for
45 min and the supernatant was transferred to a 96-well plate (100 pL
per well) to measure fluorescence intensity (Agx = 560 nm, Agy = 590
nm). Cells treated with HBG buffer were used as a control, and the
viability was calculated relative to the buffer control after subtracting
the blank (PrestoBlue™ diluted in medium 1:10 without cells). Data
were fitted in OriginPro2018b (OriginLab Corporation, Northampton,
MA, U.S) with a logistic function. The ICso was calculated as the value
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where the samples show 50% viability relative to the control.

For toxicity tests in L-929 cells, the cells were seeded in a 96-well
plate format at a density of 0.1 x 10° cells mL™! and incubated with
the dissolved polymers without addition of pDNA for 1, 4 or 24 h. Cell
viability was analyzed as described for the HEK293T cells.

2.14. Statistical analysis

Data analysis was conducted using OriginPro2018b software. Mul-
tiple groups were analyzed by one-way analysis of variance (one-way
ANOVA) followed by Bonferroni’s post-hoc test. Normality and homo-
geneity of variances were assumed. Sample pairs were analyzed by the
unpaired t-Test and the Welch-correction was applied when homoge-
neity of variances was not given. Statistical significance is denoted as
follows: *P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results and discussion
3.1. Polymer synthesis and characterization

The terpolymer P(nBMA-co-MMA-co-DMAEMA) (PBMD) was pre-
pared via RAFT polymerization in 1,4-dioxane at 70 °C using (4-cya-
nopentanoic acid)ylethyl trithiocarbonate (CPAETC) as the chain
transfer agent (CTA) and 4,4’-azobis(4-cyanovaleric acid) (ACVA) as the
azoinitiator (Fig. 1a). An overall degree of polymerization (DP;) of 200
was targeted with a 2:1:1 molar ratio of DMAEMA, nBMA, and MMA,
respectively, at a combined monomer concentration of 62% (w/w) and a
[CPAETC]o/[ACVA]( ratio of 10. The polymerization kinetics were
followed using 1 NMR spectroscopy and SEC (Fig. 1b). The Ln([M]y/

(@)
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[M]) plot revealed a pseudo first-order polymerization kinetics for all
three monomers, each reaching a final conversion of approximately 90%
after 21 h. Furthermore, the rate of polymerization for each monomer
was found to be very similar, indicating a statistical distribution of
moieties throughout the terpolymer backbone and a consistent compo-
sition of different molar ratios. The linear evolution of molar mass values
with monomer conversion (Fig. 1b) and narrow molar mass distribu-
tions (P = 1.14) indicate that the RAFT polymerization proceeded in a
controlled fashion. The purified polymer possessed a theoretical molar
mass (Mp ) of 25.4 kg mol ! and a molar fraction of 0.51, 0.25, and
0.24 for DMAEMA, nBMA, and MMA, respectively, as calculated from 'H
NMR (Fig. 1¢). A PDMAEMA homopolymer (DP, = 101), containing a
similar number of DMAEMA monomers per chain as the PBMD polymer,
served as a control polymer (SI, Fig. S1).

To assess the solubility behavior and pH responsiveness of the PBMD
polymer at physiological conditions, titration experiments were con-
ducted (Fig. 1d). The PBMD polymer was dissolved under acidic con-
ditions in 150 mM NacCl and titrated against 0.1 M NaOH. It should be
noted that precipitation of the PBMD polymer was observed at higher pH
values. Using the Henderson-Hasselbalch equation, the pK, from the
resulting titration curve gives a value of pK, ~ 6.9, noticeably lower
than the pK, value reported for PDMAEMA (pK, 7.4) (van de Wetering
et al., 1999). This decreased pK, value may be attributed to the PBMD
polymer chains precipitating out of solution at lower degrees of
DMAEMA protonation, due to the incorporation of hydrophobic co-
monomers. Therefore, the calculated value for the PBMD polymer was
only designated as apparent pK, of the polymer. Above all, the polymer
exhibited a pH-dependent behavior as well as pH-dependent solubility,
within the physiological pH range.
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Fig. 1. Synthesis and characterization of P(nBMA-co-MMA-co-DMAEMA) (PBMD). (a) Polymerization synthesis scheme of P(nBMA-co-MMA-co-DMAEMA) (PBMD)
via statistical RAFT polymerization. (b) Polymerization kinetics of the RAFT polymerization of PBMD as determined by 'H NMR and SEC. (c) '"H NMR of purified

PBMD, and (d) titration curve of PBMD in 150 mM NaCl.
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3.2. pDNA binding and release behavior

An efficient binding of pDNA is the first crucial step in the gene
delivery process and required for protection and transport of genetic
material. To assess the pDNA binding ability of the PBMD polymer under
aqueous conditions, agarose gel electrophoresis was performed for
different nitrogen (of the polymer) to phosphate (of the pDNA) ratios
(N/P ratios), by dissolving the PBMD polymer in acidic sodium acetate
buffer. LPEI and a PDMAEMA homopolymer were investigated as con-
trols, the latter composed of the same number of cationic groups as the
PBMD polymer. In the so-called gel retardation assay (GRA), non-
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complexed pDNA typically appears with multiple bands representing
various plasmid conformations, while complex formation with polymers
prevents pDNA migration (Meyers et al., 1976). For all polymers, free
PDNA was detectable at N/P 1, but at N/P ratios of 5 and higher, PBMD
and the other polymers showed efficient complexation (Fig. 2a). To
investigate the pDNA-polymer-interaction in more detail, the binding
was further characterized by the ethidium bromide binding assay (EBA).
The fluorescence of ethidium bromide (EtBr) is reduced in the presence
of water, while it is increased by intercalation into the hydrophobic
region between DNA base pairs (LePecq and Paoletti, 1967; Olmsted and
Kearns, 1977). EtBr can be displaced by complex formation of pDNA
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Fig. 2. DNA binding and release behavior of the PBMD polymer, PDMAEMA, and LPEL pDNA binding ability of the polymers was studied by (a) agarose gel
electrophoresis (M: marker; DNA: pDNA; P: polymer without pDNA) and (b) EBA in HBG buffer at pH 7.4 at different N/P ratios (1-50). (c) To investigate the pH
dependent stability, DNA binding and release was studied by performing EBA and HRA with complexes formed at N/P 20 in a pH range from 5 to 7.4, representing

the physiologically relevant pH range during transfection experiments.
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with cationic polymers, which leads to a reduction in fluorescence in-
tensity, used to study polymer interaction (Geall and Blagbrough, 2000;
Trutzschler et al., 2018). The EBA was performed with increasing N/P
ratios to assess the influence of increasing polymer amount on complex
formation. At pH 7.4, all polymers showed a N/P ratio-dependent
decrease in relative fluorescence intensity (RFI) reaching a plateau at
N/P 10, indicating stable complex formation (Fig. 2b). Interestingly, the
binding behavior of the polymers differed considerably, with LPEIL
showing strong EtBr exclusion (13% free pDNA), followed by
PDMAEMA (42% free pDNA) and PBMD (72% free pDNA). The com-
plete complexation of pDNA (GRA) and the different plateaus reached
for each polymer indicated differences in the polymer-pDNA in-
teractions. It can be assumed that the low charge density and pro-
nounced hydrophobicity of PBMD causes a lower pDNA condensation
compared to PDMAEMA or LPEI, the latter being known for a high
charge density. Further, a larger proportion of hydrophobic interactions
and therefore a more hydrophobic environment within the complex can
be responsible for a reduced displacement of EtBr or even reduced
quenching of EtBr by exclusion of water as fluorescence quencher from
the complex (LePecq and Paoletti, 1967).

To investigate the stability of pDNA complexation and demonstrate
its dynamic release behavior in the relevant physiological pH range, the
dissociation of the complexes was studied by incubation with the
competing polyanion heparin at pH values ranging from 5 (lysosomal/
endosomal pH) to 7.4 (blood/cytosolic pH) (Bertschinger et al., 2006).
The resulting release of pDNA from the complex enables the re-
intercalation of EtBr and increased RFI values.

Interestingly, the observed pDNA release behavior of the investi-
gated polymers differed substantially (Fig. 2c). While 20 U mL ! heparin
was sufficient to release pDNA from LPEI complexes irrespective of the
pH, the influence of the pH value increased from PDMAEMA to PBMD
(Fig. 2c). The total release of pDNA from PDMAEMA complexes at more
acidic pH values required elevated heparin concentrations (~60 to 100
U mL™1), while at higher pH values no complete release could be
observed. The PBMD polymer showed an even more pronounced pH-
dependent behavior with complete pDNA release only observed at pH
5, whereas with increasing pH values, the RFI values were rather
reduced at higher heparin concentrations (>40 U mL™1).

Variation of the pH value is affecting the balance between positive
charge and hydrophobicity of the polymers, noticeably more pro-
nounced in the case of the PBMD polymer due to the additional hy-
drophobic side chains (nBMA and MMA). It can be assumed that the
PBMD-complexes are more stable at neutral pH values, since the
increasing hydrophobic interactions at neutral pH values seem to pre-
vent interaction with competing polyanions such as glycoproteins or
negatively charged amino acids of serum proteins. This stabilizing effect

(a) organic solvent-based formulation
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was shown for water-soluble polymers where hydrophobic modifica-
tions increased complex stability and, thus, transfection efficiency
(Eltoukhy et al., 2013; Nelson et al., 2013; Wang et al., 2018). Since high
stability in the presence of polyanions and the prevention of premature
dissociation at neutral pH values are advantageous, the PBMD polymer
revealed high potential as gene delivery vector.

3.3. Encapsulation of pDNA

Since the PBMD polymer showed a promising pH-dependent solu-
bility and a promising DNA binding capability, it was used for the
development of a nanoparticle formulation aiming for efficient loading
of pDNA while maintaining particle sizes below 200 nm with a narrow
size distribution. Such size allows controlled cellular uptake by endo-
cytosis (Rejman et al., 2004). However, encapsulation of pDNA by hy-
drophobic polymers remains challenging due to its large size, charged
character, and sensitivity to harsh formulation conditions. To produce
stable pDNA-loaded nanoparticles using the PBMD polymer, three
formulation strategies were investigated within this study: Two variants
of conventional nanoprecipitation (Fig. 3a) were compared with a newly
introduced, “green”, aqueous complexation and formulation method
((PBMDaqu(pDNA), Fig. 3b). The former differed in the point of pDNA
addition, after the formation of nanoparticles (PBMDgg(out,pDNA)) or
during the precipitation process (PBMDoyg(in,pDNA)). The aqueous
formulation exploited the solubility of the PBMD polymer in aqueous
acidic buffer with a pH-driven nanoprecipitation approach at increased
pH values.

First, the PBMD polymer was investigated for particle formation by
nanoprecipitation from organic solvents without genetic material
(PBMDyy), resulting in nanoparticles with a hydrodynamic diameter (z-
average, determined by DLS) of approximately 130 nm and an overall
positive zeta potential (+51 mV) (Fig. 4). As the positively charged
nanoparticles should facilitate the binding and complexation of nega-
tively charged pDNA without the need for an additional cationic surface
coating, pDNA was added in different amounts to the preformed nano-
particles (PBMDorg(out,pDNA)). The addition of pDNA led to an
increased size and polydispersity (PDI) (Fig. 4a and b, SI Fig. S2),
resulting in nanoparticles that are unsuitable for the desired application.
Nanoparticles meeting the specifications (sizes below 200 nm and PDI
values below 0.250) could only be obtained at very low and high N/P
ratios of 5 and 100. Using the coprecipitation of pDNA and polymer from
acetone (PBMDoyg(in,pDNA)), suitable nanoparticles were formed at
high N/P ratios (100), whereas at lower N/P ratios (<N/P 30) only
larger nanoparticle populations could be observed by DLS measure-
ments. In addition, an increasing number of particles with larger di-
ameters was observed by scanning electron microscopy (SEM),

(b) Aqueous formulation
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Fig. 3. Schematic overview of applied formulation methods for encapsulation, binding, and complexation of pDNA with the PBMD polymer. (a) Nanoprecipitation
using solvent-evaporation techniques was combined with pDNA added at different stages of formulation. pDNA was either added subsequently to nanoprecipitation
to the nanoparticle suspension (after-process addition, PBMDo,g(out,pDNA)) or to the organic acetone phase during formulation (in-process addition; PBMDq,(in,
pDNA)). (b) For the organic solvent-free pH-driven formulation, the PBMD polymer was dissolved under acidic conditions and directly mixed with pDNA for
encapsulation (in-process addition; PBMDyq,(pDNA)). This figure was created with Biorender.com.
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Fig. 4. Comparison of different formulation methods for pDNA-loaded nano-
particles. Formulations were characterized in terms of (a) diameter (z-average)
and (b) polydispersity (PDI) by DLS. Empty symbols in panel (a) mark the
occurrence of large aggregates (>1000 nm) that were taken into acount as
1000 nm during calculation of the mean. The green areas indicate the desired
size (<200 nm) and PDI range (<0.250), respectively. (c) The formulations
were further characterized in terms of surface charge before (PBMDo,s) and
after pDNA addition. The measured values are plotted against N/P ratio and
mass ratio of polymer to pDNA (mg mg’l) (mean of n > 3 + SD). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

confirming the increasing size observed by DLS (see SI, Fig. S4). Inter-
estingly, the way in which genetic material was added also had an in-
fluence on the apparent surface charge of the nanoparticles. As
expected, the positive zeta potential of PBMDo nanoparticles
decreased with increasing amount of pDNA (lower N/P ratios) to the
point where an inversion of the zeta potential to negative values
occurred (approx. N/P 20, Fig. 4c). In comparison, the zeta potential
remained in the positive range when pDNA was added during nano-
precipitation (PBMDg,¢(in,pDNA)), mainly due to the inability of suc-
cessful formulation at low N/P ratios (below 30) as this was leading to
large visible aggregates during the formulation process. Based on these
experiments it can be concluded that the conventional formulation of
stable, highly pDNA-loaded nanoparticles cannot be successfully applied
for the PBMD polymer by these methods.

Thus, to increase the amount of pDNA encapsulated in stable and
defined nanoparticles, a new formulation approach based on the pH-
dependent binding and release behavior of the PBMD polymer was
developed (Fig. 3b). For this purpose, the pH-dependent solubility of
PBMD under acidic conditions (pH < 6, Fig. 1d) was exploited by
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dissolving the polymer in sodium acetate buffer (pH 5.8) for nano-
particle formulation without the use of organic solvents. Thereafter, the
aqueous polymer solution was mixed 1:2 with pDNA diluted in HBG
buffer (pH 7.4) to shift the pH to neutral values during complexation.
This formulation approach was tested at N/P ratios ranging from 0.5 to
50, obtaining nanoparticles in the range of 100 nm and low PDI values
(around 0.2) at N/P ratios above 5. As the N/P ratio decreased, the
positive surface charge changed from + 25 mV (N/P 50) to —18 mV (N/
P 0.5), while being neutral between N/P 1 and 5. This occurred at lower
N/P ratios (higher amounts of pDNA) compared to organic-solvent
based pre-formulated nanoparticles (PBMDoyg(out,pDNA), with a zeta
potential of 0 at ~N/P 20).

Overall, the pH-dependent PBMDaq,(pDNA) formulation was suc-
cessfully applied to form stable nanoparticles in a suitable size range
(<200 nm) with low PDI values at low N/P ratios, which can likely be
explained by a high number of charged groups within the polymer dis-
solved in acetate buffer, interacting with negatively charged pDNA
moieties. The use of HBG buffer at pH 7.4 within the formulation process
leads to neutralization of the solution and further stabilization of the
complex through hydrophobic interactions as already indicated by the
EBA/HRA assay (Fig. 2).

There are only a few approaches in the literature reporting water-
insoluble cationic polymers such as Eudragit® E(PO/100) for pDNA
delivery; all using organic solvents for the formulations. (Basarkar and
Singh, 2009; Kanthamneni et al., 2016) The sufficient removal of
organic solvents is necessary prior to biological applications and is often
a costly and time-consuming additional step. Further, in comparison to
the aqueous formulation, during the nanoprecipitation formulation, the
cationic hydrophobic polymer can be considered uncharged when dis-
solved in acetone only, which leads to a reduced electrostatic interaction
with genetic material and, in the case of preformed nanoparticles (e.g.,
PBMDog(out,pDNA)) to less exposed positively charged moieties on the
particle surface. Consequently, this also limits the amount of pDNA that
can be bound. On that account, additives such as cationic surfactants
(CTAB) or cationic polymers (LPEI) are typically used in both formula-
tion approaches to improve nanoparticle surface charge and thus pDNA
binding.

However, the use of organic solvents and additives can be avoided by
applying the aqueous, pH-driven nanoprecipitation technique
(PBMDaqu(pDNA)). Moreover, high amounts of pDNA were complexed
by the pH-responsive hydrophobic cationic polymer within stable
nanoparticles, which turns the method into a simple, straightforward
approach for the encapsulation of genetic material.

3.4. Characterization of PBMDag,(pDNA) complexes by cryo-TEM and
AUC

As the PBMDjqu(pPDNA) complexes obtained by a fully aqueous
approach possessed excellent potential for biological applications such
as gene delivery, they were further characterized by cryo-TEM and AUC
in order to examine particle shape and morphology. Further, the pres-
ence of free pDNA and/or polymer chains, and detailed information
regarding particle size distributions in dependence of the concentration
were evaluated. The PBMDaqu(pDNA) complexes were studied at N/P 10
and 20, as this led to well-defined particle distributions as evaluated by
DLS. Cryo-TEM measurements revealed nanostructures with diameters
of approx. 50 nm, clearly smaller than the intensity-weighted hydro-
dynamic diameters as measured by DLS but closer to the number-
weighted distributions (Fig. 5a, Fig. 4a, Fig. S3). Additionally, a few
larger structures, although not exeeding the overall 100 nm size range,
being favored for biological applications, were observed.

