
 

 

Friedrich-Schiller-Universität Jena 

 
Chemisch-Geowissenschaftliche Fakultät 

 

Star-shaped drug delivery systems and 
advanced characterization by mass 

spectrometry 
 

 

 

 

 

 

Dissertation 

Zur Erlangung des akademischen Grades 

Doctor rerum naturalium (Dr. rer. nat.) 

 

 

Vorgelegt dem Rat der Chemisch-Geowissenschaftlichen Fakultät der 
Friedrich-Schiller-Universität Jena 

 
von Diplom-Chemikerin Katrin Knop 
geboren am 01.10.1981 in Dresden



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gutachter: 

1. Prof. Dr. Ulrich S. Schubert 
2. Prof. Dr. Dagmar Fischer 

Tag der öffentlichen Verteidigung: 27. 02. 2013



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Non est ad astra mollis e terris via“ 
Hercules furens, Seneca 

�



�



Table of contents 





Documentation of authorship 

2010

2010

2013



2013

2010

2010



2009

2011

2012



2009

2012



2012

2013





1. Introduction 









2. Drug delivery systems with stealth properties 

P1)

2010 2010



Figure 2.1. 



Figure 2.2.





Figure 3.1.





3. Star-shaped drug delivery systems 

P2)

2013 P3)

2013

3.1. Star-shaped drug delivery systems with a PEG shell 



Scheme 3.1.



Table 3.1. 



Figure 3.2.

3.2. Star-shaped drug delivery systems with PEtOx shell 



Table 3.2. 



Figure 3.3.



4.  Advanced characterization of pharmaceutical relevant 
polymers by matrix-assisted laser desorption/ionization mass 
spectrometry and collision induced dissociation  

P4)
2009 P5)

2010
P6)

2010 P7)
2011 P8)

2012



Figure 4.1.



Scheme 4.1.





Figure 4.2.





5.  Matrix-free laser desorption/ionization mass spectrometry 
and imaging 

P9)
P10)

2009 P11)

2012 P12)

2012 P13)

2013

5.1. Laser desorption/ionization for drug and drug delivery system 
mass spectrometry imaging 



Figure 5.1.



500 1000 1500 2000 2500 3000

0

20000

40000

100000

In
te

ns
ity

m/z

 Measurement below 
         m/z 1 000
         (65% Laserenergy)

679.091
(THP)H+

717.078
(THP)K+

0

20000

40000

100000
 Measurement above 

         m/z 1 000
         (55% Laserenergy)

In
te

ns
ity

Figure 5.2.



 

5.2. Laser desorption/ionization mass spectrometry imaging of 
secondary plant metabolites 

Figure 5.3.



Figure 5.4.



Figure 5.5.



Figure 5.6.



 

Figure 5.7.



6. Summary 

Scheme 6.1.









7. Zusammenfassung 

Schema 7.1.









8. References 

2004
2003

2010

2009
2006

1999

2010
1995

2010

2002
2003

2011
1995

2005

2000
2005

1999

2002
2010

2008

2007

2006
1995

2007

2008
2003

2007
2000

2012
2012

2012

2011
1986

2000



2011
2008

2009
1986

2002
2007

2007

1989

2007

2008

1995

2002
2006

2005

2001
1966

1966
1966

1967
1990

2005
2007

2009

2009

2012

2011

2012

2011
2005

2003

2010
1994

1996



2007
2007

2010
2011

2007

2006
2009

1995
2005

2012
2006

1991
2010

2007

2000

2010

2009

2005
2011

2011

2004

2011

2009

2009
2011

2009
2009

2005
2003



2011

1988

1988
2000

2009

2006

2007

2009

2010
1995

1996

2007
1994

1996

2011

2000

2003

1995
2005

2001

2003

2008

2005
2011

2008

2008

2010



2002
2009

1953
2005

2003

2005
1997

1988
2004

1995
1996
1997

2000

1999
1998

1999
2006

2003
2004

2003
2003

2002
1986

2001

1996
1984

2002

2007
1976

1978

2009

2008





Supplementary information 

Materials 

Instrumentation 

Synthesis of 4-arm poly( -caprolactone) and linear poly( -caprolactone) 



Figure S1.



List of abbreviations 





Curriculum vitae 





Publication list 

2013

2012

2011

2010

2010

2010
2010

2010

2009

2009

2009

2009

2008

2004

2012



2012

2013

2013

2013

2013

 

Poster presentations 

 

 

 

 



Oral presentations 





Acknowledgement/Danksagung 









Declaration of authorship/Selbstständigkeitserklärung 





Publications P1-P13 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P1

P2

P4

P5

P6

P7

P8

P10  



 

 

 

 

 

Publication P1: 

 

Poly(ethylene glycol) in drug delivery: Pros and cons as well as 
potential alternatives 

 
 
 

K. Knop, R. Hoogenboom, D. Fischer, U. S. Schubert 
 

Angew. Chem. Int. Ed. 2010, 49, 6288 6308. 
 
 
 





Drug Delivery
DOI: 10.1002/anie.200902672

Poly(ethylene glycol) in DrugDelivery: Pros and Cons as
Well as Potential Alternatives
Katrin Knop, Richard Hoogenboom, Dagmar Fischer, and Ulrich S. Schubert*

Angewandte
Chemie

Keywords:

drug delivery · nanotechnology ·

poly(ethylene glycol) · polymers ·

stealth effect

In memory of Victor A. Kabanov

U. S. Schubert et al.Reviews

6288 www.angewandte.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 6288 – 6308



1. Introduction

Polymeric carriers, which physically entrap molecules of

interest, and polymer conjugates, to which such molecules are

chemically bound, play an important role in modern pharma-

ceutical technology. The shared task of carriers and con-

jugates is the targeted delivery of drugs to specific sites of

action in the body. In the case of drug conjugates, in

particular, the increase of the molar mass leads to reduced

kidney excretion and results in a prolonged blood circulation

time of the drug. Shielding of drug carriers and conjugates is

required to avoid a fast recognition by the immune system

followed by rapid clearance from the body. The suppression of

nonspecific interactions with the body, that is, decreased

interactions with blood components (opsonization) inducing

activation of the complement system, leads to a reduced

blood clearance of drug carriers and conjugates, which is

known as the stealth effect. Drug-delivery vehicles can be

coated with a hydrophilic polymer to allow both inhibition of

opsonization and enhancement of water solubility. Poly(eth-

ylene glycol) (PEG) is the most commonly applied non-ionic

hydrophilic polymer with stealth behavior. Furthermore,

PEG reduces the tendency of particles to aggregate by

steric stabilization, thereby producing formulations with

increased stability during storage and application.

In the first part of this Review the requirements for

hydrophilic polymers in the field of drug delivery will be

introduced. In the second part, the overwhelming number of

applications of PEG in this field will be briefly discussed,

together with the advantages as well as undesired effects

observed during the use of this polymer for biomedical

purposes. Taking into account these debated deficiencies,

potential alternative polymers for forming the hydrophilic

shell of carriers for controlled drug release will be introduced

and, finally, their actual status will be discussed.

2. Historical Development

The ability of PEG to influence the pharmacokinetic

properties of drugs and drug carriers is currently utilized in a

wide variety of established and emerging applications in

pharmaceutics. The change in the pharmacokinetics of

administered drugs by being shielded by or bound to PEG

results in prolonged blood circulation times. This conse-

quently increases the probability that the drug reaches its site

of action before being recognized as foreign and cleared from

the body. Therefore, the majority of conjugated drugs as well

as liposomal and micellar formulations on the market or in

advanced clinical trials are PEG-containing products.[1] In

fact, all polymer-based stealth drug-delivery systems that

have been brought to the market up to now contain PEG-

functionalized products (PEGylated), and no other synthetic

polymer has yet reached this status (Table 1).[1–3]

The concept of PEGylation was first introduced back in

the late 1970s; however, it only reached widespread applica-

Poly(ethylene glycol) (PEG) is the most used polymer and also the

gold standard for stealth polymers in the emerging field of polymer-

based drug delivery. The properties that account for the overwhelming

use of PEG in biomedical applications are outlined in this Review. The

first approved PEGylated products have already been on the market

for 20 years. A vast amount of clinical experience has since been

gained with this polymer—not only benefits, but possible side effects

and complications have also been found. The areas that might need

consideration and more intensive and careful examination can be di-

vided into the following categories: hypersensitivity, unexpected

changes in pharmacokinetic behavior, toxic side products, and an

antagonism arising from the easy degradation of the polymer under

mechanical stress as a result of its ether structure and its non-biode-

gradability, as well as the resulting possible accumulation in the body.

These possible side effects will be discussed in this Review and alter-

native polymers will be evaluated.
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tion in different carrier systems in the 1990s (for an overview

of drug-delivery systems, see Figure 1).[4,5]

The coupling of a protein to PEG was first reported in

1977 by Abuchowski et al. They demonstrated in two studies

the non-immunogenicity of PEGylated albumin as well as an

extension of the blood circulation time from 12 h to 48 h for

PEGylated liver catalase while maintaining the activity of the

enzyme.[6,7] A large number of PEG conjugates of proteins,

polypeptides, DNA, and RNA as well as of small molecules

have since been reported to be more efficient and stable than

the native drugs, and several conjugates have reached the

market as commercial products. Table 1 shows that PEG

conjugates play a very important part in contemporary drug-

delivery applications.[1–3] A deeper insight into this topic can

be found in two special issues of Advanced Drug Delivery

Reviews.[8, 9]

The effect of PEG surface coverage on the pharmacoki-

netics of poly(lactic-co-glycolic acid) microspheres was

reported in 1994 by Gref et al.[10] The authors showed that

66% of the noncoated particles were removed by the liver

only 5 minutes after injection, while less than 30% of the

20 kDa PEG-coated nanospheres were captured by the liver

2 h after injection. This study provided the basis for the use of

PEG in microsphere technology, whose history already

started in the 1950s.[11]

Liposomes have been known since the early 1960s as

versatile drug-delivery systems.[12,13] However, a major devel-

opment was made in 1990 when different research groups

reported that the combination of liposome technology and

PEGylation by attaching a PEG brush layer to the carriers

drastically enhanced blood circulation times of lipo-

somes.[14–16] For example, Klibanov et al. could show that

conventional liposomes were completely cleared from blood

after 5 h, whereas 49% of the sterically stabilized PEGylated

liposomes still circulated in the blood after the same time.[14]

This early report provided the basis for the only commercially
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Figure 1. Overview of carrier systems for drug delivery.
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available particulate drug-delivery system—Doxil/Caelyx—

the stealth liposome encapsulated doxorubicin (Table 1).[17–19]

Even though the use of micelle-forming amphiphilic

polymers as drug-delivery vehicles was already proposed by

Ringsdorf et al. in the 1970s, Kabanov et al. were the first to

propose the use of PEG as a hydrophilic part of linear block

copolymers for micellization in 1989.[20] Kwon and Kataoka

finally pushed forward the development of PEG-containing

block copolymer micelles to drug-delivery carriers.[21] This

progress led to the development of dendritic and star-shaped

amphiphilic structures, which exhibit enhanced control over

the architecture, size, shape, and surface functionality of the

micelles at the cost of higher complexity compared to linear

block copolymers.[22]

The enormous progress achieved during the last two

decades in gene therapy stimulated the development of

efficient vectors for gene transfection, but required the

polymer to have special properties because of the charged

nature of DNA. However, the cationic charge of the nonviral

vectors which is necessary for electrostatic interaction with

the negatively charged DNA is responsible for toxicity and a

low half-life of the carriers in the body. The PEGylation of

gene carriers resulted in a decrease in the disposition in the

lung as well as lower initial toxicities compared to unmodified

complexes.[23–25] This positive influence is most likely related

to a decreased interaction with blood constituents, a lower

tendency of the complexes to aggregate, and, therefore, a

lower rate of filtration by pulmonary capillaries. Furthermore,

PEGylated carriers are also characterized by a slower uptake

by the organs (liver and spleen) of the reticuloendothelial

system (RES).[23,26] A comparison between 25 kDa poly(eth-

ylene imine) (PEI) and a PEGylated derivative grafted with

50 molecules of 550 Da PEG demonstrated that 15 minutes

after intravenous (i.v.) injection, the PEGylated copolymer

reached only 50% of the values of the unmodified polycation

in the liver and spleen. This was correlated with a prolonged

circulation of the PEGylated PEI in the blood through an

increased (+ 63%) area under the curve (AUC) and an

elevated terminal elimination phase compared to unmodified

PEI. This effect of PEGylation could also be proved with

other cationic polymers. By using PEGylated poly(l-lysine)

(PLL) the amount of polyplex circulating in the blood shifted

to 69% from 15% for the non-PEGylated polymer.[23]

PEGylated drugs, liposomes, and nanocarriers are char-

acterized by reduced renal filtration, decreased uptake by the

RES, and diminished enzymatic degradation. For this reason,

PEGylated drugs show a prolonged half-life in the body and,

thus, an enhanced bioavailability. Hence, the frequency of

Table 1: Drug-delivery systems stabilized with PEG that have received regulatory approval in the USA and/or the EU.[a]

PEG drug description Company Indication Year

of approval

Adagen

(11–17�5 kDa mPEG per adenosine deaminase)

Enzon Inc.

(USA & Europe)

severe combined

immunodeficiency

1990 (USA)

Oncospar (5 kDa mPEG-l-asparaginase) Enzon Inc. (USA)/

Rh�ne–Poulenc Rorer (Europe)

acute lymphoblastic

leukemia

1994 (USA)

Doxil/Caelyx (SSL formulation of doxorubicin) Alza Corp. (USA)/

Schering-Plough Corp. (Europe)

Kaposi’s sarcoma,

ovarian cancer,

breast cancer,

multiple myeloma

1995 (USA)

1999 (USA)

all 1996 (EU)

PEG-Intron

(2�20 kDa mPEG-interferon-a-2a)

Schering- Plough Corp. (USA & EU) chronic hepatitis C 2000 (EU)

2001 (USA)

Pegasys

(12 kDa mPEG-interferon-a-2b)

Hoffmann-La Roche (USA & EU) chronic hepatitis C 2002

(USA & EU)

Neulasta

(20 kDa mPEG-G-CSF)

Amgen Inc. (USA & EU) febrile neutropenia 2002

(USA & EU)

Somavert

(4–6�5 kDa mPEG per structurally modified

HG receptor antagonist)

Pfizer

(USA & EU)

acromegaly 2002 (EU)

2003 (USA)

Macugen

(2�20 kDa mPEG- anti-VEGF- aptamer)

Pfizer (EU)/OSI Pharm. Inc. and

Pfizer (USA)

age-related macular

degeneration

2004 (USA)

2006 (EU)

Cimzia

(2�40 kDa mPEG- anti-TNFa)

UCB S. A.

(USA & EU)

Crohn’s disease,

rheumatoid arthritis

2008 (USA)

2009 (USA)

2009 (EU)

[a] mPEG: methoxypoly(ethylene glycol), SSL: sterically stabilized liposome, G-CSF: granulocyte-colony stimulating factor, HG: human growth, VEGF:

vascular endothelial growth factor, TNF: tumor necrosis factor.
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drug administration and the amount of drug can be dimin-

ished, which improves the life quality of the patient and

reduces clinical costs.[1,27]

The excretion of PEG conjugates and PEGylated carriers

by the kidneys is reduced by using drugs with a higher molar

mass, and the enhanced permeability and retention (EPR)

effect can be exploited. This EPR effect, discovered byMaeda

et al., is mostly observed in cancerous or inflamed tissues.[28]

These tissues are marked by hypervascularization and a leaky

vasculature. These unorganized and loosely connected endo-

thelial cells allow nanoscopic particles to enter the neoplastic

tissue and remain inside as a result of missing or decreased

lymphatic drainage (Figure 2). Additionally, an increased

production of vascular permeability enhancing factors is

observed in tumor tissue, further augmenting the extravasa-

tion of macromolecules within the tumor. The EPR effect is

also called passive targeting, and forms the basic principle

that causes the functioning of targeted polymeric drug

delivery in different diseases, such as cancer, infection, and

inflammation, that show more permeable endothelia.[28–30]

Some polymers show a nonlinear behavior in response to

an external stimulus, such as a change in temperature or

pH value. This response, which could, for example, be a

decrease of solubility, can be taken advantage of in drug-

delivery applications. The extracellular matrix of cancerous

tissue has a decreased pH value of 6.5 to 7.2 compared to

blood with a pH value of 7.35 to 7.45. This drop in the

pH value can induce precipitation of the polymer and the

associated trapping of the polymer and a potentially bound

drug or carrier within the cancer tissue. This approach of

stimuli-responsive polymers includes manifold stimuli and

various responses by the polymers which are ouside the scope

of this Review. The interested reader is referred to reviews

discussing this topic.[31–34]

These selected examples of applications clearly demon-

strate the rising importance of polymers, and in particular of

PEG, in biomedical domains such as drug delivery.

3. Advantages of PEG

Not every non-ionic hydrophilic polymer can provide

stealth behavior. A number of structural parameters influence

the biological and stabilizing effects and have to be carefully

taken into consideration.[35]

The molar mass as well as the polydispersity of the

polymer has been shown in many applications to be important

for biocompatibility and stealth behavior. The molar mass of

PEG used in different pharmaceutical and medical applica-

tions ranges from 400 Da to about 50 kDa. PEG with a molar

mass of 20 kDa to 50 kDa is mostly used for the conjugation

of low-molar-mass drugs such as small molecules, oligonucle-

otides, and siRNA. This results in fast renal clearance being

avoided by increasing the size of the conjugates above the

renal clearance threshold. PEGs with lower molar masses of

1 kDa to 5 kDa are often used for the conjugation of larger

drugs, such as antibodies or nanoparticulate systems. In this

way, opsonization and subsequent elimination by the RES is

avoided, enzymatic degradation is reduced, and cationic

charges are hidden. PEG of about 3 kDa to 4 kDa is given

orally as a laxative (as GoLYTELY and MoviPrep).

From a theoretical point of view, a biodegradable polymer

would be more beneficial in applications, since difficulties in

achieving complete excretion would be avoided, although

other issues, such as the toxicity of degradation products and

the limited shelf live, would need to be considered. However,

it should be kept in mind that the excretion of the polymer is

not directly dependent on the molar mass of the polymer, but

rather on the hydrodynamic volume, which is affected by the

architecture of the polymer. For example, star-shaped poly-

mers and dendrimers show lower hydrodynamic volumes than

linear polymers with similar molar masses.[36,37]

In general, a low polydispersity index (PDI) is a basic

prerequisite for the polymer to have pharmaceutical applica-

tions. A PDI value below 1.1 provides a polymer with an

acceptable homogeneity to ensure reproducibility in terms of

body-residence time and immunogenicity of the carrier

system.[1,38] This demand is readily fulfilled by PEG, since

very well defined polymers with PDIs around 1.01 are readily

accessible by the anionic polymerization of ethylene oxide.

Furthermore, PEG shows a high solubility in organic

solvents and, therefore, end-group modifications are rela-

tively easy. At the same time, PEG is soluble in water and has

a low intrinsic toxicity that renders the polymer ideally suited

for biological applications. When attached to hydrophobic

drugs or carriers, the hydrophilicity of PEG increases their

solubility in aqueous media. It provides drugs with a greater

physical and thermal stability as well as preventing or

reducing aggregation of the drugs in vivo, as well as during

storage, as a result of the steric hindrance and/or masking of

charges provided through formation of a “conformational

cloud”.

This “conformational cloud” is generated by the highly

flexible polymer chains, which have a large total number of

possible conformations. The higher the rate of transition from

one conformation to another, the more the polymer exists

statistically as a “conformational cloud” which prevents

interactions with blood components as well as protein

Figure 2. Schematic representation of the EPR effect.
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interactions such as enzymatic degradation or opsonization

followed by uptake by the RES.[39] The formation of an

efficient sterically hindering cloud on the surface of particles

is not only dependent on the polymer, but is also influenced

by other factors such as the molar mass of the PEG, the

surface density, and the way the PEG is attached to the

surface (for example, brush-like or mushroom-like).[40,41]

The diminished interactions with the body result in

PEGylated products showing less immunogenicity and anti-

genicity; hemolysis and aggregation of erythrocytes can also

decrease, as can the risk of embolism. The steric hindrance

has the additional advantage that the charge in charged

carrier systems is shielded and the resulting zeta-potential and

charge-induced interactions within the body are decreased.

As a consequence, recognition by the immune system through

opsonization is suppressed. These favorable properties of

PEG in pharmacokinetics are known under the name of the

stealth effect, in reference to stealth planes.

Acute and short-term studies as well as pharmacokinetic

studies of PEG have been carried out on a wide range of

animal species such as rats, mice, guinea pigs, monkeys, and

dogs. The gastrointestinal absorption of PEG is decreased as

the molar mass increases. Whereas PEGs with a molar mass of

4 kDa to 6 kDa are not absorbed over 5 h in rat intestine, low-

molar-mass PEGs of about 1 kDa show a slight absorptive

effect of about 2%. The excretion of PEGs is mainly

accomplished by the kidneys. In humans, 85% and 96%

were excreted in urine in 12 h after intravenous injection of

1 g of 1 kDa and 6 kDa PEG, respectively. LD50 values after

oral intake were higher than 50 gkg�1 body weight for 6 kDa

PEG (50% solution in water) in mice, rats, rabbits, and guinea

pigs. After intraperitoneal (i.p.) administration, the

LD50 value was 5.9 and 6.8 gkg�1 in mice and rats, respec-

tively.

In short-term studies in monkeys (Macaca fascilaris), daily

doses of 2–4 mLkg�1 of 200 Da PEG were administered over

a 13 week period. Intratubular deposition of small numbers of

oxalate crystals in the renal cortex were observed, but not

related to other clinical or pathological findings. Long-term

studies with albino rats with doses of 0.06 gkg�1 1 kDa PEG

and 0.02 gkg�1 4 kDa PEG per day did not cause any

significant adverse effects over a two-year period.[42] Toxic

effects to the kidney resulting from high PEG doses of 200–

600 Da have been observed in laboratory animals and in burn

patients whose injured skin was treated topically with PEG.

Evaluating the relative safety of PEG solutions used for

bowel cleansing prior to colonoscopy concludes that, in the

absence of preexisting renal disease, PEGs are associated

with similarly low risks of renal impairment. No significant

adverse effects from low-molar-mass PEGs have been

observed in inhalation toxicology studies, carcinogen testing,

or mutagen assays. Biondi et al. reported that low-molar-mass

PEGs of about 200 Da have a genotoxic effect after metabolic

activation. However, this was evaluated by induction of

chromosome aberrations in CHEL and CHO cells only in the

presence of S9 mix. The findings suggested a potential

mutagenic risk for PEGs of similar size.[43]

In conclusion, PEGs of different molar masses have

essentially similar toxicities, with the toxicity being inverse to

the molar mass since the absorption from the gastrointestinal

tract decreases with increasing molar mass. The level that

caused no toxicological effect in rats was 20000 ppm in a diet

equivalent to 1 gkg�1 body weight. The estimate of the

acceptable daily intake for man is 0–10 mgkg�1 body weight.

The success of PEG in drug-delivery applications also led

to its use in other medical fields. Thus, PEG is used in blood

and organ storage, where it reduces the aggregation of red

blood cells and improves the blood compatibility of poly(vinyl

chloride) bags.[44–47] PEG copolymers that are implanted as

cardiovascular devices, such as stents, decrease thrombosis.[48]

Furthermore, PEG is not only used in pharmaceutical

preparations as an excipient for parenteral, topical, nasal, and

ocular applications, it is also used as the active principle in

laxatives. The suppression of interactions with biomolecules

also led to a variety of antifouling and antiadhesion applica-

tions, such as in Merrifield syntheses,[49] ultrafiltration,[50] and

the protection of contact lenses from pathogenic bacteria and

fungi.[51,52] PEG chains attached to hydrophobic molecules,

such as oleic acid, can act as a surfactant, and are found as

surface-active, viscosity-increasing, and skin-conditioning

agents in all kinds of cosmetics—from toothpaste to cleansing

agents, such as shampoos, body and bath soaps, to fragrance,

aftershave lotion, face powder, and eye shadow.[53,54] These

examples show that PEG, with its special properties, is not

only very popular in pharmaceutical applications, it is also a

daily consumer product, and is omnipresent in our everyday

life.

4. Drawbacks of PEG Polymers

The increasing use of PEG and PEGylated products in

pharmaceutical research as well as clinical applications not

only provides new insight into the underlying mechanism of

the beneficial properties of PEG, it also increases the

likelihood of encountering potential side reactions.

The potentially unfavorable effects that might be caused

by PEG can be divided into several groups: Adverse side

effects in the body can be provoked by the polymer itself or by

side products formed during synthesis that lead to hyper-

sensitivity. In addition, unexpected changes in the pharma-

cokinetic behavior can occur with PEG-based carriers.

Furthermore, an antagonism arises from the non-biodegrad-

ability of PEG in combination with its relatively easy

degradation upon exposure to oxygen. All these potential

drawbacks and their importance will be discussed in the

following.

4.1. Immunological Response

4.1.1. Intravenous Administration

It was already shown in early studies in 1950 that PEG has

the propensity to induce blood clotting and clumping of cells,

which leads to embolism. This finding indicates nonspecific

interactions of PEG with blood.[42] Since then, it has been

shown that PEG, which is not supposed to show any

opsonization, can nevertheless induce specific as well as
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nonspecific recognition by the immune system, thereby

leading to a response of the body to intravenously adminis-

tered PEG formulations such as liposomal and micellar

carrier systems or conjugates.

It was shown that adverse reactions of PEG often occur

through complement (C) activation, which leads to hyper-

sensitivity reactions (HSR) that can provoke an anaphylactic

shock.[55,56] The complement system, which is part of the

immune system, is a biochemical cascade that is started by the

hydrolysis of C3, a protein present in blood, whose fragmen-

tation can be triggered by a change in the conformation upon

adsorption on a surface. This hydrolysis reaction leads to a

biochemical cascade that results in the generation of different

C3 and C5 fragments that bind to the surface, thereby labeling

the identified foreign body. Leucocytes, mast cells, and

macrophages that carry receptors for these complement

factors will be activated to remove the foreign body and

release inflammatory mediators, such as histamine and

proinflammatory cytokines.[57] The release of histamine does

not imperatively lead to the hypersensitivity reaction; an

additional special susceptibility to one of the other steps is

also necessary.[56,58] In earlier studies it was proposed that

surface-exposed PEG hydroxy groups provide molecular sites

where C3b can covalently bind to the surface and, thus,

initiate the pathway of complement activation.[59] However, it

should be noted that the vast majority of all currently used

PEGylated products are based on methoxy-PEG (mPEG),

thereby disproving the validity of this hypothesis.

Although the exact trigger for this phenomenon has not

yet been clarified, an immediate HSR in 5–10% of treated

patients was shown for different PEG-containing liposomal

carriers.[60] Complement activation with subsequent HSR was

demonstrated with 99mTc-labeled 2 kDa mPEG-liposomes for

the treatment of Crohn�s disease.[61] The Doxil/Caelyx (com-

mercial distearoylphosphatidylethanolamine (DSPE) 2 kDa

mPEG) liposome formulation of doxorubicin (Table 1) used

in anticancer therapy also causes HSR in up to 25% of the

patients, despite pretreatment with corticosteroids and anti-

histamines and without prior sensitization.[55,58] However, the

conclusion that the adverse reaction is only caused by PEG

can not be drawn conclusively. In fact, depending on the

composition and size of the liposomal formulation, PEG-

liposomes cause complement activation even without doxor-

ubicin encapsulation, but Doxil is a more-efficient comple-

ment activator than empty PEGylated liposomes (Table 2).[60]

Investigations of the hypersensitivity from side reactions

caused by sterically PEG-stabilized liposomes revealed rather

opposing results, with complex causal relationships found

between PEGylation, size, loading, preparation of the for-

mulation, and different other parameters.[60] For example,

small PEGylated liposomes with diameters of less than 70 nm

showed no complement activation, in contrast to larger

ones.[60] In addition, the beneficial pharmacokinetic effects

of covering liposomes with PEG are sometimes absent. Parr

et al. found only slight differences in the rates of plasma

clearance for PEGylated and non-PEGylated liposome for-

mulations of doxorubicin;[62] Metselaar et al. observed that

liposomes without PEG showed the same or even longer

circulation half-lives as PEGylated liposomes (36 h and 22 h,

respectively).[60]

In summary, these studies indicated complement activa-

tion by PEG attached to liposomes, but further investigations

are necessary to draw definite conclusions on the mechanism

involved and the influence of the various factors that seem to

affect the HSR.

The adverse reaction of intravenously administered PEG

can also be observed in the application of different contrast

agents for echocardiography. Anaphylaxis as a result of

hypersensitivity to PEG is observed with SonoVue (commer-

cial contrast agent containing PEG), but not with Optison and

Definity (commercial contrast agents without PEG).[63]

De Groot et al. reported three cases of anaphylactic shock

as a reaction to SonoVue.[64] Dijkmans et al. admit that

SonoVue might contain a triggering factor responsible for

three fatal cases (0.002% of the treated patients with

advanced coronary artery disease as a predisposition) and

18 of 19 adverse anaphylactic or vasovagal reactions (fainting)

(0.012%); no such adverse reactions were observed with

Optison.[65]

All together, a conclusive statement can not be given as to

whether PEG alone or a combination of several factors causes

hypersensitivity; further investigations are required. Even

though these results argue for a nonspecific recognition of

PEG by the body, the binding of antibodies—the specific

immune response to PEG—was also observed. In 2005, a case

study appeared that showed a severe IgE antibody mediated

hypersensitivity reaction to intravenously administered 4 kDa

PEG.[66] However, in 1983 Richter et al. already reported the

formation of antibodies to PEG conjugates in rabbits. The

response to PEG itself was very low, but antibodies were

observed for the conjugate of oval-

bumin with 6 mPEG chains with a

molar mass of 11 kDa anti-PEG as

well as anti-ovalbumin. Although

the formation of antibodies was

highly dependent on the degree of

substitution of the protein by PEG

and the proportion of animals

showing antibody response varied

(17% to 50%), this study showed

initially that PEG could act as a

haptene.[67] Later, the same authors

reported that the subcutaneous

injection of a mPEG-modified rag-

Table 2: Severity of adverse reactions of different carriers containing PEG and anticancer drugs in a

porcine model.[a] Adapted from Ref. [60].

Liposomes Lipid dose [mmolkg�1] Frequency of adverse reaction Severity of adverse

reactions

mild severe lethal

DPPC, PEG-DSPE, Chol 0.17–1.39 4/6 1 1 2

DPPC, PEG-DSPE, Chol 0.16–1.97 2/4 0 1 1

DPPC, Chol (90 nm) 0.16–1.85 5/11 3 2 0

DPPC, Chol (60 nm) 0.16–1.54 0/8 0 0 0

Doxil/Caelyx 0.02–0.27 12/14 3 8 1

DaunoXome 0.18–0.73 7/8 2 1 4

[a] DPPC:dipalmitoyl phosphatidylcholine, PEG-DSPE: 2 kDa mPEG-conjugated distearoyl phosphati-

dylethanolamine, Chol: cholesterol.
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weed allergen in humans triggered the formation of IgM

isotype antibodies to PEG, but the only moderate humoral

response was classified as not significant for clinics.[68]

However, preexisting IgG and IgM anti-PEG antibodies

were identified in over 25% of the healthy donors, and anti-

PEG antibodies were induced in 5 of 13 patients in the clinical

trial of PEG-asparaginase.[69] The presence of anti-PEG

antibodies was strongly related to the rapid blood clearance

of PEG conjugates; this effect was also observed for PEG-

uricase in 5 of 8 patients.[70]

In summary, PEGylation will continue to be of significant

value in medicine to decrease immunogenicity, antigenicity,

and toxicity as well as reducing renal clearance. However, it is

important to recognize that PEG may possess antigenic and

immunogenic properties as haptenes, and the close interac-

tion between complement activation and antibody response

should be kept in mind. Further comprehensive studies are

required to fully elucidate the effect of anti-PEG antibodies

on PEG conjugates.