Further, the PBMDaqu(pDNA) complexes were investigated via
sedimentation velocity AUC experiments over a suitable concentration
range (0.1-1 mg mL™!) using RI and absorbance multidetection. The
experiments were conducted at a rotor speed of 7,500 rpm for 24 h,
followed by spinning the rotor at a speed of 42,000 rpm for further 24 h
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and AUC. (a) Cryo-TEM measurements of PBMDyq,(pPDNA) complexes at N/P
20. (b) Sketch of in situ sedimentation velocity AUC measurements leading to
radially-resolved sedimentation velocity profile scans of the PBMDaq,(pDNA)
complexes at N/P 20, a concentration of 1 mg mL~!, and a rotor speed of 7,500
rpm monitored at A = 260 nm. (c) Same as in (b) but monitored at > = 310 nm.
(d) Normalized differential distributions of sedimentation coefficients of free
RAFT-group containing polymer monitored at A = 310 nm by acceleration of
the rotor speed to 42,000 rpm after the measurement at 7,500 rpm, free DNA at
A = 260 nm measured separately at a rotor speed of 42,000 rpm, and the PBMD-
complexes at N/P 10 at A = 260 nm at a rotor speed of 7,500 rpm.

to investigate potentially smaller species present (Cinar et al., 2020).
Strikingly, the radially-resolved sedimentation velocity profiles recor-
ded at A = 260 nm in terms of optical density (OD) contained several
discernable steps (Fig. 6b). However, when the run was finished at
7,500 rpm, a plateau at nearly zero OD was observed. This suggests
practically no absorbance at A = 260 nm in the supernatant, showing no
detectable free pDNA, thereby supporting the results of the GRA
(Fig. 2a). When monitoring sedimentation velocity at A = 310 nm, a
clearly discernable residual OD was observed in the supernatant
(Fig. 5¢). This could indicate the presence of free polymer in the sample,
that is in excess to that bound to the monitored PBMDaqu(pPDNA) com-
plexes. The apparently free polymer, which absorbs at A = 310 nm due to
the trithiocarbonate RAFT end-group, is too small to efficiently sediment
at a rotor speed of 7,500 rpm, and largely remained in the supernatant.
Additionally, polymer that is an integral component of the complex
apparenly sedimented, because it is associated to the pDNA (Fig. 5c).
This situation is also pointed out when comparing the normalized
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differential distributions of sedimentation coefficients of the PBMDa.
qu(PDNA) complex, free polymer, and free DNA separately (Fig. 5d). The
overlap at A = 260 nm and A = 310 nm and the RI, proved the simul-
taneous sedimentation of species, respectively the close association of
the RAFT group-containing polymer and the pDNA in the form of a
complex (Fig. 6a).

By increasing the sample concentration, a third peak in the differ-
ential distributions of sedimentation coefficients could be discerned
more clearly (dotted line in Fig. 6b). At higher concentrations, the
complexes showed a more pronounced tendency to aggregate and/or
form larger species, observed by the presence of larger sedimentation
coefficients with a discernable peak. In contrast to this observation, the
lower sample concentrations featured two major discernable pop-
ulations (solid black line in Fig. 6b). The differential distributions of
sedimentation coefficients (Fig. 6a-c) were also representative for the
discernable steps in the sedimentation velocity profiles displayed in, e.g.,
Fig. 5b. Here, the partial resolution of several species of an increased
hydrodynamic size indicated by partly resolved peaks, was more pro-
nounced at higher concentrations.

After sedimentation of all such larger species after 24 h, observation
of sedimentation processes in the remaining supernatant revealed
sedimentation of the remaining free polymer at a wavelength of A = 310
nm (Fig. 5d and Fig. S8). This was also nicely shown by differential
distributions of sedimentation coefficients in Fig. 6d. An increase of
sample concentrations showed an approximately linear increase of
signal intensity of the sedimenting RAFT agent-containing polymer at
higher rotor speeds as well (Fig. 6d and 6e). This further represented an
increased concentration of free polymer. No free RAFT agent or loss of
the RAFT-containing chain-ends of the polymers was observable, indi-
cated by the absence of a remaining plateau of the recorded sedimen-
tation profiles in Fig. S8.

Differences in the N/P ratio of the PBMDaqu(pPDNA) complex were
investigated at the lowest sample concentration (0.1 mg mL ™) as this is
more close to the experimental implementations in transfection exper-
iments (Fig. 6¢). A decrease of the N/P ratio to 10 resulted in the loss of
the distinct third population in the differential distributions of sedi-
mentation coefficients, barely indicated at N/P 20 at lower concentra-
tions. Polyplexes formed with the PDMAEMA homopolymer at different
N/P ratios were studied in the same manner (Fig. S9). It can be seen in
Fig. 6¢ that N/P 20 revealed a prominent distribution of (lowest) sedi-
mentation coefficients with an apparent shoulder (toward higher sedi-
mentation coefficients). Besides, the differential distribution of
sedimentation coefficients at N/P 10 exhibited a clearly discernable
further population. Also, an increased amount of free polymer, as
already observed for increasing sample concentrations (Fig. 6d) was also
observed for higher N/P ratios (Fig. 6f).

When comparing the two N/P ratios, both showed nearly similar
distributions in the DLS, with an even slightly larger size and broader
distribution for N/P 10 (Fig. 4, Fig. S3). The difference in populations
present in the two samples could only be observed by AUC measure-
ments, revealing the importance of detailed characterization of such
delivery systems by various techniques. Furthermore, AUC measure-
ments confirmed full pDNA binding within the PBMD complex, which is
consistent with results obtained by GRA (Fig. 2a).

3.5. Influence of the formulation approach on transfection of HEK293T
cells

After the formation of controlled and stable PBMDjq,(pDNA) com-
plexes, their transfection performance was investigated, with the
PBMDgg(out,pDNA) formulation serving as a control, while the
PBMDoy(in,pDNA) formulation was not further investigated since
pDNA loaded nanoparticles could only be obtained at high N/P ratios
which was not suitable for the intended investigation. For transfection
experiments, pDNA encoding for enhanced green fluorescent protein
(EGFP) was delivered into HEK293T cells and EGFP expression was
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analyzed by flow cytometry and fluorescence microscopy. The trans-
fection efficiency (percentage of viable fluorescent cells) of the formu-
lations were assessed under various conditions by evaluation of (i) two
N/P ratios in the lower range (10 and 20), (ii) two media (under serum-
free conditions and in the presence of 10% serum), and (iii) varying
incubation times (1 and 4 h) followed by analysis at 24 h post trans-
fection. In general, both formulations enabled EGFP expression in
HEK293T cells under all tested conditions, with higher expression levels
observed under serum-free conditions (Opti-MEM™) and longer incu-
bation times (Fig. 7). In addition, higher amounts of cationic polymer
(higher N/P ratios) further increased expression levels. The PBMDj4.
qu(PDNA) complex showed significantly higher EGFP expression levels
at N/P 20 when compared to the PBMDg4(out,pDNA) formulation,
particularly at short incubation times (1 h), in serum-free environment
(61 4 9% vs. 27 + 15%) and even in the presence of serum (32 + 8% vs.
17 + 8%).

Overall, an EGFP expression of both formulation approaches is in
accordance to the literature, reporting the ability of cationic hydro-
phobic polymers to successfully transfect eukaryotic cells (Basarkar and
Singh, 2009; Kanthamneni et al., 2016). The difference in transfection
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efficiency could potentially be attributed to the assumed difference in
pDNA distribution within the formulation approaches. In one case, the
pDNA was present solely on the exterior of the nanoparticles
(PBMDgg(out,pDNA)) as opposed to the PBMDaqu(pDNA) complex
where the DNA is expected to be distributed throughout the particle,
potentially also effecting pDNA stability. Further, differences in nano-
particle size, PDI, and surface charge might affect cellular uptake, but
also endosomal escape ability and, therefore, overall transfection
efficiency.

3.6. Optimization of transfection efficiency in HEK293T cells

As the PBMDjqu(pDNA) complexes resulted in promising efficiencies
in the first transfection experiments, and characterization by AUC
proved that the pDNA is completely bound to, respectively complexed
into the polymer, the transfection protocol was optimized for increasing
transfection efficiency while maintaining high cell viability. Therefore,
the influence of the polymer itself without the addition of genetic ma-
terial on the viability of L-929 cells, a standard cell line for cytotoxicity
testing recommended by the ISO 10993-5 guideline, was evaluated at
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varying incubation times (Fig. 8a).

The PBMD polymer showed time and concentration dependent
cytotoxicity, whereas shorter incubation times and lower concentrations
resulted in higher cell viability, and the ICsq values increased from 7.6
pg mL~! (after 24 h) to 12.2 pg mL ™ (after 4 h) to 15.6 yg mL ™" (after 1
h). Therefore, low polymer concentrations and short incubation times
were favored for the optimization of the transfection conditions. To
evaluate cell viability at transfection conditions, the cytotoxicity of the
PBMDjqu(pDNA) formulation in HEK293T cells was evaluated addi-
tionally (Fig. 8b), revealing a similar concentration dependent trend.
Cell viability above 70% was obtained at pDNA concentrations below
0.5 ug mL™}, while an increase in pDNA concentration and N/P ratio
reduced cell viability. To optimize transfection conditions, different
PDNA concentrations were tested, while keeping the N/P ratio constant
at 20 (Fig. 8b). Overall, PBMDaq,(pDNA) complexes showed high
transfection efficiencies already at low pDNA concentrations and short
treatment times (Fig. 8b), while longer treatment (4 h) resulted in even
higher expression levels over the whole concentration range. The ideal
PDNA concentration at N/P 20 was identified as 0.5 mg mL ™! resulting
in 41 &+ 3% viable EGFP fluorescent cells after 4 h of incubation, while
maintaining above 70% viability. Therefore, the N/P ratio was
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subsequently optimized by keeping the pDNA concentration at 0.5 pg
mL~. Overall, changes in the N/P ratio did not substantially improved
transfection efficiency, but rather resulted in decreased cell viability,
and, therefore, a pDNA concentration of 0.5 pg mL~! with N/P 20 and 4
h treatment were chosen as ideal conditions for pDNA transfection with
the PBMDAqu(pDNA) complex. The results were compared with LPEI
polyplexes as a well-known polymer for pDNA transfection and
revealed, that very low amounts of pDNA were required to reach high
transfection efficiencies with PBMDaq,(pDNA) complexes at short in-
cubation times (<4h). To obtain similar expression levels with LPEI,
either the pDNA concentration needed to be increased by 5- to 10-fold
(2.5-5 pg mL™1) or treatment durations up to 24 h were required
(Fig. 8¢).

Various studies reported the application of the commercial polymer
Eudragit® E(PO/100) with a comparable composition like PBMD for
gene or drug delivery. The reported toxicity was typically lower than
that observed in this study (Hari et al., 2016; Jain et al., 2015). This
could be due to the slightly higher DMAEMA content within the PBMD
polymer when compared to Eudragit® E(PO/100). However, the in-
crease of the molar content of DMAEMA is only 10%, which is relatively
low to explain these effects. In both previous studies, the nanoparticles
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Fig. 8. Optimization of transfection conditions of PBMD4q,(pDNA) formulated
with the pH-dependent method in HEK293T cells. (a) Evaluation of the cyto-
toxicity of the PBMD polymer dissolved in acetate buffer in L-929 cells. Cells
were treated with the polymer for 1, 4 and 24 h and cytotoxicity was deter-
mined by the PrestoBlue™ assay after 24 h. The dashed line indicates 70% cell
viability and the concentration of PBMD polymer under optimized transfection
conditions is indicated by the green line. (b) N/P ratio and pDNA concentra-
tions were optimized to achieve high efficiencies (high number of viable fluo-
rescent cells) while maintaining low cytotoxicity. The expression of EGFP in
HEK293T cells after transfection (columns) was measured via flow cytometry
(mean of n = 3 & SD). Cytotoxicity of the PBMDaq.(pDNA) complexes (dots)
was determined under conditions used for transfection by the PrestoBlue™
assay (mean of n = 3 + SD). (c) Transfection efficiency of LPEI-pDNA com-
plexes at varying pDNA concentrations and incubation times was investigated
by measuring EGFP expression in HEK293T cells by flow cytometry (mean of n
= 3 + SD). Statistical significance in comparison to LPEI at the respective pDNA
concentration and N/P ratio is denoted as follows: *P < 0.05, **P < 0.01, and
***P < 0.001. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

were manufactured with the help of surfactants (PVA, Pluronic F-68).
Eudragit® E(PO/100) is known for its amphipathic and membrane-
destabilizing properties when interacting with lipoproteins, liposomes,
and eukaryotic cell membranes. (Alasino et al., 2005, 2012) This is a
potential mechanism for cytotoxicity but, on the other hand, if well
dosed, useful for application in gene delivery to facilitate cellular up-
take, endosomal release, and therefore high transfection efficiencies.
Within the PBMDaqy(pDNA) formulation, no surfactants were present.
This could result in stronger interaction with cellular membranes,
explaining the high EGFP expression levels already at low complex

12

International Journal of Pharmaceutics 593 (2021) 120080

concentrations compared to LPEI polyplexes, while maintaining cell
viability.

3.7. PBMD vs. commercial controls and for the delivery of siRNA and
mRNA

Since the PBMDaqu(pDNA) complexes showed improved transfection
at low pDNA concentrations, the formulation method was applied to the
commercial polymer Eudragit® E(PO/100) and tested under optimized
transfection conditions (N/P 20, 0.5 pg mL~! pDNA, 4 h incubation).
EGFP expression levels under these conditions were further compared
with the PDMAEMA homopolymer and the commercial polymer-based
transfection reagent Viromer® RED, which was optimized for pDNA
and mRNA transfection (Fig. 9a). Viromer® RED is known for its supe-
rior endosomal release mechanism, rendering it a very efficient com-
mercial control (Rao et al., 2015). The pH-dependent formulation
applied to the commercial polymer Eudragit® E(PO/100) showed
comparable EGFP expression to the PBMDaq,(pPDNA) complexes. Both
polymers, PBMD and Eudragit® E(PO/100), were at a comparable level
or even outperformed the commercial transfection agents Viromer®
RED and LPEI under these optimized conditions. At 4 h incubation time
PBMD showed 50 + 10% and Eudragit® E(PO/100) 30 + 2% fluorescent
cells, while Viromer® RED and LPEI resulted in 31 + 21% and 0.35 +
0.12%, respectively. As expected, the PDMAEMA homopolymer,
composed of the same number of cationic groups as the PBMD polymer,
showed, similarly to LPEI, no transfection under these conditions (0.48
+ 0.22%). It is known, that the efficiency of PDMAEMA is lower under
these conditions, in particular if low molar masses are applied (Layman
et al., 2009; Samsonova et al., 2011; Van de Wetering et al., 1998). The
high efficiency of the PBMD polymer as well as the commercial control
Eudragit® E(PO/100) showed the potential of the novel formulation,
which is not only fast and based on a fully aqueous approach, but also
increases the transfection efficiency compared to other formulations.

In order to exploit the full potential of the PBMD polymer, the
formulation method was applied for complexation and transfection of
various genetic materials and was further tested in comparison to
commercially available controls more suitable for the respective genetic
material than LPEL siRNA and mRNA are promising candidates for gene
delivery offering several advantages over pDNA. Both siRNA and mRNA
do not pose the risks accompanied by integration into the genome, since
their site of action is within the cytosol. Thus, they avoid the passage of
the nuclear membrane, and, importantly, they offer various therapeutic
applications such as protein displacement or inhibition of protein
expression (Dunbar et al., 2018; Hajj and Whitehead, 2017).

As Eudragit® E(PO/100) has been evaluated for siRNA delivery to
macrophages using PVA coated nanoparticles showing significantly
reduced protein expression levels, (Jain et al., 2015) PBMDpgy(siRNA)
complexes were tested for knock-down efficiency in HEK-GFP cells,
stably expressing GFP. The knock-down efficiency after 72 h incubation
was compared to Lipofectamine, which is commonly used for siRNA
transfections in the literature, loaded with the same amount of siRNA. A
reduction in the percentage of GFP positive cells was observed with
Lipofectamine and the PBMDqu(siRNA) complexes when compared to
the control. PBMDag,(siRNA) complexes resulted in 45 + 13% GFP
negative cells whereas for Lipofectamine 54 + 5% GFP negative cells
were observed. Thus, the PBMDjqu(siRNA) complexes showed knock-
down efficiencies comparable to Lipofectamine, revealing the high po-
tential for the introduction of siRNA into cells by the PBMD polymer.
Furthermore, the transfection efficiency of PBMDAq,(mRNA) complexes
was evaluated by delivering GFP-mRNA into HEK293T cells. The GFP
expression was measured after 24 h. The transfection efficiency of the
PBMDjqu(mRNA) formulation was compared with the commercially
available Viromer® RED. PBMDaq,(mRNA) complexes resulted in GFP
expression in 73 + 12% of cells, while Viromer® RED transfected 87 +
1% of cells. Although the percentages of transfected cells were compa-
rable, the polymers exhibited different transfection patterns (SI, Fig. S7),
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Fig. 9. Transfection efficiency of the aqueous pH-
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which remain to be investigated in further studies. Nevertheless, the
PBMDaqu(mRNA) complex displayed excellent potential for mRNA de-
livery as the complex is transfecting a high number of cells.