4.1.2. Oral Administration

Hypersensitivity reactions not only occur when PEG is

intravenously injected, but also during the preparation of

patients for colonoscopy by oral administration of PEG as a

laxative. In general, the gastrointestinal adsorption of PEG

decreases as the molar mass increases. Whereas 4 kDa to

6 kDa PEGs are not absorbed over 5 h in rat intestines, low-

molar-mass PEGs of about 1 kDa show a slight adsorptive

effect of about 2%.[42]

MoviPrep, one of the commercial 3.35 kDa PEG solutions

for colonoscopy preparation, is reported to cause hyper-

sensitivity and rash uticaria upon administration. The low

absorption rate of 0.2% of high-molar-mass PEG by intesti-

nal mucosa was suggested to be sufficient to cause angio-

edema as a result of systemic HSR to PEG in susceptible

patients.[71] Similarly, GoLYTELY, another 3.35 kDa PEG

preparation for colonoscopy, was reported to cause anaphy-

lactic reaction without prior disposition in three separate case

studies.[72–74]

4.1.3. Dermal Application

Different examples indicate that cutaneous application of

PEG can also cause allergic reactions, such as contact

dermatitis. This contact allergy was observed for PEG with

molar masses between 4 kDa and 20 kDa used in, for

example, dentifrice.[75] Another study found that 8 kDa and

20 kDa PEG present in multivitamin tablets caused hyper-

sensitivity that culminated in unconsciousness in a 36 year old

man without predisposition.[76]

Contact dermatitis as a result of hypersensitivity was also

reported by Fisher in four patients when drugs containing

PEG ranging from 200 to 400 Da were used as an excipient.[77]

Quartier et al. reported contact dermatitis to the moisturizing

1 kDa PEG-dodecylglycol block copolymers in 19 of 21

patients.[78] However, both Le Coz et al. and Quartier et al.

note a connection between contact dermatitis and 1,4-

dioxane, an industrial side product of the PEG synthesis.[54,78]

4.2. Changes in Pharmacokinetic Behavior

Another potential immune reaction to the presence of

PEG is the accelerated blood clearance (ABC) phenomenon.

Dams et al. first reported that the 2 kDa mPEG liposome

concentration in rats was drastically decreased after 4 h

compared to a previously injected liposome dose [from

(52.6� 3.7)% to (0.6� 0.1)% after the second injection].[79]

Kiwada and co-workers later observed that the ABC

phenomenon also occurred when the second injection was

administered within five days. This finding indicated that a

preceding injection of PEGylated liposomes can alter the

circulation time of repeatedly injected PEG liposomes.[80] In

addition, it was also reported that previously administered

PEG-containing micelles with a size of at least 30 nm can also

induce theABC reaction,[81] thus indicating that the size of the

PEGylated particles is also an important parameter for the

reaction. On the other hand, it has been demonstrated that

very high doses (5 mmol phospholipid per kg rat) of unpro-

tected liposomes also cause this enhanced blood clearance.[82]

This finding shows that the induction and magnitude of the

phenomenon is not only determined by PEG, but also by the

size and surface of the carrier.[83]

Additionally, the amount of PEGylated lipid can affect

the ABC phenomenon. Liposomes containing 0, 5, 10, or

15 mol% PEGylated lipid were tested in rabbits. The ABC

phenomenon was found with 5 mol% PEG-covered lip-

osomes to reach a maximum, and with the effect decreasing

at higher coverage rates. This observation is in good agree-

ment with the production of anti-PEG as well as anti-

ovalbumin antibodies in the presence of an ovalbumin

conjugate with 6 molecules of 11 kDa PEG. No antibodies

were produced by conjugation with 20 molecules of 11 kDa

PEG molecules per ovalbumin molecule.[67]

This ABC phenomenon not only affects the bioavailabil-

ity of the drug, but passive targeting is also decreased: the

second dose was shown to preferentially end up in Kupffer

cells of the liver.[79,80,84] This observation proves an involve-

ment of the immune system. This can cause severe liver

damage in the case of highly toxic anticancer therapeutics.

The mechanism of ABC is still not fully understood, but it

has been suggested that the formation of anti-PEG IgM

antibodies by the spleen occurs upon the first injection; the

IgM binds to the PEG of the second dose and activates the

complement system, thereby leading to opsonization with C3

fragments of PEG and an enhanced uptake by Kupffer

cells.[83,85] Since non-PEGylated liposomes can also induce

this phenomenon, it seems clear that the mechanism of the

occurrence of ABC is much more complex. In any case, these

unexpected changes in the pharmacokinetic behavior are

undesirable and complicate the therapeutic use of PEGylated

liposomes and micelles.

An additional pharmacokinetic irregularity that is shown

by PEGylated liposomes is the loss of long-circulating

behavior at very low doses (approximately

0.5 mmolkg�1).[82] This observation was made with doses

much lower than those used during normal therapeutic

application (4 to 400 mmol of lipidkg�1); nevertheless, it is

important in nuclear medicine, where only trace amounts are
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administered.[86] The mechanism accounting for this unex-

pected behavior is unknown and the question as to whether

the loss of long-circulation time is connected to the ABC

phenomenon remains unanswered.

4.3. Non-Biodegradability of PEG

A disadvantage of PEG is its non-biodegradability.

Therefore, the use of low-molar-mass PEGs would be

preferable. However, oligomers with a molar mass below

400 Da were found to be toxic in humans as a result of

sequential oxidation into diacid and hydroxy acid metabolites

by alcohol and aldehyde dehydrogenase. The oxidative

degradation significantly decreases with increasing molar

mass and, therefore, a molar mass well above 400 Da should

be used.[87,88]

On the other hand, the molar mass should not exceed the

renal clearance threshold to allow complete excretion of the

polymer. A molar mass limit of 20–60 kDa is reported for

nondegradable polymers (corresponding to the albumin

excretion limit and a hydrodynamic radius of approximately

3.5 nm).[1,27,38,89–91] Pasut and Veronese assumed that a molar

mass below 40–60 kDa is required to prevent accumulation in

the liver,[1] but the renal clearance threshold of PEG is not

easy to determine.[38] It seems that PEG with a molar mass

below 20 kDa is easily secreted into urine, while higher molar

mass PEG is eliminated rather slowly, and clearance through

the liver becomes predominant.[1] To overcome these uncer-

tainties multiarm and branched biodegradable PEGs were

investigated that form low-molar-mass PEGs which can be

excreted more easily after cleavage in the body.

Studies concerning toxicity and excretion of PEG mostly

date back to the 1950s to 1970s and, therefore, need to be

updated with contemporary knowledge and methods.[92–94] In

particular, the fate of PEG and PEGylated delivery systems at

the cellular level is not known and needs further investigation.

It is common practice to assume a fate similar to PEG for

PEGylated delivery systems, which are, in general, chemically

modified PEGs. Thus, the majority of studies seem to ignore

the biological fate of the polymers after disintegration of the

liposomes or micelles from which they originate.[91,95]

In fact, there are no systematic long-term studies that

show 1) whether PEG is excreted completely or partly

remains in the body, 2) where it is accumulated, and 3) its

effects at the sites of accumulation.[96]

4.4. Degradation under Stress

The stability of a polymer used for drug delivery is an

important factor in achieving and maintaining the stability

and therapeutic properties of drugs during storage as well as

during treatment.[97] Instabilities observed in polymers can

result from chemical changes induced by oxygen, water, and

energy such as heat, radiation, or mechanical forces.[97] The

effect of these exogenous factors on PEG stability will be

discussed in the following.

Mechanical stress on polymers and subsequent degrada-

tion can arise during several processes, such as the simple flow

of solutions, stirring, or ultrasound treatment. In addition to

shear stress during production processes or by injection with a

syringe, shear stress can also occur in biological systems.

Significant flow of aqueous fluids occurs in the human body,

with shear stresses of up to 5 Pa, but the shear behavior of

polymers for biomedical applications under these conditions

has hardly been considered.[98] Therefore, an examination of

the processes that lead to degradation, occurrences that

happen during degradation, and the products formed during

scission are an important part of the evaluation of polymers

for biomedical applications.

Up to now, stress studies have only been carried out on

industrial PEG samples with molar masses ranging from

50 kDa to 4000 kDa that are not used in drug-delivery

applications. Similarly, shear stresses up to 9 kPa were

applied, which significantly exceed the forces occurring

in vivo. These forces in vivo are generally around 1 Pa, with

maximal shear stresses of around 5 Pa in capillaries and

arterioles.[99–104] Even though the investigations on shear stress

induced degradation of PEG were not performed with

biologically relevant polymers and conditions, the partial

degradation of PEG-based therapeutics during prolonged

circulation can not be excluded. General findings such as the

involvement of oxygen in the rupture of the ether bond and

the faster degradation of PEG compared to polymers with a

carbon backbone, such as poly(acrylic acid) (PAA) and

poly(vinylpyrrolidone) (PVP), should be kept in mind.[103]

PEG is also observed to undergo remarkable degradation

under heating in the solid state and solution.[105] Scheirs et al.

noted a decrease in the molar mass of solid-state PEG from

100 kDa to 10 kDa after aging for 30 days at 60 88C under air.

The authors found by measuring IR spectra that the

degradation resulted in the formation of appreciable quanti-

ties of aldehyde, carboxylic acid, and alcohol functional

groups.[106]

The heating of PEG probes of various molar masses

(1–4000 kDa) under a non-oxidative atmosphere at 50 8C also

showed slight chain scissions. This finding led the authors to

the conclusion that these degradations are induced at so-

called weak scissions which have their origin at previously

formed peroxides.[107,108] This observation is consistent with

others that show that neither the addition of antioxidants nor

free radical inhibitors can totally prevent thermal degradation

of PEG under inert conditions.[108] Although the discussed

conditions might have only limited relevance for biological

media, they should be kept in mind during the preparation of

the carrier systems.

Even though PEG does not absorb light above 300 nm, it

is very sensitive to photooxidation, because of the oxidiz-

ability of the a-carbon atom by chromophoric impurities.[107]

UV degradation of PEG in the range of 55 to 390 kDa

through the formation of ester and formate end groups occurs

much faster than in other hydrophilic polymers such as PAA

and PVP in the same molar mass range.[103]

Although none of the studies concerning the mechanical

stability of PEG involved pharmaceutical grade polymers and

the conditions were harsher than those occurring in vivo, it
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can be concluded that PEG is more sensitive to degradation

than vinylic polymers because of its ether structure and the

possible formation of hydroperoxides. These factors have to

be taken into consideration, in particular during storage of the

polymer as well as the drug formulation.

4.5. Toxicity of Side-Products

The most prominent side product formed during the

synthesis of PEG is the cyclic dimer of ethylene oxide, 1,4-

dioxane. Currently, 1,4-dioxane is stripped off from the

product under reduced pressure. Dioxane is classified by the

International Agency for Research on Cancer (IARC) in

group 2b (that is, as being possibly carcinogenic in humans

with sufficient evidence from animal experiments). There-

fore, the European Pharmacopoeia (Ph. Eur.) limits the

dioxane content to 10 ppm for pharmaceutical applications.

Nonetheless, an evaluation of dioxane by the US Department

for Health and Human Services revealed that rats exposed

over two years to 111 ppm of 1,4-dioxane in air did not show

any evidence of dioxane-caused cancer or any other health

effects.

Furthermore, PEG can also contain residual ethylene

oxide from polymerization that is classified by the IARC in

group 1 (carcinogenic in humans), as well as formaldehyde,

which is in the same group. As a consequence, the Ph. Eur.

limits the content of ethylene oxide to 1 ppm and the amount

of formaldehyde to 30 ppm in PEG for pharmaceutical

applications.

The toxicity of these potential side products clearly

demonstrates the necessity of using pharmaceutical grade

PEG for biomedical applications.

5. Summary of PEG

PEG is a very popular polymer with an overwhelming

number of positive properties, as is easily confirmed by

searching the literature. These advantageous qualities have

led to a very broad usage of PEG in everyday products,

industrial applications, as well as in many biomedical drug-

delivery systems. Its success in the latter field is well reflected

by numerous pharmaceutical products that have reached

approval by the Food and Drug Administration (FDA) and

European Medicines Agency (EMEA) during the last

20 years (Table 1).

In publications on the use of PEG in drug delivery, an

overwhelming enthusiasm is often evident and possible

disadvantages are hardly mentioned, with potential difficul-

ties that might be faced with this polymer concealed.

Although, the possible disadvantages of PEG are highlighted

here, this Review does not wish to create the impression that

PEG should be avoided. On the contrary, we believe that

PEG is of utmost importance for the development of new

drug-release systems that will improve the quality of life. In

addition, most of the discussed side effects and instabilities of

PEG were only observed in a limited percentage of patients

and are not as well investigated and documented as the

numerous positive properties. Therefore, we want to increase

the awareness that PEG might also exhibit some limitations

to complement the multitude of reviews that focus on all the

beneficial properties of PEG.

The limitations of PEG include the non-biodegradability

and the resulting, and in most studies ignored, fate of PEG

after in vivo administration. Many biological and toxicolog-

ical data evaluating those points date back to the 1950s and

1970s and need to be updated and evaluated with contempo-

rary knowledge, especially in terms of the fate at the

molecular and cellular level, such as tissue vacuolization

and fusion of membranes. At the same time, the polyether

structure provides easy targets for peroxide degradation, and

although investigations have not been performed under

biologically relevant conditions, PEG can be relatively easy

degraded compared to polymers with a carbon backbone.

From a medicinal viewpoint, the unpredictable comple-

ment activation, which can lead to hypersensitivity reactions

and unclear pharmacokinetics after a second dose (the so

called ABC phenomenon) complicate the use of PEG

therapeutics. Although PEG alone seems to be immunolog-

ically harmless, the immunogenicity of PEG is highly

dependent on the degree of PEGylation and to which

molecule the PEG is coupled.

Nevertheless, the positive properties of PEG cannot be

dismissed and strongly outweigh the sometimes observed

negative effects discussed. As a consequence, PEG remains

the most used polymer and the gold standard in biomedical

applications; potential alternatives with even better proper-

ties are difficult to find at the moment. However, the search

for alternative polymers is also driven by the strained patent

and marketing situation of PEG, since numerous patents

protect its applications.

6. Potential Alternatives to PEG

The discussed disadvantages of PEG intensified the

search for alternative polymers for use in therapeutics. This

section will present the most promising hydrophilic polymers

that have been investigated as synthetic alternatives to PEG

for different biomedical applications and their properties and

potentials are compared to PEG.

A variety of natural polymers such as heparin,[109]

dextran,[110,111] and chitosan[112] have also been used in a

wide range of drug-delivery systems. However, they fall

beyond the scope of this Review, which focuses on synthetic

polymers, and will not be discussed here.

6.1. Biodegradable Polymers

6.1.1. Poly(amino acid)s

Different synthetic poly(amino acid)s are currently being

investigated as alternatives to PEG and are in different stages

of development. Poly(glutamic acid) (PGA), which was first

investigated by Li and Wallace, has already entered a

phase III clinical trial in the form of a 40 kDa PGA-paclitaxel

conjugate (37 wt%; Table 3).[113] Poly(hydroxyethyl-l-aspar-
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agine) (PHEA) and poly(hydroxyethyl-l-glutamine)

(PHEG) were tested for drug delivery in different studies,

in particular by Romberg et al. (Scheme 1).[96]

PGA, PHEA, and PHEG are degraded in vivo to their

corresponding amino acids, which can be metabolized by

physiological pathways. Their degradation kinetics have been

studied in vitro by using different enzymes, which lead either

to complete decomposition into single amino acids or

degradation to oligomers with 4 to 9 repeating units.[96,114]

Biodegradability is the main strength of these polymers

together with a prolonged blood circulation time of particles

with poly(amino acid)-modified surfaces. This extension was

similar to liposomes modified with 5 kDa PEG, 4 kDa PHEG,

and 3 kDa PHEA. Similar elimination rates were measured

for the poly(amino acid) liposomes as for the PEG liposomes.

Additionally, a decrease in the ABC phenomenon has been

shown when low doses were injected into rats

(Figure 3).[96,115–117]

However, PHEG and PHEA showed increased SC5b-9

(SC5b-9= complement factor formed by hydrolysis of C3)

levels in ELISA tests, thus indicating the explicit activation of

the complement system.[96] In addition, the antigenicity of

polymers with more than three amino acids in the chain

complicates their use in vivo.[118] Nevertheless, both polymers

have been used in different drug carriers, such as 100 kDa

PHEG-mitomycine conjugate (5.4 wt% mitomycine),[119] his-

tidine-conjugated PHEA as a micelle-forming amphiphilic

agent for doxorubicin,[120] or in combination with hyaluronic

acid as a hydrogel for the administration of thrombin.[121]

In contrast to PHEA and PHEG, poly(glutamic acid) is

already approved by authorities and widely used as a

thickener in food and cosmetics, as a wetting agent in

cosmetics, and as a fertilizer which slowly releases nitro-

gen.[122] Despite the known antigenicity of poly(amino acid)s,

the paclitaxel-PGA conjugate was the first non-PEG poly-

mer-drug conjugate to reach a phase III clinical trial (under

the name Opaxio, formerly Xyotax (CT-2103); Figure 4).[113]

It showed less side effects and improved drug efficiency than

nonconjugated paclitaxel in some tumors. Although clinical

trials have been carried out since 2005, all of them have failed

to meet the primary end-point of extended survival compared

to gemcitabine or vinorelbine for non-small cell lung cancer

(NSCLC in patients with a poor performance status (PS2) is

incurable with the therapy available). However, beneficial

Table 3: Drug-delivery systems containing alternative polymers to PEG and their current status in clinical trials.[a] , [3, 196, 218,219]

Polymeric drug description Manufacturer Indication Status

36 kDa PG-paclitaxel (21 wt%)

(CT 2103, Opaxio)

Cell Therapeutics Inc. NSCLC, ovarian, colorectal, breast and

esophageal cancers

phase III

33 kDa PG-camptothecin (37 wt%)

(CT 2106)

Cell Therapeutics Inc. colorectal, lung and ovarian cancers phase I/II

28 kDa PHPMA-doxorubicin (8.5 wt%)

(PK1, FCE 28068)

Pfizer, Cancer Research

Campaign, UK

NSCLC and breast cancers phase III

25 kDa PHPMA-platinate

(8.5 wt%)

(AP 5280)

Access Pharmaceuticals ovarian cancer phase II

25 kDa PHPMA-doxorubicin

(7.5 wt%)-galactosamine

(PK2, FCE 28069)

Pfizer, Cancer Research

Campaign, UK

hepatocellular carcinoma phase I/II

25 kDa PHPMA-DACH-platinate

(8.5 wt%)

(AP 5346)

Access Pharmaceuticals ovarian, melanoma and colorectal cancers phase I/II

18 kDa PHPMA-camptothecin (10 wt%)

(PNU 166148)

Pfizer, Cancer Research

Campaign, UK

refractory solid tumors phase I, discontinued

17 kDa PHPMA-PGA

(37 wt%)-paclitaxel (5 wt%)

(PNU 166945)

Pfizer, Cancer Research

Campaign, UK

refractory solid tumors phase I, discontinued

[a] NSCLC: non-small cell lung cancer; DACH: diaminocyclohexyl chelating ligand.

Scheme 1. Structures of poly(hydroxyethyl-l-asparagine) (PHEA), poly-

(hydroxyethyl-l-glutamine) (PHEG), and poly(glutamic acid) (PGA).
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tolerability, convenience, and safety, such as lower require-

ment for red blood cell transfusions, fewer hematologic and

gastrointestinal adverse events as well as lower incidence of

alopecia, fatigue, and weight loss were found.[123] Superior

survival was observed among women less than 55 years old,

and presumably premenopausal, upon treatment with

Opaxio. This effect is attributed to the increased release of

paclitaxel.[124,125] Hypersensitivity reactions were only rarely

observed, and those that did occur were only mild to

moderate.[113] Therefore, Cell Therapeutics, Inc., the pharma-

ceutical company holding the rights to Xyotax, received fast-

track designation from the FDA for paclitaxel-PGA in the

indication of advanced non-small cell lung cancer in patients

with a poor performance status. Currently, Cell Therapeutics

has withdrawn its European marketing application of Opaxio

for NSCLC after an EU panel raised concerns over the trial

design.[126]

In summary, poly(amino acid)s combine a number of

advantageous properties for drug-delivery applications such

as prolonged blood circulation, decreased ABC clearance,

and—particularly importantly—biodegradability. Their

major drawback is complement activation; however, this

effect may be tolerable in clinical trials, since it apparently

leads to only moderate hypersensitivity reactions.

6.2. Non-Biodegradable Polymers

As the promising biodegradable polymers show an

activation of the immune system, non-biodegradable poly-

mers have also been taken into further consideration as

alternatives to PEG for drug-delivery applications

(Scheme 2).

6.2.1. Polymers with Heteroatoms in the Main Chain

6.2.1.1. Poly(glycerol)

The close structural similarity of poly(glycerol) (PG) to

PEG renders the polymer predetermined for biological

applications. Indeed, linear as well as hyperbranched PG

(HPG) with molar masses ranging from 150 Da to 540 kDa

have already been used as hydrophilic shells for conjugates

and liposomes, reverse micelles, and hydrogels.[127–131]

The stealth effect and biocompatibility of these polymers

have been evaluated in several studies. A prolonged blood

circulation time of HPG liposomes compared to unmodified

liposomes has been found for poly(glycerol)s with molar

masses in the range of 150 Da to 750 Da.[128] Surfaces covered

Figure 4. Antitumor activity of PGA-taxol in rats bearing rat breast

tumor 13762F (PG=poly(glycerol), TXL= taxol). Each drug was

injected intravenously in a single dose at the indicated equivalent

paclitaxel concentration. Data are presented as the mean and standard

deviations of the tumor volume.[113] Reproduced from Ref. [113] with

permission from Elsevier B.V.

Figure 3. Effect of the polymer-lipid concentration on the pharmacoki-

netic behavior of PHEA and PEG liposomes after the first and second

injection. a) Circulation kinetics of PHEA- (DPPC/cholesterol/PHEA-

DODASuc) and PEG liposomes (DPPC/cholesterol/PEG-DSPE) (% of

injected dose versus time). The closed symbols represent the results

after the first injection; the open symbols those after the second

injection of liposomes. b) Ratio of AUC0–48h of the second injection to

the AUC0–48h of the first injection (AUC2nd/1st) at the different lipid

doses [AUC0–48h values were calculated from (a)]. Filled bars represent

the AUC2nd/1st of PEG liposomes, dotted bars represent the AUC2nd/1st of

PHEA liposomes. All results are expressed as the mean� standard

deviation (n=3–4). *p<0.05; n.s.=not significant, DODASuc=succi-

nyldioctadecylamine.[115] Reproduced from Ref. [115] with permission

from Elsevier B.V.
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with 1.5–5 kDa HPG showed similar or better protein

repulsion than PEG of the same molar mass, probably

because of its dense brush-like structure.[132,133]

Only very low in vitro cytotoxicity has been observed at

concentrations of 10 mgmL�1 after 48 h incubation for HPGs

with molar masses between 106 kDa and 870 kDa. In vivo

studies on mice did not show any signs of toxicity.[134,135]

The hemocompatibility of HPG has been proven by

examination of platelet activation and by coagulation stud-

ies.[127,134–136] By examining the generation of C3a, the comple-

ment activation of the immune system by poly(glycerol)s has

been found to be in the same range as that in saline and PEG

(Figure 5). However, since only C3a levels were examined, a

direct comparison with the results obtained by Szebeni et al.

on PEG is not possible, as their studies were based on SC5b-9

levels. A comparative study between linear PG and HPG of

6.4 kDa showed no significant difference in red blood cell

aggregation, complement activation, and cell viability for the

two polymer architectures in vitro as well as in vivo. No

decrease in the biocompatibility and no increase in comple-

ment activation, because of the lower molar mass, was

observed relative to the results found with 106 kDa and

870 kDa HPG.[134]

The same non-biodegradability in vivo can be speculated

for PG and PEG because of their comparable polyether

structures. Michael and Coots found no signs of catabolism of

PG, and the predominant excretion in urine after oral

administration is similar to PEG.[137] Additionally, accumu-

lation in the liver and spleen (but not in the kidney, lung, or

heart) was found for the high-molar-mass HPG, and only very

low excretion in urine was reported over 30 days in mice

(Figure 5).[131] However, HPGs of lower molar mass were not

investigated in terms of their accumulation, thus making an

estimation of the excretion limit for HPG impossible. In

contrast to PEG, no degradation studies under mechanical

stress have been reported for PG, but as PG possesses a

similar ether structure as PEG, an analogous susceptibility to

oxygen-induced degradation might be assumed.

Scheme 2. Structures of the discussed non-biodegradable polymers.

Figure 5. a)b) Plot of the polymer concentration in plasma versus time

after intravenous injection into female Balb/C mice. c) Levels of

polymer accumulated over time in liver injected intravenously into

female Balb/C mice (blank squares: HPGA, filled squares: HPGB).[131]

Reproduced from Ref. [131] with permission from Elsevier B.V. d) Gen-

eration of the C3a fragment upon incubation of polymers with PPP.[135]

Reproduced from Ref. [135] with permission from Elsevier B.V. Abbre-

viations: HPGA=hyperbranched poly(glycerol) of 106 kDa, HPGB=

hyperbranched poly(glycerol) of 540 kDa, PPP=platelet-poor plasma.
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The use of glycidol or epichlorhydrine as latent ABm

monomers permits better control over the polymerization to

give more defined hyperbranched poly(glycerol)s with the

PDI value reduced from 5 to 1.8.[138] While hyperbranched

poly(glycerol)s are accessible from glycidol or epichlorhy-

drine monomers, linear polymers are available by protecting

the free hydroxy group of glycidol to prevent branching. The

polymerization step is followed by deprotection of the

hydroxy groups.[134] The functionalization of PG is feasible

via the initiator, and since poly(glycerol)s are hydroxy-rich

polymers, all the general substitution reactions of hydroxy

groups are possible and result in high degrees of functional-

ization (Scheme 3).[129,136,139] Diglycerol, PG-3, and PG-4 are

commercially available oligomers. Esters of up to PG-10 are

approved by the FDA as food and pharma additives.[140]

In conclusion, since PG possesses a similar structure to

PEG it shows comparable advantages and disadvantages. An

additional interesting possibility is PG branching, since the

hyperbranched arrangement allows very high degrees of

functionalization, although some end groups will be sterically

hidden. The high degree of branching is also advantageous for

the circulation time, since branched structures are not as

quickly excreted as their linear analogues. Furthermore,

highly branched polymers have low intrinsic viscosity and

are, therefore, expected to increase the blood viscosity only

slightly, which has been shown to cause a variety of complex

physiological effects.[141]

6.2.1.2. Poly(2-oxazoline)s

The hydrophilic poly(2-methyl-2-oxazoline) (PMeOx)

and poly(2-ethyl-2-oxazoline) (PEtOx) were discovered in

the 1960s.[142–145] Since then a wide range of chemistry has built

up around this class of polymers including the living

polymerization method, which yields very low PDI values,

and versatile end-group chemistry.[146,147]

Nonetheless, the application of poly(2-oxazoline)s in

biomedical fields arose only recently, and although both

types of polymers have been quite widely tested for different

drug-carrier applications, only a few basic biological and

stability studies have been reported.[148,149] Drug-transport

systems with poly(2-oxazoline) were developed, for example,

based on micelles of PLA-PEtOx-PLA [PLA=poly(lactic

acid)] as carriers of doxorubicin.[150] PEtOx-poly(e-caprolac-

tone) micelles with paclitaxel have been shown to possess the

same efficiency as Cremophor EL formulated paclitaxel.[151]

A cytosine arabinose conjugate of PEtOx showed IC50 values

in HeLa cell viability tests in a similar range as the

corresponding PEG conjugate.[152] PMeOx-coated surfaces

have been shown to possess the same protein repellency as

PEG.[153,154]

One of the few fundamental biological studies was

performed by Veronese et al. They showed erythrocyte

compatibility for PEtOx with molar masses of 5, 10, and

20 kDa at polymer concentrations of 5 mgmL�1. They also

showed that 20 kDa PEtOx was safe and nontoxic for

intravenous administration every second day at doses of up

to 50 mgkg�1 over a period of 2 weeks (control: saline).[155]

The hydrophilic shells of PMeOx and PEtOx prolonged the

blood circulation times of liposomes in the same range as

PEG.[156]

In addition, Zalpinsky et al. documented similar pro-

longed blood circulation of PEG-, PMeOx- and PEtOx-

modified liposomes with 5 mol% of phospholipid and about

40 repeating units of each polymer.[157] Additionally, they

found that three different types of liposomes showed a similar

tissue distribution profile after 24 h, which means there is

preferential distribution in the liver, spleen, and kidney

(Figure 6).[157] Analogous results have been found for 111In-

labeled 4 kDa PMeOx and 4 kDa PEtOx, which showed an

augmented blood circulation time but also an increased

occurrence of the polymer in the kidney and bladder.[158]

Furthermore, PEtOx possesses a lower critical solution

temperature (LCST), which can be used for enhanced

targeting of specific tissue.[149,159]

The biodegradation of PEtOx was investigated by using

proteinase K, a nonhuman enzyme. A partial degradation to

PEI was found on incubation, but whether this degradation

also takes place in humans was not investigated.[160] Cleavage

of this side group generates the cationic derivative PEI, which

was shown to be cytotoxic as well as to induce erythrocyte

aggregation and hemolysis depending on the molar mass,

branching, and number of cationic groups. The lower the

molar mass and the degree of branching of the PEI, the higher

the bio- and hemocompatibility.[161,162]

In summary, PMeOx and PEtOx show a behavior com-

parable to PEG in terms of blood circulation time, opsoniza-

Scheme 3. Synthesis of linear and hyperbranched poly(glycerol).
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tion, and organ distribution. Nevertheless, important details

of immune activation and mechanical stability need further

investigation to further evaluate the potential of poly-

(2-oxazoline)s as alternatives to PEG.

6.2.2. Vinyl Polymers

6.2.2.1. Poly(acrylamide)

Torchilin et al. reported that liposomes covered with

7 kDa poly(acrylamide) (PAAm) showed prolonged blood

circulation compared to unmodified liposomes (Figure 7).[163]

Microspheres of PAAm containing 5-fluorouracil,[164] hydro-

gels for ibuprofen release, and ultrafine hydrogel nano-

particles with meta-tetra(hydroxyphenyl)chlorin for photo-

dynamic therapy (PDT) have also been tested.[165] Hemoglo-

bin-containing PAAm microspheres have also been investi-

gated as oxygen carriers.[166]

PAAm is often affirmed in such studies to be non-

immunogenic, highly protein resistant,[167,168] and not to show

cytotoxic effects.[169] However, other reports state an inflam-

matory response upon implantation of PAAm hydro-

gels.[170–172]

Other reported drawbacks of PAAm are the following:

1) PAAm can degrade to acrylamide by thermal and photo-

lytic effects;[171]

2) it has a carbon backbone and, as a result, is not

biodegradable;[171]

3) a preferential distribution of 7 kDa PAAm liposomes in

the liver;[163]

4) PAAm is synthesized by polymerization of acrylamide, a

monomer which is known to induce a variety of severe

neurotoxic effects[167] so that residual monomer may

account for adverse reactions.[171,173]

In view of the controversies and the described disadvan-

tages of PAAm, the wide application of PAAm seems to be

surprising. Although PAAm seems to improve blood clear-

ance rates of liposomes, it activates the immune system and

even worse, the monomer shows very distinct toxic side

effects—it is classified by the International Agency for

Research on Cancer in group 2b (meaning the agent is

possibly carcinogenic to humans)—and is produced during

Figure 6. a) Blood lifetimes of 67Ga-labeled liposomes [(90�5) nm]

prepared from the EPC, cholesterol, and DSPE conjugate of either

PEG, PMeOx, or PEtOx, as well as a control EPG; molar ratio

1.85:1:0.15. Four Sprague–Dawley rats were injected with each lipo-

somal preparation in the tail vein. Samples obtained by retroorbital

bleeding at various times were used to determine the radioactivity in

the blood (EPC: egg phosphatidylcholine, EPG: egg phosphotidylgly-

cerol).[156] Reproduced from Ref. [156] with permission from the

American Chemical Society. b) g-Camera imaging of the in vivo distri-

bution of PMeOx48PipDOTA[111In] in a CD1 mouse 30 min and 3 h

after intravenous injection (PipDOTA: piperazine-thiouryl-p-benzyl-

1,4,7,10-tetraazacyclododecane-N’,N,N,N-tetraacetic acid). The highest

concentrations were in the bladder (thin arrowhead), the kidneys

(arrows), and the blood pool in the heart (thick arrowhead).[158]

Reproduced from Ref. [158] with permission from Elsevier B.V.

Figure 7. a) Liposome clearance from the blood of mice; b) liposome

accumulation in the liver. 1) “plain” liposomes; 2) PVP-l-P-liposomes

(2.5 mol% PVP); 3) PAAm-L-P-liposomes (2.5 mol% PAAm); 4) PEG-

liposomes (2.5 mol% PEG); 5) PVP-L-P liposomes (6.5 mol% PVP);

6) PAAm-L-P liposomes (6.5 mol% PAAm); 7) PEG liposomes

(6.5 mol% PEG) (L: molar mass of polymer 6–8 kDa, P: with terminal

palmityl group). Reproduced from Ref. [163] with permission from

Elsevier B.V.
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thermal and photolytic degradation of the polymer. These

drawbacks limit the widespread use of PAAm for biomedical

applications.

6.2.2.2. Poly(vinylpyrrolidone)

Poly(vinylpyrrolidone) (PVP) is commercially available,

for example, under the brand name Kollidon from BASF. In

the cosmetic and pharmaceutical industry it is used as, for

example, tablet coating and binder as well as an excipient for

the formulation of poorly water soluble drugs. PVP is also

used in adhesives, coatings and inks, photoresists, paper,

photography, textiles, and fiber applications. PVP was used as

a plasma expander in the first half of the 20th century, and the

iodine complex (Povidone-iodine) possesses disinfectant

properties. As a food additive, PVP is used as a stabilizer

and has the E number E1201.[40]

This wide range of oral applications indicate that there is

already potential compatibility to biomedical fields and,

indeed, investigations concerning its suitability for drug-

delivery applications look very promising. Its highly hydrated

structure makes it suitable to increase the water content of

other polymeric materials.[174,175] It is possibly through this

high hydration that an interaction with the immune system is

suppressed, and distribution studies on poly(hydroxyethyl

methacrylate) (PHEMA) and PHEMA-PVP copolymer

hydrogels suggest that PVP shows no C3a activation.[176]

This leads to the prolonged blood circulation of 6 kDA and

7 kDa PVP liposomes and 6 kDa PVP-superoxiddismutase

(SOD) conjugates (Figure 7).[163,177,178]

Nevertheless, contradictory results have also been

reported that show an enhanced protein adsorption on

6 kDa PVP-uricase conjugates compared to native uricase

as well as the formation of PVP antibodies.[179] Similar

observations have been made with PVP-conjugated d-N-

acetylhexosamidase A, which can interact strongly with anti-

bodies of the native protein.[179] Despite this finding, PVP has

been tested in several drug-delivery systems, including a SOD

conjugate[178] and liposomes with a stabilizing, hydrophilic

PVP shell.[163,177,180] In addition, PLA-PVP micelles[181,182] and

microspheres[183] as well as PVP-gelatin hydrogels[184] and

PVP have been studied for their formulation assistance.[185,186]

PVP has also been used as a gene-delivery system as it can

bind presumably through hydrogen bonds with DNA to form

a complex. PVP increased the stability and half-life of DNA

in vivo by shielding the negative charge and protecting it

against enzymatic degradation.[187]

Another promising aspect of PVP is its slower degrada-

tion compared to PEG under UV or ultrasound irradia-

tion,[103,188] even though the formation of peroxides during

drying can not be prevented.[189] The Ph. Eur. limits the

peroxide content of this polymer to 400 ppm. As for PEG, the

slow in vitro peroxide-mediated degradation of the polymer is

in contrast to its in vivo non-biodegradability. PVP possesses

a carbon backbone that is not degraded on exposure to

enzymes. This led to the removal of PVP as a plasma

expander from the market: patients who received PVP with a

molar mass above 25 kDa, which cannot be excreted from the

body developed a “PVP storage disease”.[190]

PVP can be synthesized by free-radical polymerization of

vinylpyrrolidone as well as by controlled radical polymeri-

zation methods.[174] The latter method leads to improved PDI

values below 1.2,[182,191–193] variable end groups,[182,194] and—

most importantly—to the prevention of high-molar-mass

PVP. The vinylpyrrolidone monomer is presumed to be a

carcinogen and should be removed carefully from the

polymer.

In conclusion, the biocompatibility of PVP looks quite

promising for polymers with molar masses below the kidney

threshold. Nevertheless, PVP has similar problems as PEG:

an unclear immunological behavior and non-biodegradability,

which leads to accumulation of the polymer above the

excretion limit.

6.2.2.3. Poly(N-(2-hydroxypropyl)methacrylamide)

The bio-application of poly(N-(2-hydroxypropyl)metha-

crylamide) (PHPMA) was established by Kopecek et al. in

the 1970s.[195] The application of PHPMA was further

developed by Rihova et al. and Duncan, which led to the

use of PHPMA conjugates in clinical trials.[195]

The most successful conjugate, a 28 kDa PHPMA-doxor-

ubicin copolymer (8.5 wt%; doxorubicin PK1; clinical trial

FCE 28068 phase III; Scheme 4) was tested against various

cancers (Table 3) and showed activity against NSCLC, color-

ectal cancer, and breast cancer.[196] Additionally, neither

cardiotoxicity nor multidrug resistance was observed in

these studies, no liver and spleen accumulation was noted,

and no immunogenicity or polymer-related toxicity was

detected.[195]

In addition, 25 kDa PHPMA conjugates with doxorubicin

galactosamine (7.5 wt%), carboplatinate (8.5 wt% Pt), and

DACH platinate (8.5% w/w) successfully entered phase I/II

trials for various cancers.[195] However, the fact that the

clinical trials for the PHPMA-paclitaxel and PHPMA-camp-

tothecin conjugates were discontinued because of a lack of

antitumor activity shows that biological events that result in

efficient drug-delivery systems in vivo are not easily under-

stood and not yet fully explored (Table 3).

Scheme 4. A doxorubicine-HPMA conjugate.
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Other HPMA-conjugated systems for cancer therapy

were also investigated, but have not yet entered clinical

trials. These include a glutathione derivative to inhibit human

glyoxalase and a cyclohexanone derivative coupled to HPMA

with a molar mass of 3–30 kDa and with various drug

contents. In vitro studies with murine B16 melanoma cells

showed the conjugate was less efficient than the free drug, but

this result is not surprising, since the success of conjugates is

based on the retarded, slower release of the drug in vivo.[197] A

study of 16 to 50 kDa geldanamycin-HPMA conjugates also

revealed reduced toxicities in A2780 ovarian cancer cells as

well as prostate cancer cell lines (PC-3 and DU145) and

endothelial cells (HUVECs). The improved in vivo tolerance

of mice against the conjugate was investigated, and showed a

tolerance for 80 mgkg�1 with no signs of toxicity (compared to

30 mgkg�1 for the free drug).[198,199]

Conventional conjugation by PHPMA occurs by binding

to the multiple side chains of the polymer. For conjugates with

proteins, conjugation of one end of the PHPMA chain

(instead of the multiple side groups to yield starlike archi-

tectures) turned out to be more advantageous. The PDI value

above 3.5 for a conventional protected SOD conjugate was

reduced to 2 by conjugation with semitelechelic PHPMA.

This probably causes the improved biocompatibility, as

significantly larger numbers of antibodies were formed

against the classic form of PHPMA-SOD conjugate than

the star-shaped PHPMA-SOD conjugate.[200,201]

Drug-delivery systems with different architectures, such

as starlike doxorubicin conjugates, conjugation with multiple

side groups, or the use of the polymer as an excipient all

showed a decreased efficiency in vitro against A2780 ovarian

carcinoma cells compared to the free doxorubicin.[202] HPMA

conjugates were prepared for active targeting by a Fab

antibody, and mesochlorin was introduced as the active

principle for photodynamic therapy. This study showed an

inhibition of the growth of ovarian carcinoma cells under

irradiation.[203] Complexes of poly(l-lysine) and DNA with

semitelechelic 5.5 kDa and 8.5 kDa PHPMA were found to

display an increased in vitro stability in salt solutions against

albumin-induced aggregation, decreased albumin binding,

and reduced phagocytic uptake, but have not shown any

prolonged circulation times in vivo. The reason for that

remains to be elucidated.[204] The blood circulation time for

PLL-PEI complexes was found to increase from 5 to

90 minutes by modification with multivalent PHPMA.[23]

Liposomes with PHPMA hydrophilic shells that would

transport calcein were prepared.[205] Whiteman et al. showed

that liposomes modified with 4.3 kDa PHPMA have longer

blood circulation times than unmodified ones (Figure 8).[206]

Different types of hydrogels of PHPMA were also tested as

drug carriers,[207] for example, for doxorubicin[208] or for

PHPMA-adriamycine conjugates to overcome multidrug

resistence.[208] PHPMA can be prepared by either free or

controlled radical polymerization mechanisms (such as atom-

transfer radical polymerization (ATRP) or reversible addi-

tion-fragmentation chain transfer (RAFT)),[209–211] and differ-

ent end groups for chemical modifications were obtained.[212]

The degradation of the polymer under thermal heating

was studied.[213] Again, similar to all vinyl polymers, they are

degraded under stress, but in general they are not biodegrad-

able under physiological conditions.[214] Nonetheless, it has

been shown that a molar mass of 30 kDa ensures elimination

of the carrier from the body.[195] The excretion limit is 45 kDa,

and long-circulating carriers end up in the liver and

spleen.[214–216] However, a DOX-PHPMA conjugate with a

molar mass above 30 kDa tested in mice showed a diminished

doxorubicin concentration in the heart, but an augmented

presence of the conjugate was found in the liver and

spleen.[217]

In summary, PHPMA conjugates have already entered

clinical trials and the results look very promising. However,

immunological and stability questions as well as the excretion

limit have not yet been investigated and the results of the

clinical trials have to be awaited.

7. Conclusions

PEG is currently the most used polymer in the biomedical

field of drug delivery and the only polymeric therapeutic that

has market approval for different drugs. The success of PEG

is based on its hydrophilicity, decreased interaction with

blood components, and high biocompatibility. However,

scientific results obtained in recent years show that it may

also have possible drawbacks, such as interaction with the

immune system, possible degradation under stress, and

accumulation in the body above an uncertain excretion

limit. Furthermore, many of the studies on the biocompati-

bility of PEG date back to the 1950s to 1970s and, therefore,

Figure 8. a) Blood clearance and b) liver accumulation for 1) plain

liposomes and 2) liposomes with 0.3 mol% PHPMA-oleic acid,

Mw 4300 Da; 3) liposomes with 3 mol% PHPMA-oleic acid,

Mw 4300 Da; 4) liposomes with 3 mol% PHPMA-oleic acid,

Mw 2900 Da.
[206] Reproduced from Ref. [206] with permission from

Informa Healthcare, Taylor & Francis Group.
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additional investigations are required that exploit contempo-

rary techniques and analytical possibilities, in particular at the

cellular level.

If an alternative polymer to PEG has to be chosen, a wide

range of chemically very different synthetic polymers are

available, although only a limited number are water soluble.

These water-soluble polymers have to compete with the very

high requirements of the gold standard—PEG. It becomes

very clear when considering the potential alternatives that, in

comparison to PEG, none of the alternative polymers are

supported by sufficient studies concerning their biocompat-

ibility, degradation under stress, and excretion limit. Even

though the difficult patent situation of PEG pushed the search

for alternative polymers, none of them have yet achieved

approval for application. Most of the hydrophilic polymers

cannot be considered as alternatives because they undergo

severe interactions with the immune system and, therefore,

are not able to prolong drug-carrier circulation times in the

body. The most promising polymers that do show enhanced

circulation time are poly(glycerol)s, poly(amino acid)s, poly-

(vinylpyrrolidone), poly(2-oxazoline)s, and poly(N-(2-hydro-

xypropyl)methacrylamide).

Clearance by the kidneys can be favored by using

biodegradable polymers. However, the only polymers that

provide both a biodegradable structure and a stealth effect

are synthetic poly(amino acid)s. All other considered poly-

mers show the same disadvantage as PEG, namely non-

biodegradability and the associated unknown fate after

disaggregation of the drug carrier, in particular after fre-

quently repeated administrations. Poly(amino acid)s are the

only polymers not to excite the accelerated blood clearance

phenomenon, which is an advantage over PEG.An evaluation

is not possible for all the other presented polymers, as

investigations on this topic have not yet been reported. It

should also be considered that the presented polymers, with

their rather different chemical structures, might follow differ-

ent degradation pathways, which may lead to new chemical

species of yet unknown biocompatibility.

Degradation under stress has barely been investigated for

all of the alternative polymers; thus, conclusions can not be

drawn except in the case of PAAm, which degrades to its toxic

monomer and is, therefore, unsuitable for biomedical appli-

cations. Interestingly, most of the monomers are toxic

compounds, whereas the resulting polymers are biocompat-

ible.

Considered as a whole, it appears that when all the

polymers are judged with the same severe criteria, PEG

remains the gold standard in the field of polymeric drug

delivery, as it is the best investigated polymer. However,

further studies with more systematic investigations may lead

to a different view. In fact, possible substitutes are showing

promising results and just need further investigations to allow

proper evaluation and comparison with PEG.
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Amphiphilic star-shaped block copolymers as

unimolecular drug delivery systems: investigations

using a novel fungicide†

Katrin Knop,abc Georges M. Pavlov,ab Tobias Rudolph,ab Karin Martin,bd

David Pretzel,ab Burkhard O. Jahn,e Daniel H. Scharf,bd Axel A. Brakhage,bd

Vadim Makarov,f Ute Möllmann,d Felix H. Schacherab and Ulrich S. Schubert*abc

Amphiphilic star-shaped poly(3-caprolactone)-block-poly(oligo(ethylene glycol)methacrylate) [PCLa-b-

POEGMAb]4 block copolymers with four arms and varying degrees of polymerization for the core (PCL)

and the shell (POEGMA) were used to investigate the solution behavior in dilute aqueous solution using

a variety of techniques, including fluorescence and UV/Vis spectroscopy, dynamic light scattering,

analytical ultracentrifugation, and isothermal titration calorimetry. Particular emphasis has been applied

to prove that the systems form unimolecular micelles for different hydrophilic/lipophilic balances of the

employed materials. In vitro cytotoxicity and hemocompatibility have further been investigated to probe

the suitability of these structures for in vivo applications. A novel fungicide was included into the

hydrophobic core in aqueous media to test their potential as drug delivery systems. After loading, the

materials have been shown to release the drug and to provoke therewith an inhibition of the growth of

different fungal strains.

Introduction

Both drug development and modern disease therapies are

suffering from the fact that one-third of all newly synthesized

and potentially active substances are insoluble in water leading

to limited administration if any administration at all is

possible.1 In particular, in the case of cancer therapy, many

agents are in general highly hydrophobic and anti-neoplastic,

causing very severe side effects during therapy, such as immu-

nosuppression, nausea, and alopecia (hair loss). But also for

other cases drugs with a low therapeutic index are used,

rendering the specic distribution of the administered

substances within the human body desirable. Systemic fungal

infections are known as frequent and important complications

of modern medicine. Especially for immunocompromised

patients with acquired immune deciency syndrome (AIDS) or

cancer, who attended e.g. extensive chemotherapy, fungal

diseases are known as a major cause of death.2,3 Until now, the

broad band fungicide amphotericin B (AmB) has been the drug

of choice for sepsis with fungal strains, but is highly toxic in

particular with respect to the kidneys.4

Drug delivery systems (DDS) as a kind of packaging for drug

molecules were created to overcome the abovementioned adverse

issues. They ensure prolonged blood circulation times of drugs,

most probably due to an apparently higher molar mass.5 This

leads to a decreased renal ltration of the drugs and to an

enhanced uptake in, e.g., the cancer tissue. This can be even

further promoted by the enhanced permeability and retention

(EPR) effect. As a result of the EPR effect, DDS are preferentially

entrapped into the neoplastic tissue and can therefore improve an

effective targeting during chemotherapy.6–8

To ensure long circulating times, DDS are usually shielded

by a suitable shell, preventing recognition by the human

immune system and, hence, excretion of the drug carriers.

Poly(ethylene glycol) (PEG) is known to prevent unspecic

interactions with the human body and is known to act as a so-

called “stealth” polymer in DDS.9 The diversity and versatility of

modern polymer synthesis enable the introduction of PEG

segments into DDS of different architectures.10,11
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The use of block copolymer micelles as DDS appears to be

attractive due to several reasons: rst, an appealingly easy

structural build-up using self-assembly and second, the fact

that the hydrophilic segments of amphiphilic block copolymers

can act as a protecting shell around the hydrophobic core,

which potentially hosts encapsulated “cargo”.12 However, such

micellar systems can also disassemble into block copolymer

unimers, especially if the concentration within the bloodstream

falls below the critical micelle concentration (cmc) aer

administration.13 Although this can be inuenced to a certain

extent by a rational design of the hydrophobic block, den-

drimers came into focus as unimolecular micelles at even a very

dilute concentration.14,15 One drawback in this particular case is

that the rather dense cores of dendritic structures offer only

limited space for the encapsulation of guest molecules, besides

the difficult synthesis and upscaling.16,17

This has led to an increased interest in unimolecular star-

shaped block copolymers as DDS as the core in these systems is

supposed to provide more space for hydrophobic molecules. In

addition, the synthesis of star-shaped polymers and block

copolymers is oen less tedious when compared to classical

approaches used for dendrimer synthesis.18

For these reasons, star-shaped block copolymers comprising

an inner hydrophobic and an outer hydrophilic segment

represent an attractive approach for the macromolecular engi-

neering of DDS. Star-shaped block copolymers can be engi-

neered using multifunctional initiators. Hydroxyl

functionalities can be used as initiators for the ring-opening

polymerization of 3-caprolactone or lactic acid as hydrophobic

segments. PEG has been frequently used as a hydrophilic shell,

although it has already been shown that linear PEG is not

sufficient for the stabilization of unimolecular systems in water

as the investigated systems still exhibited a cmc.19,20 An excep-

tion was reported for amphiphilic starlike macromolecules,

which were intensively studied by Uhrich et al. Here, no cmc

could be determined, although linear PEG served as a hydro-

philic shell.21,22

Another alternative for a highly hydrophilic shell is the use

of comb-like segments as demonstrated by Schramm et al. for

a set of four- and six-armed [PCL-block-poly(oligo(ethylene

glycol)methacrylate)] ([PCL-b-POEGMA]) block copolymers.23,24

It is generally acknowledged that a branched or even a brush-

like shell lowers the aggregation number and promotes the

formation of unimolecular micelles.25,26 Nevertheless, for a

similar system with four arms and a shell formed by POEGMA

(Mn ¼ 300 g mol�1 for the OEGMA monomer) a cmc could be

detected, indicating the formation of multimolecular

micelles.27 Consequently, the number and character of arms

seem to inuence whether unimolecular micelles are formed

by the star-shaped block copolymers. A unimolecular behavior

is advantageous for drug delivery applications, because dis-

assembling of the micelles, liberation followed by precipitation

of the drug and therewith connected negative side effects can

be avoided. Therefore, we were interested in the polymer

characteristics and conditions under which unimolecularity

occurs for star-shaped block copolymers with a brush-like

hydrophilic shell.

Here, we present the synthesis of four-arm PCL-b-poly-

(oligo(ethylene glycol)methacrylate) (POEGMA) star-shaped

block copolymers with the general formula [PCLa-b-POEGMAb]x,

where the subscripts a and b represent the degrees of poly-

merization of the corresponding block, and x refers to the

overall number of arms. The aim was to explore under which

conditions this system forms unimolecular micelles and how

the inclusion capacity for hydrophobic guest substances can be

optimized. We therefore synthesized a library with varying

degrees of polymerization (DP) for the hydrophobic (PCL) and

the hydrophilic block (POEGMA). Our main focus was to eluci-

date the minimum POEGMA length that is necessary to obtain

stable unimolecular micelles in aqueous systems and to dene

an optimum hydrophilic/hydrophobic balance. Furthermore,

we present the rst results on the biocompatibility of PCL-b-

POEGMA and on the encapsulation of a novel fungicide. The

inclusion capacity was studied as well as the antifungal activity

against the fungal strains Sporobolomyces salmonicolor 549,

Candida albicans BMSY212 and Penicillium notatum JP36 in

comparison to the free drug.

Experimental part

Materials

Tin(II) 2-ethylhexanoate (Aldrich), a-bromoisobutyryl bromide

(Aldrich), anisole (Fluka, 99.0%), copper(I) bromide (Aldrich,

99.999%), trioxane (Aldrich), fat brown RR (Aldrich), nile red

(Aldrich), and pyrene (Alfa Aesar) were used as received.

3-Caprolactone (Aldrich) was dried for 2 days over CaH2 before

distillation and stored under argon. Triethylamine was distilled

over CaH2 and stored under argon. Pentaerythritol (Aldrich) was

co-evaporated with toluene prior to use. Tetrahydrofuran (THF,

Aldrich) was dried in a solvent purication system (Pure Solv

EN, Innovative Technology) before use. Oligo(ethylene glycol)

methyl ether methacrylate Mn ¼ 475 g mol�1 (Aldrich, OEGMA

475) and N,N,N0,N00,N0 0-pentamethyldiethylenetriamine

(Aldrich, PMDETA) were passed through an aluminum oxide

bed containing 5% CaH2 prior to use. Acetone of spectroscopic

purity grade for analytical ultracentrifuge purposes was

obtained from Sigma Aldrich showing the following character-

istics (at 20 �C): dynamic viscosity h0 ¼ 0.350 � 10�2 mPa s,

density r0 ¼ 0.791 g cm�3.

Instrumentation

1H and 13C nuclear magnetic resonance (NMR) spectra were

recorded in CDCl3 on a Bruker AC 250 or a 300 MHz spec-

trometer at 298 K. Chemical shis are given in parts per million

(ppm, d scale) relative to the residual signal of the deuterated

solvent.

Size exclusion chromatography (SEC) was performed on a

Shimadzu system equipped with a SCL-10A system controller, a

LC-10AD pump, a RID-10A refractive index detector, and both

a PSS Gram30 and a PSS Gram1000 column in series, whereby

N,N-dimethylacetamide with 5 mmol of LiCl was used as an

eluent at a ow rate of 1 mL min�1 and the column oven was

set to 60 �C. The system was calibrated with PMMA (410 to

716 | Soft Matter, 2013, 9, 715–726 This journal is ª The Royal Society of Chemistry 2013
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88 000 g mol�1) and PEG (440 to 44 700 g mol�1) standards.

Furthermore, the kinetics of the polymerization was studied

using a Shimadzu system equipped with a SCL-10A system

controller, a LC-10AD pump, and a RID-10A refractive index

detector using a solvent mixture containing chloroform, tri-

ethylamine, and iso-propyl alcohol (94 : 4 : 2) at a ow rate of

1 mL min�1 on a PSS-SDV-linear M 5 mm column. The system

was calibrated with PMMA (410 to 88 000 gmol�1) and PEG (440

to 44 700 g mol�1) standards.

Matrix-assisted laser desorption/ionization time of ight

(MALDI-TOF) mass spectra were recorded on an Ultraex III

TOF/TOF (Bruker Daltonics, Bremen, Germany), equipped with

a Nd:YAG laser and with trans-2-[3-(4-tert-butylphenyl)-2-methyl-

2-propenylidene] malononitrile (DCTB) as a matrix and lithium

chloride as an ionizing agent in reector and linear modes. The

instrument was calibrated prior to each measurement with an

external PMMA standard from PSS Polymer Standards Services

GmbH (Mainz, Germany).

Dynamic light scattering (DLS) measurements were per-

formed on ALV DLS/SLS equipment consisting of an ALV Laser

CGS3 Goniometer with an ALV Avalanche correlator and a He–

Ne laser (l¼ 632.8 nm) at 298 K. The aqueous polymer solutions

as well as the THF solutions with concentrations of 1 mg mL�1

were ltered twice (GF 1–2 mm or PTFE 0.45 mm) and measured

at an angle of 150�. The hydrodynamic radius (Rh) was deter-

mined using the CONTIN algorithm. Angle-dependent

measurements were performed in the same manner in the

range of 30 to 150� in 10� steps.

Sedimentation velocity experiments were performed using a

Beckman XLI analytical ultracentrifuge (ProteomeLab XLI

Protein Characterization System) at a rotor speed of 40 000 rpm

and at 20 �C, using interference optics and Al double-sector cells

of an optical path of 12 mm. Viscosity measurements were

conducted using an AMVn viscometer (Anton Paar, Graz, Aus-

tria), with a capillary–ball combination as the measuring

system. Density measurements were carried out in a DMA 02

density meter (Anton Paar, Graz, Austria) according to the

procedure of Kratky et al.28

The sedimentation velocity data analysis was performed with

the continuous particle size distribution c(s) of Sedt, where s is

the velocity sedimentation coefficient.29,30 The program Sedt

numerically solves the Lamm equation, the basic differential

equation describing the coupled sedimentation and diffusion

process.31 In the c(s) method, this is done for a large number of

globular species with different sedimentation and diffusion

coefficients. The result is a continuous sedimentation coeffi-

cient distribution, which represents the best combination of

species for matching the entire collected set of experimental

concentration proles. The numerical analysis is conducted

under appropriate statistical criteria of goodness-of-t. The

frictional ratio value (f/fsph), which is the weight-average fric-

tional ratio of all species, was optimized executing a t

command, where f represents the frictional coefficient of the

solute macromolecule and fsph the frictional coefficient of a

rigid sphere with the same “anhydrous” volume (free of solvent)

as the macromolecule. The Tikhonov–Philips 2nd derivative

regularization method was used with a condence level of 0.7 to

0.9 (corresponding F-ratio). The partial specic volume (�y), the

solvent density (r0), and the solvent dynamic viscosity (h0) are

additional parameters required to calculate the sedimentation

coefficient distributions. Finally, the differential distribution

(dc(s)/ds) of the sample is obtained and marked as c(s), scaled

such that the area under the c(s) curve will give the loading

concentration of the macromolecules between the minimum

and maximum s-values occurring (expressed, in the case of

interference optics, in the number of fringes, J). In addition, the

determination of the sedimentation coefficient distribution

g*(s) by least-squares boundary modeling (ls � g*(s)) was used.

The values of s obtained by these two soware are in good

correlation with the accuracy of 0.2–0.3 Svedberg. During the

sedimentation experiments, three concentrations of each

sample in acetone were studied in the concentration range,

which allows a reliable extrapolation to zero concentration in

the linear approximation in accordance with the relationship

s�1
¼ s0

�1(1 + ksc + .) and an estimation of both values s0 and

the concentration coefficient ks. The relative viscosities hr ¼ t/s0
of the solutions were calculated from the respective time of the

fall of the steel ball in a viscous medium of the solvent and

polymer solutions, s0 and t at 20 �C. The relative viscosities hr

ranged from 2.0 to 1.15. The extrapolation to zero concentration

was made by using both the Huggins and the Kraemer equa-

tions, and the average values were considered as the value of the

intrinsic viscosity.

The z potential measurements were performed using a

Zetasizer Nano ZS (Malvern instruments, Malvern, UK). The

solutions were prepared with 1 mg mL�1 polymer in deionized

water and passed through 1–2 mm glass frit lters prior to

measurement.

Atomic absorption spectroscopy was performed on a

nova400 (Analytik Jena, Jena, Germany) instrument. A calibra-

tion of ve different concentrations of a standard provided by

SCP Science (France) was done (R2 > 0.999).

UV-vis absorption measurements were performed on an

Analytik Jena SPECORD 250 (Analytik Jena, Jena, Germany) at

298 K. Fluorescence emission as well as excitation spectroscopy

were measured on a Jasco FP-6500 spectrometer at 298 K.

For the photometric absorbance measurement, a TECAN

Innite M200 PRO plate reader (TECAN, Crailsheim, Germany)

was used tomeasure the absorption of samples from (a) the XTT

cytotoxicity assay (570 nm with a background correction of the

optical density (OD) at 690 nm), (b) the hemolysis of erythro-

cytes (540 nm with a background correction of the OD at

690 nm), and (c) the photometric evaluation of erythrocyte

aggregation (645 nm). Each well containing the sample was

measured at four different spots each with 10 ashes per scan.

To visualize the viability of the L929 cells aer incubation with

different polymers, the blue/red/green uorescence signal of

cells cultured in a 96 well plate and stained with Hoechst 33342/

uorescein diacetate (FDA)/propidium iodide (PI) was observed

on a uorescence microscope (Cell Observer Z1, Carl Zeiss,

Jena, Germany) equipped with a mercury arc UV lamp and the

appropriate lter combinations for excitation and detection of

emission. Images of a series were captured with a 10� objective

using identical instrument settings (e.g. UV lamp power,
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integration time, and camera gain) and spots of the 96 well plate

were addressed using an automated XY table.

The isothermal titration calorimetry (ITC) measurements

were performed with a VP-ITC microcalorimeter from MicroCal

(Northhampton, MA). Reference cell as well as the sample cell,

both lled with a volume of 1.6 mL, were enclosed in an adia-

batic jacket. The samples were injected stepwise into the

working cell with a syringe of total volume of 288 mL under

constant stirring at a stirring rate of 310 rpm. The measure-

ments were performed at a constant temperature of 25 �C. Small

aliquots of the sample (6 mL) were successively injected into the

water of the working cell. The data treatment was performed as

follows: rstly, the baseline was subtracted from the data and

secondly each peak was integrated providing the heat per

injection.

The energy minimization and the dynamics simulations

were performed with the TINKER 6 (J.W. Ponder, freely available

at http://dasher.wustl.edu/tinker) molecular-modelling

package.32 All atoms were modelled explicitly by the use of the

MM3-2000 force eld proposed by Allinger et al.33 Parameteri-

zations as given in the ESI† were used for nonexistent param-

eters in the original set. Moreover, the MM3-2000 force eld was

adopted without further modications. The geometry of the

energy minimization calculation was obtained by a quasi-

Newton nonlinear optimization routine. The molecular

dynamics trajectory was carried out via a modied Beeman

algorithm in combination with the analytical continuum

solvation (ACE) method34 for water over 100 ps based on a

previous run without solvation. For all calculations the default

parameters and threshold values of TINKER were used.

Results and discussion

Synthesis

The star-shaped block copolymers were synthesized as

described previously.23 Briey, the core-rst method was

applied to build-up different PCL cores (13–23 repeating units

of 3-caprolactone per arm), whose hydroxyl end groups were

subsequently esteried with a-bromoisobutyryl bromide. The

bromine end groups were then used as initiators for the atom

transfer radical polymerization (ATRP) of OEGMA to form the

hydrophilic outer shell. For the three different cores no inu-

ence of the PCL block length on the polymerization rate was

observed.

The materials were puried by ltration over an aluminum

oxide column to remove any copper, which is of importance for

the application in the biomedical eld. AAS measurements of

the nal polymers revealed copper concentrations below

40 ppm. The extinction values are even below the lowest stan-

dard of 0.1 mg L�1 copper of the calibration (Table S4†).

Subsequently, the star-shaped block copolymers were

Table 1 Characteristics of star-shaped [PCLa-b-POEGMAb]4 block copolymers

Polymer

Theoretical DP

POEGMA Conversion in SECa [%] DP POEGMA Mn [g mol�1] calculatedb Mn [g mol�1] measuredc PDI

[PCL18-b-POEGMA12]4 12 25 12 31 700 31 000 1.21

[PCL18-b-POEGMA20]4 20 39 20 46 900 36 700 1.19

[PCL18-b-POEGMA25]4 25 51 25 56 400 41 700 1.19

[PCL18-b-POEGMA51]4 50 68 51 100 100 67 800 1.14

[PCL23-b-POEGMA25]4 25 50 25 58 700 43 700 1.23

[PCL13-b-POEGMA26]4 25 53 26 56 100 42 300 1.21

a Obtained from SEC (CHCl3:iPrOH:NEt3) using PEG calibration. b Calculated from the conversion. c Obtained from SEC (DMAc:LiCl) using PMMA
calibration.

Fig. 1 (a) Hydrodynamic diameters of different [PCLa-b-POEGMAb]4 star-shaped

block copolymers in THF (red columns) and water (blue columns). (b) Hydrophilic/

lipophilic balance values calculated for the star-shaped block copolymers.
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completely separated from the OEGMA macromonomers by a

preparative size exclusion column and freeze-dried (Table 1)

(synthesis details are given in the ESI†).

Solution behavior

First, the size and the shape of unimolecular [PCL-b-POEGMA]4
star-shaped block copolymers were investigated in non-selective

solvents, e.g. THF and acetone. For this purpose, DLS and

analytical ultracentrifugation (AUC) measurements were carried

out and compared to molecular calculations.

DLS measurements were performed at the concentration of

1 mg mL�1 and provided similar results both in THF and in

acetone. The results from THF are depicted in Fig. 1a and show

a good correlation between increasing length of the POEGMA

block and the diameter of the star-shaped block copolymer

unimers. The [PCL18–Br]4 macroinitiator shows a diameter of

6.8 nm. The size increases up to 14.6 nm for [PCL18-b-

POEGMA51]4 with the longest POEGMA block. In the same way,

the diameters of the amphiphilic star-shaped block copolymers

increase with higher molar masses of the PCL block while the

length of the POEGMA segment was constant.