4. Conclusions

In this study, a new, fast, and straightforward formulation strategy
for the encapsulation of pDNA without the need of organic solvents into
cationic polymer nanoparticles was established. The key requirement for
successful encapsulation was the insolubility of the polymer in water
under neutral pH conditions. For the development of the utilized pH-
dependent formulation method, a well-defined PBMD polymer was
synthesized using RAFT polymerization. The PBMD polymer exhibited
the desired pH-dependent solubility and pDNA binding behavior under
physiological solution conditions, which can be exploited for the as-
sembly of pDNA-polymer complexes, in a fully aqueous scenario. By
dissolution of the PBMD polymer in acidic buffer, pDNA binding was
facilitated, while shifting the pH to neutral values during the formula-
tion process increased hydrophobic interactions stabilizing the formed
nanoparticles. The utilized aqueous pH-driven formulation of cationic
hydrophobic polymers showed high pDNA encapsulation efficiencies
and desired stability under physiological conditions. In-depth charac-
terization by AUC, cryo-TEM, and DLS/ELS proved a full complexation
of the genetic material. The novel formulation resulted in enhanced
transfection efficiency at reduced pDNA concentrations compared to
commercial controls such as LPEI or Viromer® RED and was successfully
applied to the commercially approved Eudragit® E(PO/100) and
various types of genetic material, such as siRNA and mRNA. The
formulation approach showed a readily high versatility and promising
potential to further be optimized and applied to other classes of hy-
drophobic cationic copolymers for a general delivery vehicle design
concerning genetic material.
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1. Additional methods and materials

1.1 Materials

2-(Dimethylamino)ethyl methacrylate (DMAEMA) (98%) was obtained from Sigma-Aldrich
(now Merck KGaA, St. Louis, MO, U.S.) and used as received. Butyl methacrylate (nBMA)
(99%) and methyl methacrylate (MMA) (99%) were obtained from TCI (Tokyo, Japan) and
used as received. Bis(ethylsulfanyl thiocarbonyl)disulfide was synthesized according to the
literature.[1] o,a'-Azoisobutyronitrile (AIBN) was obtained from Sigma-Aldrich (now Merck
KGaA, St. Louis, MO, U.S.) and recrystallized from methanol. Organic solvents for synthesis
were obtained from Sigma-Aldrich (now Merck KGaA, St. Louis, MO, U.S.) and re-distilled
on-site. All the following materials were ordered from the suppliers stated in brackets:
HEK293T cells (DSMZ, Braunschweig, Germany), L-929 cells (CLS Cell Lines Service,
Eppelheim, Germany), HEK293-GFP cells (Amsbio LLC, Abington, U.K.), TC treated cell
culture flasks (Greiner Bio-One International GmbH, Kremsmiinster, Austria), TC treated
multiwell cell culture plates (VWR International GmbH, Darmstadt, Germany), Dulbecco’s
modified eagle medium (DMEM) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
(HEPES) buffer (Biowest SAS, Nuaillé, France), fetal bovine serum (FBS, Capricorn
Scientific, Ebsdorfergrund, Germany), Opti-MEM™ reduced serum medium, Penicillin-
Streptomycin, PrestoBlue™ cell viability reagent (Thermo Fisher Scientific, Waltham, MA,
U.S)), trypsin-EDTA, Hanks’ balanced salt solution (HBSS) (Sigma-Aldrich, St. Louis, MO,
U.S.), ethidiumbromide solution, agarose-HR PLUS (Carl Roth, Karlsruhe, Germany), heparin
sodium salt (Alfa Aesar, Haverhill, MA, U.S.), Eudragit® E(PO/E100) (Evonik Industries,
Essen, Germany), linear poly(ethylenimine) (25 kDa, Polysciences, Warrington, PA, U.S.),
Viromer® RED (Lipocalyx, now BioNTech, Mainz, Germany). Plasmid DNA encoding for
enhanced green fluorescent protein (mMEGFP-N1, 4.7 kb), td-tomato (td-tomato-N1, 5.4 kb) or
Myc (pKMyec, 4.7 kb) was isolated from E. Coli using a Giga plasmid kit (Quiagen, Hilden,

Germany). mEGFP-N1 was a gift from Michael Davidson (Addgene plasmid #54767;



http://n2t.net/addgene:54767;RRID: Addgene 54767), tdTomato-N1 was a gift from Michael
Davidson & Nathan Shaner & Roger Tsien (Addgene plasmid #54642; http://n2t.net/addgene:
54642; RRID: Addgene 54642) and pKMyc was a gift from Ian Macara (Addgene plasmid
#19400;http://n2t.net/addgene: 19400;RRID: Addgene 19400). pCMV-GFP plasmid was
ordered from Plasmid Factory (Bielefeld, Germany, 3.5 kb). GFP-22 siRNA targeting green
fluorescent protein (GFP) and negative control siRNA were ordered from Qiagen (Hilden,

Germany). mRNA encoding for GFP was obtained from Oz Biosciences (Marseille, France).
1.2 Synthesis of (4-cyanopentanoic acid)ylethyl trithiocarbonate (CPAETC)

To a solution of bis-(ethylsulfanylthiocarbonyl) disulfide (2.5 g, 9.1 mmol) in 1,4-dioxane
(62 mL), 4,4-azobis(4-cyanovaleric acid) (5.4 g, 2.1 eq., 19.13 mmol) was added and the
mixture was stirred for 21 hours at 75 °C. After removal of the solvent under reduced pressure,
the crude product was subjected to column chromatography (silica, hexane: ethyl acetate, with
a content of ethyl acetate varying from 60 to 30%). The product fractions were collected and
dried under vacuum; an orange powder was obtained (81% yield).

'H NMR (300 MHz, CDCl3-d) & [ppm] = 3.36 (q, J = 7.4 Hz, 2H, S-CH»-CH3), 2.76 — 2.61
(m, 2H, C(0)-CH2-CHz-), 2.65 — 2.33 (m, 2H, C(O)-CH»-CHz-), 1.90 (s, 3H, C(CN)(CH3)),
1.37 (t,J= 7.4 Hz, 4H, CH2-CH3).

BC-NMR (75 MHz, CDCl3) § [ppm] = 216.66, 177.24, 118.88, 46.37, 77.41, 76.63, 33.47,

31.40, 29.52, 24.84, 12.74.
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1.3 Reversible addition fragmentation chain-transfer (RAFT) polymerization

Conversion (p) of each monomer was calculated from 'H-NMR data by comparing the integrals
between vinyl peaks (5.5 - 6.3 ppm) and polymer peaks against an external reference (1,3,5-
trioxane, 5.14 ppm) before (+=0) and at designated time points throughout the polymerization.

The theoretical number-average molar mass (Mn,m) was then calculated using equation (1):

_ [DMAEMA]oppomaemaMpmaema + [BMA]opemaMpma + [MMA]opyvma Myvma
Mnen = [CTA],

+ Mcra €]

Where [DMAEMA]o, [BMA]o, [MMA]o and [CTA]o are the initial concentrations of the
monomers and the chain transfer agent (CTA), respectively, Mpmaema, Mema, Mmma, and Mcta
are the molar mass of the monomer and CTA, respectively, and p is the monomer conversion

of each monomer.

1.4 Synthesis of P(DMAEMA) via RAFT polymerization

CPAETC (50.0 mg, 1.9 x 10* moles), DMAEMA (4.5 g, 2.9 x 10”2 moles), 1,4-dioxane (2.5
g), 1% (w/w) ACVA in 1,4-dioxane (426.0 mg, 1.5 x 10~ moles) and 1,3,5-trioxane (external
NMR standard, 21 mg) were introduced to a 20 mL microwave vial equipped with a magnetic
stirring bar. The vial was sealed, and the solution deoxygenated by bubbling argon through it
for approx. 10 min. The vial was placed in an oil bath set at 70 °C and allowed to stir for 7 h,
with samples taken for 'H-NMR and CHCI5-SEC analysis at designated times. The polymer
was precipitated three times from THF into cold hexane and dried under reduced pressure to

give a yellow solid. CHC13-SEC: My sec = 14.2 kg mol™!, D= 1.19.



2. Further Results

2.1 Characterization of PDMAEMA
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Fig. S1. Synthesis and characterization of PDMAEMA.
(a) Schematic representation of the RAFT polymerization to obtain PDMAEMA. (b) Kinetics of

PDMAEMA formation was measured by 'H-NMR and SEC. (c) 'H-NMR was measured after

precipitation.



2.2 DLS measurements

Table S1. DLS/ELS measurements of the PBMDoyg(out,pDNA) formulation.

Size and zeta potential measured by DLS/ELS. Each measurement is displayed as a single value.

Formulation N/P ratio z-average [ nm PDI Zeta potential / mV
118.4 0.186 67.1
0 144.7 0.141 50.1
111.9 0.131 44 .4
123.4 0.125 421
165.6 0.221 -14.0
5 193.6 0.209 -12.9
248.7 0.237 -14.0
182.8 0.184 -12.9
764.4 0.376 7.2
15 757.8 0.324 -8.0
7824.8 0.247 15.4
PBMD,, (out,pDNA) 1 104-3 0.539 73
68.2 0.699 18.4
30 1160.8 0.842 21.6
7789.0 0.902 29.3
2673.4 0.943 26.4
608.8 0.489 259
50 338.7 0.704 32.1
127.2 0.111 41.6
148.7 0.123 31.8
188.0 0.329 39.1
100 146.0 0.179 423
113.3 0.131 429
126.9 0.111 36.8

Table S2. DLS/ELS measurements of the PBMDo,(in,pDNA) formulation.

Size and zeta potential measured by DLS/ELS. Each measurement is displayed as a single value.

Formulation N/P ratio z-average / nm PDI Zeta potential / mV

1139.8 0.686 45.6

30 241.0 0.260 32.6

605.4 0.405 43.3

4111.0 0.143 42.2

50 276.7 0.134 40.3

PBMDOrg(in,pDNA) 311.2 0.102 39.8
214.5 0.117 39.6

75 225.5 0.086 40.4

223.4 0.100 39.6

183.8 0.071 41.9

100 188.4 0.115 43.1

215.4 0.061 38.1




Table S3. DLS/ELS measurements of the PBMD aqu(pDNA) formulation.

Size and zeta potential measured by DLS/ELS. Each measurement is displayed as a single value.

Formulation N/P ratio z-average / nm PDI Zeta potential / mV
113.4 0.236 -19.5
0.5 147.6 0.161 -15.2
' 442.8 0.377 -17.7
129.7 0.155
2104.0 0.324 -22.3
1 73.1 0.582 -18.2
163.7 0.159 -18.3
159.7 0.214
120.4 0.161 8.1
188.3 0.176 '
101.0 0.150
S 1503.5 0.218 155
535.1 0.269
759.4 0.264 19.5
110.1 0.205
109.8 0.173 232
10 98.7 0.190 20.6
PBMD DNA
aa(PDNA) 120.5 0.208 "0
102.1 0.200 '
96.2 0.189
98.4 0.179 219
20 92.7 0.231 24.2
107.2 0.219
100.0 0.263 19.7
89.9 0.176
94.4 0.187 236
30 79.9 0.204 234
93.0 0.221
90.6 0.252 223
72.2 0.220
85.3 0.202 24.6
50 75.2 0.238 24.6
92.7 0.220
83.6 0.264 25.5
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Fig. S2. DLS hydrodynamic diameter distributions and example exponential decays from samples of
the different formulation methods at N/P 50.

pDNA-loaded NPs or complexes obtained by different formulation methods at N/P 50 and 15 ug mL"!
pCMV-GFP plasmid. Exemplary intensity, number, and volume weighted plots and exponential decay

correlation coefficients of single measurements are displayed for (a) PBMDorg(out,pDNA), (b)

PBMDo(in,pDNA) and (c) PBMDaqu(pDNA) formulations.
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Fig. S3. DLS hydrodynamic diameter distributions and example exponential decays of
PBMDaqu(pDNA) complexes at N/P 10 and 20.

Complexes at (a) N/P 10 and (b) N/P 20 formed using 15 pg mL™' pCMV-GFP plasmid.

Table S4. DLS measurements of PBMDaq(pDNA) formed with different plasmids used within the
study.

Size was measured by DLS (mean of n=3 £ SD).

pDNA z-average / nm PDI
pCMV-GFP 90.9+15 0.182 £ 0.015
mEGFP-N1 973122 0.175 £ 0.002
pKmyc 946+1.0 0.180 + 0.009
td-tomato-N1 87.2+17 0.164 +0.024




2.3 Scanning electron microscopy measurements (SEM)

(a)

PBMD,,,.(in,pDNA) PBMD,, . (in,pDNA)

Org Org

N/P 75 N/P 50

Fig. S4. Scanning electron microscopy measurements (SEM) of PBMDoy,(in,pDNA) and PBMDoy.
(a) nanoparticles obtained by the PBMDo,(in,pDNA) formulation at N/P ratios of 75 and 50 and (b)

nanoparticles formulated by nanoprecipitation in acetone prior to addition of pPDNA (PBMDoyg).



2.4 Gating strategy for transfection experiments

All events Viable gated cells Single gated cells
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Fig. SS. Gating strategy for pDNA transfection experiments.
Viable cells were gated according to the FSC/SSC pattern. Subsequently the single cells were

discriminated from doublets in the sample using the area of FSC signal plotted against the FSC height.



GFP positive cells were identified by gating the single cells to the unstained control (PBMDaqu(pDNA)

complex with pKMyc plasmid).
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Fig. S6. Gating strategy for siRNA transfection experiments.
Viable single cells were gated as described for pDNA transfection. Subsequently, cells with
reduced GFP fluorescence were discriminated by gating to the control (PBMDagqu(siRNA)

complex with neg. ctrl GFP siRNA).
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Fig. S7. Gating strategy for mRNA transfection experiments.
Viable single cells were gated as described. Cells expressing GFP were identified by gating to

the control (polymer without mRNA).



2.5 Analytical ultracentrifugation (AUC) measurements

OD @310 nm
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Fig.S8. Sedimentation velocity profiles of free RAFT agent-containing polymer.
Radially resolved sedimentation velocity profiles of free RAFT agent-containing polymer of the
PBMDqu(pDNA) complex at an N/P ratio of 20 (in terms of OD) at a concentration of ¢ = 1 mg mL"!

monitored at a wavelength of A =310 nm in terms of OD at a subsequent a rotor speed at 42,000 rpm.
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Fig. S9. AUC measurements of PDMAEMA-polyplexes.
(a) Normalized differential distributions of sedimentation coefficients of PDMAEMA complexes at a
rotor speed of 7,500 rpm and at A = 260 nm in terms of OD formed at N/P 10 (black dashed line) and

N/P 20 (black solid line). (b) Differential distributions of sedimentation coefficients at a subsequent



rotor speed of 42,000 rpm and at A = 310 nm in terms of OD of the free polymer. Complex formed with

PDMAEMA at N/P 10 (black solid line) and N/P 20 (red solid line).
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Fig. S10. AUC measurements at increasing sample concentrations.

(a) Differential distributions of sedimentation coefficients obtained at a subsequent rotor speed of
42,000 rpm and at increasing sample concentrations of the PBMDaq(pDNA) formulation at N/P 20
(from bottom to top) via RI detection, and (b) overlay of normalized differential distributions of
sedimentation coefficients at A = 310 nm (red solid line) and RI detection (black solid line) at a rotor

speed at 42,000 rpm.
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Fig. S11. Comparison of AUC measurements of PBMDaqu(pDNA) and PDMAEMA-
polyplexes.

Normalized differential distributions of sedimentation coefficients at a rotor speed of 42,000 rpm
and at A = 310 nm of the free polymer. (a) PBMDaq(pDNA) complex at an N/P ratio of 10
(solid lines) and N/P20 (dashed lines) at a wavelength of A =310 nm (red lines) and RI detection
(black lines). (b) Polyplexes formed with PDMAEMA at an N/P ratio of 10 (solid lines) and

N/P 20 (dashed lines) at a wavelength of A =310 nm (red lines) and RI detection (black lines).

Table S5. DLS measurements of PBMDaqu(siRNA) and of PBMDaq(mRNA) at N/P 10.

Size measured by DLS at a RNA concentration of 15 ug mL™! (n = 1, mean + SD of three sub-runs).

Formulation z-average / nm PDI
PBMDaqu(siRNA) N/P10 165.7+4.1 0.229 +0.022
PBMDaqu(mRNA) N/P 10 139.7+2.0 0.174 £ 0.021
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The use of genetic material by non-viral transfer systems is still in its initial stages, but there are high
expectations for the development of targeted therapies. However, nucleic acids cannot enter cells without
help, they must be well protected to prevent degradation and overcome a variety of biological barriers,
the endosomal barrier being one of the greatest cellular challenges. Herein, the structure—property-
relationship was investigated in detail, using well-defined polymers. Polyacrylamides were synthesized via
RAFT polymerization resulting in a polymer library of (i) different cationic groups as aminoethyl acrylamide
(AEAm), dimethylaminoethyl acrylamide (DMAEAm), dimethylaminopropyl acrylamide (DMAPAmM) and
guanidinopropyl acrylamide (GPAm); (i) different degree of polymerization; and investigated (iii) in different
cell culture settings. The influence of molar mass and cationic moiety on complex formation with pDNA,
cytotoxicity and transfection efficiency of the polymers were investigated. The systematic approach
identified a pH-independent guanidinium-containing homopolymer (PGPAmMgg) as the polymer with the
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highest transfection efficiency and superior endosomal release under optimal conditions. Since PGPAmMgg
is not further protonated inside endosomes, common escape theories appear unsuitable. Therefore,
the interaction with bis(monoacryloylglycerol)phosphate, a lipid specific for endosomal vesicles, was
investigated. Our research suggests that the interactions between amines and lipids may be more relevant
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Introduction

Gene therapy is a powerful approach towards treating genetic
disorders, cancer and other diseases. Due to an instability
against nucleases and reduced uptake ability of naked genetic
material, carriers are needed for effective protection and
transportation.” Carriers designed by nature are known as
viruses, some of which have already been approved by different
agencies.” However, viruses pose a high risk due to unexpected
side-effects, show limitations in modification as well as in the
amount of delivered genetic material, and are not amenable
to scale-up. Polymers are thus an extremely appealing
alternative.>* To protect their genetic cargo, the polymers form
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stable complexes with the negatively charged phosphate groups
of the genetic material and are, as such, typically positively
charged.> Moreover, the cationic charge aids in overcoming
gene delivery barriers like the cellular membrane and lysosomal
entrapment. Especially the endosomal escape is important to
prevent recycling or enzymatic degradation and to transport the
genetic material closer to its site of action.®® A well-known
cationic polymer is linear poly(ethylene imine) (LPEI) which
shows high transfection efficiency, but also low biocompatibility,
promoting the development of less toxic alternatives.” "
Beyond PEI, various cationic polymers with a range of back-
bone chemistries have been studied as non-viral gene delivery
vectors. Polymers based on vinyl backbones are of particular
interest, since they can possess a broad range of functional
pendant groups, and may be readily synthesized by various poly-
merization techniques, including radical polymerization. For
example, poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA)
shows a propensity for gene delivery and is extensively studied.
PDMAEMA possesses tertiary amine pendant groups and a pK,
which renders it pH-responsive within a physiologically useful
pH window (x 7.4).">'® While there are many other examples of

This journal is © The Royal Society of Chemistry 2020
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vinylic cationic polymers in polymer-based gene delivery, such
as polybutylamino vinyl ethers (PBAVE),"*'* work has mostly
been limited to polymethacrylates or polymethacrylamides. The
polyacrylamides (PAms) represent an interesting alternative since
they are hydrolytically stable (unlike many polymethacrylates) and
are considered to possess more hydrophilic polymeric backbones
than their acrylate, methacrylate and methacrylamide counter-
parts. Therefore, they are more stable to store and less likely to be
modified in the body. Regarding their polymerization, acrylamide
monomers possess a comparatively high rate constant of propa-
gation (kp) and are typically less prone to side reactions of transfer
during radical polymerization, which makes them well suited for
reversible deactivation radical polymerization (RDRP) techniques
such as reversible addition-fragmentation chain transfer (RAFT)
polymerization."®™® Concerning gene delivery, Nakayama and
co-workers developed cationic star polymers based on poly(N,N-
dimethylaminopropyl acrylamide) (PDMAPAm) and showed
higher transfection efficiency than PEI in COS-1 cells.**™*
The group of Young studied linear PAms bearing primary
amine pendant groups with varying spacer length and also
reported promising transfection efficiency with primary amine/
imidazole functional polymers, with or without the presence of
the stealth polymer poly(ethylene glycol) (PEG).>*>° However,
to the best of our knowledge, no further systematic studies
have been performed with polyacrylamides as cationic homo-
polymers of linear architecture for gene delivery. In addition to
the polymer backbone chemistry, there are a number of other
properties which influence gene delivery potential. The molar
mass of a given cationic polymer has been demonstrated in
several cases to play an important role. Increasing molar masses
typically correspond to increased transfection efficiency, but also
increased cytotoxicity.?” "

Moreover, the nature of the cationic moiety is of crucial
importance, since it is a vital feature for DNA binding, cellular
uptake, endosomal escape and DNA release. There are only
few systematic studies focusing on the investigation of the
correlation between the nature of the cationic moiety and
the transfection mechanism; and they were not conducted
with polyacrylamides. Reineke and coworkers investigated
methacrylamide-based RAFT copolymers bearing primary,
secondary, tertiary or ternary amine and carbohydrate pendant
groups in different copolymer compositions (block vs. statisti-
cal copolymer, monomer ratio).>>** More recently, a library of
methacrylate-based homo- and co-polymers (bearing primary,
secondary and/or tertiary amines) identified primary amine-
based polymers to possess high potential.** However, the
spacing between the cationic moiety and the polymer backbone
also had an effect on the physicochemical properties.'*?%3>

Most studies focused on pH-responsive polymers that
were (partially) protonated at physiological pH values.'***3¢
pH-independent polymers with quaternized amines, for example,
have rarely been investigated so far. They showed the efficiency-
effectiveness dilemma: less toxicity but also less efficiency
compared to their pH-dependent analogs. The assumed
reasons are an inefficient DNA release and/or a lower endo-
somal release.">**?7*% Another interesting cationic moiety is
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the guanidinium group, that is not pH-dependent in a physio-
logical context (pK, > 12). Guanidine occurs in many different
biomolecules and contributes to protein denaturation, DNA-
synthesis inhibition or in the amino acid arginine in active sites
of enzymes.*® Many cell penetrating peptides, such as the TAT
peptide, are rich in arginine residues.’® However, while their
proficiency for intracellular trafficking is well known, their
mechanism of cellular entry, i.e. via transduction or endocytosis,
remains a topic for debate.*'® Assuming endocytosis, the
mechanism of endosomal escape for guanidinium containing
cell penetrating peptides (CPP) has to be considered. In studies
with membrane lipids of the endolysosomal pathway, arginine
containing CPPs were shown to bind bis(monoacryloyl
glycerol)phosphate (BMP), a lipid present at the inner side of
the membrane of intra late endosomal vesicles (ILEV) and to
disrupt BMP-containing liposomes, indicating a possible path-
way for the endosomal escape.*”*® Since this feature is of great
importance in applications such as drug or gene delivery, the
guanidinium group is frequently exploited for the development
of synthetic vectors.*®*** Regarding examples possessing
vinylic polymeric backbones, Funhoff et al. reported promising
transfection and uptake in COS-7 cells for poly(3-guanidinopropyl
methacrylate) (PGPMA) homopolymers prepared via free radi-
cal polymerization.*® However, well-defined homopolymers of
guanidinium-functional PAms have not been systematically
studied as gene delivery vectors, nor compared with other
cationic moieties. Still, they are of vital importance for the
potential utilization of nature-inspired specific cation-lipid-
interactions.