To obtain further information about the shape of the

systems investigated, both [PCL18-b-POEGMA25]4 and [PCL18-b-

POEGMA51]4 have been used in angle-dependent light scat-

tering measurements. Due to rather low scattering intensities,

the interpretation of the results was not unambiguous

(Fig. S4†). Therefore, further experiments were performed using

AUC for a series of star-shaped block copolymers with a PCL

core of constant DP and an increasing length of the POEGMA

segments. This method allowed an estimation of the molar

mass of the macromolecules using the hydrodynamic values s0
(Fig. 2a), the frictional ratio (f/fsph)0, and the partial specic

volume y obtained from the modied Svedberg relation:

MsD ¼ (RT/(1 � yr0) (s0/D0) ¼ Msf ¼ 9p21/2NA([s](f/fsph)0)
3/2
y
1/2,

where D0 is the translation diffusion coefficient, [s] h s0h0/(1 �

yr0) is the intrinsic sedimentation coefficient, y is the partial

specic volume of the solute macromolecules, R is the gas

constant, T is the temperature in K, and NA is Avogadro number.

The values of the molar mass calculated on the basis of the AUC

measurements (Msf) show a good correlation with theMn values

obtained through 1H-NMR experiments and the conversion

(Table 2).

The values for the intrinsic viscosity [h] and the frictional ratio

(f/fsph)0 are in the same region for all investigated [PCL18-b-

POEGMA12–51]4 block copolymers. At the same time the velocity

sedimentation coefficient s0 varies by almost 6 times. This

behavior of the hydrodynamic values is characteristic of globular

species. As the values of both intrinsic viscosity and frictional ratio

are superior to those observed for globular proteins ([h]protein z

4.5, (f/fsph)protein z 1.25) the hydrodynamic behavior of the star-

shaped block copolymers can be described as a spheroid with

constant asymmetry. The degree of asymmetry of the spheroid is

estimated from the intrinsic viscosity data calculating the Simha

factor nh [h]/y and the frictional ratio (Perrin factor),31 which are

determined as ([h]/y)av ¼ 12.3 � 0.3 and (f/fsph)av ¼ 1.62 � 0.02,

respectively. Based on these values, an estimation of the asym-

metry of the ellipsoids (p) generally is possible. Therefore, for

prolate ellipsoids p was determined to be 9.3 (viscosity) and 11.2

(translation friction). For oblate ellipsoids, p was calculated to be

Fig. 2 (a) Normalized distributions of the intrinsic velocity sedimentation coef-

ficients [s] obtained in acetone and in water for [PCL18-b-POEGMA25]4 at a

concentration of c ¼ 0.5 mg mL�1. (b) Final geometries of the gas phase energy

minimization and dynamics calculation of [PCL18–POEGMA12]4 depicted as a

calotte model based on van derWaals radii. Carbon atoms are represented in grey

and oxygen atoms in red. Hydrogen atoms are omitted.

Table 2 Hydrodynamic characteristics and molar masses of the initiator [PCL18–

Br]4 and [PCL18–POEGMA12–51]4 in acetone

Polymer

[h]

[cm3 g�1]

s0

[1013 s] (f/fsph)0

Msf

[g mol�1]

Mn

[g mol�1]

[PCL18–Br]4 10.1 2.99 1.80 9 200 8 900a

[PCL18-b-POEGMA12]4 9.6 8.8 1.60 38 000 31 700b

[PCL18-b-POEGMA20]4 10.4 9.34 1.62 38 000 46 900b

[PCL18-b-POEGMA25]4 9.7 11.2 1.62 59 000 56 400b

[PCL18-b-POEGMA51]4 12.7 17.3 1.66 104 000 100 100b

a Calculated from 1H NMR. b Calculated from the conversion.
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16.2 (viscosity) and 14.0 (translation friction). On this basis,

average values for prolate ellipsoids pav ¼ 10 � 1 and for oblate

ellipsoids pav ¼ 15 � 1 are obtained. However, a nal decision

whether the investigated star-shaped block copolymers represent

prolate or oblate ellipsoids by using only hydrodynamic data is

not possible.

These ndings are in accordance with the results obtained by

molecular mechanics and dynamics simulations performed for

[PCL18-b-POEGMA12]4. Energy minimization of the geometry in

the gas phase shows a stretched PCL core carrying dense POEGMA

brushes at the end of each arm. By applying amolecular dynamics

calculation based on the energetically optimized structure the

folding of the PCL arms and, therefore, a strong shrinking of the

core is observed. [PCL18-b-POEGMA12]4 does not adopt a spherical

structure, but rather a kidney-shaped morphology as depicted in

Fig. 2b. Two arms collapse separately, while the two others merge,

leading to an elongated shape of the molecule. This structure

shows a length of around 7.6 nm and a width of 2.4 nm to 4.2 nm,

which is in good accordance with the values observed in DLS and

AUC experiments.

Self-assembly in aqueous media

The solution behavior of the star-shaped block copolymers in

water is of crucial importance for their use as DDS. Different

samples were dialyzed from a 1 mg mL�1 DMF solution against

distilled water. In Fig. 1a, the resulting diameters determined by

DLS are depicted (striped bars). For the [PCL18-b-POEGMA12]4,

micelles with a hydrodynamic diameter of 20 nm were obtained

and similar values were found for samples with a POEGMA shell

of up to 51 units. Number-averaged DLS CONTIN plots show

diameters of roughly 20 nm.

Investigations in non-selective solvents revealed diameters

of 6 to 12 nm, depending on the length of the POEGMA

segments. The diameters observed in water with 20 nm are

somewhat larger. For this discrepancy, two possible explana-

tions can be given: (1) the inclusion of water into the POEGMA

shell increases the observed diameter or (2) multimolecular

micelles are formed.

More detailed information on this question can be obtained

by the investigation of the [PCLa-b-POEGMAb]4 star-shaped

block polymers in water using AUC. The study of the velocity

sedimentation of the aqueous solution of [PCL18-b-POEGMA25]4
shows that predominantly intermolecular clusters of

unimolecular micelles are formed. Fig. 2a depicts a comparison

of the intrinsic velocity sedimentation coefficient distributions

for [PCL18-b-POEGMA25]4 in acetone and water. The value [s] h

s0h0/(1 � yr0) ¼ M/NAP
0
hR2

i
1/2 is independent of the employed

solvent, with P0 being the Flory hydrodynamic parameter and

hR2
i the mean square of the radius of gyration for the moving

macromolecule in solution. The distribution of [s] in aqueous

solution shows a main central part and two lateral shoulders.

The low s-shoulder may be attributed to unimolecular micelles

(�14%), the main part corresponds to 62%, and the high s-

shoulder contains �24% of the material. Therefore, AUC

investigations clearly show the presence of larger aggregates.

Although the brush-like shell should prevent aggregation25,26

and promote the formation of unimolecular micelles, AUC

measurements revealed the formation of larger agglomerates of

micelles. Further investigations should provide information on

the nature of these aggregates. Possible aggregation models are

illustrated in Fig. 3: (a) the star-shaped block copolymers behave

like a conventional micellar systems (like in the case of linear

block copolymers), where multimolecular micelles are formed

and the aggregation number is mainly determined by the block

length ratio of hydrophilic and hydrophobic segments, (b) the

POEGMA shells entangle, forming a kind of supermicelle35,36 and

(c) a system with unimolecular micelles exists at low concentra-

tions, which aggregates at higher values into multimolecular

micelles.

Fig. 3 Schematic representation of possible aggregation models for star-shaped

[PCLa-b-POEGMAb]4 block copolymers.

Fig. 4 Intensity of the fluorescence emission of nile red at 620 nm with

increasing polymer concentration of [PCL18-b-POEGMA12]4, [PCL18-b-

POEGMA20]4, [PCL18-b-POEGMA25]4 and [PCL18-b-POEGMA51]4 as well as an

expanded view of the low concentration regime (inset).
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To elucidate the presence of unimolecular micelles, pyrene

was used as a uorescent probe.37–39 The results obtained for the

star-shaped block copolymers [PCL18-b-POEGMA12–51]4, depic-

ted in Fig. S5,† show changes in the vibrational ne structure

(i.e. reected in the change of the ratio of band I to band III) as

an indication for a change in the microenvironment of the

pyrene,40 although this must not necessarily correspond to a

cmc. The slope can be explained by exceeding the loading

capacity of the star-shaped block copolymer (Fig. S8†).

As investigations with pyrene did not allow a nal conclu-

sion, additional experiments were performed with nile red as a

uorescent probe: only if hydrophobic cores are present, uo-

rescence intensity will be detected (Fig. 4). Similar to the prep-

aration of the solutions for the cmc determinations using

pyrene, samples were prepared with a constant dye content but

varying polymer concentrations. Fig. 4 shows the uorescence

emission of nile red at 620 nm, which is increasing evenly

although polymer concentrations down to 3 � 10�8 mM have

been used. The inset demonstrates that at very low concentra-

tions no sudden change in the uorescence intensity can be

observed and the intensity is monotonically increasing with

increasing polymer concentration. This behavior is an indica-

tion of the presence of hydrophobic cores in the whole

concentration range, thus conrming the existence of

unimolecular micelles even for the smallest hydrophilic shell,

[PCL18-b-POEGMA12]4.

However, no linear slope is observed as expected for an ideal

system. This can be attributed to the entanglement of the

POEGMA arms, which is more pronounced at higher concen-

trations. A penetration of the arms into the core can be

conceived by leaving less space for the nile red and prevents the

fast and complete inclusion of the appropriate number of

molecules as observed earlier by Yang et al.41 Moreover, the

authors observed that by further increasing the PEG chain the

inclusion capability for pyrene decreases as longer arms hinder

molecule diffusion into the core domains. This observation can

be conrmed by our ndings with nile red, which are particu-

larly visible in the inset of Fig. 4b. [PCL18-b-POEGMA20]4 and

[PCL18-b-POEGMA25]4 seem to represent an optimum region of

the PCL:POEGMA ratio in terms of nile red inclusion efficiency.

In contrast, the POEGMA shell of [PCL18-b-POEGMA51]4 appears

to prevent an efficient inclusion of guest molecules.

To conrm the results obtained by spectroscopic methods a

complementary approach was used to exclude the presence of

multimolecular micelles. Isothermal titration calorimetry (ITC)

is an established method to determine the cmc for surfactants

and block copolymers.42 Moreover, the micellization enthalpy

together with the free energy of micellization can be calcu-

lated.43,44 For surfactant systems, sigmoidal curves are usually

obtained, similar to experiments with pyrene as a uorescence

probe, where the cmc can be deduced from the iniction point

of the curve. As initial concentrations, 10 mg mL�1 (the

maximum concentration used for the cmc determination) and

50 mg mL�1 were chosen. In Fig. 5a, the titration curve is

illustrated for [PCL18-b-POEGMA12]4 with an initial concentra-

tion of 50 mg mL�1. For [PCL18-b-POEGMA12]4 and [PCL18-b-

POEGMA51]4 similar results were observed, showing an

exothermic incidence for each injection of the sample solution.

Kubowicz et al. obtained similar results but used the

declining trajectory to determine the cmc as the authors did not

observe a sigmoidal shape for the investigated systems.45 They

assumed that the lowest heat value corresponds to the lower

linearly extrapolated curve usually used in combination with the

upper linearly extrapolated curve to determine the cmc. By

measuring two different concentrations for the four different

polymers [PCL18-b-POEGMA12]4, [PCL18-b-POEGMA20]4, [PCL18-

b-POEGMA25]4 and [PCL18-b-POEGMA51]4, it was shown that this

approach is not appropriate in the case of star-shaped systems.

Due to the fact that both curves of the same material show a

declining trajectory, hinting towards demicellization

enthalpies, these results cannot be attributed to a cmc (Fig. 5b).

Rather, the gain of entropy is detected as exothermic amplitude

upon dilution of the sample solution. As during the measure-

ment the concentration is increasing, the dilution effect

becomes less pronounced. However, it should be noted that the

interpretation of these data might be challenging because the

dissolution of micelles is probably not a one-step process.

Nevertheless the absence of a cmc is assumed, although a step-

wise dissolution process should be kept in mind for the system

investigated here.45

With this background the results obtained by DLS and AUC

can be explained in a reasonable manner. In water, the forma-

tion of aggregates is observed leading to an increased

Fig. 5 (a) Experimental titration curve obtained for [PCL18-b-POEGMA12]4

titrated from a 50 mg mL�1 solution into water (baseline corrected). (b) Enthal-

pograms obtained for the titration of 10 and 50 mg mL�1 solutions of [PCL18-b-

POEGMA12]4 and [PCL18-b-POEGMA51]4.
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hydrodynamic diameter. Although the brush-like POEGMA

shells of the star-shaped block copolymers should prevent

agglomeration, the formation of a loose network of unim-

olecular micelles is proposed by entanglement of the POEGMA

arms of different molecules. As by spectroscopic methods the

absence of multimolecular micelles was conrmed, these star-

shaped block copolymers can be employed for drug delivery

purpose. Concentration dependent DLS measurements showed

an increase of the count rate with increasing concentration. No

sudden transition is observed leading to the conclusion that the

transition to “supermicelles” is not a spontaneous process at a

certain threshold concentration but might rather be connected

to an equilibrium between unimolecular micelles and larger

aggregates.

These results are somewhat surprising as for drug delivery

usually polymers are chosen with large hydrophilic blocks to

ensure their solubility in water. To evaluate the proportion of

hydrophilic to hydrophobic blocks the concept of the hydro-

philic/lipophilic balance (HLB) was introduced. Here, both

blocks are compared, the hydrophilic part by its molar mass

and the hydrophobic block by its content of methylene groups.

The ratio delivers a value, which is recommended to be above

0.9 for conventional micelles. In Fig. 1b, the HLB values calcu-

lated according to Uhrich et al.,46 for all star-shaped block

copolymers described here are depicted. In our case, only

[PCL18-b-POEGMA51]4 and [PCL13-b-POEGMA26]4 meet these

requirements. [PCL18-b-POEGMA12]4 even shows a HLB value

below 0.8 but still unimolecular micelles seem to be formed. We

tentatively assume that this concept might not be applicable for

the star-shaped system presented here. In comparison, [PCLa-b-

POEGMAb]4 star-shaped block copolymers previously intro-

duced by Schramm et al.23,24 showed HLB values around 0.96.

Within this study, it could be clearly demonstrated that even

smaller hydrophilic shells of POEGMA are sufficient to stabilize

unimolecular micelles.

Encapsulation of guest molecules

To evaluate the uptake and inclusion capacity of the star-shaped

block copolymers, fat brown RR and nile red were chosen as

model dyes. Different methods for the encapsulation of hydro-

phobic molecules into amphiphilic polymers have been previ-

ously reported; one approach, amongst others, was to apply

ultrasound to enhance and to accelerate the uptake of the solid

guest molecules by the micellar cores.23,47 However, ultrasound

may damage sensitive drugs; therefore, this method is not useful

for DDS. To facilitate the uptake, the use of a co-solvent was found

to be benecial, which is removed either by evaporation or dial-

ysis.48,49 To identify the best suited preparation conditions for the

system, different formulation methods have been tested (Fig. 6a).

Therefore, [PCL18-b-POEGMA25]4 was used and the concentration

was adjusted to 1 mgmL�1 (corresponding to 0.018 mM) for each

method. The concentration of the dye was varied from 0.09mM to

1.4 mM. Dialysis was found to be very unsuitable as rather low

loadings were obtained. For ultrasound-assisted inclusion, a

maximum around 25 nile red molecules per polymer was

observed, whereas dropping of an acetone solution containing

both dye and polymer into water yielded up to 45 nile red mole-

cules per unimolecular micelle. As the best results were obtained

with the dropping approach, this method was used for further

investigations with different star-shaped block copolymers.

To expand the selection of encapsulated molecules, fat

brown RR was utilized, as both dyes are expected to have

different hydrophobicity, which will also inuence the encap-

sulation efficiency. Fig. 6b represents the results obtained for

[PCL18-b-POEGMA12–51]4. Surprisingly, no trend with increasing

size of the POEGMA shell was observed. The results reect

rather the ndings of the cmc determination with nile red.

[PCL18-b-POEGMA25]4 seems to represent an optimum shell to

core ratio with an inclusion capacity of around 20 molecules fat

brown RR per macromolecule observed from the inclusion

saturation ratio. Star-shaped block copolymers with shorter

POEGMA shells include less fat brown RR molecules per

unimolecular micelle (ca. 10). On the other hand, also [PCL18-b-

POEGMA51]4 exhibited the same inclusion capacity, attributed

to the shielding effect of the bulky shell. The core size, in

contrast, has only a minor inuence on the inclusion capacity

for this system. For the smallest core [PCL13-Br]4, a decreased

inclusion maximum of around 10 dye molecules was found

when compared to 20 units for a DP of 18 and 23 of PCL

(Fig. S6†). To improve the inclusion capacity most probably a

more drastic change of the arm length has to be chosen.

Evaluation of in vitro biocompatibility

To elucidate the applicability of the star-shaped block copoly-

mers for medical use, an assessment of their biocompatibility

Fig. 6 (a) Absorption intensity of nile red at 525 nm measured for different

molar ratios of dye to polymer [PCL18-b-POEGMA25]4 (1 mg mL�1) in dependence

of the preparationmethod. (b) Absorption intensity of fat brown RR at 460 nm for

different molar ratios of dye to polymer for [PCL18-b-POEGMA12–51]4 polymers.
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in terms of hemocompatibility and possible cytotoxic side

effects was performed. Most oen, DDS are developed for

intravenous administration as they either do not survive in the

gastric acid or are not absorbed in the gastrointestinal tract. The

interactions of the polymers with erythrocytes as major blood

components and one of the rst cellular contact partners aer

systemic administration were investigated regarding red blood

cell hemolysis and aggregation. The hemolytic activity of

cationic charged polymers, e.g. poly(ethylene imine) 600 Da to

1 kDa, poly(L-lysine) 36.6 kDa and also generation dependent

poly(amido amine) above G3, is well documented.50,51 But also

uncharged macromolecules of high molar mass, like dextran

60 kDa, poly(vinyl pyrrolidone) 360 kDa and PEG 20 kDa, have

been shown to induce red blood cell aggregation.52 The release

of hemoglobin was used to quantify the erythrocyte membrane

damaging effect of three different concentrations (5, 25, 50 mg

mL�1) of the star-shaped block copolymers (Fig. 7a). The

treatment of red blood cells with PBS buffer as a negative

control and 1% Triton X-100 solution as a positive control

resulted in 0% and 100% hemolysis, respectively. As a hemo-

lysis value of less than 2% of the total release is classied as

non-hemolytic, no hemolytic effects up to concentrations of 100

mg mL�1 were found, indicating the absence of any membrane

destabilizing property of the polymers.

We furthermore investigated whether the [PCLa-b-POEG-

MAb]4 star-shaped block copolymers would induce the aggre-

gation of erythrocytes, which would represent a sign of blood

incompatibility. Aer incubation with different concentrations

(5, 25, 50 mg mL�1) of the materials, the formation of aggre-

gates was studied by both microscopy and photometry. Visual

inspection (Fig. S8†) as well as absorption measurements

(Fig. 7b) showed that none of the star-shaped block copolymers

led to cluster formation below a concentration of 25 mg mL�1.

The treatment with 25 kDa branched PEI (bPEI) at 25 mg mL�1

served as a positive control causing the clear formation of

aggregates, whereas PBS treated samples used as a negative

control did not lead to any aggregate formation.

The in vitro cytotoxicity experiments were performed via a

XTT assay using L929 mouse broblasts, according to the

German standard institution guideline DIN ISO 10993-5 as a

reference for biomaterial testing. Aer 24 h of incubation with

different polymer concentrations (0.1, 1.0 and 10 mg mL�1) of

the [PCL13–23-b-POEGMA25]4 and [PCL18-b-POEGMA12–25]4 star-

shaped block copolymers, the metabolic activity of cells treated

with test-samples was found to be on the level of untreated

controls, which proves the non-toxic effect of the polymers even

Fig. 7 (a) Photometric determination of the hemolytic activity after incubation

with different star-shaped block copolymer concentrations for 1 h at 37 �C. Triton

X-100 (1%) served as a positive control and PBS as a negative control. Data are

presented as the mean percentage � SD of hemolytic activity compared to the

positive control set as 100%. (b) Photometric determination of the erythrocyte

aggregation after 2 h incubation at 37 �C with polymers. 25 kDa bPEI (50

mg mL�1) served as a positive control and PBS as a negative control. Data are

presented as the mean measured absorbance � SD.

Fig. 8 (a) Cell viability of L929 mouse fibroblasts after incubation with star-

shaped block copolymers up to 10 mg mL�1 for 24 hours. The cell viability was

determined by a XTT assay according to ISO 10993-5. Data are expressed as mean

� SD of six determinations. (b) Representative fluorescence microscopy micro-

graphs of Hoechst 33342/FDA/PI stained L929 mouse fibroblast cells cultured for

24 hours in the presence of 10 mgmL�1 of [PCL18-b-POEGMA25]4 for 24 hours. (1)

Blue fluorescent Hoechst 33342 dye labels nuclei of all cells present; (2) green

fluorescent FDA dye indicates cytoplasm of vital cells; (3) red fluorescent PI signals

tag nuclei of dead cells; (4) overlay of Hoechst 33342 dye fluorescence and green

fluorescence of the FDA dye.

This journal is ª The Royal Society of Chemistry 2013 Soft Matter, 2013, 9, 715–726 | 723

Paper Soft Matter

D
ow

nl
oa

de
d 

by
 T

hu
ri

ng
er

 U
ni

ve
rs

ita
ts

 u
nd

 L
an

de
sb

ib
lio

th
ek

 J
an

a 
on

 2
4 

Ja
nu

ar
y 

20
13

Pu
bl

is
he

d 
on

 0
7 

N
ov

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2S

M
26

50
9E

View Article Online



at the highest concentration used here (Fig. 8a and S9†). A

detailed live/dead microscopy study of polymer treated cells

conrmed their membrane integrity (exclusion of red uores-

cent PI from cell nuclei) and their excellent viability (strong

green uorescence of FDA in cytoplasm) (Fig. 8b).

The zeta potential for the [PCLa-b-POEGMAb]4 star-shaped

block copolymers shows values of about �10 mV. The

lowest value with �2 mV was obtained in the case of

[PCL18-b-POEGMA51]4. These values are in the typical range for

long-circulating PEG protected DDS.53,54 However, the low

values imply also the disadvantage of minor electrostatic

repulsion leading to the observed aggregation of the unim-

olecular micelles.

Heading e.g. drug loading and biological activity, those results

do conrm that [PCLa-b-POEGMAb]4 star-shaped block copoly-

mers might represent an interesting system for drug delivery

issues. In a second step a fungicide was loaded into the star-

shaped block copolymers. The development of new fungicides

and delivery devices represents a very important step in improving

the therapy of systemic fungal infections as frequent and impor-

tant complications, especially of immunocompromised patients

with acquired immune deciency syndrome (AIDS) or cancer, who

attended e.g. extensive chemotherapy.2,3

The hydrophobic drug with newly discovered promising

antifungal activity (structure in Fig. 9a) was encapsulated into

the polymer [PCL18-b-POEGMA25]4 as this polymer has shown

the most promising inclusion capacities in previous studies

(Fig. 9a).55 For the dropping method a constant polymer

concentration and a growing fungicide concentration were

chosen, showing a steady increase of the absorbance with the

exception of a step at the drug to polymer ratio of 20, corre-

sponding to the previously determined inclusion limit. A

further increase of the absorbance is observed up to a ratio of 80

drug molecules per polymer molecule suggesting that the drug

is not only included into the core but also within the hydro-

philic shell. Zeta potential measurements are supporting this

assumption as the values of the zeta potential are decreasing for

the polymer to drug ratios 5, 10 and 20 from �10 mV down to

�40 mV. From this ratio the zeta potential remains in the range

of �40 mV for the fungicide to polymer ratios 40 to 80.

Similar results were obtained regarding the fungicide

activity. Fig. 9b depicts the inhibition zones for the experiments

performed with Sporobolomyces salmonicolor 549. Further

experiments carried out with Candida albicans BMSY212 and

Penicillium notatum JP36 yielded comparable values (results not

shown). For fungicide to polymer ratios of 5 to 20, the encap-

sulated fungicide shows the same antifungal activity as the free

drug, which is applied in the same concentration as used for the

drug–polymer preparation in a mixture of dimethylsulfoxide,

methanol and water to ensure solubility of the hydrophobic

drug. The dissolution of the fungicide in pure water, as a

comparative experiment, was not successful, no UV signal could

be observed and also no inhibition zones in the fungicide test

were obtained with the supernatant as well as the suspension of

the drug.

For higher ratios of drug to polymer, the free fungicide

showed an increased activity, whereas the inhibition zone

provoked by the encapsulated drug was observed to lie in the

same range as for a ratio of 20. In accordance with the results

obtained earlier for the inclusion study and the zeta potential

measurements, an inclusion of the fungicide into the POEGMA

shell is supposed. This might lead upon administration to the

fungal medium to the loss of the shell bound fungicide mole-

cules by precipitation. Only dissolved or in the hydrophobic

cavity included fungicide is effective and, hence, the ratio of

drug to polymer of 20 resembles the optimum dose for this

system. However, the star-shaped polymer is able to solubilize

hydrophobic drug molecules in water without the help of a co-

solvent and, more importantly, to release them.

Conclusion

4-Arm [PCLa-b-POEGMAb]4 star-shaped block copolymers with

varying degrees of polymerization for both PCL and POEGMA

have been prepared and exhaustively characterized using mass

spectrometry, SEC, DLS, AUC and computational methods. We

could show that a spheroidal geometry is adopted in non-

selective solvents.

Fig. 9 (a) Absorption intensity of the fungicide (structure given in inset) at 345

nm at constant concentrations of [PCL18-b-POEGMA25]4 and increasing drug

concentration. (b) Inhibition zones of the different fungicide–polymer prepara-

tions obtained with Sporobolomyces salmonicolor 549.
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In water as a selective solvent, both unimolecular micelles

with a PCL core and a POEGMA shell as well as loose aggregates

of several connected star-shaped block copolymer unimers were

found. This was conrmed using AUC measurements and, in

addition, with nile red as a uorescence probe, leading to the

conclusion that for all [PCL-b-POEGMA]4 samples unimolecular

hydrophobic cores are present. Furthermore, ITC measure-

ments showed that these amphiphilic systems do not exhibit a

cmc. These ndings demonstrate that unimolecular micelles

can be formed by star-shaped amphiphilic block copolymers

also below the typically expected values for the hydrophilic/

lipophilic balance.

Inclusion studies using fat brown RR as well as nile red

showed an optimum length of 20 to 25 OEGMA units within the

hydrophilic shell for a core DP of 18 repeating units.

To elucidate the applicability of these materials as DDS

biological investigations regarding hemolytic activity, erythro-

cyte aggregation, and the cytotoxicity against L929 mouse

broblast cells were carried out. None of the polymers showed

cytotoxic or hemolytic activity.

As a rst application, a novel fungicide was encapsulated

into the PCL core of [PCL18-b-POEGMA25]4, which was chosen

because it exhibited the best inclusion capacity in our model

studies with fat brown RR. It is assumed that the drug was not

only entrapped in the core but also further taken up by the

POEGMA shell as well. However, the antifungal activity of the

encapsulated drug increased only up to a ratio of 20 drug

molecules per polymer.
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Scheme 1. Schematic representation of the synthetic route to four-arm star block copolymers 
with different hydrophilic shells. 

 







[PCL18-b-POEG19MA]4 

[PCL18-b-POEtOxMA]4 polymers

[PCL18-b-
POEtOx4MA]4 and [PCL18-b-POEtOx9MA]4 than the length of the OEtOx side chain itself. In 
contrast, the size of the unimers formed by [PCL18-b-POEG19MA]4 is slightly elevated

[PCL18-b-POEtOx9MA]4 although both systems should have comparable 
. 



[PCL18-b-POEG19MA]4 [PCL18-b-
POEtOxMA]4 based materials, respectively.

[PCL18-b-POEG19MA]4, where the shell occupied the 
largest volume and causes more steric hindrance



[PCL18-b-POEtOx4MA]4 polymers with 
a starting concentration of

[PCL18-b-POEtOx4MA15]4, the material with the shortest outer block. 
These conclusions were further confirmed by isothermal titration calorimetry (ITC) and the 
results obtained for different [PCL18-b-POEtOx4MA]4 star block copolymers are shown in 
Figure 5. In all cases, exothermic reactions after each injection of polymer solutions with 
concentrations of 50 mg mL-1 into water can be observed. No sigmoidal shape of the curve, as 
expected for surfactants, was found. Comparable results were obtained for lower concentrations 
(10 mg mL-1) of the materials. For each polymer at two different concentrations, declining 
trajectories are observed that would result in two different demicellization enthalpies and cmcs. 
The exothermic effect was, therefore, attributed to a dilution rather than a disaggregation of 
aggregates. Nevertheless, the interpretation of the thermodynamic data might be hampered by 
slow demicellization or the occurrence of multi-step processes. However, from the combined 
results obtained, the absence of a cmc for all nine star block copolymers can be concluded, 
whereas the DLS results hint towards the formation of aggregates in water, presumably due to 
entanglement of the hydrophilic shells. 



Zeta potentials of [PCL18-b-POEG19MA]4, [PCL18-b-POEtOx4MA]4 and [PCL18-b-
POEtOx9MA]4 polymers

[PCL18-b-POEtOx4MA]4 polymers zeta potential values around 12 mV and the [PCL18-b-

POEtOx9MA]4 polymers

[PCL18-b-POEG19MA]4 [PCL18-b-
POEtOx9MA]4,

POEtOx4MA and POEtOx9MA based polymers, respectively, the values are decreasing with 
increasing arm-length of the brush-like shell. Therefore, the formation of supermicelles, caused 
by the entanglement of the shells, might be explained by the decreasing zeta potential provoking 
a diminished electrostatic repulsion.



 
 

[PCL18-b-POEG19MA45]4, [PCL18-b-POEtOx4MA44]4 and [PCL18-b-POEtOx9MA51]4 were 
submitted to a detailed blood compatibility analysis as these polymers possess the highest ratio 
of hydrophilic comb polymer and will be later used for encapsulation studies







FACS) analysis of p latelet 
activation CD62p/CD42 co-expression after







cell nuclei stained with Hoechst 33342. d), h) 
and l) showing the cytoplasm stained with CellTracker Orange CMRA.





complement system was detected. A cytotoxicity assay against L929 mouse fibroblasts showed 
no short-term cytotoxicity after 24 h incubation with the polymer. These results prove that 
amphiphilic polymers covered by a POEtOxMA shell can be regarded as alternative shell 
material in comparison to POEGMA. 

The clinically relevant anti-cancer drug doxorubicin was encapsulated into the unimolecular 
micelles, and their cytostatic effects were evaluated in a comparative study with the L929 and 
HEK 293 immortalized cell line and the cancer cell lines MCF-7 and MDA-MB 231. For both, 
the star-shaped block copolymer formulated doxorubicin and Caelyx an enhanced IC50 value in 
comparison to free doxorubicin was determined. As all three micellar formulation showed 
similar IC50 values, corresponding cellular uptake and release mechanisms can be assumed for 
both the shell types, the POEGMA and the POEtOxMA shell. 



Future research will focus on the improvement of the encapsulation efficiency to decrease the 
dose of polymer given during an
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in acetone [PCL18-b-POEG9MA]4 and [PCL18-b-
POEG19MA]4 polymers as well as (b) the [PCL18-b-POEtOx4MA]4 and [PCL18-b-POEtOx9MA]4 
polymers. Data of the [PCL18-b-POEG9MA]4 polymers taken from a previous publication.3

[PCL18-b-POEG19MA45]4, [PCL18-b-POEtOx4MA44]4 
and [PCL18-b-POEtOx9MA51]4 polymers in water.

[PCL18-b-POEG19MA]4, polymers, (b) the [PCL18-b-POEtOx4MA]4 polymers and (c) 
the [PCL18-b-POEtOx9MA]4 polymers.



[PCL18-b-
POEG19MA]4 polymers, an identical cmc in the range of 0.003 mg mL-1 was detected with this method. 
A cmc below 0.001 mg mL-1 is determined for the [PCL18-b-POEtOx4MA]4 polymers by the band I to 
band III ratio method. The cmc of the [PCL18-b-POEtOx9MA]4 polymers is even more difficult to 
identify. Apparently, the cmc is only influenced by the chemical characteristics of the hydrophilic shell 
and not by its length or hydrophilic strength, which is in contradiction to previous reports of classical 
micelles formed by amphiphilic block copolymers.4 6 



Viscosity 
measurements were conducted at 20 °C using an AMVn (Anton Paar, Graz, Austria) rolling ball 
viscometer with a manually filled capillary of 0.9 mm internal diameter. The viscosities of the solution, 

(50°/70°/85°) of the capillary. After x-repetitive measurements, the dynamic viscosity was then 

calculated by following relationship:  = b  s b s are 
the densities of the ball and the sample respectively, t is the rolling time. The density of the solutions 
was measured by a densitometer (DMA 4100, Anton Paar, Graz, Austria).