In this work, we synthesized a library of well-defined cationic
PAm homopolymers of varying molar mass bearing either
primary amine, tertiary amine or guanidinium pendant groups
via RAFT polymerization in order to assess their potential for
gene delivery. The influence of the different properties on the
transfection efficiency of the polymers was investigated and they
were further characterized regarding the media influence, their
PDNA binding capability, uptake and different types of toxicity.
Due to the outstanding performance of the guanidinium func-
tionalized polymer, the underlying endosomal escape mecha-
nism was investigated in more detail using calcein release and
lipid-polymer binding assays.

Material and methods

Materials, instruments, further methods and calculations can
be found in the ESL}

RAFT polymerization

Typical synthesis of P(GPAmdiBoc) via RAFT polymerization. A
5.0 wt% solution of 2-(Butylthiocarbonothioylthio) propanoic acid
(PABTC) in DMAc (89.6 mg, 4.48 mg PABTC, 1.88 x 10~ > mmol),
GPAM¥®*¢ (700.6 mg, 1.89 mmol), a 1.0 wt% solution of V65B in
1,4-dioxane (301.1 mg, 3.01 mg V65B, 1.17 x 10~ > mmol), DMAc
(316.4 mg), 1,4-dioxane (731.3 mg) and 1,3,5-trioxane (external
NMR standard, 8.4 mg) were introduced to a 4 mL microwave vial
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equipped with a magnetic stirring bar. The vial was sealed, and
the solution deoxygenated by bubbling argon through it for
ca. 10 min. The vial was placed in an oil bath set at 45 °C and
allowed to stir for 5 h. The polymer was precipitated three times
(from THF) into cold hexane, and then dried under vacuum to
give a yellow solid.

Typical synthesis of P(AEAmBoc) via RAFT polymerization.
PABTC (27.0 mg, 0.113 mmol), AEAmM®* (602.4 mg, 2.81 mmol), a
1.0 wt% solution of V65B in 1,4-dioxane (290.0 mg, 2.90 mg V65B,
1.12 x 10~ > mmol), DMAc (394.4 mg), 1,4-dioxane (695.4 mg) and
1,3,5-trioxane (external NMR standard, 9.2 mg) were introduced to
a 4 mL microwave vial equipped with a magnetic stirring bar. The
vial was sealed, and the solution deoxygenated by bubbling argon
through it for ca. 10 min. The vial was placed in an oil bath set at
50 °C and allowed to stir for 5 h. The polymer was precipitated
three times from THF into cold hexane, and then dried under
vacuum to give a yellow solid.

Typical synthesis of P(DMAPAm) via RAFT polymerization.
PABTC (19.9 mg, 8.35 x 10~ > mmol), DMAPAm (383.3 mg,
2.95 mmol), a 1.5 wt% solution of V65B in 1,4-dioxane
(140.7 mg, 2.11 mg V65B, 8.17 x 10> mmol), DMAc (193.0 mg),
1,4-dioxane (70.6 mg) and 1,3,5-trioxane (external NMR standard,
3.3 mg) were introduced to a 2 mL vial equipped with a magnetic
stirring bar. The vial was sealed, and the solution deoxygenated by
bubbling argon through it for ca. 10 min. The vial was placed in an
oil bath set at 60 °C and allowed to stir for 4 h. The polymer was
precipitated three times from THF into cold hexane, and then
dried under vacuum to give a yellow solid. The polymer was then
dissolved in distilled H,O and dried by lyophilization.

Typical synthesis of P(DMAEAm) via RAFT polymerization.
PABTC (25.1 mg, 0.105 mmol), DMAEAm (371.8 mg, 2.62 mmol),
a 1.5 wt% solution of V65B in 1,4-dioxane (203.5 mg, 3.05 mg
V65B, 1.18 x 10~ > mmol), DMAc (218.8 mg), 1,4-dioxane
(36.1 mg) and 1,3,5-trioxane (external NMR standard, 5.9 mg)
were introduced to a 2 mL vial equipped with a magnetic stirring
bar. The vial was sealed, and the solution deoxygenated by
bubbling argon through it for ca. 10 min. The vial was placed
in an oil bath set at 60 °C and allowed to stir for 4 h. The polymer
was precipitated three times from THF into cold hexane, and
then dried under vacuum to give a yellow solid. The polymer was
then dissolved in distilled H,O and dried by lyophilization.

Deprotection of P(diBocGPAm) and P(BocAEAm). Polymers
were dissolved at 50 mg mL™' in TFA/H,O (97/3 v/v) and
allowed to stir for 4 h. The TFA was then blown off using
compressed air, the polymers were precipitated three times into
diethyl ether from methanol and dried under reduced pressure
to give a yellow solid.

Experimental details of all polymerizations are provided in
the Tables S1 and S2 (ESIt).

Polyplex preparation

For the preparation of polyplexes, plasmid DNA (pDNA) and
different amounts of polymer dissolved in water were mixed in
HBG buffer (20 mM 4-(2-hydroxethyl)piperazine-1-ethanesulfonic
acid (HEPES) and 5% (w/v) glucose, pH 7.2) to give a final
pDNA concentration of 15 pg mL™ ", with varying N*/P ratios
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(molar ratio of protonatable nitrogen atoms to phosphates of
PDNA, see ESIT). Immediately after combination, the mixtures
were vortexed for 10 s at maximum speed (3200 rpm) and
incubated at room temperature for 15 min to ensure complex
formation.

Ethidium bromide quenching (EBA) and heparin dissociation
assays (HRA)

The formation of polyplexes with pDNA was identified via
quenching of ethidium bromide (EtBr) fluorescence by polymers
interacting with pDNA. Briefly, 15 ug mL~' pCMV-GFP pDNA in
a total volume of 100 uL. HBG buffer were incubated with EtBr
(1 pg mL™") at room temperature for 10 min. Subsequently,
polyplexes with different quantities of polymer stock solutions
(various N*/P ratios) were prepared in black 96-well plates (Nunc,
Thermo Fisher, Germany) and incubated at 37 °C for 15 min
before measuring the fluorescence intensity at Agx = 525 nm/
JAgm = 605 nm. A sample containing only pDNA and EtBr was
defined as maximum fluorescence (100%).

For the heparin dissociation assay, heparin was added to
the formed polyplex-EtBr mixtures using the dispenser of
the microplate reader to obtain the indicated concentrations
(Table S4, ESIt). After each addition, the plate was shaken,
incubated at 37 °C for 10 min and fluorescence intensity was
measured.

The percentage of EtBr displaced upon polyplex formation
or re-intercalating following pDNA release by heparin was
calculated using eqn (1):

S:

Fs.
rF1/% = F“—"“’le x 100 (1)

pDNA

where rFI is the relative fluorescence intensity and Fsample, and
Fppna are the fluorescence intensities of a given sample and
the EtBr intercalated into pDNA alone (in the case of the HRA
with heparin), respectively. Data are expressed as mean =+ SD of
three independent determinations.

For a summarized depiction of the EBA results, the % of bound
PDNA was calculated as 100% - rFI%. The heparin concentration
needed to release the maximum of pDNA was calculated with
OriginPro, Version 2018b (OriginLab Corporation, US) which
can be found in the ESL¥

Determination of cytotoxicity

Cytotoxicity studies were performed with the mouse fibroblast
cell line L929 (CLS, Germany), as recommended by ISO10993-5.
For cytotoxicity of the polymers in HEK293T cells, refer to
ESL {1 The L929 cells were cultured in low glucose Dulbecco’s
modified eagle’s medium (DMEM) supplemented with 10%
fetal calf serum (FCS, Capricorn), 100 U mL™" penicillin and
100 ug mL ™" streptomycin at 37 °C in a humidified 5% (v/v) CO,
atmosphere. In detail, cells were seeded at 10 cells per well in a
96-well plate without using the outer wells and incubated in
medium containing 10 mM HEPES for 24 h. 1 h after medium
change, cells were treated in sixtuplicates with polymers at
different concentrations, ranging from 5 ug mL ™" to 500 ug mL ™",
and incubated for additional 24 h. The medium was replaced
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by a 10% (v/v) alamarBlue solution in fresh culture medium,
prepared according to the manufacturer’s instructions.
Following an incubation for 4 h at 37 °C, the fluorescence was
measured at Ag = 570/Agm = 610 nm. Non-treated control cells on
the same plate were referred to as 100% viability. Values below
70% were regarded as cytotoxicity. Data are expressed as mean +
SD of at least three independent determinations or as CCs,
values + 95% confidence interval (CI). Information regarding
CC;5, calculations can be found in the ESL

Transfection of adherent cells

Transfection studies were performed with the human embryonic
kidney cell line HEK293T (CLS, Germany). The cells were routinely
cultured in DMEM medium (1 g L " glucose) supplemented with
10% FCS, 100 pg mL ™" streptomycin and 100 U mL ™" penicillin at
37 °C in a humidified 5% (v/v) CO, atmosphere.

For transfection studies, HEK293T cells were seeded at a
density of 10° cells per well in 24-well plates and incubated at
37 °C (5% CO,) for 24 h. One hour prior to transfection, the
medium was replaced by 450 uL serum reduced Opti-MEM™ or
fresh growth medium (DMEM + 10% FCS + 10 mM HEPES) to
reduce pH variance during the experiments. Polyplexes were
prepared as described above with isolated pEGFP-N1 pDNA and
added to the cells diluting the polyplexes 1:10 in the cell
culture medium. If incubated in Opti-MEM™, the supernatant
was replaced by fresh growth medium after 4 h and incubated
for further 20 h. When transfections were performed in
growth medium, the cells were incubated with polyplexes for
24 h. For analysis via flow cytometry, cells were harvested by
trypsinization and resuspension in Hanks’ Balanced Salt
Solution, supplemented with 2% FCS and 20 mM HEPES
(FC-buffer). For determination of transfection efficiency, cells
were analyzed as described in the instrumentation section (see
ESIY). Viable cells showing EGFP signal higher than the control
cells incubated with pDNA only were gated as % of cells
expressing EGFP and the relative mean fluorescence intensity
(rMFI) of all viable cells was calculated in relation to the
control. The experiments were performed at least three times
and data are expressed as mean £ SD.

Polyplex uptake

To study the uptake of polymers over time, cells were seeded at
a density of 10° cells per well in 24-well plates and cultured for
24 h in growth medium. One hour prior to the addition of
the polyplexes, the medium was changed to serum reduced
Opti-MEM™ or fresh growth medium. Polyplexes were prepared
as described above after labelling 1 ng pCMV-GFP pDNA with
0.027 nmol YOYO-1 iodide. Subsequently, the polymer-pDNA-
solutions were added to the cells, diluting the polyplexes 1:10
in cell culture medium. Following incubation for 4 h, cells were
harvested by trypsinization and resuspension in FC-buffer.
Trypan blue solution (0.4%) was added to a final concentration
of 0.04% to quench fluorescence of polyplexes outside the cells.
Cells were analyzed via flow cytometry as described in the
instrumentation section (see ESI{). Viable cells showing
YOYO-1 signal higher than the control cells, which were
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incubated with YOYO-1-pDNA only, were gated as % of cells
that have taken up pDNA and the relative mean fluorescence
intensity (rMFI) of all viable cells was calculated in relation
to the control cells. The experiments were performed at least
three times.

Hemolysis assay

The interaction of polymers with cellular membranes was
examined by analyzing the release of hemoglobin from erythro-
cytes as published before.*®>* Blood from human donors,
collected in tubes with citrate, was obtained from the Depart-
ment of Transfusion Medicine of the University Hospital, Jena.
The blood was centrifuged at 4500 x g for 5 min, and the pellet
was washed three times with cold phosphate buffered saline
(PBS, pH 7.4). Following a 10 times dilution with PBS (either
pH 7.4 or pH 6.0), 500 pL aliquots of erythrocyte suspension
were mixed 1:1 with the polymer solutions, which were pre-
pared with PBS pH 7.4 or pH 6.0, and incubated at 37 °C for
60 min. After centrifugation at 2400 x g for 5 min, the supernatant
was transferred to a clear flat bottomed 96-well plate (VWR,
Germany) and the hemoglobin release was determined as the
hemoglobin absorption at 4 = 544 nm. Absorption at /4 = 630 nm
was used as reference. Complete hemolysis (100%) was achieved
using 1% Triton X-100 as positive control. Pure PBS was used as
negative control (0% hemolysis). The hemolytic activity of the
polycations was calculated as follows (2):

(ASample - ANegative comrol)

Hemolysis/% = x 100 (2)

( Positive control — ANegative control)
where ASample; ANegative control and APositive control AI'€ the absorption
values of a given sample, the PBS treatment and the Triton X-100
treatment, respectively. A value less than 2% hemolysis rate was
classified as non-hemolytic, 2 to 5% as slightly hemolytic and
values >5% as hemolytic. Experiments were run in technical
duplicates and were performed with three different blood donors.

Erythrocyte aggregation

Erythrocytes were isolated as described above. For determining
the aggregation, 100 pL of the erythrocyte-polymer suspension
were transferred to a clear flat bottomed 96-well plate (VWR,
Germany). The cells were incubated at 37 °C for 2 h, and the
absorbance was measured at A = 645 nm. Cells treated with PBS
served as negative control and cells treated with 50 pg mL™"
10 kDa BPEI were used as positive control. Aggregation
potential of the polymers was calculated as follows (3):

Aggregation _ ANegalive control (3)
ASamplc

where Agampie and Anegative control are the absorption values of a

given sample and the PBS treatment, respectively. Experiments

were run in technical duplicates and were performed with

blood from three different blood donors.

Calcein release assay

To determine the endosomal escape efficiency of the polymers,
a calcein release assay was performed. HEK293T cells were
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seeded at a density of 10° cells per well in 24-well plates and
cultured for 24 h in growth medium. They were treated with
polyplexes as described for transfection studies. Just before the
addition of polyplexes, the non-cell-permeable dye calcein was
added to the cells to give a final concentration of 25 ug mL ™.
Following incubation for 4 h, cells were carefully washed twice
with cold PBS and harvested by trypsinization and resuspen-
sion in FC-buffer. Via flow cytometry, cells were analyzed as
described in the instrumentation section (ESIt). Viable cells
showing a calcein signal higher than the control cells incubated
with calcein only were gated as % of cells that show strong
calcein signal and the relative mean fluorescence intensity
(rMFI) of all viable cells was calculated in relation to the control
cells. The experiments were performed three times.

Lipid-polymer binding assay

To investigate the polymer-membrane-interaction in more
detail, the binding of the polymers to several lipids specific
for different membrane stages along the endolysosomal path-
way was determined using a lipid—polymer binding assay which
was modified according to Erazo-Olivereas et al. 2016.*” The
lipids were dissolved in hexane and the DY635-labeled poly-
mers (see ESIT) were diluted in acetate buffer (0.1 M, pH 5.7) at
equal amine concentrations (= N*/P 30, 1.2-1.4 mM). The lipid
and polymer solutions were vigorously mixed at a ratio of 1:1
in 200 pL for one minute. Following incubation at —20 °C for
10 min, all samples were centrifuged in a microcentrifuge at
6000 rpm (Carl Roth, Germany) to allow phase separation. To
determine the amount of polymer binding to the lipids, 50 pL
of the aqueous phase were diluted 1:2 with acetate buffer,
transferred to a black 96-well plate (Nunc, Thermo Fisher,
Germany) and fluorescence intensity of DY635 was measured
at Agyx = 633/Agm = 680 nm in a plate reader. The mixture of pure
hexane and the respective labeled polymer in the aqueous
phase was used as the negative control (0% lipid binding).
The polymer-lipid interaction was calculated as follows (4):

FSample - FO

Fl=——MW———
FNcgativc control — FO

4)

where Fsamples; Fiegative control aNd Fy represent the fluorescence
intensity of the aqueous phase following lipid incubation, the
fluorescence intensity of the aqueous phase following pure
hexane incubation and the fluorescence intensity of pure
buffer, respectively.

Statistics

To determine the statistical significance, analysis of variance
(ANOVA) was performed. If the ANOVA revealed significant
differences (p < 0.05), post hoc analyses with a Bonferroni
correction were applied. All statistical analyses with data of
n > 3 and the determination of the Pearson’s correlation
coefficient were performed with Origin, Version 2018b
(OriginLab Corporation, US). Further details can be found in
the ESL¥

5030 | J Mater. Chem. B, 2020, 8, 5026-5041

View Article Online

Paper

Results and discussion
Monomer synthesis and characterization

Four acrylamide-based monomers were selected to prepare
the cationic polymer library. Dimethylamino ethyl acrylamide
(DMAEAm) is the acrylamide analogue of widely studied DMAEMA,
while dimethylamino propyl acrylamide (DMAPAm) is a pertinent
addition since PDMAPAm is a promising instance of cationic
polyacrylamides used in gene delivery.”>>* While both monomers
bear the same cationic moiety, the different length of the alkyl
chain should influence the hydrophobicity and the pK, of the
resulting polymers, which in turn influences their interactions with
DNA and cells, and ultimately their propensity for transfection.'?
Boc-protected forms of the primary amine- and guanidinium-
functional monomers were used in this work since it permits
the use of typical RAFT polymerization conditions, circumventing
the need to conduct polymerizations in aqueous buffer. The Boc-
protected primary amine-functional monomer, Boc-aminoethyl
acrylamide (AEAm®®®), was synthesized according to literature
(A),>® while a newly reported di-Boc-protected guanidinium-
functional monomer, di-Boc-Guanidine propyl acrylamide
(GPAM®®), was synthesized in a two-step synthesis adapted
from literature (Scheme 1B).>® Characterization of the mono-
mers may be found in the ESL7

Polymer synthesis and characterization

For each monomer, homopolymers with average degrees of
polymerization (DP) ranging from 10 to 100 were targeted, in
order to assess the influence of the polymer molar mass on
biological activity. The library of cationic polymers was synthe-
sized by RAFT polymerization using PABTC or its NHS activated
ester derivative NHS-PABTC as CTA, with 1,4-dioxane/DMAc as
a solvent system and V65B as azoinitiator (Scheme 1C). PABTC
has been extensively used for the controlled polymerization of
acrylamide and acrylate monomers.'”"® Moreover, the COOH
R-group may be used to functionalize the polymers at the
a-chain end. The solvent system was found to be suitable for
the polymerization of all four monomers, while V65B (10 h half-
life temperature of 51 °C in toluene) offers a reasonable rate of
radical generation across the range of polymerization tempera-
tures employed (45-60 °C) in this solvent system.
Polymerizations of DMAPAm were stopped at monomer
conversions of 70-80% in order to reduce the occurrence of
side reactions, while for the other monomers, polymerizations
were able to reach higher conversions (typically 85-95% as
determined via "H NMR). SEC analysis of the polymers revealed
monomodal populations with narrow molar mass distributions
(P < 1.3) in most cases (Table 1, Fig. 1E-H and Table S2, ESIt).
The experimental molar masses (M,, sgc) were slightly different
to the theoretically determined values in most cases, which may
be attributed to differences in the hydrodynamic radii of the
polymers and the standards used to calibrate the respective SEC
systems (PMMA for DMAc-SEC and P2VP for Aq.-SEC).
Deprotection of the PGPAM“*°° and PAEAM®®° polymers to
give well-defined guanidinium and primary amine polymers,
respectively, was performed using TFA. Quantitative removal of

This journal is © The Royal Society of Chemistry 2020
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the Boc-protecting groups was confirmed using "H NMR (Fig. 1A
and D), while Aq.-SEC of the resulting polymers revealed mono-
modal populations with narrow molar mass distributions in all
cases (P < 1.3) (Fig. 1E and H).

To better understand the behavior of these cationic homo-
polymers at different pH values, the pK, values of the highest
and lowest molar mass polymers from each set were determined.
Acidified solutions (~pH 2) of the polymers in 125 mM NaCl
were titrated with 0.1 mol L™ NaOH (0.5 mol L™ " in the case of
PGPAm polymers) and pK, values were determined using the
Henderson-Hasselbalch equation ((S5) and Fig. S4-S6, ESIT).
Fig. S8 (ESIt) shows the calculated degree of protonation of
the polymers at different pH values. All measured polymers
possessed a pK, of 7.8 or above, while for the PGPAm polymers
the pK, could not be determined with the available system
(assumed to be 12 or above, Fig. S7, ESIt). All polymers are
mainly positively charged under physiological conditions
(pH 7.4) promoting the complexation with nucleic acids. A small
molar mass dependence on pK, value was observed for each
cationic polymer type, with the lowest molar mass polymer
possessing the higher pK, in each case. This trend is consistent
with simulations conducted by Nova and co-workers, where the
difference in pK, showed little variation after a DP of ~50.%”

This journal is © The Royal Society of Chemistry 2020

However, it was also observed that the titration curves become
increasingly non-ideal with increasing polymer length (again
up to a DP of ~50), due to local effects of the neighboring
monomers. There is a clear trend in the pK, of the different
cationic moieties, with PDMAEAm (7.8-8.0) < PAEAm (8.3-8.5) <
PDMAPAm (8.7-8.9) < PGPAm (assumed = 12). The values for
PDMAEAm and PDMAPAm are comparable to those obtained for
methacrylamide-based systems.'>*® The significant difference
between PDMAEAmM and PDMAPAm can likely be attributed to
the distance between protonatable groups, where increasing
distance would reduce electrostatic repulsion between charged
groups, leading to higher pK, values.*

Transfection efficiency and cytotoxicity

Since all polymers contain positively charged amines suitable for
gene delivery, the polymer library was investigated regarding
their potential for protein expression (Fig. 2A). HEK293T cells
were incubated with polyplexes at N*/P 30 of pDNA encoding the
EGFP protein using different transfection protocols: (i) adding
polyplex to growth medium for 24 h or (ii) adding polyplex to
serum-reduced Opti-MEM™ for 4 h and further incubation in
growth medium for 20 h. For the different types of cationic
polymer an increased EGFP-expression was observed with
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Table 1 Summary of cationic homopolymers prepared via RAFT
polymerization

Mn,thb Mn,thc Mn,SECd

Polymer DP? (kg mol™) ol

PGPAmMg 8 2.0 1.7 1.8 1.12
PGPAm,, 22 4.8 4.0 3.4 1.12
PGPAm,, 43 9.1 7.6 5.0 1.18
PGPAmMy, 94 19.6 16.3 8.5 1.27
PAEAmM, 9 2.3 1.3 2.6 1.09
PAEAM,, 24 5.7 3.0 45 1.08
PAEAmM,; 45 7.0 5.4 7.0 1.15
PAEAMo, 9% 14.6 11.3 10.0 1.17
PDMAEAmMg 8 1.4 — 3.3 1.13
PDMAEAm,, 22 3.4 — 4.2 1.13
PDMAEAM,5 45 6.6 — 5.6 1.50
PDMAEAmMgg 88 12.7 — 10.0 1.48
PDMAPAmM,, 11 2.0 — 3.5 1.19
PDMAPAm,, 24 4.0 — 5.1 1.13
PDMAPAmM,, 38 6.2 — 6.2 1.41
PDMAPAM., 71 11.3 — 9.7 1.26

? Determined via 1H NMR.? Determined using eqn (6), ESL
° Excluding mass of counter-ion. ¢ Determined via Aq.-SEC with
P2VP standards.

increasing molar mass, but to different extents for each type of
cationic polymer. The transfection efficiency in Opti-MEM™ was
increased compared to growth medium for LPEI (28% vs. 12%
EGFP-positive cells) and PGPAm (30% vs. 3% EGFP-positive cells)
with the highest increase of about ten-fold by PGPAmg, (p < 0.001).
The highest transfection efficiency was achieved with the PGPAmg,-
based polyplex using Opti-MEM™ (30% EGFP-positive cells), which
showed no significant difference to the positive control LPEI
(p = 1.000). Taking the different DP of these polymers into
account (89 for PGPAm vs. 600 for LPEI) the observed transfec-
tion efficiency showed the potential of the PGPAm polymers. All
other polymers in the PAm library revealed less transfection
efficiency compared to commercial LPEI (p < 0.05). Moderate
transfection efficiency of PAEAmye (7% EGFP-positive cells) was
observed in serum-reduced medium. In growth medium,
PAEAmMys showed the highest transfection efficiency among
the PAm polymers (7% EGFP-positive cells, p = 1.000 compared
to LPEI). Enhanced transfection efficiency in Opti-MEM™ is well-
known and was also found for other polymer-based transfection
agents.****®° The lower transfection efficiency in growth medium
could indicate interaction with serum proteins.

Polymers for gene delivery, in particular homopolymes, are
known to reduce the viability of cells due to their cationic
charges affecting the integrity of the cellular membrane.>
Therefore, the alamarBlue assay was performed in L929 cells
according to ISO10993-5 (Fig. S9 and S10, ESIf) and of the
interesting polymers with longer DP values in HEK293T cells
(B). All tested acrylamide-based cationic polymers were found
to be less toxic than the commercial gold standard LPEI (CCs, =
26 pug mL™'; see ESIf) and showed a reduced viability with
increasing molar mass and concentration. The type of the
cationic group influenced the viability and the following trend
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of cytotoxicity was observed: PDMAEAm < PDMAPAmMm <
PAEAmM = PGPAm, indicating the polymers with tertiary amines
as least cytotoxic. The length of the side chain (propyl vs. ethyl)
appeared to have a slight influence on the cytotoxic profile
of the dimethylamino functional polymers. However, the con-
centrations used for further biological investigations (N*/P 30;
19-24 pg mL ") showed high viability (>90%) for all polymers
(Table S6, ESIf). Regarding the cytotoxicity of N*/P 30 poly-
plexes in HEK293T cells, a similar trend was observed but with
slightly less viability of PAEAm and PGPAm polymers (65-85%;
Fig. 2B).

To the best of our knowledge, this is the first systematic study
of PAm homopolymers of different molar mass, cationic moiety
and hydrophobicity for gene delivery. However, some structure-
property-relationships were already described in literature. The
molar mass dependency of transfection efficiency and cytotoxi-
city has been shown for a variety of polymers such as PE],
PDMAEMA or lysine-functionalized methacrylamides.>®>3161-6¢
This dependency on molar mass could be attributed to the charge
distribution in relation to the cell membrane by the polymers: in
high molar mass polymers the positive charge is present in one
large coiled molecule focusing the charge at one spot of the
cellular membrane which could lead to its disruption. In low
molar mass polymers, the same amount of charges is distributed
within several small molecules and therefore spread over a larger
membrane area. Regarding different cationic moieties, an
increased toxicity for polymers with primary amines compared
to the tertiary analogs was also shown for poly(2-oxazolines).®” In
our study, the polymers with tertiary amines showed slight
differences in toxicity and in protein expression with the ethyl
spacer polymers performing slightly better than polymers with
propyl spacer. This was also observed in studies of other vinyl
polymers and could be due to increased interactions between
propyl spacer polymers and DNA leading to a slow release of the
genetic material inside the cytosol.'***

Guanidinium-containing polymers are inspired by nature,
more precisely by the amino acid arginine, which is abundant
in well-known CPPs such as TAT or R8.°®%° However, the known
polymer backbones differ to the polymers investigated herein and
the guanidinium group is often used in combination with other
functional moieties. Relatively low molar mass guanidinium-
bearing poly(methacrylamides) (DP of 20) offered transfection
efficiency of about 50% of that of jetPEI in HEK293T cells in
serum free medium and 48 h post transfection.”” On the other
hand, a guanidinium-bearing polymethacrylate with an approxi-
mately twofold higher number average molar mass (25 kg mol ™)
compared to PGPAmg, and a 42.4 kDa poly-arginine exhibited
lower transfection efficiency than PDMAEMA in COS-7 cells and
serum-free medium.*® In another study a similar poly-arginine
showed transfection efficiency comparable to lipofectamine in
mixed cortical cells.”* The observed toxicity was also described
with comparable guanidinium functional polymers of different
backbone chemistry and spacer length.*$°%72

In the case of PGPAm polymers with low molecular weight,
comparisons are only possible with oligo-arginines. Oligo-
arginines ranging from 5 to 11 residues in length showed

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 1H NMR of (A) PAEAmM,., (B) PDMAEAM,,, (C) PDMAPAM,4, (D) PGPAM,; in D,O. Aqueous (0.1% TFA + 0.1 mol L2 NaCl) SEC traces of (E) PAEAm,

(F) PDMAEAm, (G) PDMAPAm, (H) PGPAmM polymers synthesized via RAFT

transfection of about 50% of that of BPEI (25 kDa) in A549 cells
in serum free medium.”?

All in all, the high molar mass guanidinium functional
polyacrylamide PGPAmg, led to promising transfection results,
comparable to commercial LPEI, which nicely demonstrates
the potential of the controlled synthesis of this polymer class.
However, the mechanism for the pDNA delivery of PGPAmyg,

This journal is © The Royal Society of Chemistry 2020

polymerization.

remains to be investigated, as the guanidinium functionality
was used to support gene delivery in random studies before,
but successful protein expression was not shown with a homo-
polymer. The common design of polymers for gene delivery is
based on the pH-sensitive character of the polymers, which
changes the protonation and thus partly also the hydrophilicity
in the endosome.”®”® However, the influence of the buffer
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Fig. 2 Transfection efficiency and toxicity of PAm homopolymers in HEK293T cells. (A) Transfection efficiency: cells were incubated with polyplexes of
pEGFP-N1 pDNA and polymers at N*/P 30 (Table S6, ESIt). EGFP expression of viable cells was analyzed via flow cytometry. Two different transfection
protocols were applied; either 24 h in growth medium (DMEM + 10% FCS + 10 mM HEPES) or 4 h in serum-reduced Opti-MEM™ followed by medium
change to growth medium and further incubation for 20 h. Values represent mean £ SD (n > 3). a: no significant difference (p > 0.05) to LPEIl in growth
medium, b: no significant difference (p > 0.05) to LPEl in Opti-MEM™, *: significant difference (p < 0.001) to same polymer in growth medium.
(B) Cytotoxicity of PAm homopolymers in HEK293T cells. Metabolic activity was measured in HEK293T cells using the alamarBlue assay following

incubation with indicated polymers at equal amine concentrations (=N*/P 30) for 4 h. Values represent mean + SD (n = 3).

capacity of the polymer was also discussed contrarily.”® Since
the protonation of PGPAmg, does not change at endosomal pH
(Fig. S8, ESIt), more detailed investigations of the transfection
mechanism can help to design more efficient polymers.

Polyplex formation and characterization

To investigate the transfection mechanism, different bottle
necks were investigated, starting at the formation of polyplexes.
Therefore, the interaction between polymer and pDNA was
investigated using the ethidium bromide quenching assay
(EBA, Fig. 3A). The formation of polyplexes is indicated by
displacement of intercalated ethidium bromide from the pDNA
due to hydrophobic and electrostatic interactions of pDNA with
the polymer, resulting in a decrease of ethidium bromide
fluorescence. Various N*/P ratios were analyzed to determine

the optimal conditions for sufficient pDNA binding (Fig. S114,
ESIt). In the EBA, all polymers reduced the fluorescence
intensity of the pDNA-ethidium bromide solution with increasing
N*/P ratios, plateauing at values of N*/P 5 or above. However,
while the molar mass of the polymer within each cation set had
no impact on the value of the plateaus, the nature of the cationic
group showed an influence. At N*/P 30, PDMAEAm polymers led
to a binding of about 75% of the pDNA, whereas all other polymer
groups, including LPEI, bound about 85-90% of the pDNA.
Subsequently, the HRA and pH dependent EBA were used to
further investigate the influence of cationic moiety, side chain
length and DP on polyplex properties. In the case of the HRA, the
formed polyplexes were incubated with heparin, a competing
polyanion disrupting the electrostatic interaction between
PDNA and polymer, which leads to re-intercalation of ethidium
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bromide and therefore increased rFI. The release of genetic
material was observed with all investigated polymers, albeit
with different release profiles and plateaus. At N*/P 30, only the
polymers with lower molar mass (DP < 50) were able to release
the pDNA completely, as indicated by an increase of the rFI
above 90% (B). Interestingly at DP < 25, the PAEAm and
PGPAm polymers required less heparin (20-35 U mL™") to
release the same amount of pDNA than PDMAEAmM and PDMA-
PAm polymers with tertiary amines (40-50 U mL ™). Regarding
the higher molar mass polymers with DP > 50, only PGPAmo,
(30 U mL™") released the pDNA at low heparin concentrations
comparable to LPEI (21 U mL™"). This molar mass dependency
was not observed for PDMAEAmM and PDMAPAm polymers. In
contrast to the EBA, these results showed a dependency on the
polymer length for PAEAm and PGPAm and on the property
of the side chain (Fig. S11B, ESI{). Furthermore, the results
identify the polyplexes with PGPAm,; and PGPAm., to be
promising polymers, showing strong binding but no full release
of pDNA by electrostatic competitors.

Additionally, a pH-dependent EBA (pH value 5 to 9) was
performed and differences between PGPAm and the other PAms
were observed (Fig. S12, ESIT). The PGPAm polyplexes showed a
strong and pH-independent polyplex formation, whereas the
other polymers showed less pDNA binding at higher pH values.

The investigation of polyplex formation and stability indi-
cated that PAEAm and PGPAm polymers bind pDNA very well
(Fig. 3A), complexing pDNA to a slightly greater extent than LPEI
and releasing it at moderate heparin concentrations (B). The
good binding of PGPAm polymers could be attributed to the
nature of the bidentate binding of guanidinium to the phosphate
of the pDNA displacing EtBr more efficiently than the other
polymers.”” On the other hand, the low heparin concentration
needed to partially release the PGPAm could indicate a high
affinity of guanidinium for the sulphate groups of heparin
compared to the phosphate groups of the pDNA.”®”® In the case
of the longer PGPAm, the inefficient release of pDNA by heparin
may also be due to further, non-electrostatic interactions of
the polymers with the DNA. In contrast, pDNA binding with
PDMAEAm appeared to be weaker despite higher concentration
of heparin being required for release of the genetic material
(Fig. 3). The other tertiary amine-based system, PDMAPAm,
showed the same strong pDNA-polymer interaction once the
polyplex was formed. This difference in pDNA binding affinity
between primary and tertiary amine moieties has been observed
previously with polymers comprising methacrylate backbones.**
The higher pDNA complexation by PDMAPAm polymers com-
pared to PDMAEAm could be due to the increased hydrophobicity
conferred by the propyl spacer of the side chain.®*>®' Moreover,
Van de Wetering et al. explained this reduced affinity for the
phosphates of the pDNA with the reduced steric availability of
the tertiary amines of ethyl spacer polymers.’? In the end, the
complexation of less pDNA by PDMAEAm compared to the other
PAm polymers could also be explained by the partial protonation
of the PDMAEAmM polymers, which possess the lowest pK, of this
library, at pH 7.4 leading to a decrease in protonated amines
available for pDNA binding (see Fig. S8 and S12, ESIY).