Figure S12. Photometric determination of the hemolytic activity after incubation with different polymer 
concentrations for 1 h at 37 °C of star-shaped block copolymers with (a) small shell size and (b) 
medium shell size. Triton X-100 (1%) served as positive and PBS as negative control. 



Figure S13. with 
star-shaped block copolymers with (a) small shell size and (b) medium shell size

 



Figure S14. 
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Figure S16. 



For the cytotoxicity experiments, the mouse fibroblast cell line L929 was 
purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, 
Germany). The cells were routinely cultured as follows: Dulbecco's modied eagle's medium (DMEM) 
supplemented with 10% FCS, 100 U mL-1 penicillin and 100 μg mL-1 streptomycin (all components 
from Biochrom, Berlin, Germany) at 37 °C in a humidified atmosphere with 5% (v/v) CO2. The short-
term cytotoxicity was determined with a XTT assay following the ISO/EN 10993 part 5 protocol: L929 

cells were seeded in 96-well plates at a density of 1  104 cells/well and were grown as monolayer 
cultures for 24 h. The cells were then incubated separately with different polymer concentrations (0.01, 
0.1, 1.00 and 10.00 μg mL-1 (n = 6)) for 24 h. Control cells were incubated with fresh culture medium. 
After incubation, 50 μL of a XTT 
added to each well. After 4 h at 37 °C, 100 μL of each solution were transferred to a new microtiter, 
plate and the optical density (OD) was measured photometrically. The negative control was 
standardized as 0% of metabolism inhibition and referred as 100% viability.  

 
Figure S17: with 
(a) small shell size and (b) medium shell size 

Figure S18: Absorption intensity of fat brown RR at 460 nm for different molar ratios of dye to 
polymer for (a) the [PCL18-b-POEG19MA]4, (b) the [PCL18-b-POEtOx4MA]4 polymers and (c) the 
[PCL18-b-POEtOx9MA]4 polymers. 



Figure S19: (a) Absorption intensity of doxorubicin at 481 nm for different molar ratios of drug to 
polymer. (b)  different molar ratios of drug to polymer

 

For the cytotoxicity experiments, the mouse fibroblast cell line L929, the 
human breast adenocarcinoma cell lines MCF-7 and MDA-MB 231 as well as the human embryonic 
kidney (HEK) 293 cell line were purchased from the German Collection of Microorganisms and Cell 
Cultures (DSMZ, Braunschweig, Germany). The cells were routinely cultured as follows: Dulbecco's 
modied eagle's medium (DMEM; for L929 cells),  or Minimum 
essential medium (MEM; for MCF-7 cells) supplemented with 10% FCS, 100 U mL-1 penicillin and 100 
μg mL-1 streptomycin (all components from Biochrom, Berlin, Germany) at 37 °C in a humidified 
atmosphere with 5% (v/v) CO2. 

Cells were seeded in 96-well plates (at a density of 1  103 cells per well for L929 and 

MDA-MB-231, and at a density of 3  103 cells per well for MCF-7) and were grown as monolayer 
cultures for 24 h. The cells were then incubated separately with different concentrations of 

doxorubicin (0.01, 0.1, 1.00 and 10.00 μg mL-1 (n = 6)) for 24 h, 3 d and 6 d. After 3 d 
medium was removed and replaced by fresh medium containing doxorubicin. Control cells were 
incubated with culture medium.  

After each incubation time, 50 μL of a XTT 
instructions were added to each well. After 4 h at 37 °C, 100 μL of each solution were transferred to a 
new microtiter, plate and the optical density (OD) was measured photometrically at 450 nm. The 
negative control was standardized as 0% of metabolism inhibition and referred to as 100% viability.  



Microscopic observation on cellular uptake of doxorubicin and encapsulated doxorubicin. The 
cellular uptake and distribution of doxorubicin and encapsulated doxorubicin was evaluated using 
fluorescent microscopy (FM) and confocal laser scanning microscopy (CLSM). For the microscopic 
imaging, mouse fibroblast cell line L929, human MCF-7 and MDA-MB 231 breast cancer cell line were 
grown in 8-well Chamber Slide system (Thermo Scientific; Langenselbold, Germany) for 24 h and then 
incubated with doxorubicin, Caelyx and 

 in a concentration of 10.00 μg mL-1 (n = 3) for another 24 h. Control cells were incubated with 
fresh culture medium. For FM, cell nuclei were then stained with Hoechst 33342 (1 μg mL-1) and cells 
were analysed immediately using a fluorescence microscope (Cell Observer Z1, Carl Zeiss, Jena, 
Germany) equipped with a mercury arc UV lamp and the appropriate filter combinations for excitation 
and detection of emission of Hoechst 33342 and doxorubicin. All images were captured with a 

10  objective using identical instrument settings (e.g. UV lamp power, integration time, and camera 
gain) and spots were addressed using an automated XY table. 



For CLSM, cytoplasma of the adherent cells was labeled using 10 μM CellTracker Orange CMRA 
(Life Technologies, Darmstadt, Germany) according to manufacture instructions and in the next step, 
cells were fixed for 10 min using PBS with 4% paraformaldehyde. For embedding fixed cells, 
Moviol 4-88 solution containing 625 μg 1,4-diazabicyclo-(2,2,2)octane (Roth, Karlsruhe, Germany) was 
used. 

Fluorescence images were obtained with confocal laser-scanning microscopes (LSM 510 Meta, Zeiss, 
Jena, Germany), using a Epiplan Neofluar 20 × objective (NA 0.5 Zeiss). The 488 nm laser line was 
used for excitation of doxorubicin and emission was collected between 560 and 615 nm. The 543 nm 
line excited the CellTracker Orange CMRA and the emitted fluorescence was collected with a 560-615 
nm bandpass filter. Images were captured in multitrack mode enabling single excitation and emission of 
fluorescence. To allow a comparison, all images of a series were captured under identical conditions and 
instrument settings (laser power, pinhole diameter and detector gain). 
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Systematic MALDI-TOF CID Investigation on
Different Substituted mPEG 2000a

Katrin Knop, Burkhard O. Jahn, Martin D. Hager, Anna Crecelius,
Michael Gottschaldt, Ulrich S. Schubert*

Introduction

In the emerging field of drug delivery, block copolymers are

widely used for designing vectors with sufficient in vivo

stability and delivery efficiency.[1] These biological applica-

tions of polymers require a very solid and profound

characterization of the used materials beyond NMR

spectroscopicmethods and size exclusion chromatography

(SEC). In the last few yearsmass spectrometry (MS) arose to

averyversatile techniquetoacquiredetailed informationof

the polymer structure and, in particular, of the end group

nature.

In former times MS analysis of polymers has been a

difficult task being limited to the analysis of low molar

mass compounds.[2] This changeddramaticallywhenKaras

andHillenkampdeveloped in the1980s thematrix-assisted

laser desorption ionization (MALDI) process and improved
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Methoxy poly(ethylene glycol) 2000 (mPEG 2000) samples were substituted via esterification
reactions to convert the hydroxyl end group of the mPEG into potential initiators for the
cationic ring opening polymerization of 2-oxazolines. These substitution products were
investigated by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOFMS); in addition, detailed MALDI-TOF/TOF-collision induced dissociation (CID) MS
studies were performed to introduce this method as complementary structural characteri-
zation tool allowing the detailed analysis of the prepared macromolecules. The CID of the
macroinitiators revealed 1,4-hydrogen and 1,4-ethylene eliminations forming very regular
fragmentation patternswhich showed, depending
on the end groups, different fragmentation series.
Furthermore, very pronounced McLaffertyþ1
rearrangements (1,5 hydrogen-transfer) of the
introduced ester end groups were observed
leaving the mPEG molecule as neutral acid. This
incisive loss revealed the exact molar mass for
each end group and, therefore, represents an
important tool for end group determination of
functionalized polymers.
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therewith by far the analytical possibilities in polymer

chemistry.[3–5]

Since then, a large variety of synthetic polymers has

been investigated by MALDI-MS methods, such as poly-

styrene (PS) and poly(methyl methacrylate) (PMMA). Also

poly(ethylene glycol) (PEG) is very well investigated by

MALDI-MS techniques as it provides an easily ionizable

structure.[6,7] To gain deeper insight into the polymer

composition, tandem MS methods have been developed

and applied to different synthetic polymers like PMMA,

PS or poly(ethylene terephthalate) (PET).[8,9]

These new techniques have also been used for the

fragmentation of different PEG samples. Methoxy poly-

(ethylene glycol) (mPEG) and dimethoxy poly(ethylene

glycol) (2mPEG) ofm/z 500 ionized with lithium have been

fragmented in a fast-atom bombardment (FAB)-collision

induced dissociation (CID)-quadrupole instrument. The

authors presented the different stability of proton and

sodium ion adducts and the following consequences for

high and low energy collision processes as well as the

fragmentation mechanisms.[10,11]

Equally, PEG 1000 was investigated by sustained-off-

resonance-induction (SORI)-CID-Fourier transform (FT)-MS

measurements and fragments with very high mass

resolution were obtained and could be assigned.[12]

Different mono- and disubstituted PEGs in the range of

m/z500were investigatedby thegroupofWilliamset al. by

using desorption electrospray ionization (DESI).[13]

The MALDI process was also used to obtain ions for post

source decay (PSD). Already in 1994 a mechanism for the

fragmentation of PEG was proposed by Selby et al. who

investigated cyclic polyethers.[14] These 1,4-hydrogen- or

1,4-ethylene elimination mechanisms (Scheme 1) were

confirmed by Jackson et al. who observed through

fragmentation of PEG additional distonic radical cations,

which were formed by homolytic bond cleavage.[15]

Kowalski et al. successfully performed MALDI-PSD

analysis of linear and branched PEG 600 and 1500 and

established thereby a method to differentiate between

various polymer architectures.[4,16] Hoteling et al. fragmen-

ted with the aid of a MALDI-CID cell, unsubstituted PEG

1000 confirming therewith the fragmentations of PEG,

which were already observed earlier by Lattimer and

coworkers.[17]

In order to expand the tool box of block copolymers

prepared for biological applications, PEG can be used as

macroinitiator for the polymerization of 2-oxazolines. This

polymerization can be performed via amicrowave assisted

cationic ring opening polymerization (CROP) and requires,

as the name suggests, a cationic initiator.[18] For this

purpose mPEG was converted to a macroinitiator via an

esterification reaction of the end groups.[19] These macro-

initiators were used for detailed mass spectrometrical and

tandemMS investigations to gain insight into the structure

and to facilitate later the interpretation of the fragmenta-

tion behavior of block copolymers, which is still a

challenging task.

In this study we performed the synthesis and the

fragmentation of substitutedmPEG samples (esterified) by

MALDI-TOF-MS/MS to obtain detailed information on the

molecular structure and the decomposition mechanism of

the polymerization precursors. We obtained for the first

time a detailed MALDI-TOF CID analysis of the fragmenta-

tion of substituted mPEG samples with higher molar

masses.

Experimental Part

Materials

mPEG 2000 was purchased from Fluka, triethylamine, 4-(bromo-

methyl) benzoyl bromide, 4-(chloromethyl) benzoyl chloride and

4-toluenesulfonyl chloride were purchased from Aldrich and used

as receivedunless otherwise stated. Triethylaminewas stored over

potassium hydroxide and distilled from calcium hydride prior to

use. mPEG 2000 was coevaporated with dry toluene (distillation

from sodium/benzophenone) before usage and highest available

purity grade dichloromethane was purchased from Fluka. The

substitution reaction was carried out according to the reported

procedure[20] and the products were characterized by 1H NMR

spectroscopy, SEC, and MALDI-TOF MS.

a-Methoxy-v-4-(chloromethyl) benzoic acid ester-poly(ethylene

glycol) 2 000: 1H NMR (250MHz, CDCl3): d(ppm)¼ 7.99 (d, 2H), 7.40

(d, 2H), 4.55 (s, 2H), 4.40 (t, 2H), 3.76 (t, 2H), 3.60–3.65 (m, 171H), 3.31

(s, 3H) (Figure S1 of Supporting Information).

K. Knop, B. O. Jahn, M. D. Hager, A. Crecelius, M. Gottschaldt, U. S. Schubert

Scheme 1. Schematic representation of the observed fragment
series resulting from (a) 1,4-hydrogen eliminationmechanism and
(b) 1,4 ethylene-elimination mechanism of mPEG.
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SEC: Mn ¼1 760 g �mol�1, Mw ¼ 2 010 g �mol�1, PDI¼1.1.

a-Methoxy-v-4-(bromomethyl) benzoic acid ester-poly(ethylene

glycol)2 000: 1HNMR(250MHz,CDCl3):d(ppm)¼ 8.01(d, 2H),7.44 (d,

2H), 4.49–4.44 (m, 4H), 3.81 (t, 2H), 3.62–3.67 (m, 186H), 3.36 (s, 3H)

(Figure S2 of Supporting Information).

SEC: Mn ¼1 700 g �mol�1, Mw ¼ 1 870 g �mol�1, PDI¼1.1.

a-Methoxy-v-4-toluenesulfonyl-poly(ethylene glycol) 2 000:
1H NMR (250MHz, CDCl3): d(ppm)¼7.77 (d, 2H), 7.32 (d, 2H), 4.13

(t, 2H), 3.61–3.67 (m, 176H), 3.35 (s, 3H) (Figure S3 of Supporting

Information).

SEC: Mn ¼1 920 g �mol�1, Mw ¼ 2 070 g �mol�1, PDI¼1.1.

For MALDI-TOF MS and MS/MS measurements the matrix

material, trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propen-ylidene]

malononitrile (DCTB) and sodium chloride (NaCl) were obtained

from Sigma Aldrich. Lithium chloride (LiCl) and sodium bromide

(NaBr) were obtained from Acros Organics. Tetrahydrofuran (THF)

of HPLC grade was purchased from Roth and used as received. Bio-

beads1 S-X3 were obtained from BioRad (Hercules, CA, USA) and

prepared in THF according to the supplier’s instructions.

Instrumentation

NMRexperimentswere performedwith a Bruker AC 250. Chemical

shifts are reported as d values relative to TMS, defined as

d¼ 0.00ppm (1H NMR).

Size exclusion chromatography (SEC) was performed on a

Shimadzu systemequippedwith a SCL-10A systemcontroller, a LC-

10ADpumpandaRID-10Arefractive indexdetectorusinga solvent

mixture containing chloroform, triethylamine and iso-propanol

(94:4:2) at a flow rate of 1mL �min�1 on a PSS-SDV-linear M 5mm

column at room temperature. The systemwas calibratedwith PEG

standards purchased by PSS Standard.

An Ultraflex III TOF/TOF (Bruker Daltonics, Bremen, Germany)

was used for the MALDI-TOF-MS and MS/MS analysis. The

instrument was equipped with a Nd:YAG laser and a collision

cell. All spectra were measured in the positive reflector mode. For

theMS/MSmode, argonwas used as the collision gas at a pressure

of 2�10�6 mbar. The FWHM was calculated to lay in a range

between 1500 for the lower region of themass spectrumand 3000

for the higher m/z region of the spectra. The instrument was

calibrated prior to each measurement with an external standard

PMMA from PSS Polymer Standards Services GmbH (Mainz,

Germany). MS and MS/MS data were processed using PolyTools

1.0 (Bruker Daltonics) and Data Explorer 4.0 (Applied Biosystems).

Sample Preparation

For the sample preparation, 1mL of substitutedmPEG 2000 (10mg

mL�1) inTHF, 10mLofDCTB (10mgmL�1) inTHFand5mLof lithium

chloride, sodium chloride or sodium bromide dissolved in THF at a

concentration of 100mg �mL�1 were mixed and the dried-droplet

sample preparation method was applied.

Results and Discussion

In order to prepare block copolymers of PEG and poly(2-

oxazolines) the hydroxyl end group of mPEG needs to be

converted into an initiator for the CROP. Therefore, mPEG

2000 was substituted by esterification reaction with end

groups which are suitable as initiators,[19] such as benzyl

bromide, benzyl chloride, or tosylate. The reactions with

4-(bromomethyl) benzoyl bromide, 4-(chloromethyl)

benzoyl chloride, and toluene sulfonyl chloride yield

polymers with the desired end groups; the reactions were

performed according to a reported literature procedure.[20]

To ensure a full conversion of mPEG the reaction was

monitored byMALDIMS, revealing a complete substitution

with 4-(bromomethyl) benzoyl bromide after 1 h reaction

time andwith 4-(chloromethyl) benzoyl chloride as well as

toluene sulfonyl chloride after 4h, respectively.

The reaction products were washed with water and

purified by chromatography using a Biobeads column. The

converted mPEG samples were characterized by 1H NMR

spectroscopy, SEC and MALDI-TOF MS. Whereas the SEC

data showed a retention of the molar mass during the

reaction, the full conversion of each mPEG sample was

confirmed in addition to theMALDImonitoring by 1HNMR

spectroscopy within the proton NMR accuracy.

Tosylated mPEG

The MALDI-TOF spectra were measured in reflector mode

and contained two distributions for the reaction product of

the conversion of mPEG with toluene sulfonyl chloride.

Both showed within themselves peak distances of m/z 44

corresponding to the PEG repeating unit (Figure 1a). The

smaller distribution was shifted by 16m/z units to larger

values in comparison to the main distribution. Therefore,

both distributions could be assigned to the desired reaction

product: the ones ionized with sodium represent the main

distribution and theones ionizedwithpotassium the other,

less intense distribution.

For the tandem MS investigations a precursor ion with

38 repeating units was chosen (Figure 1b) and the

investigations were performed with lithium chloride and

sodiumchloride as ionizing agents. TheCID spectra showed

no differences between sodium and lithium ionized

tosylated mPEG except the cation attached, therefore only

results obtained with sodiated adducts are presented.

The CID spectrum can be divided into three parts with

different emerging fragmentationmechanism respectively

as shown in Figure 1c, e and f and presented in the

following. In the upper molar mass region of the MS/MS

spectrum right after the parent ion a very pronounced loss

of small fragments is observed. A zoom into that region

revealed the loss of 171.975 (Figure 1c). This neutral loss

can be assigned to the corresponding acid of the sulfonic

acid ester end group of the substituted mPEG. The very

prominent and distinct fragmentation can be explained by

a McLaffertyþ 1 rearrangement (1,5 hydrogen-transfer)[21]

that involves the sulfonic acid ester bond leading to the

Systematic MALDI-TOF CID Investigation on . . .
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cleavage of the toluene sulfonic acid and the formation of a

vinyl ether end group at the PEG chain with am/z value of

1710.048, as observed previously by different groups

(Figure 1d).[22–25]

This peak at m/z 1710.048 marks the beginning of the

fragmentseriesB thatcanbe followeddowntom/z125.020.

The B series, as well as the C series, are part of different

fragment distributions forming eye catching regular

structures in the middle molar mass region of the CID

spectrum that are certainly much lower in intensity in

comparison to the 1,5 hydrogen-transfer (Figure 1e). These

series are formed by 1,4-elimination mechanisms, which

were already proposed by Lattimer and coworkers and

Jackson et al. (Scheme 1).[13–15] Interestingly, the corre-

sponding B0 and C0 fragment series for the 1,4-hydrogen

elimination were observed to occur with much lower

intensities.

Furthermore, threeother fragmentseries canbeobserved

in the spectrum, which are formed by two subsequently

following fragmentations (Figure1g). FragmentseriesEand

F are formed by 1,4-hydrogen eliminations at both ends of

the substitutedmPEGmolecule or by 1,5 hydrogen-transfer

combined with an 1,4-hydrogen elimination. The hydroxyl

group of fragment series G is formed by 1,4-ethylene

fragmentation. Additionally, to form the series G, 1,4-

hydrogen elimination or 1,5 hydrogen-transfer occurs at

the other end group of the PEG chain.

In the lower molar mass region, below m/z 500, the

appearanceof theCIDspectrumchangesasmore fragments

can be observed (Figure 1f). They can be attributed to

distonic radical cations, which are formed either by single

homolytic bond cleavage or multiple bond cleavages

(Figure 1g).[13,14]

p-(Chloromethyl)-benzoic Acid Ester of mPEG

For the benzyl chloride substituted mPEG the MALDI MS

spectra showed only one distribution with the PEG

repeating unit of m/z 44. The molar masses of the peaks

could be assigned to the sodium adducts of the substituted

mPEG and, additionally, the isotops of the peaks provided

with their distinct chlorine structures a further prove of the

substitution reaction (Figure 2a).

TheCIDexperimentswere carriedoutwith theparent ion

that possessed 38 repeating units and sodium as ionizing

agent for better comparability. The benzyl chloride sub-

stituted mPEG MALDI MS and tandem MS investigations

were carried out in addition with lithium as doping salt.

Since the spectra showed – like the tosylated mPEG – no

differences compared to the sodium ionized samples, only

the prior will be shown and discussed (Figure 2b).

Corresponding to the tosylate substituted sample a

division into threeparts canbeobserved. In theuppermolar

mass region a very distinct neutral loss right after the

precursor ion was observed, besides the intense unspecific

small fragments of m/z 14 and m/z 25 (Figure 2c). As this

mass loss of m/z 170.013 and m/z 172.010 corresponds

to the p-(chloromethyl)-benzoic acid with 35Cl and 37Cl,

respectively, a 1,5 hydrogen-transfer is proposed leading,

like in the case of tosylated mPEG, to the fragment with

m/z 1710.102 (Figure 2d).[22–25] Furthermore, the loss of

K. Knop, B. O. Jahn, M. D. Hager, A. Crecelius, M. Gottschaldt, U. S. Schubert

Figure 1. (a) MALDI-TOF spectrum of tosylatedmPEG; (b) CIDmass
spectrum of the parent peak with 38 repeating units (marked
with a bar in (a)); (c) zoom into the MS/MS spectrum below the
parent peak showing the distinct loss of toluene sulfonic acid
(inset: zoom into parent ion); (d) schematic representation of the
proposedmechanism for cleavage of the sulfonic acid ester bond;
(e) zoom into the MS/MS spectrum at m/z values between 1 000
and 1 060 with marked observed fragment series; (f) zoom into
the MS/MS spectrum at m/z values between 240 and 300 with
marked observed fragment series; (g) schematic representation
of the observed fragments.
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the chlorine atomwithin the acid is underlined by the loss

of the chlorine isotopic pattern.

The CID spectrum shows within the middle molar mass

region regular series of fragments with intensities below

the 1,5 hydrogen-transfer corresponding to fragment series

formed by different 1,4-eliminations discussed already by

Lattimer coworkers and Jackson et al. (Scheme 1).[14,15]

Again, the dominant fragment series occurring in the

middle region of the CID spectrum are formed by 1,4-

hydrogen elimination leading to the B and C series that

show the methoxy end group of the parent ion and the

ethylene ether end group for the B series and the aldehyde

end group for the C series (Figure 2e).

Accompanying to the B, B’ and C, C’ series the A’ series is

observed with the C series as corresponding opposite

fragment (Scheme1), but no fragments of theA series could

be assigned. The series F as product of 1,4-ethylene

fragmentation and either 1,4-hydrogen elimination or 1,5

hydrogen-transfer was observed (Figure 2g). In contrast to

tosylatedmPEGaseriesA’wasobservedwhichstill includes

the functionalized end group, since the substituted

benzoates are less efficient leaving groups.

The region below m/z 500 shows multiple fragments,

which can be assigned as distonic radical cations,which are

formed either by single homolytic bond cleavage or

multiple bond cleavages (Figure 1f and g).[13,14]

p-(Bromomethyl)-benzoic Acid Ester of mPEG

The benzyl bromide substitution of mPEG delivers after a

very short reaction time a MALDI MS spectrum that

contains only one distribution, ionized with sodium. The

product peaks showed additionally the very characteristic

bromine isotopic patterns (Figure 3a).

Collision induced fragmentation studieswereperformed

on theprecursor ionwith38 repeatingunits anddelivereda

veryprominent lossofm/z213, likealreadyobserved for the

previous mPEG samples (Figure 3b and c). This mass loss

corresponds with the neutral loss of 4-(bromomethyl)

benzoic acid caused by a 1,5 hydrogen-transfer (further

confirmed by the change of the characteristic bromine

isotopic pattern) to a carbon pattern (Figure 3d).[22–25]

In the middle molecular mass region regular series

of fragments with lower intensities than the 1,5

hydrogen-transferwere foundbelonging to fragment series

formed by different 1,4-eliminationmechanisms discussed

already above (Scheme 1).[14,15]

In the case of benzyl bromide substitutedmPEG only the

B and C series with the corresponding B’ and C’ series were

observed.Whereas theBandCseries, notbearing thebenzyl

bromidegroup,provide themost intensepeaks, theB’andC’

series showedthecharacteristicbromine isotopicpattern in

accordance with the fragmentation mechanism. Interest-

ingly, no fragments could be detected that were derived

from multiple fragmentations although the applied colli-

sion energy was sufficient to induce multiple fragmenta-

tions on tosylated and benzyl chloride substituted mPEG

(Figure 3e and g).

One new fragment series was detected formed by a

backbiting mechanism that substitutes the bromine

(Figure 3g). This induced fragmentation, caused by the

Systematic MALDI-TOF CID Investigation on . . .

Figure 2. (a) MALDI-TOF spectrum of benzyl chloride substituted
mPEG; (b) CID mass spectrum of the parent peak with 38 repeat-
ing units (marked with a bar in (a)); (c) zoom into the MS/MS
spectrum below the parent peak showing the distinct loss of
4-(chloromethyl) benzoic acid (inset: zoom into parent ion);
(d) schematic representation of the proposed mechanism for
cleavage of the 4-(chloromethyl) benzoic acid ester bond;
(e) zoom into the MS/MS spectrum at m/z values between
1 000 and 1 060 with marked observed fragment series; (f) zoom
into the MS/MS spectrum at m/z values between 240 and 300
with marked observed fragment series; (g) schematic representa-
tion of the observed fragments.

Macromol. Chem. Phys. 2010, 211, 677–684

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mcp-journal.de 681



very good leaving group quality of bromine, leads to

the cyclic structure H and the fragment series B. This

additional fragmentation pathway could be observed, in

comparison tobenzyl chloride substitutedmPEG, due to the

higher lability of bromine induced by the higher pKa value

of the corresponding acid.

The region of the CID spectrum below m/z 500 shows

distonic radical cations formed by single homolytic or

multiple bond cleavages (Figure 1f).[13,14]

Comparison of the CID Spectra

For the three end group modification reactions a full

conversion was achieved proven by 1H NMR spectroscopy

as well as MALDI-TOF MS (Figures 1a, 2a and 3a). The

MALDI-TOF MS and the MALDI-CID investigations were

performed with sodium and lithium as doping salt.

Although otherwise reported no difference in signal-to-

noise ratio or ion abundance was observed in these cases,

possibly caused by the higher m/z value of the precursor

ions.[22]

For the three different substituted mPEGs the parent

peak with 38 repeating units was chosen for the CID

experiments. After acid cleavage the same resulting mPEG

fragments with the same mass occurred. These very

prominent and in the three tandem MS spectra very

characteristic acid cleavages are proposed to occur via a 1,5

hydrogen-transfer, as already observed by different

groups.[22–25]

For the halogen substitutedmPEGprecursor ions the loss

of the characteristic bromine and respectively chlorine

isotopic pattern in the formed 1,5 hydrogen-transfer

product at m/z 1710 can be observed, which now only

show the carbon isotopic pattern.

This mechanism is presented in Figures 1d, 2d, and 3d as

concerted reaction although it is not yet clarified whether

this mechanism occurs in a concerted or a step-wise

electron rearrangement.[26] In MS of small molecules

McLaffertyþ 1 rearrangements are supposed to occur in a

charge-inducedmechanism. For polymer fragmentation in

general and for PEG ionized with sodium in particular,

usually a charge-remote mechanism is assumed as

ionization of the chains happens in general via the

attachment of an ion.[10] Interestingly, theherebyproposed

1,5 hydrogen-transfers occur as charge-remote mechan-

isms in accordance with the following observation.

For all three substituted mPEG samples regular frag-

mentation series in the middle molar mass region were

observed which are much less intense than the peak

obtained by the 1,5 hydrogen-transfer acid cleavage. This

difference in intensity between fragments formed during

1,5 hydrogen-transfer and fragments formed during 1,4-

elimination canbeexplainedby theenergy requirement for

these tworearrangements.Althoughacollisioncell isahigh

energy device and delivers more than enough energy for

both mechanisms, apparently, the internal energy conver-

sion leading to a 1,5 hydrogen-transfer associated with the

loss of the acid end group occurs more efficient than the

energy conversion that is followed by an elimination

reaction. Subsequently, it can be deduced that for collision-

K. Knop, B. O. Jahn, M. D. Hager, A. Crecelius, M. Gottschaldt, U. S. Schubert

Figure 3. (a) MALDI-TOF spectrum of benzyl bromide substituted
mPEG; (b) CID mass spectrum of the parent peak with 38 repeat-
ing units (marked with a bar in (a)); (c) zoom into the MS/MS
spectrum below the parent peak showing the distinct loss of
4-(bromomethyl) benzoic acid (inset: zoom into parent ion);
(d) schematic representation of the proposed mechanism for
cleavage of the 4-(bromomethyl) benzoic acid ester bond;
(e) zoom into the MS/MS spectrum at m/z values between
1 000 and 1 060 with marked observed fragment series; (f) zoom
into the MS/MS spectrum at m/z values between 240 and 300
with marked observed fragment series; (g) schematic representa-
tion of the observed fragments (D fragments correspond to Fig. 3
substituted with Br, respectively).
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induced fragmentation these ester bonds are more easily

cleaved than ether bonds corresponding to the general

expectation.

A comparison of the CID spectra of polymers with the

three end groups (Figures 1b, 2b and3b) shows also that the

intensityof the1,4-elimination fragments in comparison to

the 1,5 hydrogen-transfer peak differs. Whereas tosylate

substitutedmPEGdeliversvery low intense1,4-elimination

fragments at only 0.2% normalized intensity, benzyl

chloride substituted mPEG shows normalized intensities

at 6%andbenzyl bromide substitutedmPEGdelivers values

of about 30% normalized intensity. This observation can be

explained by the leaving group quality of the end group.

Tosylate provides the best leaving group qualities of the

three examples leading to a preferred and dominant

McLafferty loss. This probably early rearrangement leaves

time for further fragmentations explaining the relative

high amount of fragments thatwere derived frommultiple

dissociations. Ester bonds are not as good leaving groups as

tosylate groups; therefore relatively to the 1,5 hydrogen-

transfer the 1,4-eliminations occurmore often. Apparently,

the exchange of the chlorine with the bromine makes a

large difference in the fragmentation probability, which

can not yet be explained.

In general, the intensity of the two fragments formed

during one process should be the same.[21] Nevertheless, it

can be clearly observed in the Figures 1e, 2e and 3e that the

fragments not bearing the introduced end groups (B and C

series) are much more intense, than the ones still holding

the introduced end group (series B’ and C’). For this

observation a possible explanation is connected with the

localization of the ionizing sodium on the polymer chain.

The ionization of PEG molecules with sodium occurs by

coordinationof the ionwithup toeightoxygenatomsof the

polymer chain.[27] As the ester end groupmight disturb this

coordination, the complexation at themethoxy ends of the

mPEGmoleculesmightbeenergeticallymore favorableand

is therefore as ionized fragment more stable during

rearrangement and potential following secondary reac-

tions. As the elimination occurs with charge-remote

mechanism, the sodium complexed methoxy end remains

hence the part of the fragmented molecule, which is

detected.

For clarification, density functional theory (DFT) calcula-

tions were performed at the B3LYP[28] level of theory in

combination with the split valence basis set 6-311þ

G(2d,2p) with the aid of the Gaussian03 program pack-

age.[29] Energies are given as thermal enthalpies. The

p-(chloromethyl)-benzoicacidesterandthe tosylatedmPEG

with eight repeating units were used as model systems of

the polymer chain. The results show a large difference in

energy of over 200 kJ �mol�1 between the sodium complex

withacrown-shapedmPEGchainand the complexationvia

the ester end group of a linear polymer chain (Figure 4). In

case of the linear mPEG the sodium is situated at the

carbonyl oxygen atom of the ester end group. However,

thecalculationsofdifferentgeometriesof thecomplexwith

the crown-shaped PEG chain showed a negligible diver-

gence between the methoxy end group and the ester end

group as the top of the crown-shaped complex in

comparison to the linear model. In both cases the complex

with the ester end group is slightly preferred (p-(chlor-

omethyl)-benzoic acid ester of mPEG DE¼ 6 kJ �mol�1;

tosylated mPEG DE¼ 4 kJ �mol�1). Although the linear

modeldescribesonlyaborder case it showsontheonehand,

that the MacLaffertyþ 1 rearrangement might occur more

probably via charge-remote mechanism and on the other

Systematic MALDI-TOF CID Investigation on . . .

Figure 4. Calculated structures of the ionized sodium adducts
with eight repeating units optimized at the B3LYP/6-
311þG(2d,2p) level of theory. Atom descriptions are as follows:
coiled: oxygen; black: carbon; white: hydrogen; transverse
striped: chlorine resp. sulfur; longitudinal striped: sodium;
(a) p-(chlormethyl)-benzoic acid ester, carbonyl group topped
crown-shaped sodium complex; (b) p-(chlormethyl)-benzoic acid
ester, methoxy topped crown-shaped sodium complex,
DE¼6 kJ �mol�1 in relation to (a); (c) p-(chlormethyl)-benzoic
acid ester, linear polymer chain, DE¼ 220 � kJ �mol�1 in relation
to (a); (d) tosylated mPEG, carbonyl group topped crown-shaped
sodium complex; (e) tosylated mPEG, methoxy topped crown-
shaped sodium complex, DE¼ 4 kJ �mol�1 in relation to (d);
(f) tosylated mPEG, linear polymer chain, DE¼ 217 kJ �mol�1 in
relation to (d).
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hand, that the complexation of the sodium ion by carbonyl

group is less favorable.

Distonic radical cations of the fragmented PEG samples

were only observed in the lower molar mass region below

about m/z 500 leading to a rather unspecific overlay of

multiple fragments in this range.

Conclusion

mPEGwassubstitutedwithdifferentendgroups linkedbyan

ester bond. TandemMS investigations yielded in themiddle

and the upper molar mass region of the spectra fragments

with high analytical value. By 1,5 hydrogen-transfer the end

groups introduced by polymer analogs reactions were

cleavedoff inaveryefficientandcharacteristicwayrevealing

the exact mass of the end group and providing thereby very

direct information on the end group nature.

Further, in-detail examinations of the spectra revealed

thedifferent leavinggroupqualities of the endgroupsanda

preferentially ionization during the MALDI process by the

PEG chain as a crownether-shaped complex rather than the

carbonyl group of the ester end group. These findings were

supported by DFT calculations of the different possible

complexation geometries. With these examples of sub-

stitutedmPEGsMALDI-TOFMS andMS/MSwere proven to

represent a powerful combination of tools to investigate

synthetic polymers and polymer analogs reactions and to

elucidate the conversionaswell as theexact structureof the

reaction products. This study effectively shows that a

combination of MALDI-MS and CID fragmentation greatly

facilities the determination of end group and architectural

modifications to synthetic polymers.
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ABSTRACT: The molar mass determination of block copolymers,

in particular amphiphilic block copolymers, has been challeng-

ing with chromatographic techniques. Therefore, methoxy poly-

(ethylene glycol)-b-poly(styrene) (mPEG-b-PS) was synthesized

by atom transfer radical polymerization (ATRP) and character-

ized in detail not only by conventional chromatographic techni-

ques, such as size exclusion chromatography (SEC), but also by

matrix-assisted laser/desorption ionization tandem mass spec-

trometry (MALDI-TOF MS/MS). As expected, different molar

mass values were obtained in the SEC measurements depend-

ing on the calibration standards (either PEG or PS). In contrast,

MALDI-TOF MS/MS analysis allowed the molar mass determina-

tion of each block, by the scission of the weakest point between

the PEG and PS block. Thus, fragments of the individual blocks

could be obtained. The PEG block showed a depolymerization

reaction, while for the PS block fragments were obtained in the

monomeric, dimeric, and trimeric regions as a result of multiple

chain scissions. The block length of PEG and PS could be calcu-

lated from the fragments recorded in the MALDI-TOF MS/MS

spectrum. Furthermore, the assignment of the substructures of

the individual blocks acquired by MALDI-TOF MS/MS was accom-

plished with the help of the fragments that were obtained from

the corresponding homopolymers. VC 2010 Wiley Periodicals, Inc.

J Polym Sci Part A: Polym Chem 48: 4375–4384, 2010

KEYWORDS: block copolymer; MALDI-TOF MS/MS; mass spec-

trometry; poly(ethylene glycol); poly(styrene); structure; tan-

dem MS

INTRODUCTION Amphiphilic block copolymers are of tre-

mendous interest for various applications in which the com-

bination of hydrophilic and hydrophobic properties are uti-

lized, for example, as compatibilizers, dispersion stabilizers,

and emulsifiers. Copolymers containing poly(ethylene glycol)

(PEG) as hydrophilic and poly(styrene) (PS) as hydrophobic

segment are used in many industrial applications, such as

stabilizers, surfactants, and templates for the preparation of

inorganic nanoparticles.1,2

One major breakthrough in block copolymer synthesis in the

last two decades was the introduction of controlled radical po-

lymerization techniques (CRP), such as atom transfer radical

polymerization (ATRP).3 ATRP allows the synthesis of well-

defined structures of copolymers in industry as well as on the

laboratory scale. In ATRP, a transition metal compound acts as

a carrier of a halogen atom in a reversible redox process.4

The detailed characterization of amphipilic copolymers is

crucial, since the properties of such materials depend on the

microstructures, such as the ratio of the corresponding block

lengths, end group functionality, and the chain architecture.5

Traditional characterization techniques for this purpose are

size exclusion chromatography (SEC) and proton-nuclear

magnetic resonance (1H NMR) spectroscopy. However, since

the introduction of soft ionization techniques, such as ma-

trix-assisted laser desorption/ionization time-of-flight

(MALDI-TOF)6,7 and electrospray ionization (ESI),8 mass

spectrometry (MS) has been placed in the focus of polymer

analysis.9–12 The addition of tandem MS (MS/MS) analysis in

combination with both soft ionization techniques has made

the structure analysis of homopolymers, as well as copoly-

mers easier.13–20 However, only a few reports exist about the

MS/MS analysis of copolymers using MALDI-TOF21–23 and

ESI.24–30 Wesdemiotis et al.21 performed MALDI-TOF MS/MS

measurements on the poly(fluoro oxetane)-co-(tetrahydrofu-

ran) copolymer to obtain information regarding its architec-

ture. The block copolymer mono-n-butyl ethers of poly(ethyl-

ene glycol)-b-poly(propylene oxide) (PEG-b-PPO) was

analyzed by Weidner et al.22 to determine the correct num-

ber of repeating units in the PEG and the PPO block of the

Additional Supporting Information may be found in the online version of this article. Correspondence to: A. C. Crecelius (E-mail: anna.crecelius@
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copolymer. The end-groups and segment information about

complex copolyester samples was obtained by Weidner et al.23

employing MALDI-TOF MS/MS analysis. Adamus24 investigated

two random biodegradable copolyester macromolecules by

applying ESI ion trap MS combined with MSn. Terrier et al.25

used ESI-MS/MS under low-energy conditions to investigate

ammonium adducts of a series of linear triblock and glycerol

derivative diblock copolyesters. First the authors performed

tandem MS analysis of the homopolymers to identify the struc-

ture of the product ions and to propose a possible fragmenta-

tion pathway. The authors demonstrated with their work that

it is possible to distinguish between copolyesters with the

same composition in each repeating unit with inversed block

sequences and that information about the block length can be

readily obtained. Simonsick and Petkovska26 performed FT-MSn

for structural characterization and sequencing of a copolymer

consisting of poly(glycidyl methacrylate) and methyl methacy-

late. Girod et al.27 determined accurately the PS block size in a

PEG-b-PS block copolymer prepared by a nitroxide-mediated

polymerization from the number of styrene losses as observed

in the ESI-MS/MS spectrum. In an alternative fragmentation

route the junction group between the two blocks could be

structurally described. In contrast to the PS block, the PEG

block did not show any specific dissociation. The authors

expanded their studies by coupling liquid chromatography at

critical conditions (LCCC) with on-line ESI tandem MS to char-

acterize a PEG-b-PS block copolymer.28,29 Giordanengo et al.30

investigated by ESI-MS/MS as well as by NMR spectroscopy

the microstructure of a poly(methacrylic acid)-poly(methyl

methacrylate) copolymer. The random nature of the copolymer

could only be detected by tandem MS analysis.

In this study, we first used the traditional methods, such as

SEC, and 1H NMR spectroscopy to characterize the block copol-

ymer mPEG-b-PS, which was synthesized by ATRP; afterwards

MALDI-TOF MS and MS/MS were applied to determine the size

of both blocks. By using MALDI-TOF MS/MS analysis, the hydro-

lysis of both blocks, as described by Girod et al.31 was not nec-

essary and therefore the analysis was much faster and easier.

RESULTS AND DISCUSSION

Characterization of the Block Copolymer

by SEC and 1H NMR Spectroscopy

The block copolymer mPEG-b-PS was synthesized utilizing

the ATRP reaction. In total five copolymer samples were

obtained besides the macroinitiator and were first character-

ized by SEC using either a PEG or a PS calibration and, sec-

ondly, by 1H NMR spectroscopy. The results obtained from

both characterization techniques are summarized in Table 1.

The difference in the calculated number average molar mass

values (Mn) by using two different types of calibration stand-

ards are arising from the different hydrodynamic volumes of

the copolymers obtained. As the calibration standards, either

PEG or PS, do not have the same chemical structure to that

of the copolymer samples, the relative Mn values should be

in between the molar mass values calculated according to

PEG or PS calibration. Small polydispersity index (PDI) val-

ues as expected from a controlled polymerization were

obtained, as presented in Table 1. By integrating the signals

of the 1H NMR spectra, the n and m values for the two

repeating units of mPEG-b-PS were obtained. The integration

of the peaks that belong to PEG in the 1H NMR spectrum

was taken as 44 repeating units and the corresponding PS

content was calculated accordingly. Higher numbers of

repeating units were observed at higher monomer conver-

sions, as expected. The SEC graphs were also used to calcu-

late the number of repeating units for PS in the block

copolymers. The obtained m values differ slightly from the

values obtained by 1H NMR spectroscopy. As depicted in Fig-

ure 1, the hydrodynamic volume of the block copolymer is

increasing at higher monomer conversions.

There is a shoulder appearing at higher elution time, which

corresponds exactly to the PEG macroinitiator. The ratio of

this shoulder to the formed polymer peak decreases due to

the increased concentration of the polymer. This indicates that

the shoulder belongs to unfunctionalized PEG macroinitiator.

Nevertheless, the peaks in the SEC curves shift to the lower

TABLE 1 Summary of SEC and 1H NMR Spectroscopy Data

Sample

name

Reac time

min

Mn,SEC

g/mol

(PEG calibration) PDI

Mn,SEC

g/mol

(PS calibration) PDI NMR (n) NMR (m) SEC (m)

Macroinitiator – 2,050 1.05 4,300 1.04 44 0 0

Sample 1 60 2,500 1.05 5,200 1.05 44 9 8

Sample 2 130 3,250 1.08 6,900 1.09 44 22 25

Sample 3 165 3,600 1.09 7,700 1.10 44 30 33

Sample 4 190 3,850 1.09 8,300 1.11 44 33 38

Sample 5 210 4,100 1.10 8,850 1.12 44 36 44
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elution time proving the growth of the copolymer chain. It

should be noted that there is another shoulder appearing at

the lower elution time side. This peak corresponds to the

chain-chain coupling reaction that is a side reaction during

the radical polymerization of styrene. The impurities in the

block copolymer, such as unfunctionalized PEG macroinitiator

or the coupled block copolymer, have not been removed from

the sample using dialysis or any other purification technique.

In a follow-up study we are aiming to collect several fractions

using 2D-SEC-LC to analyze each adduct, product or side

product using MALDI-TOF MS and MS/MS techniques. This

will allow us to detect the fingerprints of the polymerization.

MALDI-TOF MS and MS/MS Analysis of Homopolymers

The successful formation of the macroinitiator was investi-

gated by MALDI-TOF MS analysis, as shown in Figure 2. The

calculated Mn value for mPEG 2000 was 1907 g/mol and for

the macroinitiator 2122 g/mol; the corresponding PDI values

using PolyTools for the determination for mPEG 2000 and

the macroinitiator were 1.02 and 1.01, respectively.

The experimental mass accuracy assigned for both polymers

is around m/z 0.1, as presented in Table 2. This is within the

mass accuracy achievable with the used instrument.

From the starting material mPEG 2000 and the macroinitia-

tor MALDI-TOF MS/MS analysis was performed to evaluate

which fragmentations can occur. The obtained fragments of

the homopolymers could be later the basis for the elucida-

tion of the structure of fragment ions in the copolymer anal-

ysis. To interpretate the fragment ions obtained for both

homopolymers, the structures described by Hoteling et al.32

were used as possible starting points. Hoteling et al.32 pro-

posed accordingly to Selby et al.33 that a 1,4-hydrogen elimi-

nation and a 1,2-ethylene elimination are occurring as frag-

mentation routes. The dissociation of PEG was first

described by Lattimer et al. using fast atom bombardment

tandem MS.34 The ions according to these eliminations with

the corresponding end groups could be determined in the

recorded mass spectra for mPEG 2000 (Supporting Informa-

tion Fig. 1 and Table 1) and for the macroinitiator (Support-

ing Information Fig. 2 and Table 2). The product ions arising

from the dissociations of mPEG and the macroinitiator were

labelled according to the nomenclature established by Lat-

timer et al.34 Starting with Supporting Information Figure 1,

the MALDI-TOF MS/MS spectrum of mPEG 2000 using

AgTFA as salt additives is presented herein. A parent ion

with 41 repeating units was selected. The signals of the gen-

erated fragment ions in Supporting Information Figure 1(a)

reveal a depolymerization reaction. By zooming into the

MALDI-TOF MS/MS spectra, as presented in Supporting In-

formation Figure 1(b), it could not be determined accurately

if the fragment ions C and A0 are formed or if they can be

explained by the silver isotopes of the fragment series B and

C0 , respectively, since the detected ions are only 2 m/z values

apart from each other. The MALDI-TOF MS/MS analysis was

also performed with NaI, and more or less the same frag-

ments were obtained, except fragment A, as in the AgTFA

cationized sample. More detailed information can be found

in Supporting Information Figure 1.

mPEG 2000 has a methoxy group on one end and a hydroxyl

group on the other end. The hydroxyl group is reacted by a-

bromo-iso-butyryl bromide to yield the PEG macroinitiator.

As mentioned earlier, the macroinitiator was analyzed as

well by MALDI-TOF MS/MS using DCTB as matrix with the

addition of NaI. A parent ion with 41 repeating units corre-

sponding to a m/z value of 2008 was selected and the

FIGURE 1 SEC curves from PEG-b-PS copolymer samples.

FIGURE 2 MALDI-TOF MS spectrum of mPEG 2000 and macro-

initiator (matrix: DCTB, salt: NaI).

TABLE 2 Measurements of the Mass Accuracy Obtained for

the MALDI-TOF MS Analysis of mPEG 2000 and the

Macroinitiator (Fig. 2)

Species m/z
theo

m/z
exp Error (m/z)

mPEG 2000 1772.04 1771.92 0.12

Macroinitiator 1919.99 1919.86 0.13
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resulting MALDI-TOF MS/MS spectrum can be found in Sup-

porting Information Figure 2. The zoom displayed in Sup-

porting Information Figure 2(b) in connection with Support-

ing Information Table 2 shows the formation of seven

fragment series (B, B0, B00, C, C0 , C00 and C00 0). The fragment se-

ries B, B0 , C, and C0 are also detected when mPEG 2000 is

fragmented, as presented in Supporting Information Figure

1(b), only as sodium adducts instead of silver adducts. Two

additional fragment series B00 and C00 could be obtained,

showing the characteristic end group of the macroinitiator.

At first instance a bromoester moiety was expected as end

group, but the distinct isotopic pattern of the bromine atom

was not found and cleavage of the bromine atom from the

parent ion of the macroinitiator was observed, since a frag-

ment ion with m/z 1929 is presented in Supporting Informa-

tion Figure 2. Fragment series C0 00 is as well formed, which

contains the unsaturated end group CH3AC¼¼CH2. Addition-

ally, a fragment ion, in which the whole bromoester group

was cleaved off, was also recorded at the m/z value of 1859.

Fragment series having a hydrogen atom as end group could

be identified. This explains how fragment series B0 and C

could be formed bearing a hydrogen atom as end group.

After the MALDI-TOF MS/MS analysis of mPEG 2000 and the

macroinitiator was discussed in detail, now the tandem MS

analysis of PS will be in the focus of this contribution. PS

with a 1,1-dimethylacetic acid ethylester group as initiator

moiety and a bromine atom as end group was selected. The

matrices DCTB and dithranol and the salt additives NaI and

AgTFA were tested for the MALDI-TOF MS analysis of PS.

The highest signal-to-noise levels showed the matrix dithra-

nol in combination with AgTFA for the MALDI-TOF MS mea-

surement of PS (spectrum not shown). The corresponding

MALDI-TOF MS/MS spectra of PS are presented in Support-

ing Information Figure 3. As parent ion the silver adduct

with 35 repeating units of PS was selected with a m/z value

of 3864. In the parent ion the bromine as end group was

cleaved off and a radical was formed. The instability of the

CABr bond is extensively discussed by Borman et al.35 on

PMMA synthesized by ATRP. The authors showed that methyl

bromide gets lost and a ring-closed lactone end group is

FIGURE 3 MALDI-TOF MS spectra of

mPEG-b-PS (copolymer 1) in (a) normal

mode, and (b) suppressing of ions up to

m/z 3000. DCTB was used as matrix and

AgTFA as salt additive.
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formed during the MALDI process. The generated fragment

ions are annotated in the zoom shown in Supporting Infor-

mation Figure 3(b) and the structures are summarized in

Supporting Information Table 3. The nomenclature, as intro-

duced by Gies et al.,36 was selected for labeling the frag-

ments produced by the MALDI-TOF MS/MS analysis.

In the elucidation of the structures of the recorded peaks,

the reports of Gies et al.36 as well as Polce et al.37,38 were

used as assistance. All three studies came to the conclusion

that free radicals are formed and undergo further fragmenta-

tions. In Supporting Information Table 3 only the fragment

ions labeled with Ian. and Ibn II show the characteristic 1,1-

dimethylacetic acid ethylester group as initiator group, all

other fragment ions underwent scission of this initiator moi-

ety and could have also been generated if a butyl group

would have been used as initiator instead, corresponding to

the measurements by Gies et al.36 and Polce et al.37 A

detailed mechanism about the formation of these specific

product ions has been reported by Gies et al.36

The studied block copolymer exhibits the same Br termina-

tion, although the cleavage of the CABr bond does not occur,

since the selected precursor ion of the MALDI-TOF MS/MS

analysis with a m/z value of 3305 corresponds to the intact

silver-containing molecule with 59 PEG and 4 PS repeating

units, as shown later in this contribution. One possible expla-

nation for this unexpected phenomenon can be that the

CABr bond cleavage is time dependent. PS was synthesized

6 months before the block copolymer was produced and

both compounds were analyzed by MALDI-TOF MS and tan-

dem MS at the same date.

Characterization of the Block Copolymer by

MALDI-TOF MS and MS/MS Analysis

The MALDI-TOF MS spectrum of the copolymer sample 1 is

presented in Figure 3. From Figure 3(a), it is obvious that

the unfunctionalized PEG, which is the remaining reagent

from the synthesis of the macroinitiator, is masking the sig-

nals of the copolymer sample. This effect can be overcome

FIGURE 4 MALDI-TOF MS/MS spectra of mPEG-b-PS using the highest isotopic peak of mPEG59-PS4 with m/z 3305 as precursor

ion; (a) complete, (b) monomeric, (c) dimeric, and (d) trimeric region of the mass spectrum.
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TABLE 3 Structural Assignments for the Peaks in the MALDI-TOF MS/MS Spectra of Figure 4, Fragments of the PS Block, and

mPEG Block

Label Ions Observed (m/z) Schematic Representation of the Structures

Frag 1 91.0

Frag 7 193.2

Mabn II 211.1

419.2 (n ¼ 1)

523.1 (n ¼ 2)

Maan. 302.1(n ¼ 1)

406.1 (n ¼ 2)

510.1 (n ¼ 3)

A 168.4 (n ¼ 1)

213.1 (n ¼ 2)

256.1 (n ¼ 3)

301.1 (n ¼ 4)

2370.0 (n ¼ 51)

A0 182.3 (n ¼ 1)

226.1 (n ¼ 2)

271.1 (n ¼ 3)

315.1 (n ¼ 4)

2516.9 (n ¼ 53)

B 208.1 (n ¼ 1)

252.1 (n ¼ 2)

297.1 (n ¼ 3)

2674.9 (n ¼ 57)

B0 194.2 (n ¼ 1)

238.1 (n ¼ 2)

283.1 (n ¼ 3)

1779.8 (n ¼ 37)

C 211.1 (n ¼ 1)

254.1 (n ¼ 2)

298.1 (n ¼ 3)

2588.2 (n ¼ 55)

C0 224.1 (n ¼ 1)

269.1 (n ¼ 2)

313.1 (n ¼ 3)

2690.6 (n ¼ 57)
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by suppressing the ions up to m/z 3000 reaching the

detector.

By using this approach, intense signals of the copolymer

sample could be recorded, as shown in Figure 3(b). The

zoom of the MALDI-TOF MS spectrum reveals the assignment

of the repeating units of both blocks (PEG with m/z 44 and

PS with m/z 104). The remaining copolymer samples have

been analyzed in the same manner by MALDI-TOF MS. The

corresponding MALDI-TOF MS spectra can be found in Sup-

porting Information Figure 4. With rising sample number,

the copolymer distribution is shifting to higher m/z values

and the MALDI-TOF MS analysis is more and more difficult.

Hence, a pre-fractionation, such as two-dimensional liquid

chromatography, before the MALDI-TOF MS measurements,

would be highly favorable.

The MALDI-TOF MS/MS analysis was performed on the high-

est isotopic peak (m/z 3305) of mPEG-b-PS with 59 repeat

units of mPEG and 4 repeat units of PS. Since the window of

the precursor ion selector could only be closed up to m/z 4,

without losing the precursor ion signal, side products, such

as mPEG52-b-PS7 with m/z 3309 (highest isotopic peak) and

mPEG66-b-PS1 with m/z 3301 (highest isotopic peak) could

also be fragmented in the analysis. If this would be the

case, the fragmentation of mPEG66-b-PS1 should reveal a

different pattern of fragments due to the short PS block.

However, patterns correlated to such a fragmentation could

not be found. The only possibility to overcome this phe-

nomenon is the use of an instrument with higher resolu-

tion, such as a fourier transform ion cyclotron resonance

(FTICR) mass spectrometer or an orbitrap. The resulting

mass spectra from the instrument used in this study are

presented in Figure 4.

Corresponding structures could be assigned to nearly all

peaks in the monomeric, dimeric, and trimeric region of the

mass spectrum [see Fig. 4(b–d)]. The structures, which

are summarized in Table 3, could be found with the help of

the MALDI-TOF MS/MS spectra of the homopolymers. The

assignment of the fragment ions was performed over the

whole available m/z range, but are not included in Table 3.

To show the validity of our assignments, first the mass accu-

racy for the identified fragments was calculated. The results

are presented in Table 4. The obtained mass accuracy was

m/z 0.1, which lies in the specifications of the used mass de-

tector. Additionally, the measured isotopic patterns were

compared with the calculated ones for the identified frag-

ments and are shown in Supporting Information Figure 5. In

some cases, overlapping m/z value peaks are obtained, mak-

ing the identification of the fragments demanding. However,

in most cases a series of fragments with differing numbers

of repeating units was observed and used to judge the

assignment.

Obviously only fragments of the mPEG block (Table 3) and

the PS block (Table 3) could be detected in the MALDI-TOF

MS/MS spectrum of mPEG-b-PS, which means that there

were no signals detected correlated to fragments bearing the

mPEG block as well as the PS block. From this phenomenon

it can be concluded that a scission between both blocks in

the tandem MS mode occurs.

Three scissions, as shown in Scheme 1, are possible. The

first option shown in Scheme 1(a) is that a 1,4-hydrogen

elimination starts from the end of the mPEG block, so that

the fragment series B and X are formed. The fragment series

B, as presented in Table 3, could be identified in the corre-

sponding MALDI-TOF MS/MS spectrum of mPEG-b-PS. Frag-

ment series X is only detectable with one repeating unit at

the m/z value of 420.1. It might be that it fragments further

in the tandem MS mode and is not observed in the corre-

sponding MALDI-TOF MS/MS spectrum, since it possibly

does not ionize with Agþ. A second 1,4-hydrogen-elimination

can occur, as presented in Scheme 1(b), so that fragment se-

ries X and C0 are formed as a consequence. Fragment series

X could only be identified with one repeating unit in the cor-

responding MALDI-TOF MS/MS spectrum, since it possibly

fragments further and does not ionize with Agþ. Fragment

series C0 could be easily detected in the MALDI-TOF MS/MS

spectrum (see Fig. 4). The third option, as presented in

Scheme 1(c), is the McLafferty rearrangement, where a

hydrogen atom is separated from the block copolymer. Here

again, as shown in Scheme 1(a), the fragment series B is

formed as well as fragment series X, which could not be

found in the acquired MALDI-TOF MS/MS spectrum. As in

the recorded MALDI-TOF MS/MS spectrum (Fig. 4 and Table

3) fragment series of mPEG with 57 repeating units could be

observed, the fragmentation route as presented in Scheme

1(a,b) is possibly favored. If a McLafferty rearrangement

would take place one could expect to see 58 repeating units

of fragment series B and at least fragment X with one repeat-

ing unit.

As mentioned earlier, no fragment series containing both

repeating units of mPEG and PS could be observed. This was

proven by acquirering MALDI-TOF MS/MS spectra from pre-

cursor ions containing the same number of mPEG repeating

units and an increasing number of PS repeating units, as

TABLE 4 Measurements of the Mass Accuracy of the Fragment

Peaks Presented in the MALDI-TOF MS/MS Spectra Shown in

Figure 4

Species m/z
theo

m/z
exp Error (m/z)

Frag 1. 91.0 91.1 0.1

Frag 7. 193.1 193.2 0.1

Mabn II 211.0 211.1 0.1

Maan. 302.0 302.1 0.1

A 301.0 301.1 0.1

A0 315.0 315.1 0.1

B 297.0 297.1 0.1

B0 283.0 283.1 0.1

C 211.0 211.1 0.1

C0 313.0 313.1 0.1
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presented in Figure 5. With increasing the repeating units of

PS, the gap in the mass spectrum, where no fragments were

obtained at higher molar masses, increased. Therefore a scis-

sion between both blocks is proposed as a result for the tan-

dem MS analysis of mPEG-b-PS.

EXPERIMENTAL

Materials

Styrene (�99%, Aldrich) and anisole (Fluka) were passed

through neutral alumina oxide column before use. CuBr

(99.999%, Aldrich), a–bromo isobutyryl bromine (98%,

Aldrich), ethyl-2-bromoisobutyrate (98%, Aldrich), poly(eth-

ylene glycol) methyl ether (Mn ¼ 2000 g/mol, flakes),

N,N,N0,N00,N0 0-pentamethyldiethylenetriamine (99%, Aldrich),

and triethylamine (�99%, Aldrich) was used as received.

Instruments

For the determination of the monomer conversions, gas

chromatography (GC) measurements were performed on a

Shimadzu GC used with a Trace column RTX-5 and an auto-

sampler. 1H NMR spectroscopy was recorded on a Bruker

Avance 250 MHz in deuterated methylene chloride. The

chemical shifts were calibrated with respect to tetramethylsi-

lane (TMS). SEC was measured on an Agilent system which

is equipped with triple detectors that are a diode array de-

tector, a reflactive index detector, and a multiangle light scat-

tering detector. Two PSS SDV (5 l pore size) columns were

placed in series. DMA with 5 mmol LiCl was used as eluent

SCHEME 1 Proposed scission of

the mPEG block from the PS

block. (a), (b) 1,4-Hydrogen-ele-

mination from each side of the

copolymer chain, and (c) McLaff-

erty rearrangement.
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at 1 mL/min flow rate and the column oven was set to 50
�C. An Ultraflex III TOF/TOF (Bruker Daltonics, Bremen, Ger-

many) was used for the MALDI-TOF MS and MS/MS analysis.

The instrument is equipped with a Nd:YAG laser and a colli-

sion cell. For the MS/MS mode, argon was used as collision

gas at a pressure of 2 � 10�6 mbar. The instrument was

calibrated before every measurement with an external stand-

ard PMMA from PSS Polymer Standards Services GmbH

(Mainz, Germany). MS data were processed using PolyTools

1.0 (Bruker Daltonics).

CONCLUSIONS

The block length of the copolymer mPEG-b-PS could be

determined in an accurate and reliable manner by perform-

ing MALDI-TOF MS/MS analysis, since a dissociation of the

PEG block was leading to the separation of both blocks. The

PEG block showed a depolymerization reaction, while for the

PS block fragments in the monomeric, dimeric, and trimeric

regions were observed. This fast and easy to perform mea-

surement does not require the hydrolysis of mPEG-b-PS fol-

lowed by the independent MALDI-TOF MS analysis of each

individual block to determine the block length of the copoly-

mer. Future experiments will be concentrated on the purifi-

cation of the block copolymers by performing two-dimen-

sional liquid-chromatography before MALDI-TOF MS and

tandem MS analysis.
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Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)

coupled with CID (collision-induced dissociation) has been used for the detailed characterization

of two poly(2-ethyl-2-oxazoline)s as part of a continuing study of synthetic polymers byMALDI-TOF

MS/MS. These experiments provided information about the variety of fragmentation pathways for

poly(oxazoline)s. It was possible to show that, in addition to the eliminations of small molecules, like

ethene and hydrogen, theMcLafferty rearrangement is also a possible fragmentation route. A library

of fragmentation pathways for synthetic polymers was also constructed and such a library should

enable the fast and automated data analysis of polymers in the future. Copyright# 2009 John Wiley

& Sons, Ltd.

Matrix-assisted laser desorption/ionization time-of-flight

mass spectrometry (MALDI-TOF MS)1,2 is an important tool

for the characterization of high molar mass substances in

biological and chemical fields, such as proteins and peptides,

as well as natural and synthetic polymers.3 The combination

of the soft ionization method MALDI-TOF MS4 with post-

source decay (PSD) and collision-induced dissociation (CID)

has made it a powerful tool for the structural elucidation of

polymers.5 The arrangement of a collision cell in a TOF

analyzer allows the investigation of unimolecular polymer

degradation within a single spectrum.6 The instrument used

in this study has a special MS/MS unit, which overcomes the

disadvantages of PSD, such as a longer measurement time or

less efficient fragmentation.7

Poly(2-alkyl-2-oxazoline)s are an important class of

polymers with a wide range of potential applications such

as in thermosensitive materials, as sensors or as carrier

systems for active agents in drug delivery.8 The cationic ring

opening polymerization of 2-oxazolines was first reported in

the 1960s by different research groups.9–12 This method was

later modified13,14 and, more recently, a microwave-assisted

process was introduced to achieve better yields.15,16

In comparison with conventional heating, microwave

irradiation enables the polymerization time to be reduced

by up to 400 times, and possible side reactions, like chain

transfer or chain coupling, are also reduced. During these

investigations a complete library of poly(2-alkyl-2-oxazoline)s

was synthesized and the polymerization was investigated by

kinetic studies, NMR spectroscopy, size-exclusion chroma-

tography (SEC) and MALDI-TOF MS.17,18 In addition, to

confirm the living polymerization mechanism, all poly(2-

oxazoline)s up to a Mn of 7000Da were analyzed by MALDI-

TOF MS to confirm the living polymerization mechanism.19

In this study we report for the first time the MALDI-TOF

MS and MS/MS analysis of two different poly(2-ethyl-2-

oxazoline)s (PEtOx) synthesized under microwave irradia-

tion. The first is a methyl-initiated methacrylate macro-

monomer and the second is a polymer, initiated with

propargyl and terminated with hydroxy.

EXPERIMENTAL

Materials
2-Ethyl-2-oxazoline (99%; Acros Organics, Geel, Belgium;

EtOx)was dried over barium oxide and distilled under argon

prior to use. Methyl tosylate (98%; Sigma Aldrich, Oakville,

Canada; MeTos) and propargyl toluene-4-sulfonate (97%;

Fluka, Taufkirchen, Germany) were distilled and stored

under argon. Acetonitrile (extra dry; Acros Organics) was

stored under argon. Methacrylic acid (99%; Sigma Aldrich;

MAA) was used as received. Triethylamine was dried over

potassium hydroxide and distilled under argon.