This journal is © The Royal Society of Chemistry 2020
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To further characterize the formed polyplexes, their size
(hydrodynamic diameter) was investigated (Table S7 and Fig. S13,
S14, ESIt). Indeed, several studies have reported that polyplex sizes
below 100 nm offer increased transfection efficiency.”*** The size
of polyplexes formed at N*/P 30 was assessed via dynamic light
scattering (DLS). The Z-average diameter of all polyplexes ranged
from 32 to 69 nm with only PAEAmy and PDMAEAm,, showing
polyplex sizes of 127 and 115 nm, respectively. Therefore, the main
size-population was in the favored size range for all polyplexes.

In summary, no significant influence of hydrophobicity or
type of cationic moiety on the polyplex size was found. The
molar mass of the polymers showed only a slight influence on
the size of the polyplexes. These results correspond very well to
conclusions of other research groups using various cationic
polymeric materials.'>?%°>%% S0 far, the only difference that
corresponds to high transfection efficiency is the low heparin
concentration required to release a high amount of the pDNA.
Hydrophobic interactions might be a reason for the incomplete
release by heparin. They were also promoted for other gene
carrier systems.®*

Cellular internalization of PAm homopolymers

To further investigate the difference in transfection efficiency
between the PAm polymers, pDNA uptake properties were
studied using flow cytometry or confocal laser scanning micro-
scopy (CLSM) with HEK293T cells following incubation of the
cells with polyplexes of YOYO-1 iodide labeled pDNA and
polymers at N*/P 30 for 4 h. This method was used to assess the
influence of temperature, media and molar mass of the polymers.

To visualize the uptake, HEK293T cells were incubated with
YOYO-1-labeled polyplexes containing the highest molar mass
polymers or LPEI at N*/P 30 in Opti-MEM™ for 4 h and imaged
with CLSM (Fig. 4A). Hoechst 33342 was added 10 min before
imaging to stain the nuclei and trypan blue was used to quench
the fluorescence of YOYO-1-labeled pDNA outside the cells. All
tested polymers led to a punctate pattern of green fluorescence
within the cells, whereas the control with YOYO-1 labeled pDNA
and no polymer did not show green fluorescence. These results
indicate an efficient uptake of YOYO-1-labeled pDNA by the
PAm polymers or LPEL

The uptake was investigated in more detail by flow cytometry
(Fig. 4B). First, the common method of incubating cells at low
temperature was used to find out whether the polyplexes were
taken up via energy-dependent processes like clathrin-mediated
endocytosis, often proposed for nanoparticles below 200 nm, or
by translocation across the membrane.®? Therefore, HEK293T
cells were incubated with the polyplexes in growth medium at
4 °C for 4 h, to inhibit all energy-dependent processes. All tested
polymers showed a significant decrease of pDNA uptake com-
pared to that observed in growth medium at 37 °C (p < 0.001).
Furthermore, no difference in pDNA uptake was observed
between the different polyplexes at 4 °C (p = 0.937).

Subsequently, the influence of the used transfection media
on cellular uptake was studied. All polymers showed increased
IMFI in both media. When incubated in Opti-MEM™, the
quantity of internalized pDNA was slightly increased compared

J. Mater. Chem. B, 2020, 8, 5026-5041 | 5035
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Fig. 4 Polyplex uptake with PAm polymers (A) CLSM: HEK293T cells were incubated with polyplexes of YOYO-1-labeled pDNA and polymers at N*/P
30 (Table S6, ESIT) in Opti-MEM™ for 4 h. Nuclei were stained with Hoechst33342 and YOYO-1 fluorescence was quenched with trypan blue.
(B) Flow cytometry: HEK293T cells were incubated with polyplexes of YOYO-1-labeled pDNA and LPEI, PAEAmMgg, PDMAEAMgg, PDMAPAM>; or PGPAMoy
at N*/P 30. Incubation was in growth medium at 37 °C for 4 h (G), in serum-reduced Opti-MEM™ at 37 °C for 4 h (OM) or in growth medium at 4 °C for
4 h (4 °C). Cells incubated with labeled pDNA served as control (rMFI = 1). Values represent mean + SD (n > 3). **: significant difference to indicated
sample (p < 0.001). ***: significant difference to all other samples (p < 0.001).

to growth medium, but only for LPEI significance (p < 0.001)
was found. The highest increase in uptake of pDNA in
Opti-MEM™ was observed for all PDMAEAm polymers and LPEI
with rMFI of up to 25 and 51.8, respectively. However, LPEI-
polyplexes showed a threefold higher pDNA uptake compared
to all PAm homopolymers (p < 0.001). In growth medium, the
highest increase in rMFI was observed for PAEAmye, indicating
a possible explanation for the higher transfection efficiency of
the polymer in the presence of serum. Interestingly, molar
mass dependence was only observed for the PAEAm polymers
in growth medium (Fig. S15, ESIT).

The temperature dependent uptake and a punctuate uptake
pattern in CLSM studies, demonstrate that polyplexes (pDNA) were
taken up via an energy-dependent mechanism. Although this was
not previously investigated for PAm homopolymers, it is known for
other cationic polymers used for gene delivery.****% Regarding
the guanidinium functional polymers, previous studies of other
research groups showed contradictory results of temperature-
independent and temperature-dependent uptake, respectively,*®”
This inconsistency is also known for guanidinium-containing
peptides,®® indicating that there are other factors additional to
the type of functional group determining the way of internalization
and should therefore be considered for novel polymers.

A reduced uptake of pDNA in the presence of growth
medium was also observed by other groups.®”’*® In the presence

5036 | J Mater. Chem. B, 2020, 8, 5026-5041

of serum, the cationic charged polyplexes tend to interact
with negatively charged proteins, leading to aggregation and
therefore reduced uptake.®*>°° 1t could also be assumed that
the interaction with extracellular matrix components such as
heparan sulfate proteoglycans is less pronounced due to com-
petition with serum proteins, so that less pDNA can be
uptaken.’'°* However, in our study, the uptake of pDNA did
not correlate well to the observed EGFP expression, where
PGPAmy, showed the best performance in Opti-MEM™ whereas
the other PAm polymers exhibited only slight EGFP expression.
This was also observed in previous studies using methacrylate-
based polymers.** Therefore, further mechanistic assays were
performed to find out, why PDMAEAm delivered as much pDNA
into the cells as PGPAm, but showed nearly no transfection
efficiency.

Interaction of polymers with cellular membranes

To further investigate the structure-property relationship
of polymers for efficient gene delivery, the interaction with
membranes, representing the main biological barriers, was
analyzed. The influence of the polymers on the membrane
integrity was tested via hemolysis and aggregation assays using
human erythrocytes, which are well known for studies regarding
membrane-polymer-interaction. The cells were washed with PBS
and incubated with the polymers at equal amine concentrations

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Interaction of PAms with erythrocyte membranes. Human erythrocytes were washed and incubated with polymers at equal amine concentrations
(=N*/P 30, Table S6, ESIt) in PBS of different pH values present in blood/cytoplasm (pH 7.4) or endosomal compartments (pH 6). (A) Aggregation
of indicated polymers measured as light absorption by erythrocytes. Values are calculated as the negative control (PBS value) relative to the sample value
and represent mean + SD (n = 3). *: significant difference (p < 0.05), **: significant difference to indicated sample (p < 0.001). (B) Hemolysis as the
amount of released hemoglobin calculated relative to 1% Triton X-100 as positive control (100% hemolysis). Values represent mean & SD (n = 3) and are
classified as slightly hemolytic between 2% and 5%, as non- or hemolytic if lower or higher than 2% or 5%, respectively.

(=N*/P 30) before either the release of hemoglobin from the
cells as indicator for cell lysis or the absorption of light by the
cells as indicator for cell aggregation was measured.

The low molar mass polymers can be considered as non-
aggregating at the tested conditions (Fig. 5A). Meanwhile, the
highest molar mass polymers (additionally PGPAm,;) exhibited
a potential for aggregation of erythrocytes (p < 0.001). The
influence of the pH value was dependent on the type of cationic
polymer, whereby only PAEAmye (p < 0.001) and PDMAEAmMg,
(p = 0.02) showed significant dependence.

Beside the aggregation of erythrocytes, the potential of the
polymers to induce membrane leakage was tested (Fig. 5B).
It was found that all polymers were non-hemolytic (values
below 2%). Moreover, the pH value had no significant influence
on the hemolytic activity.

The increased aggregation of the red blood cells by the high
DP polymers does not necessarily relate to membrane destruc-
tion but rather to membrane interaction via the high positive
charge density of cationic polymers.®® The findings of this study
indicate that, at concentrations equal to N*/P 30, no severe lysis
of the erythrocyte membrane occurred in the presence of any of
the polymers and also the pH values showed no influence on the
membrane leakage potential of the polymers.

Since the membrane composition of erythrocytes differs
from that of the cells used for transfection, the influence
of polyplexes on membranes of HEK293T cells was studied (Fig.
S16, ESI1).°*%” Therefore, a LDH assay was performed following
incubation of the cells with polyplexes of the highest DP polymers
at N*/P 30 in growth medium or in Opti-MEM™ for 4 h. If the
polyplex or polymer decreases the integrity of the cellular
membrane, the enzyme LDH will be released to the medium,
which can be measured indirectly via the conversion of its
substrates into fluorescent molecules. All polymers showed higher
LDH release profiles in Opti-MEM™ compared to growth medium
with only PAEAmos and PGPAmg, showing significant differences
(p < 0.001). The tertiary amine polymers and LPEI caused minor
increases in both media (up to 5% relative to Triton X-100),

This journal is © The Royal Society of Chemistry 2020

whereas PAEAmMys and PGPAmgy in Opti-MEM™ showed an
increase of about 26 and 31%, respectively (p < 0.001), indicating
membrane-lytic activity. In growth medium, the LDH release by
PGPAmg, was comparable to that of the tertiary amine polymers
(2% relative to Triton X-100), whereas PAEAmys exhibited the
highest LDH-release of 14% (p = 1.000). This correlates well with
the results for transfection efficiency and could again point out a
medium dependency of PGPAm.

Endosomal release of polymers

To elucidate the mechanism of transfection for the polymer
library, in particular for PGPAm, further investigations were
required. The PGPAm polymers showed high transfection and
only slight membrane destruction, while being pH unresponsive.
The common hypotheses for endosomal release “proton sponge”
as well as the “membrane permeability and pore formation” are
based on the concept of pH-dependent increased protonation of
the polymers during endosomal maturation.” These hypotheses
do not fit for polymers such as PGPAm exhibiting very high pK,
values (x12). To study the endosomal release of the polymer
library, a calcein release assay was performed. Calcein is a non-
cell-permeable, fluorescent dye taken up via endocytic pathways
resulting in the formation of a punctuated pattern inside the
cytoplasm. If polymers are able to destabilize the endosomal
membrane, calcein is released into the cytoplasm giving a
diffused fluorescence pattern.”®*° This effect can be detected by
flow cytometry as an increase in fluorescence intensity as well as
in an altered histogram (see Fig. S18, ESIt). Based on the previous
results, only the polymers with the highest molar masses were
screened using HEK293T cells following incubation with the
polyplexes at N*/P 30 and calcein (25 pg mL ") for 4 h (Fig. 6A).

A significant increase in calcein fluorescence was observed
following incubation with PGPAmge-containing polyplexes
(p < 0.001). All other tested polyplexes caused only a slight increase
in rMFL Interestingly, the endosomal release of PGPAmgq-polyplexes
was again influenced by the medium. The calcein fluorescence
in growth medium was about 80% lower than in Opti-MEM™

J. Mater. Chem. B, 2020, 8, 5026-5041 | 5037
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Fig. 6 Endosomal escape of PAm homopolymers. (A) Calcein release assay: HEK293T cells were incubated with indicated polymers at N*/P 30
(Table S6, ESIT) for 4 h at 37 °C and the mean fluorescence intensity relative to the calcein control as well as the number of viable cells with higher
fluorescence than the calcein control (%) were analyzed via flow cytometry. Values represent mean £ SD (n = 3). **: significant difference to indicated

sample (p < 0.001). (B) Lipid binding assay: DY635-labeled PAm polymers

in acetate buffer (pH 5.7) were incubated with different lipids in hexane at

indicated concentrations and P/N ratios (lipid-phosphate to polymer-amine). Following phase separation, Fl of the aqueous phase was measured and rFl
calculated relative to the control with no lipids in the hexane phase. A decrease in rFl indicated partitioning of the DY635-labeled polymer into the hexane
phase. Dots represent mean + SD (n = 3). Lines represent a logistic equation fitted to the values of each replicate.

and only 10.7% of cells showed higher fluorescence than the
calcein control (p < 0.001).

The results of the calcein release assay demonstrate the
potential of PGPAmgo-polyplexes to escape the endosome. In
serum-reduced and growth medium, the endosomal release
of polyplexes with PGPAmg, outperformed all other tested
polyplexes including those with LPEI The difference between
transfection and calcein release of LPEI-polyplexes could be
explained with the higher pDNA uptake with LPEI compared to
all other polymers, so that few calcein release from a higher
number of endosomes was sufficient to yield a high transfection
efficiency. The endosomal release potential for PDMAEMA, the
methacrylate analog to PDMAEAm and PDMAPAm, was also
found to be low.'®® However, for guanidinium-containing CPPs
an efficient endosomal release is known.*! To our knowledge, the
high level of calcein release achieved with polyplexes of PGPAmg,
homopolymers in this study was not shown for guanidinium
functional polymers before. The results indicate an efficient and
pH-independent endosomal release for PGPAmMgs.

Since the PGPAm polymers were not pH-sensitive but able to
escape the endosome, the endosomal escape mechanism of those
polymers was investigated in more detail. For guanidinium-
containing CPPs, the endosomal release was proposed to occur via
binding to BMP, a lipid present in the membranes of ILEV, but not
in the limiting membrane of late endosomes or lysosomes.*”**1%>
Therefore, the lipid-polymer binding assay was conducted to
investigate the interaction of the PAm homopolymers with this
lipid (Fig. 6B). DY635-labeled PAm polymers were diluted in
acetate buffer (pH 5.7) to equal amine concentrations and
mixed thoroughly with different concentrations of BMP in
hexane. For comparison to other phosphate-containing but
neutral lipids, PC and PE were used in the hexane phase.
Following phase separation and isolation of the aqueous phase,
the fluorescence of the aqueous phase was measured.

5038 | J. Mater. Chem. B, 2020, 8, 5026-5041

A decrease in fluorescence intensity indicated the removal of
the polymer from the aqueous phase and therefore lipid binding.

The incubation of the polymers with PC or PE in the hexane
phase caused a negligible decrease in relative fluorescence
intensity (rFI) by all tested polymers. When incubated with
BMP, all tested polymers showed a decrease in fluorescence
intensity with increasing P/N ratio (lipid-phosphate to polymer-
amine). PGPAm exhibited the highest decrease in rFI indicating
a slightly stronger binding than PAEAm and the tertiary amine
analogues. The results are comparable to those for dfTAT
of Erazo-Oliveras et al, who propose BMP-binding as the
mechanism for endosomal escape of this peptide.*” In our
study however, the non-calcein-releasing polymers also showed
BMP-binding properties, albeit not as strong as PGPAm. This
might be due to the higher density of cationic moieties in the
PAm homopolymers compared to the density in dfTAT.
The investigations indicate a multifactorial endosomal escape
of PGPAm.

Conclusions

In this study, a library of cationic PAm homopolymers was
synthesized and investigated for their transfection efficiency.
RAFT polymerization was used to yield a series of well-defined
polymers with narrow dispersity and narrow molar mass dis-
tributions. The polymers differ in their properties regarding
(i) molar mass (DP10-100), (ii) cationic moiety (primary,
tertiary, guanidinium) and (iii) length of alkyl spacer in the
side chain (ethyl, propyl). The primary and tertiary amine
functional polymers possessed pK, values slightly above
physiological pH, whereas for PGPAm the pK, value could not
be determined. Therefore, all PAm polymers in principle
possess a high degree of protonation (>70%) at physiological

This journal is © The Royal Society of Chemistry 2020
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pH values and exhibited good pDNA binding (>80%) as
determined via EBA.

Toxicity and efficiency are the main characteristics of trans-
fection polymers. Therefore, the polymer library was investi-
gated to identify candidates. All PAm
homopolymers were found to be less cytotoxic than LPEI in
L929 cells, but only the highest molar mass guanidinium
polymer, PGPAm,,, was able to achieve a transfection efficiency
as high as LPEL. The primary amine functional PAEAmgg
polymers also resulted in notable transfection efficiency. For
a better understanding of the transfection mechanism of the
polymers, further investigations were performed, in detail:
polyplex uptake, membrane interaction and endosomal release.
The results showed beneficial effects of increasing molar mass
and the presence of guanidinium- as well as primary amine-
functional groups on transfection relevant aspects.

interesting

There was evidence for an endocytic uptake with a punctuate
pattern of YOYO-1-labeled pDNA in CLSM studies and no
uptake of all PAm polymers at 4 °C (inhibition of ATP-dependent
uptake). Furthermore, there was a strong correlation with increased
lysis of cytoplasmic membranes (erythrocyte, HEK293T) and
efficient endosomal release (Fig. 7).

Interestingly, PGPAmg, exhibited superior endosomal
release properties, although it is not pH responsive. Therefore,
we postulate a strong interaction of the polymer with the
endolysosomal membrane as a mechanism for endosomal
escape. However, the lipid-polymer binding assay investigating
the binding of the PAms to BMP revealed that all tested
polymers were able to bind BMP, albeit PGPAm was the most
efficient. A possible explanation could be the difference to the
composition of natural ILEV consisting of more than just one
lipid or a more effective mechanism of guanidinium polymers
to leave the endolysosome once the polymers escaped the ILEV.
Further aspects should also be considered. The pDNA release
could be a further crucial step in the delivery process, since the
results showed a strong correlation between the amount of

Transfection Efficiency

Molar mass

BMP-binding 1.0 Cationic moiety

0.8
0.5

Calcein-release Toxicity

LDH-release pDNA-binding

Aggregation ' pDNA-release

Hemolysis z-Average

Uptake
Fig. 7 Analysis of structure—property-correlations for PAms using the
squared Pearson's correlation coefficient (R%) to determine linearity of
the correlation. Values around 1.0 indicate strong positive (green) and
values around O indicate no correlation (yellow). For a detailed overview
which data were used for correlation see Table S8 (ESI{).
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heparin needed to achieve an incomplete pDNA release and
transfection efficiency (Fig. 7).

Finally, with a transfection efficiency as high as that of LPEI
and superior calcein release properties, the guanidinium func-
tional PAm polymers present a promising class of polymers for
gene delivery.
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ADDITIONAL METHODS

Materials.