Thematrix, anthracene-1,8,9-triol (SigmaAldrich), sodium

iodide (Acros Organics) as well as the solvents, chloroform

and acetone. (HPLC grade; Roth, Karlsruhe, Germany) were

used as purchased.
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Synthesis of the oligo(2-ethyl-2-oxazoline)
methacrylate macromonomer and the poly(2-
ethyl-2-oxazoline)
The oligo(2-ethyl-2-oxazoline) methacrylate macromonomer

and the poly (2-ethyl-2-oxazoline) were both synthesized via

microwave irradiation.20 For the reaction, the desired

amounts of methyl tosylate (initiator for the macromonomer)

(1.485 g, 7.9mmol) or propargyl tosylate (initiator for the

polymer) (0.282 g, 1.3mmol), 2-ethyl-2-oxazoline (macromo-

nomer: 3.986 g, 40.2mmol; polymer: 2.573 g, 25.9mmol) and

acetonitrile (macromonomer: 6.1mL; polymer: 6.7mL) were

transferred to predried microwave vials under inert

conditions. These mixtures were first stirred for 10 s, then

heated up to 1408C for around 3min and afterwards cooled

down automatically with a nitrogen flow. For end capping of

the macromonomer, methacrylic acid (1.02mL, 12mmol, 1.5-

fold excess) and triethylamine (2.3mL, 16.6mmol, 2-fold

excess) were added separately by syringe; for the polymer

1mL of a sodium carbonatewatermixture (31.8mg/mL)was

added, and bothwere heated at 808C for 15 h. After removing

the acetonitrile under reduced pressure the macromonomer

and the polymer were dissolved in chloroform, washed

with an aqueous sodium hydrogen carbonate solution

and saturated brine, dried with sodium sulfate and

filtered. The solvent was evaporated under reduced pressure

and the resulting white sticky polymer was dried under

vacuum.

SEC measurements
Size-exclusion chromatography (SEC) was carried out on a

system equipped with a SCL-10A system controller, a LC-

10AD pump and a RID-10A refractive index detector (all

from Shimadzu, Duisburg, Germany) using a solvent

mixture containing chloroform, triethylamine and isopro-

panol (94:4:2) at a flow rate of 1mLmin�1 on a PSS-SDV-

linear M 5mm column (PSS, Mainz, Germany) at room

temperature. The system was calibrated with commercial

polystyrene (370–67 500Da) and poly(methyl methacrylate)

(2000–88 000Da) standards from PSS.

MALDI sample preparation
For the sample preparation, oligo(2-ethyl-2-oxazoline)

methacrylate macromonomer (10mg/mL) and poly(2-ethyl-

2-oxazoline) (10mg/mL) in chloroform, dithranol in chloro-

form (20mg/mL), and the doping salt (NaI) dissolved in

acetone at a concentration of 100mg/mL were used. The

dried-droplet spotting technique21 (matrix, salt and analyte

previously mixed together) was applied. For each sample

1mL of the mixture was spotted onto a target plate.

MALDI-TOF MS measurements
MALDI-TOF MS measurements were performed with an

Ultraflex III TOF/TOF (Bruker Daltonics, Bremen, Germany)

mass spectrometer equipped with a Nd:YAG laser and a

collision cell. All spectra were measured in the positive ion

reflectron mode. For the MS/MS mode, argon was used as

collision gas at a pressure of 2� 10�6 mbar. The instrument

was calibrated prior to each measurement with an external

PMMA standard H(CH2CCH3COOCH3)nH þ Naþ (m/z 425

or 2526, measured with sodium iodide) from PSS in the

required measurement range. MS and MS/MS data were

processed using the software FlexAnalysis, PolyTools 1.0

and an isotope pattern calculator from Bruker Daltonics.

RESULTS AND DISCUSSION

The polymerization of 2-ethyl-2-oxazoline (EtOx) can be

performed in a living manner, as has already been described

elsewhere,22 with the use of microwave irradiation yielding

oligomers and polymers with well-defined end groups.23 In

the present study both a methyl-initiated methacrylate

macromonomer and a propargyl-initiated and hydroxyl-

terminated polymer were synthesized. For the macromono-

mer the cationic ring-opening polymerization of the 2-ethyl-

2-oxazoline monomer was initiated by methyl tosylate and

the monomer was end capped by methacrylic acid and

triethylamine. The compound was characterized by SEC to

obtain values of Mn¼ 1170Da, Mw¼ 1252Da and PDI¼ 1.07

and to confirm the livingness of the polymerization. In

addition to the SEC measurements MALDI-TOF MS was

used to investigate the possible occurrence of chain-transfer

Figure 1. (a) MALDI-TOF MS spectrum of the oligo(2-ethyl-

2-oxazoline) methacrylate macromonomer (matrix: dithranol

in CHCl3, ionization salt: NaI in acetone, solvent: CHCl3).

(b) MALDI-TOF MS/MS spectrum of the selected precursor

ion atm/z 618. The product ion series (A) is initialized with the

loss of the methacrylate end group (B).
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or chain-coupling reactions as well as to determine the end

groups. All spectra were measured in the reflectron mode to

verify the polymer structure by comparison of the theoretical

calculated and the measured isotopic pattern.24 The MALDI-

TOF MS spectrum, as shown in Fig. 1(a), contains only one

distribution from m/z 200 to 1500 corresponding to the

desired macromonomer structure ionized with a sodium

cation (CH3[NCOC2H5CH2CH2]n OCOCH2CH3 þ Naþ). All

the oligomer ions could be assigned with a mass accuracy of

better than 0.2 m/z units. The calculation of the number-

average and the weight-average molar masses and the

polydispersity index using PolyTools 1.0 delivered values

that were comparable with those from the SECmeasurement

(Mn,MALDI¼ 822Da, Mw,MALDI¼ 873Da, PDIMALDI¼ 1.06).

For the MALDI-TOF MS/MS measurement the ion with

the highest signal intensity within the distribution was

chosen as the precursor ion. This ion was selected by the

timed ion selector (TIS), which suppress all precursor ions

with their product ions except the selected one, which can

pass through this deflection gate.7 As second step the

selected precursor ion and its product ions were accelerated

into a LIFTTM unit, where an actual potential lift is

performed, when the ions are in the unit.7,25 This unit is

followed by a focusing cell to modulate the speed of the ions

and a post-acceleration cell. Because metastable fragment

ions are suppressed after the LIFT unit only the precursor ion

and its associated product ions are detected. Fragmentation

of the ion at m/z 618 resulted in one product ion series and

some lower abundance ions and this spectrum is displayed

in Fig. 1(b). After cleavage of the methacrylic end group (B)

the more stable cationic oxazolinium species is formed and

the depolymerization (A) of the macromonomer can be

followed down to one monomer repeating unit with the

initiator. This depolymerization probably takes place via a

mechanism analogous to the polymerization mechanism of

2-oxazolines and is depicted in Scheme 1.

In comparison with this oligo(2-ethyl-2-oxazoline) macro-

monomer, a polymer with different end groups was

synthesized to determine its MALDI-TOF MS/MS behavior.

A propagyl tosylate-initiated polymerization of EtOx

followed by a hydroxyl group end capping was chosen for

this study. SEC was performed to confirm the molar mass

and the PDI value (Mn¼ 1,955Da; Mw¼ 2,247Da;

PDI¼ 1.15). The MALDI-TOF MS spectrum of the PEtOx

was measured in the reflectron mode and showed three

distributions with distances between the ions of the adjacent

oligomers of 99.06 m/z units (Figs. 2(a) and 2(b)). The main

distribution can be attributed to the desired product with a

propargyl starting group and a hydroxyl end group. A

second, less abundant distribution with higher molar mass

can be assigned to a proton-initiated PEtOx with a hydroxyl

end group. For the third distribution there are two

possibilities for the starting group and the end group, on

the one hand the proton as starting group and the enamine

structure of the oxazoline as end group or on the other

hand the propargyl group as initiating group and

–NHCH2CH2OH as end group. These additional ion series

are formed via chain transfer and termination during the

polymerization reaction. The comparison of these results

with those given by NMR demonstrated that the NMR

resonances of the -OH or -NHCH2CH2OH groups are not

observable in the spectrum, because they overlap with the

other signals of the polymer or have a too low intensity. The

characteristic values of this polymer (Mn¼ 1,916Da;

Mw¼ 2,011Da; PDI¼ 1.05) were similar to those obtained

from the SEC results. From the multiplicity of ions, the ion at

m/z 1961, pertaining to the main distribution, was selected as

the precursor ion (marked with a circle in Fig. 2(a)) with no

influence from ions belonging to the two other distributions.

The corresponding MS/MS spectrum is presented in

Fig. 3(a). The product ions in the low mass range, up to

m/z 250, showed very high signal intensities whereas those

Scheme 1. Schematic representation of the suggested fragmentation pathways for

the oligo(2-ethyl-2-oxazoline)methacrylatemacromonomer in theMALDI-TOFMS/MS

spectrum in Fig. 1(b).
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between m/z 250 and the precursor ion at m/z 1961 had

intensities around 10% of those of the low mass ions. In

Fig. 3(b) twelve different series can be observed, where eight

of them are actually four double series with a distance

between the pairs of 6 m/z units, a distance which will be

explained by the fragmentation mechanisms discussed

below. The mass difference between the oligomers in these

series was 99.07 m/z units, which corresponds to the mass of

one repeating unit of EtOx.

Poly(2-ethyl-2-oxazoline)s have the same ethene spacing

group between the heteroatom as is found in poly(ethylene

glycol)s, which have already been characterized by MALDI-

TOF MS/MS by several research groups. Lattimer and co-

workers26 used fast-atom bombardment (FAB) ionization to

establish a 1,4-hydrogen or ethene elimination mechanism

proceeding via a six-membered transition state. In these

mechanisms the ethene spacing groupswere only affected by

the elimination of H2 or C2H4 from the backbone. Further

studies by Owens et al. using MALDI-TOF MS/MS

confirmed these fragmentation pathways.27 Transfer of these

1,4-hydrogen and ethene elimination mechanisms to the

PEtOx system provided two possible arrangement of the six-

membered transition state, starting from each side of the

chain. The difference between the two arrangements is

always the side group plus the nitrogen atom of the

backbone, which causes the double series A, A0, formed

by ethene elimination, and B, B0, formed by hydrogen

elimination. These mechanisms are shown in Schemes 2(a)

and 2(b). However, all the ions labeled with X could not be

observed in the MS/MS spectrum. Interestingly, two of these

four corresponding ions possess the same structure and,

consequently, the same mass. Based on the chemical

instability of these X fragments a second elimination of

ethene is proposed, leading to the formation of an isocyanate

group, providing an explanation for the occurrence of the

third double series D, D0 (Scheme 2(c)). An alternative

mechanistic possibility is that the double series A, A0 and B,

B0 occurs via a McLafferty rearrangement28 (Scheme 2(d)).

The characteristic step in this pathway is the migration of a

hydrogen atom in the g-position to an unsaturated functional

group via a six-membered cyclic transition state followed

by a b-cleavage to form the double bond. A cleavage could

then occur with the aid of the side chain, leading to a double

bond end group and a propionic acid amide end group. This

kind of rearrangement has already been described in the ESI-

MS/MS of carboxylate anions29 and the esters of N-

Figure 2. (a) MALDI-TOF MS spectrum of poly(2-ethyl-2-

oxazoline) (matrix: dithranol in CHCl3, ionization salt: NaI in

acetone, solvent: CHCl3). (b) Zoom of the MALDI-TOF MS

spectrum of PEtOx (region from m/z 1950 to m/z 2070).

Figure 3. (a) MALDI-TOF MS/MS spectrum of the selected

precursor ion at m/z 1961. (b) Zoom of the MALDI-TOF MS/

MS spectrum of PEtOx (region from m/z 900 to m/z 1000).
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acetylated peptides.30 In a complementary fashion, the

double series C and C0 could be explained by an a-cleavage

of the backbone between the CH2 groups followed by a

cleavage of the side group resulting in the formation of a

methylene imine end group (Scheme 2(e)). In addition to

these related double series there are four additional product

ion series, which can be assigned to structures that are

formed by combination of the above mechanisms. The series

E is explainable by ethene elimination on one side of the

chain and hydrogen elimination on the other side of the

chain. By performing hydrogen elimination on both sides of

the chain the product ion series F can be formed. Finally, the

series G and H can be explained by a combination of the a-

cleavage and side-group elimination with ethene elimination

for G or with hydrogen elimination for H.

In addition, ions belonging to the small distributions in the

MALDI-TOFMS spectrumwere characterized by tandemmass

spectrometry. The side product H(NCOC2H5CH2CH2)nOH þ

Naþ, emerging from chain transfer during the reaction,

showed nine different product ion series in the MALDI-TOF

MS/MS spectrum. These could be explained by the previously

described fragmentationmechanisms, although because some

of the ions formed by thesemechanisms overlappedwith each

other only these nine series were observable.

Scheme 2. Schematic representation of: (a) fragmentation pathway for sodiated PEtOx leading to

the A and A0 series formed by ethene elimination; (b) fragmentation pathway for sodiated PEtOx

leading to the B and B0 series formed by hydrogen elimination; (c) fragmentation pathway for

sodiated PEtOx leading to the D and D0 series formed by ethene elimination on the side chain;

(d) fragmentation pathway for sodiated PEtOx leading to the series A, A0 and B, B0 formed by

McLafferty rearrangement; and (e) fragmentation pathway for sodiated PEtOx leading to the series

C and C0 formed by a- and side-group cleavage.
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Scheme 2. (Continued).
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The third distribution of theMS spectrumwas also studied

by MS/MS. Because of the two possible structures of

the precursor ion, H(NCOC2H5CH2CH2)nNCOC2H4CH2CH2þ

Naþ or CHCCH2(NCOC2H5CH2CH2)n NHCH2CH2OHþNaþ,

fifteen different product ion series were found in the MS/MS

spectrum. These series can again be explained by the

fragmentation mechanisms mentioned above.

CONCLUSIONS

A detailed characterization of the oligo(2-ethyl-2-oxazoline)

methacrylate macromonomer and the 2-ethyl-2-oxazoline

polymer was performed by MALDI-TOF MS/MS, which

allowed the fragmentation of single ions from the MALDI-

TOF MS spectrum. The resulting product ions occurring

from fragments of the two poly(2-ethyl-2-oxazoline)s could

be explained by the different leaving group qualities of the

end groups. Methacrylic acid possessed a high lability

leaving a cationic residual poly(oxazoline) chain that

depolymerized easily. In contrast, the hydroxyl end group

was a poor leaving group and thus it induced a variety of

fragmentation mechanisms visible in the more complex MS/

MS spectrum of this polymer. For both end groups possible

fragmentation pathways like the 1,4 elimination of ethene or

hydrogen or the McLafferty rearrangement were proposed

and the formed structures were correlated to the obtained

masses of the product ions.

The knowledge obtained from this study will be used for a

detailed investigation of polyoxazolines synthesized with

different end groups, with varying leaving group quality,

side groups, i.e. methyl, nonyl or phenyl group, and higher

molar masses. These studies will lead to the construction of a

MS/MS product ion library of polyoxazolines for a fast and

automated analysis of homopolymers and block or random

copolymers with different end and side groups of this type of

synthetic polymer.
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Linear Polyethyleneimine: Optimized
Synthesis and Characterization – On the Way
to ‘‘Pharmagrade’’ Batches

Lutz Tauhardt, Kristian Kempe, Katrin Knop, Esra Altuntaş, Michael Jäger,
Stephanie Schubert, Dagmar Fischer, Ulrich S. Schubert*

Introduction

Polyethyleneimines (PEIs) are available in two forms – as

branchedpolyethyleneimine (BPEI) and linearpolyethylene-

imine (LPEI). Both are of highest interest in pharmaceutical

research as polymeric vectors for gene delivery as they can

electrostatically interact with negatively charged mole-

cules like DNA and RNA.[1] PEIs with a highmolarmass and

a high degree of branching demonstrated the formation of

small and enzymatically stable polyplexes with nucleic

acids with a high cell uptake and therapeutic activity.

However, their in vivo and clinical administration were

limited due to cytotoxic effects and a low hemocompati-

bility.[1e] Although LPEIs with comparable molar masses

were less effective in condensation of nucleic acids, they

were found to bemore suitable for in vivo applications due

to a reduced toxicity and a higher transfection efficiency

compared to the branched form.[2] Some of the commer-

ciallyavailableLPEIs (e.g., ExGen500, jetPEI) alreadyreached

clinical trials, e.g. for the local treatments of bladder

carcinoma and HIV disease.[3]

Beside its important role in gene delivery, PEI has some

other applications. Based on its ability to form complexes

with anionic species, metal complexes, or metal ions, PEI

represents an interesting material for technical applica-

tions. On account of its chelating properties, PEI is used in

waste water treatment for removing heavymetal ions and

in hydrometallurgy for the recovery of noble metals.[4]

AnotherfieldofapplicationofPEI lays in thepaper industry,

where it is used for the fixation of pigments, as flocculation

aid,[5] andas retention agent to improve thewet strengthof

paper (Epomin, Polymin).

LPEI can be synthesized by the polymerization of N-

substituted aziridines and their subsequent hydrolysis.[6]

Themore commonmethod, though, is to obtain LPEI by the
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The synthesis of linear polyethyleneimine (LPEI) by acidic hydrolysis of poly(2-ethyl-2-oxazo-
line) is studied and optimized to reach the highest degree of hydrolysis within the shortest
time range using a microwave synthesizer. In addition, the purification procedure is signifi-
cantly improved; the fast batch processing combined with an excellent control of the actual
heating time represents a well-suited alternative to the conventional synthesis on the way to
‘‘pharmagrade’’ PEI. The developed protocol for the preparation ofmethyl and proton-initiated
LPEIs shows a high reproducibility, and the identity
and purity of the LPEIs is proven by means of 1H NMR
and IR spectroscopy as well as MALDI-TOF- and ESI-Q-
TOF-MS.
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acidic[7] or basic[8] hydrolysis of poly(2-oxazoline)s. The

living character of the cationic ring-opening polymeriza-

tion (CROP) of 2-oxazolines allows the preparation of well-

defined LPEIs with narrow molar mass distributions.

Commercially available LPEIs, e.g. from Polysciences or

Polyplus Transfection (jetPEI), are commonly synthesized

by acidic hydrolysis of methyl-initiated poly(2-ethyl-2-

oxazoline) (PEtOx).[9] However,with reaction times ranging

from a few hours up to several days[7c] the acidic

hydrolysis of poly(2-oxazoline)s proceeds very slowly.

The basic hydrolysis is even slower.[10] More recently, the

acceleration of the acidic hydrolysis under microwave

irradiation was demonstrated by Schubert et al.[7a] Never-

theless, the reaction conditionswerenot optimized to reach

full hydrolysis to LPEIwithin the shortest reaction time but

rather to prepare partially hydrolyzed poly(2-methyl-2-

oxazoline)sandpoly(2-ethyl-2-oxazoline)s. Since thedegree

of hydrolysis significantly influences the transfection

efficiency,[1d] a defined and also full degree of hydrolysis

is preferred for pharmaceutical and clinical applications.

Here, we report the optimization of the hydrolysis

conditions of PEtOx using a microwave synthesizer with

an autosampler and an improved purification procedure.

These techniques were modified on the one hand with

regard to reproducibility and controllability. On the other

hand, themethodswereupscaled toproducePEIs of defined

quality in the range of several grams. Moreover, two

differently initiated LPEIs, i.e., a methyl- and a proton-

initiated, were prepared by acidic hydrolysis of methyl- (1)

or proton- (2) initiated PEtOx. The methyl-initiated LPEI (3)

containsonly secondaryaminogroups, theproton-initiated

LPEI (4) exhibits one primary amino group, which allows

selective end group functionalization. The differently

initiated LPEIs were characterized by proton nuclear

magnetic resonance (1H NMR) and infrared (IR) spectro-

scopyaswellasmatrix-assisted laserdesorption/ionization

(MALDI) and electrospray ionization (ESI) time-of-flight

(TOF) mass spectrometry (MS). Such an intense structural

characterization is essential on the way to ‘‘pharmagrade’’

PEI since up to now only very limited information and

protocols, and even less data sheets are available. Conse-

quently, a highly reproducible, time- and yield efficient

synthesis protocol allows the preparation of well-defined

and in-depth characterized LPEI batches that ensure the

absence of impurities and the constancy in structure and,

thus, properties.

Experimental Section

Chemicals and Instrumentation

2-Ethyl-2-oxazoline andmethyl tosylatewere obtained fromAcros

Organics, distilled to dryness over barium oxide (BaO), and stored

under argon. Acetonitrile was purchased from Sigma-Aldrich. An

Initiator Sixty single-mode microwave synthesizer from Biotage,

equipped with a noninvasive IR sensor (accuracy: �2%), was used

for polymerizations and hydrolyses under microwave irradiation.
1H NMR spectra were recorded on a Bruker AC 300MHz at 298K.

Chemical shifts are reported in parts per million (ppm, d scale)

relative to the residual signal of the deuterated solvent. ESI-

Quadrupole-TOF-MS measurements were performed with a

micrOTOF Q-II (Bruker Daltonics) mass spectrometer. The ESI-Q-

TOF mass spectrometer was operating at 4.5 kV, at a desolvation

temperature of 180 8C, and in the positive ion mode. Methanol or

methanol/water mixtures were used as solvents. The ESI-Q-TOF-

MS instrument was calibrated in them/z range 50–3000 using an

internal calibration standard (Tunemix solution), which was

supplied fromAgilent. TheMALDI-TOF-MS spectraweremeasured

on an Ultraflex III TOF/TOF (Bruker Daltonics GmbH, Bremen,

Germany). The instrumentwas equipped with a frequency-tripled

Nd:YAG operating at a wavelength of 355nm. All spectra were

measured in the positive reflector mode. For the sample prepara-

tion 1mL of PEI (10mg �mL�1) and 10mL of 2,5-dihydroxybenzoic

acid (DHB) (10mg �mL�1), both dissolved inmethanol,weremixed.

One microliter of this solution was applied to the target using the

dried-droplet method. The IR spectra were recorded on a FT-IR

spectrometer IRAffinity-1 (Shimadzu). Size-exclusion chromato-

graphy (SEC) of the PEtOxs was measured on a Shimadzu system

equippedwith a SCL-10A systemcontroller, a LC-10ADpump, anda

RID-10A refractive index detector using a solventmixture contain-

ing chloroform, triethylamine, and isopropyl alcohol (94:4:2) at a

flow rate of 1mL �min�1 on a PSS-SDV-linear M 5 lm column at

room temperature. The system was calibrated with polystyrene

(370–67500 g �mol�1) standards.

Synthesis of LPEI

The PEtOxs used in this study as starting materials for the

preparationof LPEIwere synthesizedaccording to literature.[11] The

polymerization of 2-ethyl-2-oxazolinewasperformedat 140 8C in a

microwave synthesizer usingmethyl tosylate or p-toluenesulfonic

acid as initiator and acetonitrile as solvent. PEtOxs with molar

masses between Mn ¼ 1 000 g �mol�1 and Mn ¼ 20000g �mol�1

and low polydispersity index values (PDI	 1.3) were synthesized.

Asageneralmethod,methyl- (1) orproton-initiated (2) PEtOxswere

treated with an excess of 6M aqueous HCl for different periods of

time at 100 and 130 8C in a flask and a microwave synthesizer,

respectively. The acid was removed under reduced pressure, and

the residue was dissolved in water followed by the addition of 3M

NaOH until precipitation occurred. The LPEI was filtered off,

recrystallized fromwater, dissolved in methanol or N,N-dimethyl-

formamide (DMF), and precipitated into ice-cold diethyl ether. The

white precipitate was filtered off and dried in vacuo at 40 8C

(methanol) or 60 8C (DMF) for 5 d. The purity and the degree of

hydrolysis of the resulting LPEI 3 (methyl-initiated) and 4 (proton-

initiated) were determined by 1H NMR spectroscopy.

Optimized Synthesis Protocol

For the production of ‘‘pharmagrade’’ LPEI, the following optimized

synthesis protocol was established: The PEtOx 1 or 2 (5 g) was

dissolved in 15mL of 6M aqueous HCl and heated in a microwave
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synthesizer for 1 h. The acid was removed by vacuum distillation

(30mbar) at 130 8C. The residuewasdissolved inwater (50mL), and

3MaqueousNaOHwas addeduntil precipitation occurred. The LPEI

was filtered off and recrystallized from water (80mL). After

filtration, the LPEI was dissolved in methanol (40mL) and

precipitated into ice-cold diethyl ether (400mL). The white

precipitate was filtered off and dried in vacuo at 40 8C for 5 d.

The purity and the degree of hydrolysis of the resulting LPEI 3 or 4

were determined by 1H NMR spectroscopy.

Methyl-Initiated LPEI (3)

1HNMR (300MHz, CD3OD): d¼3.65 (t, CH2�OH), 2.73 (br., N�CH2),

2.39 (s, CH3�N). IR (FT-IR): n¼3 217 (NH), 2 873 (CH3), 2 804 (CH),

1 446 (CH2/CH3), 1 330 (C�N), 1 134 (C�N), 1 103 (C�N) cm�1.

Proton-Initiated LPEI (4)

1HNMR (300MHz, CD3OD): d¼3.65 (t, CH2�OH), 2.73 (br., N�CH2).

IR (FT-IR): n¼3 271 (NH2), 3 217 (NH), 3 116 (NH2), 2 877 (CH3),

2 808 (CH), 1 597 (NH), 1 450 (CH2/CH3), 1 334 (C�N), 1 103

(C�N) cm�1.

Results and Discussion

Conventional Synthesis of LPEI in a Flask Using Oil-

Bath Heating

LPEI can be obtained by acidic[7] or basic[8] hydrolysis of

poly(2-oxazoline)s. Since the acidic hydrolysis proceeds

much faster than the basic hydrolysis,[10] the acidic

treatment was chosen to synthesize LPEI. In a first set of

experiments, PEtOx was heated with an excess of 6M HCl

overnight at 100 8C in a flask. LPEIs with two different

starting groups, i.e., a methyl group (3)

and a proton (4), and different molar

masses were synthesized using this

approach (Scheme 1). To the best of our

knowledge, it is the first report of a

proton-initiated LPEI. The primary amino

group renders the possibility for selective

end group functionalization. A detailed

analysis of the differently initiated LPEIs

is feasible by means of 1H NMR spectro-

scopy (Figure 1). For both types of LPEI, a

triplet at d¼ 1.13 can be observed. This

signal belongs to the methyl group of

uncleaved PEtOx side chains. By correlat-

ing the integrals of the methyl proton

signal of the uncleaved side chain

(d¼ 1.13) and the protons of the LPEI

backbone (d¼ 2.73), the degree of hydro-

lysis can be determinedwithin the limits

of the 1H NMR accuracy (98% after 18h).

About 1% of the PEtOx remained

uncleaved even by elongation of the reaction time to

26h. The incomplete hydrolysis is assigned to the

precipitation of the LPEI hydrochloride, which is formed

during the reaction.

The LPEIs obtained after neutralization with base were

soluble in warm water, DMF, and methanol; and insoluble

inchloroform,diethyl ether, anddichloromethane. The long

reaction times of several hours required an optimization of

the reaction conditions in a microwave synthesizer.

Optimized Synthesis of LPEI

The usage of microwave synthesizers is beneficial for the

acceleration of thehydrolysis, as already reported.[7a] Based

on this previous study, the hydrolysis conditions were

further optimized. The usage of a microwave synthesizer

enables heating of solvents above their actual boiling

points resulting in shorter reaction times. Furthermore, it

allows an excellent control of the heating time and rate.

Therefore, the synthesis becomes tunable and also highly

reproducible, which is important with respect to the

pharmaceutical application of LPEI that requires a certified

method for the preparation.

Scheme 1. Schematic representation of the synthesis of the differ-
ent LPEIs.

Figure 1. 1H NMR spectra of the different LPEIs (300MHz, CD3OD).
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For the present study, 100mg of PEtOx 1 (2 000 g �mol�1,

n¼ 20) were dissolved in 4mL of 6M HCl and heated in a

microwave synthesizer. The degree of hydrolysis of the

productwas determined by 1HNMR spectroscopy (Table 1).

In a first run, compound 1 (2 000 g �mol�1, n¼ 20) was

hydrolyzed in a microwave synthesizer for 7 h at 150 and

130 8C (entries A and B), respectively, to yield product 3

(890 g �mol�1, n¼ 20). Both samples showed no difference

in their 1HNMRandMALDI-TOFmass spectra, and a degree

of hydrolysis above 99% was calculated.

Since the reaction was finished after 7 h, the time

dependency of the hydrolysis was investigated in more

detail. A test reaction at 150 8C and 1h reaction time

resulted in the same degree of hydrolysis (>99%) as for 7h

(entry C). For the reaction at 130 8C, different hydrolysis

times were studied (entries D and E). After 0.5 h 2% of the

PEtOx side chains were still uncleaved. Extension to 1h

yielded the maximum degree of hydrolysis (>99%). Longer

reaction times did not increase the degree of hydrolysis

further. It should be noted that in no event a full PEtOx side

chain cleavage could be achieved. Hence, the optimal

hydrolysis condition reaching the maximum side chain

cleavagewithin the shortest time is 1 hat 130 8C. Compared

to the methods described in literature so far, the reaction

time could be significantly reduced.

The optimized microwave-assisted synthesis protocol

(130 8C) was used for the synthesis of the LPEIs with molar

masses between 430 and 8 600 g �mol�1. The protocol could

also be applied for the preparation of proton-initiated LPEI

(4). In addition, commercially available PEtOx (Aldrich,

Mw ¼ 50 000 g �mol�1) was hydrolyzed using the micro-

wave-assisted synthesis protocol. 98% of the PEtOx side

chains were cleaved within 1h. Again, prolonged reaction

times did not further increase the degree of hydrolysis.

However, a subsequent second hydrolysis step increased

the degree of hydrolysis slightly from 98 to 99%. Interest-

ingly, commercially available LPEIs exhibit a much lower

degree of hydrolysis, e.g. 90% for LPEI 2 500 g �mol�1

(Polyscience)and96%forLPEI25 000 g �mol�1 (Polyscience),

according to the 1H NMR measurement protocol described

above.

The method established can be applied for a maximum

concentration of 0.33 g PEtOx per mL 6M HCl. At this point,

thesolubility limitofPEtOx inHClat roomtemperaturewas

reached. Byusingan Initiator Sixty single-modemicrowave

synthesizer fromBiotage, themaximumin reactionvolume

was limited to 15mL of stock solution (0.33 g PEtOx per mL

6M HCl). It is thus possible to hydrolyze 5 g of PEtOxwithin

1h, yielding about 2 g of LPEI. The autosampler can handle

24microwave vials automatically. Due to the limited batch

size, the time saving compared to the preparation in the

flask is lost in cases of amounts larger than 48 g LPEI to be

synthesized. This problem might be overcome by using

microwave synthesizers with larger batches or continuous

flow microwave reactors. When the concentration was

increased to 0.67 g PEtOx per mL of 6M HCl, the degree of

hydrolysis decreased to 87% after 1 h reaction time.

Compared to the fast acidic hydrolysis conditions

established above, the basic hydrolysis of PEtOx with 3M

NaOH at 130 8C in a microwave synthesizer proceeded

much slower resulting in a degree of cleavage of only 12%

after 10min (entry F). The degree of hydrolysis remained

constant even after 2 h reaction time (entry G). This

behavior is attributed to the phase separation within the

reaction mixture.

Optimized Purification Protocol

For theuse of LPEI for polyplex formation in genedelivery, a

high purity is essential. In addition, the detailed character-

ization of the polymer structure, including end group

analysis by MALDI-TOF- and ESI-Q-TOF-MS, requires an

improved purification procedure. The main impurities are

salts. LPEI is known to form complexes with salts (e.g.,

NaI),[12] which can influence the MS spectra. Thus, the

influence of different bases used for the purification of LPEI

Table 1. Degree of hydrolysis of 1 (n¼ 20) under different hydrolysis conditions in a microwave synthesizer.

Entry Condition a) Time [h] Temperature [-C] Degree of hydrolysisb) [%]

A acidic 7 150 99

B acidic 7 130 99

C acidic 1 150 99

D acidic 1 130 99

E acidic 1/2 130 98

F basic 1/6 130 12

G basic 2 130 12

a)Acidic: 6 M aqueous HCl, basic: 3 M aqueous NaOH; b)Determined by 1H NMR spectroscopy.
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on the resulting MS spectra was investigated, and the

purification protocol was optimized.

LPEI was prepared as described above and precipitated

using the following bases: NaOH, KOH, LiOH, Cs2CO3.