All chemicals were used as received unless stated otherwise. BocAEAm was prepared according
to a previously described procedure.'-? The chain transfer agents 2-(Butylthiocarbonothioylthio)
propanoic  acid (PABTC) and  2-(Butylthiocarbonothioylthio)propanoic  acid-N-
hydroxysuccinimide (NHS-PABTC) were prepared following previously reported procedures.?
Dimethylamino propyl acrylamide (DMAPAm) was obtained from ABCR (Germany).
Dimethylamino ethyl acrylamide (DMAEAm) was obtained from ABCR and purified by column
chromatography (silica, ethyl acetate). Sodium hydrogen carbonate (NaHCO;) and sodium
chloride (NaCl) was obtained from Fisher (Germany). Acryloyl chloride (97%), 1,3-bis-(tert-
butoxycarbonyl)-2-methyl-2-thiopseudourea (98%), ethylene diamine and 1,3-diaminopropane
(299%) were obtained from Sigma (Germany). Trimethylamine (=99.5%) was obtained from Carl
Roth (Germany). Di-tert-butyl dicarbonate and trifluoroacetic acid (TFA) were obtained from TCI
(Germany). 2,2'-Azobis(2 4-dimethylvaleronitrile) (V65B) was obtained from FUJIFILM Wako
Chemicals (Germany). HPLC grade dimethylformamide (DMF) (HiPerSolv CHROMANORM)
was obtained from VWR (Germany). Anhydrous N,N-dimethylacetamide (99.8%, DMAc) was
obtained from Sigma. 14-dioxane (>99.5%) was obtained from Carl Roth and purified over
inhibitor remover beads (for hydroquinone and monomethyl ether hydroquinone) at 4 °C.
Dichloromethane (DCM) was obtained from a solvent purification system (SPS) on site,
tetrahydrofuran (THF), methanol, hexane and ethyl acetate were distilled on site. DY-635 amine
and DY-635 NHS ester were obtained from Dyomics (Germany). 2-(1H-Benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) was obtained from Iris Biotech
(Germany). 4-methylmorpholine (99%) was obtained from Alfa Aesar (Germany). For biological

studies, following substances were ordered from suppliers in brackets: cell culture media and



supplements (Biochrom, Merck Millipore, Germany), Opti-MEM™ reduced serum medium
(Gibco, Thermo Fisher, Germany), fetal calf serum (FCS, Capricorn Scientific, Germany),
alamarBlue™ solution, YOYO™:-1 iodide (Life Technologies, Thermo Fisher, Germany), trypsin-
EDTA-solution, Triton X-100, 0.4% trypan blue solution and Hanks’ balanced salt solution,
calcein, L-a-phosphatidylcholine (PC), L-a-phosphatidylethanolamine, dioleyl (PE, Sigma-
Aldrich), Bis(monomyristoyl-glycero)phosphate (BMP, Avanti Polar Lipids, US), 1% ethidium
bromide solution (EtBr, Carl Roth), heparin sodium salt from porcine intestinal mucosa (Alfa
Aesar) and linear poly(ethyleneimine) (LPEI, M, =25 kg mol') and branched PEI (BPEI,
M,, = 10 kg mol"', Polysciences, Germany). Plasmid DNA (pDNA) encoding the enhancend green
fluorescent protein (EGFP) for transfection studies was isolated with the Giga Plasmid Kit
(Qiagen, Germany) from E. coli containing pEGFP-N1 (4.7 kb, Clontech, USA). For all other
studies, like pDNA binding or uptake, the ready-to-use plasmid pCMV-GFP (PlasmidFactory,

Germany) was used.

Instruments.
Nuclear magnetic resonance (NMR) spectroscopy. 'H NMR (300 MHz) and DEPT "*C (75 MHz)

spectra were recorded on a Bruker AC 300 MHz spectrometer at 300 K. The delay time (d1) was

set at 1 s for '"H NMR and 2 s for DEPT *C. Chemical shifts (0) are reported in ppm.

Size exclusion chromatography (SEC). SEC was conducted on one of two instruments.
Dimethylacetamide (DMAc)-SEC was conducted using an Agilent 1200 series instrument
equipped with differential refractive index (DRI) and UV/vis (DAD) detector. The liquid
chromatography system used 1 x PSS GRAM 30 A column (300 x 0.8 mm, 10 ym particle size)
and 1 x PSS GRAM 1000 A column (300 x 0.8 mm, 10 ym particle size). The DMAc eluent

contained 0.21 wt.% LiCl as additive. Samples were run at I mL min~' at 40 °C. Analyte samples



were filtered through a polytetrafluoroethylene (PTFE) membrane with 0.45 um pore size prior to
injection. Poly(methyl methacrylate) (PMMA) narrow standards (PSS) were used to calibrate the
SEC system. Aq.-SEC was conducted using a Jasco instrument equipped with DRI and UV (DAD)
detector. The liquid chromatography system used 2 x PSS NOVEMA-MAX column (300 x 0.8
mm, 10 pm particle size). The aqueous eluent contained 0.1% TFA + 0.1 mol L' NaCl as additive.
Samples were run at 1 mL min™" at 30 °C. Analyte samples were filtered through a nylon membrane
with 0.45 um pore size prior to injection. Poly(2-vinylpyridine) (P2VP) narrow standards (Polymer
Source Inc. Dorval, Quebec, Canada) were used to calibrate the SEC system. Experimental M, sgc
and D (M,/M,) values of synthesized polymers were determined using PSS WinGPC UniChrom

GPC software.

Titration. Titration of the polymers was conducted using a Metrohm OMNIS integrated titration
system. For a typical measurement, the polymer was dissolved in 125 mM NaCl (in ultrapure
water) (1.0 mg mL'), which was acidified with addition of 1 M hydrochloric acid (pH ~ 2). The
polymers were titrated (with dynamic flow rate adjustment) against 0.1 M NaOH solution up to a
pH value of 12. The PGPAm polymers were titrated against 0.5 M NaOH. The pK, values were
estimated using the Henderson-Hasselbalch equation (5) from equivalence points determined by

the OMNIS titration software.

[AT]
pH=pK_+log (5)

[HA]
Flow cytometry. Flow cytometry was conducted on either the Cytomics FC 500 or the CytoFlex S
by Beckman Coulter. With both instruments 10* cells were analyzed regarding their forward and

sideward scattering (FSC, SSC) and their fluorescence at Ag, = 488 with a 525 nm bandpass filter,

since all employed stains (YOYO-1, EGFP, calcein) were green fluorescent.



Microplate reader. Fluorescence intensity measurements for EBA, HRA, alamarBlue™, LDH and
BMP assays as well as absorption measurements for hemolysis and aggregation assays were
performed on the Infinite M200 PRO microplate reader (Tecan, Germany) with Ag, / Ag, used as

indicated in the respective method sections and gain set to optimal.

Monomer Synthesis.

Synthesis of 1,3-Di-Boc-guanidinopropyl acrylamide, GPAm®8>. 1 3-Bis(tert-butoxycarbonyl)-2-
methyl-2-thiopseudourea (10.34 g, 3.56 x 102 moles) in dry DCM (85 mL) was added dropwise
via a pressure-equalizing dropping funnel to a solution of 1,3-diaminopropane (7.99 g, 9.0 mL,
1.08 x 10! moles) in DCM (85 mL) in a 250 mL round-bottomed flask equipped with a magnetic
stirring bar. Following complete addition, the reaction was left to stir at room temperature
overnight. A white precipitate formed. Dry DCM (40 mL) was added, and the solution was filtered
to remove the precipitate. The solution as washed with deionized H,O (3 x 200 mL) and brine (2
x 200 mL), the organic layer was dried over MgSO, and the DCM was removed under vacuum to
yield crude 2-[1,3- Bis(tert-butoxycarbonyl)guanidine]ethylamine as a colourless, slightly turbid
oil (12.40 g, 3.92 x 102 moles). The crude product was dissolved in dry DCM (200 mL) and
transferred to a 500 mL two-necked round-bottomed-flask equipped with a magnetic stirring bar.
Et;N (6.6 mL, 4.74 x 102 moles) was added, the flask was fitted with a pressure-equalising
dropping funnel, sealed, purged with argon, and cooled in an ice bath. Acryloyl chloride (2.84 g,
3.20 mL, 3.94 x 10”2 moles) in dry DCM (40 mL) was added dropwise and the reaction was left to
stir at room temperature overnight, to give a clear pale-yellow solution. Dry DCM (100 mL) was
added, then saturated NaHCO; (400 mL) was added and the aqueous layer was extracted with
DCM (3 x 3400 mL). The organic layers were dried over MgSO, and the solvent was removed

under vacuum to give a viscous yellow oil, which was subjected to flash column chromatography



(silica, hexane/ethyl acetate) to afford 2-[1,3-Bis(fert-butoxycarbonyl)guanidine]propyl
acrylamide as a white solid. 'H NMR (300 MHz, 300 K, CDCl;, 6): 1144 (s, 1 H,
-NH(-N=C)-NH-), 847 (t, 6.1 Hz, 1 H, -CH,-NH-(C=N-)NH-), 791 (t, 1 H,
-CH,-NH-(C=0)-), 6.30 ( 1 H, -(C=0)-CH=CH2), 6.28 (d, 1 H, -(C=0)-CH=CH,), 5.55 —
5.59 (dd, 1 H, -(C=0)CH=CH,), 3.46 — 3.52 (m, 2 H, -CH,-NH—(C=N-)NH-), 3.30 — 3.36 (m,
2 H,-CH,-NH—-(C=0)-), 1.69 (m,2 H,-CH,—CH,-CH,-), 1.49 (2 x s, 18 H,-O-C((CH;);). *C
NMR (75 MHz, 300 K, CDCI3, §): 131.8 (CH,=CH-(C=0)-), 1254 (CH,=C-), 37.1
(-CH,-NH—-(C=0)-), 348 (-CH,-NH—(C=N-)NH-), 29.7 (-CH,-CH,-CH,-), 283

(—O-C((CH3);), 28.0 (-O—-C((CHs;);). MS: [M + H]* 371.22 (calculated), 371.23 (found).

Synthesis of N-t-butoxycarbonyl-N’-acryloyl-1,2-diaminoethane (AEAm®>). Ethylene diamine
(30.02 g, 5.00 x 10! moles) was dissolved in dry DCM (280 mL) in a 500 mL round-bottomed-
flask equipped with a magnetic stirring bar. The flask was fitted with a pressure-equalising
dropping funnel, sealed, purged with argon, and cooled in an ice bath. Di-tert-butyl dicarbonate
(27.6 g, 1.25 x10! moles) in dry DCM (120 mL) added dropwise with stirring over 1 h. The
reaction was allowed to reach room temperature and left to stir overnight. The resulting solution
was filtered to remove precipitate, and concentrated under vacuum. Deionized H,O (350 mL)
added, and the solution was filtered to remove the resulting precipitate (N,N’-(bis-tert-
butoxycarbonyl)-1,2-diaminoethane). The aqueous solution was saturated with NaCl, and
extracted with EtOAc (3 x 300 mL), the organic layers combined, dried over MgSO, and
concentrated under vacuum to yield N-tert-butoxycarbonyl-1,2-diaminoethane as a clear oil
(14.39 g, 8.985 x 102 moles), which was dissolved in dry DCM (300 mL) and transferred to a 500
mL two-necked round-bottomed-flask equipped with a magnetic stirring bar. Et;:N (15.0 mL, 1.08

x 10" moles) was added, the flask was fitted with a pressure-equalizing dropping funnel, sealed,



purged with argon, and cooled in an ice bath. Acryloyl chloride (7.30 mL, 8.96 x 102 moles) in
dry DCM (100 mL) was added dropwise and the reaction was left to stir at room temperature
overnight. The solution was concentrated under vacuum, dissolved in deionized H,O (300 mL),
and extracted with CHCI; (3 x 300 mL). The organic layers were combined, dried over MgSO4
and concentrated under vacuum to give a white solid, which was subjected to flash column
chromatography (silica, hexane/ethyl acetate) to afford N-tert-butoxycarbonyl-N’-acryloyl-1,2- as
a white solid. "H NMR (300 MHz, 300 K, CDCls, d): 6.65 (br, 1 H, -NH—(C=0)CH=CH,), 6.22
-6.28 (dd,17.1 Hz, 14 Hz, 1 H, -NH-(C=0)CH=CH,), 6.05 — 6.14 (dd, 17.1 Hz, 10.1 Hz, 1 H,
-NH-(C=0)CH=CH,), 5.60 — 6.64 (dd, 10.1 Hz, 1.6 Hz, 1 H, -NH-(C=0)CH=CH,), 5.11 (br, 1
H, -NH-(C=0)O-), 340 — 345 (m, 2 H, -CH,-NH-(C=0)CH=CH,), 3.27 — 332 (m, 2 H,
—CH,-NH-(C=0)0-), 142 (s,9 H,-O-C((CH3);). *C NMR (75 MHz, 300 K, CDCI3, d): 130.9
(CH,=CH-(C=0)-), 1263 (CH=C-), 410 (-CH,-NH—-(C=0)CH=CH,), 40.1

(—-CH,-NH—-(C=0)0-), 28.3 (-O-C((CH3)3). MS: [M + H]* 237.13 (calculated), 237.12 (found).

Calculations for RAFT Polymerization.

Monomer conversion (p) was calculated from '"H NMR data by comparing the integrals of vinyl
peaks (5.5-6.3 ppm) against an external reference (1,3,5-trioxane, 5.14 ppm) before (+=0) and after
(=final) polymerization. The theoretical number-average molar mass (M, ) was then calculated

using equation (6):

MlopM,
nih="Tora, *Mcta (©6)

Where [M], and [M], are the initial concentrations of monomer and chain transfer agent (CTA),
respectively, My and Mcra are the molecular weight of the monomer and CTA, respectively, and

p is the monomer conversion.



Table S1. Amount of different substances used for polymerization of PGPAms and PAEAms.

PGPAmg PGPAmy, PGPAmy;3 PGPAmgg PGPAmy,4 PAEAmMy PAEAmMy4 PAEAMys PAEAmgs
Monomer diBocGPAm diBocGPAm diBocGPAm diBocGPAm diBocGPAm | BocAEAm  BocAEAm  BocAEAm BocAEAmM
DP, sarget 10 25 50 100 100 10 25 50 100
mcra added (mg) 38.2 15.41 4.13*M 4.48 3.25[4 68.4 27.0 6.121#] 5.44[8]
ncta added (moles) 1.60 x 104 6.46 x 1073 1.24 x 103 1.88 x 1073 9.74 x 106 2.87 x 10 1.13 x 10* 1.83 x 107 1.63 x 107
Muonomer added (mg) 597.7 599.9 230.7 700.6 362.7 600.2 602.4 194.2 348.6
Nmonomer added (moles) 1.61 x 1073 1.61 x 1073 6.20 x 104 1.89 x 1073 9.74 x 104 2.80 x 1073 2.81 x 1073 9.07 x 10 1.63 x 1073
myesb added (mg) 3.18 3.23 0.65 3.01 0.515 5.40 2.90 0.63 0.42
nvesy added (moles) 1.23 x 103 1.25 x 103 2.51 x 10°¢ 1.17 x 103 1.99 x 10°¢ 2.09 x 103 1.12 x 107 243 x10°¢ 1.63 x 10°¢
Dioxane added (uL) 835.6 841.9 185.5 1029.4 540.9 949.9 951.1 283.4 563.7
DMACc added (uL) 375.9 365.8 430.6 428.5 222.3 420.8 369.6 297.8 269.8
PABTC/V65b 13.0 52 49 1.6 49 13.7 10.1 7.6 10.0
T (°C) 45 45 50 45 45 50 50 50 60
Time (min) 540 540 360 300 300 300 300 360 240

10



Table S2. Amount of different substances used for polymerization of PDMAEAms and PDMAPAms.

PDMAEAmg PDMAEAm;, PDMAEAmys PDMAEAmg; : PDMAPAm;; PDMAPAm;; PDMAPAm;; PDMAPAmy;

Monomer DMAEAm DMAEAm DMAEAmE®  DMAEAm® ! DMAPAmE  DMAPAmP  DMAPAmP  DMAPAm(®
DP,, target 10 25 49 99 14 30 50 99
""" meadded(mg) | 670 251 gas o sgm i 503 199 749b sy
ncta added (moles) 2.81 %10 1.05 x 10 247 %107 1.79 x 103 2.11 x 10* 8.35 %107 2.24 x 103 1.60 x 1073
Muonomer added (mg) 400.7 371.8 174.0 252.2 461.0 383.3 175.5 248.9

Nmonomer added (moles) 2.82 %107 2.62 % 107 1.22 x 1073 1.77 x 1073 2.95x 1073 2.46 x 1073 1.12x 1073 1.59 x 1073

myssy added (mg) 5.77 3.05 1.21 0.93 5.07 2.11 1.16 0.85
nyesy added (moles) 223%10% 118 x 10° 467x106  3.60 x 10°6 1.96 x 10°5 8.17x10°  449x106  3.27x 109
Dioxane added (uL) 461.4 229.0 514.4 574.1 2423 202.5 4835 577.0

DMAc added (uL) 209.6 2335 141.9 140.9 249.7 206.0 136.8 345

"""" PABTCVGSS | 126 89  s3  s0o . 108 102 50 49
T (°C) 60 60 50 60 60 60 50 60
Time (min) 240 240 420 240 240 240 420 240

[a] Monomer was not purified

[a] Polymerization using PBTC-NHS



Typical Attachment of DY-635 to PAm Polymers.

New batches of polymers were used in each instance (Aq.-SEC, P2VP standards): PAEAm,

Mn,SEC =128 kg mol! . b= 116, PGPAm94, Mn,SEC =92 kg mol! . b= 125, PDMAEAmg4, Mn,SEC =

10.3 kg mol'', b = 1.26; PDMAPAm;,;, M,sec = 11.9 kg mol!, B = 1.51. The respective polymer,

a 2 mg mL"' solution of DY-635 amine in HPLC grade DMF, a 2 mg mL"! solution of HBTU in

HPLC grade DMF and a 2 mg mL"! solution of NMM in HPLC grade DMF were added to a screw-

cap vial equipped with a magnetic stirring bar (Table S3).The reaction was left to stir in the dark

for 24 h. The solution was diluted in ultrapure water and dialyzed against first H,O/MeOH (4/1)

for 2 days and then against H,O for 3 days. The polymer was obtained as a blue solid following

lyophilization. For PDMAEAmMmy,, a5 mg mL-! solution of DY-635 amine and a 1 mg mL"! solution

of NMM were used. Regarding dye attachment to PAEAmys, the DY-635 NHS-ester was used.

Table S3. Amount of different substances used for attachment to DY-635 amine to PAms

Substance Mass Amount of substance
mg mol
PGPAmoy 39.6 1.35 x 10
DY-635-Amine 0.99 1.39 x 10¢
HBTU 0.84 202 x 10°
NMM 0.41 4.04 x 10°
PAEAmos 29.0 1.31 x 10
DY-635-NHS 0.99 1.35 x 10
NMM 0.40 393 x 10°
PDMAEAmMo4 21.3 1.57 x 10°
DY-635-Amine 1.16 1.57 x 10
HBTU 0.97 235 x 10°
NMM 0.48 47 x 10°
PDMAPAmM111 22.7 1.34 x 10°¢
DY-635-Amine 0.99 1.34 x 10
HBTU 0.83 202 x 10°
NMM 0.41 4.03 x 10°

N*/P Ratio Calculations.

The N*/P ratio was defined as the ratio of the total amount of protonatable amines in polymer

solution in relation to the total amount of phosphates in the pDNA solution.
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The volume of polymer needed to prepare polyplexes with 15 yg mL-' pDNA at different N*/P

ratios was calculated as described by the following equations:

Vtotul : P = Vpoly : Npoly

Vs _ Vtotal P
poly N
poly
n,pna * P
Vpoly = Viotal * ‘N
poly

rnpDNA P Mpoly

1’npoly "N~ MpDNA

Vpoly = Viotal *

Where Vi, P, Vioy and Ny, are the total required volume, the total number of phosphates of the
pDNA, the required volume of polymer and the total number of active amines of the polymer,

respectively.

Heparin dissociation assay.

Table S4. Kinetic cycle protocol for automated heparin addition by the microplate reader

Kinetic Repetitions Addition of heparin Orbital Incubation Measurement
cycle shake
V/uL  Stock Solution /
UmL!
1 2 5 100 10s 10 min, 37°C  Agx = 525 nm / Agm = 605 nm
2 1 15 100 10s 10 min, 37°C  Agx = 525 nm / Agm = 605 nm
3 3 5 500 10s 10 min, 37°C  Agx = 525 nm / Agm = 605 nm
4 1 10 500 10s 10 min, 37°C  Agx = 525 nm / Agm = 605 nm

The heparin concentration needed to release the maximum of pDNA was calculated with
OriginPro, Version 2018b (OriginLab Corporation, US) using a piecewise linear function with
three segments fitted to the respective data (n = 3) of each polymer, keeping the value of the first
and third slopes constant at O (Figure S1). The values for the heparin concentration (Xx;,) required

to release maximum pDNA (a3) were read off the equation.

13



Intercept a,=1 x=0
Slope k,=0.5 V=YK (xX,) y - al + klx (x < xil )
Intersection x,=1
Slope k=2
Intersection x =2
Slope k=1

y =y +k2(x—xi1) (xr_1 Sx<x].2)

y =y, +k3(x—x].2) (xzxiz)

Yy 0ex,)

v,=2,+kx,=0.5 yz'l =a + klxz'l

Yizzyi' +k2(xi2_xi' ):6 5

a,7a +(k k,)x =2.5 C=v. +k (x_ —x. )
2,78, (K X, gk, X, =4 5 Vi =V 2\ i

Figure S1. Equations used by OriginPro, Version 2018b to provide the piecewise linear fit

functions for the polymers. Screenshots taken from the software.

Dynamic Light Scattering.
The size (diameter) of the polyplexes was investigated by dynamic light scattering (DLS). The

polyplexes were prepared at N*/P 30 in 100 xL. HBG buffer as described above. Measurements
were conducted on a Zetasizer Nano ZS (Malvern Instruments, Germany) with a He—Ne laser
operating at a wavelength of 633 nm. Each sample was measured in quintuplicates with three runs
of 30 s at 25 °C after an equilibration time of 30 s. The counts were detected at an angle of 173°.
The mean particle size was approximated as the effective (z-average) diameter and the width of
the distribution as the polydispersity index of the particles (PDI) obtained by the cumulants method

assuming a spherical shape. Data are expressed as mean + SD of two independent determinations.

Determination of Cytotoxicity in HEK293T Cells.
The HEK293T cells were seeded at 10° cells per well in a 24-well plate and incubated in medium

containing 10 mM HEPES for 24 h. 1 h after medium change, cells were treated with polymers at
concentrations equal to N*/P 30 and incubated for additional 4 h. Cells on the same plate incubated
with 10% (v/v) in growth medium served as non-treated controls. The medium was replaced by a
10% (v/v) alamarBlue™ solution in fresh culture medium, prepared according to the

manufacturer’s instructions. Following an incubation for 4 h at 37 °C, the fluorescence was

14



measured at Agx = 570 / Agm = 610 nm. The non-treated control cells were referred to as 100 %
viability. Values below 70 % were regarded as cytotoxic. Data are expressed as mean + SD of at

least three independent determinations.

Determination of CCso and Cell Viability at N*/P 30.
With OriginPro, version 2018b a logistic function was fitted to the data of each polymer with the

following equation (7):

_AAy
T 1Hx/x0)P

+A;, (7)

Where A, and A, are the initial and the final values, respectively, X, is the center and p is the power
of the curve. For polymers reaching = 50% toxicity, A, and A, were kept constant at 1 and O,
respectively. For polymers not reaching 50% toxicity, A, and p were kept constant at O and 1.5,
respectively. With the obtained equations, the “polymer concentration needed to kill 50% of the

cells” (CCs) or the “cell viability at N*/P 30” were calculated by substituting y with 50 or x with

the concentration of the respective polymer at N*/P 30, respectively.

Polyplex Uptake with CLSM and Image Processing.

For uptake studies via confocal laser scanning microscopy (CLSM), HEK293T cells were seeded
and cultured as described above in glass-bottomed dishes (CellView cell culture dishes with four
compartments, Greiner Bio-One) and analyzed following incubation with polyplexes containing
YOYO-1 labeled pDNA (0.31 nmol per 1 yg pDNA) and indicated polymers for 4 h. To image
intracellular distribution in living cells, Hoechst 33342 was added for 10 min to stain cell nuclei.
Prior to imaging, trypan blue was added to a final concentration of 0.04% to quench fluorescence
of YOYO-1 outside the cells. Live cell imaging was performed using a LSM880, Elyra PS.1

system (Zeiss, Germany) applying the argon laser for excitation at 488 nm (0.2%) and 405 nm
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(0.5%), emission filters for 410-479 nm (Hoechst) and 508-553 nm (YOYO-1) with gains of 750
and 800, respectively. For magnification, a 40 x 1.4 NA plan apochromat oil objective was
applied. Images were acquired using the ZEN software, version 2.3 SP1 (Zeiss, Germany). The
experiments were performed at least twice. All images were processed in batch mode using
ImagelJ, version 1.52.* They were resized with a scaling factor of 2 in x- and y-dimension and
bicubic interpolation. Regarding the Hoechst-channel, the images were processed as follows: The
background was corrected using the rolling ball background subtraction tool applying a sliding
paraboloid with a radius of 23.5 pixels without previous image smoothing. The contrast was
enhanced automatically with a normalization of 0.01% saturation. For YOYO-1 fluorescence, only
the background was corrected applying a sliding paraboloid with a radius of 7 pixels following

image smoothing. For the overlay image, both channels were merged.

Lactate Dehydrogenase Release (LDH) Assay.

To analyze membrane interactions of the polymers with HEK293T cells, the LDH release assay
was performed using the CytoTox-ONE™ assay (Promega, Germany) according to the
manufacturer’s instructions. Briefly, cells were seeded at a density of 10° cells per well in 24-well
plates and treated with polyplexes as described for uptake studies (including YOYO-1 for pDNA
staining, having no influence on the performed assay, see Figure S16). Following incubation for
4 h, while cells were used to analyze uptake efficiency via flow cytometry, the supernatant was
transferred to a new 96-well plate as a triplicate and allowed to cool down to room temperature.
Subsequently, the substrate mixture including assay buffer was added and incubated at room
temperature for 10 min. After the addition of the stop solution fluorescence intensity was measured
at Agx = 560 nm / Zgm = 590 nm. For the positive control (100 % LDH release), cells were

incubated with 0.2% Triton X-100 for 30 min prior to analysis. Cells incubated with only pDNA
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and YOYO-1 were used as negative control (0% LDH release). The LDH release of the polymers

was calculated as follows (8):

LDH release / % = —=2mele™f0 1 (8)

Positive control—Fo

Where Fumple, Fo, and Fposicive control TEPresent the fluorescence intensity of a given sample, medium

without cells, and of the Triton X-100 treated cells, respectively.
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FURTHER RESULTS

Characterization of Polymers.
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Figure S2. NMR spectra of GPAm?Boc,

'H (A) and DEPT 3*C (B) NMR spectra of GPAm“&e in CDCl,.
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Figure S3. NMR spectra of AEAmBe.
'H (A) and DEPT "*C (B) NMR spectra of AEAm3°¢ in CDCls.
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Table SS. Summary of (protected) cationic homopolymers prepared via RAFT polymerization.

Polymer

Protected polymers

DP [a] M g, [b] M gclel D]
(kg mol )

PGPAms 8 33 5.1 111
PGPAmM2 2 8.4 9.9 111
PGPAmM43 43 16.2 14.7 1.22
PGPAmos 94 35.0 27.4 131
PAEAMY 9 22 43 111
PAEAM 24 5.4 8.3 111
PAEAMs 45 9.9 16.1 1.09
PAEAMOs 96 20.8 26.3 115
PDMAEAm;s 8 ; ] ]
PDMAEAmM» 22 - - -
PDMAEAmss 45 ; ) )
PDMAEAmss 88 - - -
PDMAPAM 11 - - -
PDMAPAM 24 - - -
PDMAPAmss 38 - - -
PDMAPAm7; 71 - - -

[a] Determined via 'H NMR.

a
[b] Determined using equation 6.

[c] Determined via DMAc-SEC with PMMA standards.
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Figure S4. Titration curves and equivalence point recognition criterion for titrations of PAEAm

polymers.

Polymers were dissolved at 1 mg mL" in 125 mM NacCl and titrated against 0.1 M NaOH up to
pH 11. A new batch of PAEAm (PAEAmys, Aq.-SEC, P2VP standards: M, sgc = 12.8 kg mol!,

D =1.16) was used in this case.
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Figure SS. Titration curves and equivalence point recognition criterion for titrations of

PDMAEAm polymers.
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Polymers were dissolved at 1 mg mL" in 125 mM NacCl and titrated against 0.1 M NaOH up to
pH 11. A new batch of PDMAEm (PDMAEAm,,, Aq.-SEC, P2VP standards: M, sgc = 10.3 kg mol-

I, D =1.26) was used in this case.
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Figure S6. Titration curves and equivalence point recognition criterion for titrations of
PDMAPAmMm polymers.

Polymers were dissolved at 1 mg mL" in 125 mM NacCl and titrated against 0.1 M NaOH up to
pH 11. A new batch of PDMAPAm (PDMAPAm,;, Aq.-SEC, P2VP standards: M,sgc =
11.9 kg mol!', D = 1.51) was used in this case.
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Figure S7. Titration curves and equivalence point recognition criterion for titrations of PGPAm
polymers.

Polymers were dissolved at 1 mg mL" in 125 mM NacCl and titrated against 0.5 M NaOH up to
pH 12. A new batch of PGPAm (PGPAmy,, Aq.-SEC, P2VP standards: M, sgc = 10.6 kg mol'!, D =

1.24) was used in this case.
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—— PDMAPAM,,, —— PAEAm,, —— PDMAEAM,,
PGPAM*
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Figure S8. Theoretical determination of the degree of protonation.

The pH for the cationic polymer library based on their pK, values calculated using the

Henderson—Hasselbalch equation (1). Since the pK, of PGPAm could not be determined the curve

is generated assuming a pK, of 12. The grey region designates the physiologically relevant pH

window.
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Biological Results.

Viable cells relative to Ctrl [%]

Viable cells relative to Ctrl [%]

Figure S9. Cytotoxicity of PAm homopolymers in L.929 cells.
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Metabolic activity was measured in L929 cells using the alamarBlue™ assay following incubation

with (A) PDMAEAm, (B) PDMAPAm, (C) PAEAm, (D) PGPAm polymers at indicated

concentrations for 24 h. Dots represent values of single repetitions and lines represent logistic fit

functions calculated via OriginPro (n = 3).
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Table S6. Toxicity and concentration at N*/P 30 and CCs, values calculated via non-linear fit.

D DP I}I]*ﬁft:l;l()ty/%/tu Ll
(cin pg mL™) kg mL
9 99 (19) > 500
5 24 99 (17) 201.27
E 45 93 (16) 30.92
96 95 (16) 24.59
. 8 99 (23) > 500
é 2 105 (21) > 500
E 45 100 (20) 274.26
= 88 100 (20) 101.22
- 11 100 (24) 353.24
é 24 100 (22) 267.26
E 38 100 (22) 194.31
= 71 96 (22) 62.80
8 99 (27) > 500
5 22 92 (25) 72.93
§ 43 100 (24) 53.72
94 99 (24) 57.41
= 600 88 (6) 22.73

CCsy / g mL™"

AN

60| 9 [24]45]96| 8 [22[45[88]11]24]38]71] 8 [22[43 04
PDMAEAM | PDMAPAmM | PGPAm

Degree of polymerization

Figure S10. Cytotoxicity of PAm homopolymers of different DP and amino group. Metabolic
activity was measured in L929 cells after 24 h incubation with PAm polymers at indicated
concentrations (Figure S8) using the alamarBlue™ assay. Values represent CCs, values calculated
after fitting the resulting toxicity values to a logistic function + 95% CI (n = 3). Upwards pointing

arrows and striped columns indicate CCs, values above 500 g mL-'.
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Figure S11. Polyplex formation and stability tests with pCMV-GFP pDNA and PAm
homopolymers.

(A) EBA of polymers with highest DP at different N*/P ratios in HBG buffer showing strong
pDNA binding of all polymers. Values represent mean + SD (n=3). (B) HRA of polyplexes
formed with P(GPAm) polymers at N*/P 30 using heparin as a competing polyanion showing the

reversible binding of the polyplex. Values represent mean + SD (n = 3).
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Figure S12. Polyplex formation with pCMV-GFP pDNA and polyacrylamide-homopolymers at
different pH values.

EBA of polymers with second highest DP at N*/P 30 in HBG buffer of different pH showing a
good pDNA binding of all polymers from pH 4 to pH 7 but differences between the polymers at

pH > 7. Values represent mean + SD (n = 2).
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Table S7. Size determination of formed polyplexes via DLS.

Polyplexes were formed using 15 ug mL-' DNA at N*/P ratio of 30 in HBG buffer.

P or T O s
PAEAm 9 127+ 11 0.09 +0.00 135+ 13 100+ 0
24 47+7 0.20 +0.06 54+6 98 +£2
45 40+0 0.28 +£0.02 43+ 1 92+3
96 33+1 0.27+0.01 44 + 1 92+8
PDMAEAm 8 69+1 0.11+£0.02 73+£2 100+ 0
22 115+2 0.08 +£0.01 123+ 5 100+ 0
45 49+3 0.22 +0.03 58+3 100+ 0
88 58 £20 0.22+0.02 66 +23 96 +£3
PDMAPAmM 11 57+1 0.29 +0.01 61 £2 89+4
24 61+0 0.34+0.01 T1+£7 54+3
38 39+2 0.24 +0.01 510 87+1
71 32+1 0.24 +0.01 39+1 87+1
PGPAmM 8 63+1 0.09 +0.00 68 £2 100+ 0
22 5018 0.20+0.01 58+ 19 100+ 0
43 37+4 0.23+0.01 46+ 6 100+ 0
89 35+0 0.23+0.01 42+ 1 99 +1
PEI 600 59+22 0.25+0.04 60+ 11 82+1

140
120

"£100 -

o]
o
1

Z-average [d.n

Figure S13. Size determination of formed polyplexes of PAm library of different DP via DLS.
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Polyplexes were formed using 15 yg mL-' DNA at N*/P ratio of 30 in HBG buffer.
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Figure S14. DLS traces of polyplexes formed with PAm polymers and 15 yg mL' DNA at
N*/P 30 in HBG buffer.
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Figure S15. Influence of degree of polymerization on polyplex uptake in HEK293T cells.

Flow cytometry following incubation with polyplexes of YOYO-1-labeled pDNA and polymers
at N*/P 30. Incubation was in growth medium at 37°C for 4 h (G), in serum-reduced Opti-MEM™
at 37 °C for 4 h (OM) or in growth medium at 4 °C for 4 h (4 °C). Cells incubated with labeled
pDNA served as control (rMFI = 1). Values represent mean + SD (n = 3). a: significant difference
to the same polymer in G, b: significant difference to all polymers in OM, c: significant difference

to same polymer in OM (p <0.001)
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Figure S16. LDH release assay with PAm polyplexes in HEK293T cells.
Cells were incubated with YOYO-1 labeled polyplexes at N*/P 30 in growth medium or Opti-
MEM™ for 4 h. Values represent mean + SD (n = 1). **: significant difference (p < 0.001).
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Figure S17. LDH release assay with HEK293T cells.
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Cells were incubated with polyplexes (not labeled) at N*/P 30 in growth medium or Opti-MEM™

for 4 h and showed no difference to the results with YOYO-1 labeled polyplexes. Determination

was performed once.
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Figure S18. Flow cytometry analysis of calcein release assay.
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Representative plots of the calcein channel following flow cytometry of HEK293T cells incubated

with the respective polymers at equal amine concentrations (£ N*/P 30) in Opti-MEM™ for 4 h.
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Table S8. Data used for determination of the squared Pearson’s correlation coefficient (R?).

Title of factor in correlation graph Data
Transfection Viable EGFP-fluorescent HEK293T cells in Opti-MEM in %
Molar mass® Theoretical molar mass without counter ion in g mol™

C/N ratio of the different amine moieties (3 for tertiary amines, 1 for primary amines, 0.6

ationic moiety® g
C ¥ for guanidinium)

Toxicity® CCso values in pg mL™' polymer following 24 h incubation in L929 cells
pDNA-binding” Results of EBA as rFI at N*/P 30
pDNA-release® Heparin concentration needed to release maximum amount of DNA at N*/P 30 in U/mL
Uptake® rMFTI values of viable HEK293T cells following 4 h incubation in Opti-MEM
Hemolysis® Hemolysis in % of positive control Triton X-100 at pH 6
Aggregation® Negative control PBS relative to respective polymer at pH 6
LDH release® Mean of LDH release in Opti-MEM in % of positive control Triton X-100
Calcein-release” Viable calcein-fluorescent HEK293T cells in Opti-MEM in %-
pDNA-binding” Results of EBA as rFI at N*/P 30
BMP-binding® rF1 values of lipid-polymer-binding assay at BMP-concentration of 1 mM

[a] Data of all PAm polymers were considered
[b] Only data of longest PAm polymers were considered.
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