Analysis by 1H NMR spectroscopy and MALDI-TOF-MS

showed no significant difference between the samples; no

influence of the utilized base could be observed. However,

the MALDI mass spectra revealed a complex pattern of

overlapping peaks preventing a detailed analysis (Figure 2

top). A second recrystallization fromwater did not improve

the quality of the spectra. Nevertheless, for the analysis of

differently functionalized LPEIs it is necessary to obtain

interpretable MALDI mass spectra for the end group

determination. Therefore, the optimization of the purifica-

tion procedure was investigated.

SinceDMF is known todissolve salts readily, the LPEIwas

dissolved in DMF and precipitated in a large excess of ice-

cold diethyl ether instead of drying directly after the

recrystallization from water. The effect of this step on the

MALDI-TOF mass spectrum was remarkable (Figure 2

bottom). A disadvantage of this method was the usage of

DMF as solvent. High drying temperatures and long drying

periods were required to remove DMF completely, even

under high vacuum conditions. To overcome this problem,

methanol was used to dissolve the LPEI for precipitation in

ice-cold diethyl ether. Consequently, the product can be

dried in vacuo at 40 8C. 1HNMR spectroscopy aswell as ESI-

Q-TOF-MSandMALDI-TOF-MSshowednodifferences to the

results of the DMF route. The puritywas proven by 1HNMR

spectroscopy indicating no solvent signals after drying for

5 d at 40 8C in vacuo.

Characterization of the LPEIs by MALDI-TOF and

ESI-Q-TOF-MS

The different LPEIs were characterized by MALDI-TOF as

already described for the methyl-initiated LPEI in litera-

ture.[7a] In addition, ESI-Q-TOF-MS studies were performed

since less fragmentation products, compared to MALDI-

TOF-MS measurements, were expected. Caffeic acid (CA)

and 2,5-dihydroxybenzoic acid (DHB)without salt addition

proved to be the most suitable matrices for LPEIs, as

described previously.[13] Although DHB required higher

laser intensities, the resolution of the peaks as well as the

signal/noise ratio were found to be superior to the results

obtained by CA. Hence, all measurements were performed

using DHB. For the ESI-Q-TOF-MS measurements, the LPEIs

were dissolved in methanol or in a methanol/water

mixture.

In both MALDI-TOF and ESI-Q-TOF mass spectra,

distributions for the sodium and the proton adduct of LPEI

were found. In contrast to the MALDI mass spectra, which

showed only singly charged ions, singly (þ1) and doubly

(þ2) charged ionic species appeared in the ESImass spectra,

as depicted in Figure 3. An expanded region of the mass

spectra of LPEI 3 (Mn ¼ 860 g �mol�1, n¼ 20) is shown in

Figure 4. Six of the distributions were assigned to the

displayed structures. As expected, proton and sodium

adducts of the reaction product could be detected aswell as

two differently initiated species. The methyl-initiated

species derive from the initiation of the polymerization

with methyl tosylate. In addition, proton-initiated species,

formed by chain transfer reactions occurring during the

polymerization of PEtOx, were observed.[14] Moreover, the

MALDI-TOF and the ESI-Q-TOF mass spectra showed a

species bearing an uncleaved PEtOx side chain. This

supports the previous assignment of the triplet at

d¼ 1.13 in the 1H NMR spectrum. Both MALDI-TOF and

ESI-Q-TOFmass spectra showed inprinciple the samepeaks

although in the ESI mass spectrum the proton-initiated

species in LPEI 3 were hardly visible.

Simple MALDI-TOF and ESI-Q-TOF mass spectra were

obtained for the proton-initiated LPEI 4 (Mn ¼ 660 g �mol�1,

n¼ 15) (Figure 5). Both ESI-Q-TOF and MALDI-TOF mass

spectra showed the same peaks. No signals for methyl-

initiated LPEI were visible since p-toluenesulfonic acid was

Figure 2. MALDI-TOF-MS spectra of LPEI before (top) and after (bottom) precipitation in diethyl ether (matrix: DHB).
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used as initiator for the polymerization of the PEtOx. For

threeof thedistributions, correspondingstructurescouldbe

assigned. In accordance to the spectra of LPEI 3, a

distribution for LPEI with an uncleaved PEtOx side chain

was found. The unassigned peaks (mainly in the MALDI-

TOF-MS spectrum) belong to fragmentation products. A

detailed study on the fragmentation and composition will

be published elsewhere.[15] For the hydrolysis performed in

both flask andmicrowave synthesizer, comparable spectra

were obtained following the optimized purificationprotocol.

Since LPEI is a polycation, there is a problem analyzing

higher molar masses with ESI-Q-TOF and MALDI-TOF-MS.

For high-molar-mass LPEIs, there are numerous multiply

charged species, making the ESI-Q-TOF mass spectra very

complicated. By means of MALDI-TOF-MS only singly

charged species can be detected. Therefore, it is hard to

obtain spectra of the multiply charged polycation LPEI,

when the degree of polymerization is too large.

Conclusion

In conclusion, both the hydrolysis in a flask and in a

microwave synthesizer results in a degree of hydrolysis

above 99%. LPEIswithdifferentmolarmasses (430 g �mol�1

to 8 600 g �mol�1) were synthesized using both methods.

However, compared to the conventional heating in a flask,

the hydrolysis in amicrowave synthesizer proceededmuch

faster. Since thebatchprocessing isautomated, it ispossible

to synthesize larger amounts of LPEI. The fast and efficient

hydrolysis and the good heat distribution render the

microwave synthesizer to be very energy saving, compared

to conventional heating in a flask. Further advantages of a

microwave synthesizer are the excellent control of the

heating rate and time, making the hydrolysis highly

controllable and reproducible. This is important with

respect to the development of a certified synthesis method

for larger amounts of ‘‘pharmagrade’’ LPEI.

The synthesis conditions were opti-

mized to obtain the maximum of side

chain cleavage (99%) within the shortest

time range. Although incomplete clea-

vage (<1%) was obtained even by

increasing the reaction time and the

temperature, the best and most efficient

hydrolysis conditions were found to be

130 8C for 1h using a microwave synthe-

sizer. The maximum concentration of

PEtOx, which can be hydrolyzed, was

found to be 0.33 g PEtOx per mL 6M

hydrochloric acid. An increase of the

concentration led to a decrease of the

degree of hydrolysis.

A methyl and a proton-initiated LPEI

were prepared via the improvedprotocol.

Several parameters, which can be used as

specification for a ‘‘pharmagrade’’ pro-

Figure 3. (a) MALDI-TOF-MS and (b) ESI-Q-TOF-MS (straight line: double, dotted line: single charged species) of LPEI 3 (860g �mol�1, n¼ 20).

Figure 4. Expanded region of the MALDI- (top) and the ESI-Q-TOF mass spectra (bottom)
as well as structural assignments for the different distributions of LPEI 3 (860 g �mol�1,
n¼ 20).
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duction of LPEI, were identified and systematically

investigated. The developed protocol showed a high

reproducibility, and the identity and purity of the LPEIs

was proven by means of 1H NMR and IR spectroscopy as

well as MALDI-TOF- and ESI-Q-TOF-MS. To the best of our

knowledge, this contribution contains the first report of a

proton-initiated LPEI. Theprimaryaminogroupof4enables

the possibility of a selective end group functionalization of

the LPEI.
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Tandem mass spectrometry of poly(ethylene
imine)s by electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization
(MALDI)

Esra Altuntaş,a,b Katrin Knop,a,b,c Lutz Tauhardt,a,b Kristian Kempe,a,b

Anna C. Crecelius,a,b,c Michael Jäger,a,b Martin D. Hagera,b and
Ulrich S. Schuberta,b,c*

In this contribution, linear poly(ethylene imine) (PEI) polymers, which are of importance in gene delivery, are investigated in detail by
using electrospray ionization-quadrupole-time of flight (ESI-Q-TOF) and matrix-assisted laser desorption/ionization-time of flight
(MALDI-TOF) mass spectrometry (MS). The analyzed PEIs with different end groups were synthesized using the polymerization of
substituted 2-oxazoline via a living cationic ring-opening polymerization (CROP) and a subsequent hydrolysis under acidic
conditions. Themain goal of this studywas to identify linear PEI polymers in a detailedway to gain information about their fragmen-
tation pathways. For this purpose, a detailed characterization of three different linear PEIs was performed by using ESI-Q-TOF and
MALDI-TOF MS in combination with collision-induced dissociation (CID) experiments. In ESI-MS as well as MALDI-MS analysis, the
obtained spectra of PEIs resulted in fittingmass distributions for the investigated PEIs. In the tandemMS analysis, a 1,2-hydride shift
with a charge-remote rearrangement via a four-membered cyclic transition state, as well as charge-induced fragmentation reactions,
was proposed as the main fragmentation mechanisms according to the obtained fragmentation products from the protonated
parent peaks. In addition, heterolytic and homolytic cleavages were proposed as alternative fragmentation pathways. Moreover, a
1,4-hydrogen elimination was proposed to explain different fragmentation products obtained from the sodiated parent peaks.
Copyright © 2012 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.

Keywords: tandem mass spectrometry; poly(ethylene imine)s; collision-induced dissociation; fragmentation mechanism; electrospray
ionization

INTRODUCTION

Poly(ethylene imine)s (PEIs) represent an important class of cationic

polymers that are widely used in different industrial processes such

as paper production, shampoomanufacturing, textile industry, water

purification, and in the preparation of electrochemical sensors.

However, the most current scientifically interesting topic is related

to the usage of PEI as a complexation agent for negatively charged

DNA and RNA in gene delivery.[1–8] There are several ways to synthe-

size PEIs, such as the cationic ring-opening polymerization (CROP) of

aziridine by a Lewis acid leading to branched PEIs,[9] the controlled

polymerization of N-substituted aziridines (which avoids branching

reactions),[10] and the polymerization of substituted 2-oxazoline via

the living CROP and the subsequent hydrolysis under acidic or basic

conditions that yields strictly linear PEIs.[11–16] The living CROP of

2-oxazolines (Ox), and the subsequent hydrolyis of the resulting

poly(2-oxazoline)s (POx) enables the possibility to synthesize well-

defined linear poly(ethylene imine)s with a narrow molar mass dis-

tribution. Saegusa et al. published the first detailed synthesis and

characterization study of linear PEIs starting from the living CROP

of Ox and the subsequent hydrolysis of obtained POx under alka-

line conditions. Our group recently published several contributions

dealing with the synthesis of PEI homopolymers and copolymers

for different possible applications such as temperature and pH

responsive micelles.[14,15] A large number of studies have been per-

formed on PEI/DNA complexes to investigate the correlation

between the transfection efficiency and different characteristics

of the PEI polymer, such as purity, molar mass, and architecture (lin-

ear and branched). Molar mass has been found to have a significant

impact on the transfection efficiency; an increased transfection

efficiency is reached with increased molar mass of PEIs.[17–22] How-

ever, the toxicity of PEI increases with a prolonged chain

length of PEI; hence, the optimal molar mass that provides
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low toxicity but high transfection efficiency has to be eluci-

dated. The in vivo application of PEI requires a pure and

well-defined material to obtain reproducible transfection effi-

ciency results and to minimize the immunological response

of the body to the cationic polymer. Therefore, a controlled

synthesis and a detailed characterization of these macromole-

cules have tremendous importance because of its biological

usage.

Mass spectrometry, combined with soft ionization techniques

such as electrospray ionization mass spectrometry (ESI-MS)[23]

and matrix-assisted laser desorption/ionization mass spectrome-

try (MALDI-MS),[24,25] has been widely utilized for the character-

ization of different polymer samples. Although each method

involve different processes in ion formation, both techniques

generally allow the ionization of various macromolecules with lit-

tle or no fragmentation, enabling an accurate molar mass deter-

mination by making the unfragmented structure amenable to

mass separation. Both techniques are frequently used for the

characterization of different polymers for various purposes, such

as to determine the accurate molar mass distributions of poly-

mers, to analyze initiating and terminating end groups of different

polymers, to study polymerization mechanisms and kinetics, to

determine the initiator efficiency in radical polymerizations, to

quantify the efficiency of photoinitiation processes in free radical

polymerizations, and to identify the degradation products of differ-

ent polymers.[26–36] The interfacing of these soft ionizationmethods

with collision-induced dissociation (CID) or post-source decay (PSD)

methods presents a modern powerful technique for the detailed

structural characterization of polymers including the investigation

of the sequence and molecular architecture in copolymers.[37–49]

Despite the utmost importance of PEI, for transfection applications,

only very few detailed characterizations of this material were

reported up-to-date. Furthermore, mass spectrometric analyses of

PEI are quite rare. This fact could be caused by the multiple charges

of this polymer, which render it very suitable for complexation with

negatively charged DNA but also introduces additional challenges

in the MS characterization. For this study, PEIs were synthesized

with different end groups by using the living CROP of 2-ethyl-

2-oxazoline (EtOx) and subsequent hydrolysis under acidic condi-

tions. Themain goal was to identify these PEI polymers with different

instrumentations to gain information about their fragmentation

pathways. For this purpose, a detailed characterization of PEIs was

performed by ESI-Q-TOF MS/MS and MALDI-TOF MS/MS. Compre-

hensive information concerning the fragmentation mechanisms

of the PEI polymers and comparison of the tandem mass analysis

of these polymers with two different ionization techniques (ESI/

MALDI) is reported.

EXPERIMENTAL SECTION

Materials

2-Ethyl-2-oxazoline (99%, Acros, EtOx) was dried over barium

oxide and distilled under argon prior to use. Methyl tosylate

(98%, Aldrich, MeTos) was distilled and stored under argon. So-

dium azide (99%, Sigma Aldrich) and acetonitrile (extra dry, Acros)

were stored under argon. The matrix material for the MALDI-TOF

MS and MS/MS measurements was 2,5-dihydroxybenzoic acid

(DHB), and it was purchased from Sigma Aldrich. All solvents

used for the ESI-Q-TOF MS measurements were LC-MS grade

solvents; they were purchased from Sigma Aldrich and used

as received.

Instrumentation

The polymerizations and hydrolyses were performed in a Biotage

Initiator Sixty microwave synthesizer. Proton nuclear magnetic reso-

nance (1H NMR) spectra were recorded on a Bruker AC 300MHz at

298K. Chemical shifts are reported in parts permillion (ppm, d scale)

relative to the residual signal of the deuterated solvent. The IR spec-

tra were recorded on a FT-IR spectrometer IRAffinity-1 (Shimadzu).

General procedure for the microwave-assisted polymeriza-

tion of PEtOx

A stock solution containing the initiator, EtOx monomer, and the

solvent (acetonitrile) was prepared. The monomer concentration

was adjusted to 4M; and a monomer to initiator ratio of 20 was

used, yielding a molar mass at 2000 g/mol. The microwave vials

were heated to 140 �C for a predetermined time in the micro-

wave synthesizer. The polymerization was quenched through

the addition of trace amount of water or an excess of sodium

azide. Subsequently, the solution was filtrated and the solvent

was evaporated in vacuum. The polymer was redissolved in chloro-

form, washed with water, and precipitated in ice-cold diethyl ether.
1H NMR samples were prepared to determine the monomer con-

version and the molar masses (Mn) of the polymers.

Acidic hydrolysis of PEtOx to linear PEIs

Linear PEI polymers were synthesized through acidic hydrolysis

of the corresponding PEtOx homopolymers. The PEtOx was

heated with an excess of 6M aqueous HCl in a microwave syn-

thesizer at 130 �C for 1 h. After the removal of the acid under re-

duced pressure at 130 �C, the residue was dissolved in deionized

water followed by the addition of 3M NaOH until precipitation

occurred (pH> 9). The PEI was filtered off and precipitated in

deionized water for a second and a third time for an improved

purification. After the filtration, the PEI was dissolved in methanol

or DMF and precipitated into ice-cold diethyl ether. The white

precipitate was filtered off and dried at 50 �C in vacuum. The

polymers obtained were characterized by 1H NMR and FT-IR spec-

troscopy. In every case, the degree of hydrolysis was above 99%,

as determined by 1H NMR spectroscopy (further information can

be found in the supporting information (SI)). A detailed proce-

dure of the synthesis of PEIs can be found elsewhere.[50]

ESI-Q-TOF MS and MS/MS analysis

PEI samples were analyzed by using a micrOTOF Q-II (Bruker

Daltonics) mass spectrometer equipped with an automatic syringe

pump, from KD Scientific, for sample injection. The ESI-Q-TOF mass

spectrometerwas running at 4.5 kV, with a desolvation temperature

of 180 �C. The mass spectrometer was operating in the positive ion

mode. Nitrogen was used as the nebulizer and drying gas. For the

CID experiments, a quadrupole was used for the selection of precur-

sor ions, and argon was used as the collision gas. The collision

energy was set according to the MS/MS experiments to be carried

out by using the tune collision energy function to identify the best

collision energy value for these experiments. The standard electro-

spray ion (ESI) source was used to generate the ions. The concentra-

tion of the samples was 10mg/mL, and all samples were injected

with the use of a constant flow rate (180 mL/h) of sample solution.

The solvent was methanol or a methanol/water mixture. There

was no salt or acid addition prior to analysis, but ionization occured

readily from the sodium content that is naturally present in the
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glass or in the polymer sample. A total of 60 scans/spectrum

were averaged, and the quoted m/z values are monoisotopic. The

ESI-Q-TOF MS instrument was calibrated in the m/z range 50–3000

with the use of an external calibration standard (Tunemix solution),

which is supplied from Agilent. All data were processed via Bruker

Data Analysis software version 4.0.

MALDI-TOF MS and MS/MS analysis

MALDI-TOF MS experiments were performed with an Ultraflex III

TOF/TOF (Bruker Daltonics) equipped with a Nd:YAG laser and a

collision cell. All spectra were measured in the positive reflector

mode. For the MS/MS measurements (LIFT™ mode), argon was

used as the collision gas at a pressure of 2� 10�6mbar, and

the collision energy amounts to 20 keV. The instrument was

calibrated prior to each measurement with an external PMMA

standard (molar mass 410 or 2500) from PSS Polymer Standards

Services GmbH (Mainz, Germany) in the required measurement

range. MS and MS/MS data were processed using Flex Analysis

3.0, PolyTools 1.12 (beta version), Data Explorer 4.0, and an

isotope pattern calculator. The ion abundances of several scans

were summed up to obtain spectra with good signal/noise ratio

for TOF MS and MS/MS experiments. The quoted m/z values are

monoisotopic.

For the sample preparation, 1 mL of PEI solution in methanol

(10mg/mL) and 10 mL of 2,5-dihydroxybenzoic acid (DHB)

solution in methanol (10mg/mL) were mixed (without salt addi-

tion), and the dried-droplet sample preparation method was

applied.[51]

RESULTS AND DISCUSSION

Investigated PEIs

The synthesis of linear PEIs can be performed by hydrolyzing

linear PEtOxs under alkaline or acidic conditions. The polymeriza-

tions of EtOxs were performed using the microwave-assisted

living CROP, providing an easy access to well-defined polymers.

As useful end groups a hydrogen starting group, as well as a

methyl starting group, and a hydroxyl end group were chosen

because of their similarity to those used for transfection agent

applications. Furthermore, a methyl starting group and an azide

end group were chosen to investigate the behavior and to be able

to use PEIs in click reactions.[52,53] A schematic representation of

the CROP of EtOx and the subsequent hydrolysis under acidic

conditions to obtain PEIs is depicted in Scheme 1(a). The studied

PEI polymers are displayed in Scheme 1(b).

The subsequent hydrolysis reaction to obtain the corresponding

PEIs was executed in a microwave synthesizer. Previously, the

hydrolysis reaction was performed overnight (24h) under conven-

tional heating to reflux; where, at 99% of the PEtOx, side chains

were cleaved off. However, using a microwave synthesizer is much

faster, and even azide end groups can tolerate the acidic

microwave hydrolysis. After purification, a detailed analysis of the

PEI polymers was performed with the use of 1H NMR spectroscopy,

showing for all macromolecules a 99% conversion of the amide

side chains to amine functionalities (SI and [50]). Further character-

ization was performed with the use of MS techniques, where

ESI-MS and MALDI-MS have been utilized. However, it was a chal-

lenging task to characterize the resulting PEIs in MS, as the

obtained macromolecules contained large salt contaminations.

Complicated spectra rendered the MS analysis almost unfeasible.

By applying an optimized purification procedure for the PEI

polymers and improved measurement conditions (such as the

choice of the matrix for MALDI-MS), we found it possible to obtain

analyzable MS, as well as MS/MS spectra. Several MALDI matrices

have been used to identify the optimum measurement conditions

for PEI polymers, such as t-2-(3-(4-t-butyl-phenyl)-2-methyl-2-

propenylidene)malononitrile (DCTB), caffeinic acid (CA), sinnapinic

acid (SA), and 2,5-dihydroxybenzoic acid (DHB). DHB was found to

be the best suitable matrix for the characterization of PEI

samples, as shortly reported previously in a proceeding publi-

cation;[54] therefore, all sample preparations were performed

using the DHB matrix.

The compositional information on polymers can be obtained

by a single-dimensional mass spectrum that can identify the

number and types of monomer units, backbone substituents,

and end groups incorporated into the studied polymer. In order

to obtain the compositional information, the ESI-Q-TOF and

MALDI-TOF mass spectra of the studied PEIs were scrupulously

examined in terms of chain end group structures and molar mass

distributions.

The PEI polymers, PEI-1, PEI-2, and PEI-3, with different initiat-

ing and/or terminating end groups were additionally character-

ized by utilizing ESI-Q-TOF MS/MS and MALDI-TOF MS/MS to

identify the fragmentation products. For this purpose, specific

oligomers from the distribution of polymer ions formed upon

ionization were mass-selected and fragmented using CID.

Tandem mass spectra reveal the masses of the fragmentation pro-

ducts, but not directly their structures or their fragmentation path-

ways. They can only be elucidated with the knowledge of the

Scheme 1. (a) Schematic representation of the cationic ring-opening polymerization of EtOxs and subsequent hydrolysis into PEIs, (b) schematic rep-
resentation of the studied PEI polymers 1 to 3.

Tandem mass spectrometry of PEI by ESI and MALDI
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corresponding fragmentation mechanisms. All three investigated

PEI samples will be discussed in detail in the following section.

Mass spectrometry of PEI-1

ESI-Q-TOF and MALDI-TOF mass spectra of PEI-1 with H and

OH end groups at the initiating (X) and terminating (Y) chain

end are depicted in Fig. S1(a)–S1(d) (see SI). Both mass

spectra reveal the expected signal spacing correlating to the

repeating unit of the investigated PEI (43.04 m/z for C2H5N

monomer unit). The expected PEI chains with hydrogen as ini-

tiating end group and hydroxyl as terminating end group

were observed as the main distribution in the ESI-Q-TOF and

MALDI-TOF mass spectra (labeled as A and B in Figs. S1(c)

and S1(d) (SI)). Peak assignments were achieved on the basis

of the expected ion m/z values and validated by isotopic pat-

tern information. A represents the desired protonated distri-

bution [H(C2H5N)nOH) + H]+, and B represents the desired

sodiated distribution [H(C2H5N)nOH) +Na]+. The minor distri-

bution (I) can be explained by the inefficient hydrolysis of

PEtOx to PEI, because these oligomer series still have one

EtOx monomer unit in their backbone [H(C5H9NO)1(C2H5N)

nOH) + H]+ or [H(C5H9NO)1(C2H5N)nOH) +Na]+ (labeled as I in

Figs. S1(c) and S1(d) (SI)), which are present in the both ESI-

Q-TOF and MALDI-TOF mass spectra to a very little extent.

This observation is supported by 1H NMR spectroscopy, re-

vealing a degree of hydrolysis around 99%. The only differ-

ence between the ESI-Q-TOF and MALDI-TOF mass spectra

arises from some fragments (labeled as Fr in Fig. S1(d) (SI)),

which are readily observed in the MALDI-TOF mass spectrum.

These fragments were not observed in the ESI-Q-TOF mass

spectrum, indicating that these fragments were caused by

the MALDI-TOF process.

Tandem mass spectrometry of PEI 1

Figures 1 and 2 represent the ESI-Q-TOF and MALDI-TOF tandem

mass spectra of PEI-1. The precursor ion atm/z 879.8579 (theoretical

m/z 879.8618) represents the protonated adduct of the hydrogen-

initiated and hydroxyl-terminated oligomer with 20 repeating

units [H(C2H5N)20OH+H+]. There are several series of product

ions, which can be distinguished depending on their newly

formed end groups. Various kinds of fragmentation mechanisms

can be involved in the formation of these ions. The tandem mass

spectra contain four major distributions of fragment ion series

(AX
n, A

Y
n, B

X
n, and BY

n) and some minor distributions of fragment

ion series (JVVn , JVAn , and JAAn ). These fragment ion series may be

formed via a charge-remote fragmentation pathway, as shown

in Scheme 2. This mechanism involves a 1,2-hydride shift via a

charge-remote rearrangement mechanism through a four-

membered cyclic transition state, resulting in the formation of

two different functionalities at the terminal chain ends. The frag-

ment ions were assigned according to the general nomenclature

proposed byWesdemiotis[55] for synthetic polymers to differentiate

fragment ions containing different end groups. Superscripts X

and Y are used to represent ions containing initiating (X) or termina-

tion (Y) end groups, respectively (AX
n, A

Y
n, B

X
n, and BYn). In this pro-

posed mechanism, CID spectra of protonated PEIs occur through

a charge-remote process, in which the ionizing proton does not

play an active role in the cleavage. The main fragment series (AX
n,

AY
n, B

X
n, and BYn) contain one of the original end groups and new

end groups (�NH2 or –CH=CH2), which are formed by the pro-

posed charge-remote fragmentation mechanisms. The m/z differ-

ence between two sequential fragmentation ions within one

series corresponds to 43.04m/z units, representing the mass of

one repeating unit of PEI. The most abundant fragment ions

series (AX
n, A

Y
n, B

X
n, and BYn) apparently result from this proposed

Figure 1. (a, b) ESI-Q-TOF and MALDI-TOF/TOF tandem mass spectra of the protonated PEI-1 parent peak with 20 repeating units marked with a star
[H(C2H5N)20OH+H]+ (m/z 879.8579).
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mechanism; whereas, the less abundant fragment ion series cor-

respond to internal fragments (JVVn , JVAn , and JAAn ) produced by a

more complex fragmentation process. This charge-remote frag-

mentation occurs at both sides of the oligomer chains. Internal

fragments with a variety of end groups were named as Jn species

with different superscripts that indicate their end groups such as

vinyl/amine (JVAn ), vinyl/vinyl (JVVn ), and amine/amine (JAAn ). It must

be noted that the ions of the main fragment series can result from

both charge-remote and charge-induced dissociation mechanisms,

but it is difficult to evaluate the extent of fragment ions from each

pathway. Dissociation via competing charge-induced cleavage

leads to similar fragments. Charge-induced cleavage of C-N bond

followed by an energetically favorable 1,2-hydride shift could be

an alternative to the charge-remote fragmentation. Lattimer [56–58]

has already described in his earlier studies that a charge-induced dis-

sociation from the protonated PEIs and polyglycols generates some

of the fragment ion series via heterolytic or homolytic cleavage

(Scheme 3). Polyethylene glycol (PEG) mainly dissociates via a

charge-induced fragmentation mechanism and, to a lesser extent,

via 1,4-hydrogen eliminations (especially metalated precursor ions).

The same situation could be possible for PEI polymers because of

the similar backbone. The cationic nature of PEI would imply a

charge-induced dissociation at the site where the proton, as

charge carrier, is located, as proposed by Lattimer. However, it is

noteworthy that the substitution of –O by –NH can significantly

change the unimolecular chemistry of the corresponding polymer

cation. Because of the larger proton affinity of amines compared

to ethers, protonation should take place at the –NH functionality

and form an ammonium cation. These ions posses a well-stabilized

charge center and might favor the charge-remote fragmentation

mechanism upon CID. Moreover, charge-induced fragmentation

mechanisms can only explain some of the found fragment ion

series. Unfortunately, it is not possible to explain all fragment series

with heterolytic or homolytic cleavage mechanisms. The tandem

MS analyses of the PEIs were performed under both collision

energy conditions (low energy in ESI-CID and high energy in

MALDI-CID), yielding fragments, which suggest that the proposed

charge-remote fragmentation reactions, as well as the charge-

induced fragmentation reactions, are the dissociation mechanisms.

The tandem mass spectra of the protonated and the sodiated

PEI precursor ions revealed some differences. A comparison

of the ESI-Q-TOF tandem mass spectra of the protonated PEI

precursor ions [M+H]+ (observed m/z 879.8579, theoretical m/z

879.8618) and the sodiated PEI precursor ions [M+Na]+

(observed m/z 901.8476, theoretical m/z 901.8438) shows that

the sodiated precursor ions are more stable than the protonated

precursor ions. The protonated species could easily be fragmen-

ted at low collision energies (20–60 eV); whereas, the sodiated

species could only be fragmented to a small extent even at

higher collision energies (60–200 eV). This indicates that sodiated

ions are more stable towards collisional dissociation; hence,

there is a need to use higher collision energies for obtaining frag-

ments from sodiated species. The fragmentation mechanisms of

the collisional dissociation for sodiated and protonated species are

also different. The protonated species follow either a 1,2-hydride

shift via a charge-remote rearrangement mechanism (Scheme 2)

or a charge-induced fragmentation mechanism (heterolytic and

homolytic bond cleavage, Scheme 3, similar cleavages were already

proposed by Lattimer for PEGs). On the other hand, the sodiated

species appear to fragment via a charge-remote 1,4-hydrogen

Scheme 2. Schematic representation of the proposed charge-remote rearrangement mechanisms involved in the fragmentation of protonated PEIs
and the representation of potential fragmentation products.

Figure 2. (a, b) ESI-Q-TOF and MALDI-TOF/TOF tandem mass spectra of
the protonated PEI-1 and a close up of the range between m/z 500 and
600.
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elimination pathway that is analogous to that of PEG (Scheme 4) and

a 1,2-hydride shift via charge-remote rearrangement mechanism.

For the sodiated parent peaks, possible fragmentation pathways,

such as the 1,4-hydrogen elimination, were proposed, and the

formed structures (BXn, B
Y
n, C

X
n, C

Y
n, D

X
n, and DY

n) were correlated to

the obtained masses of the fragmentation products. The differences

between the sodiated and the protonated species for PEI-1 are

depicted in Fig. 3. The schematic representation of the proposed

charge-remote 1,4-hydrogen elimination mechanisms involved in

the fragmentation of the sodiated PEIs and the resulting fragmenta-

tion products are shown in Scheme 4. The fragment product ions

from the protonated and sodiated species (Table S1 and Table S2,

in SI) are distributed throughout the whole mass range. This obser-

vation was valid for both tandemMSmeasurements (ESI andMALDI

MS/MS).

PEI-2 and PEI-3

The ESI-Q-TOF and MALDI-TOF mass spectra of PEI-2, with methyl

as initiating end groups and hydroxyl as terminating end groups,

and a close up of the ESI-Q-TOF and MALDI-TOF mass spectra of

PEI-2 in the range between m/z 800 and 900 are depicted in Fig.

S2 (SI). A represents the protonated distribution of the expected

product [CH3(C2H5N)nOH) +H]+, and B represents the sodiated

distribution [CH3(C2H5N)nOH) +Na]+. There are two additional mi-

nor distributions obtained in the MS analysis (labeled as C and D

in Figs. S2(c) and S2(d) (SI)). C represents the protonated side

product distribution [H(C2H5N)nOH) +H]+, and D represents the

sodiated side product distribution [H(C2H5N)nOH) +Na]+. These

side products are formed during the living CROP of EtOx, and

they can be explained by known chain transfer reactions during

Scheme 3. Schematic representation of (a) heterolytic C-N bond cleavage and (b) homolytic C-C bond cleavage in a PEI chain.

Scheme 4. Schematic representation of the proposed charge-remote 1,4-hydrogen elimination mechanisms involved in the fragmentation of the
sodiated PEIs and the representation of the potential fragmentation products.
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the CROP, which lead to proton-initiated PEtOx instead of

methyl-initiated PEtOx. These proton-initiated PEtOx polymers

are later turned into PEIs side products by acidic hydrolysis. The

minor distribution (I) can be explained by the inefficient hydroly-

sis of PEtOx to PEI, as mentioned before. These oligomer series

still bear one EtOx monomer unit in their backbone [CH3

(C5H9NO)1(C2H5N)nOH) +H]+ or [CH3(C5H9NO)1(C2H5N)nOH) +

Na]+ (labeled as I in Figs. S2(c) and S2(d) (SI)). They are present

in both ESI-Q-TOF and MALDI-TOF mass spectra to a minor ex-

tent. Figure , 4(a)–4(d) represent the ESI-Q-TOF and MALDI-TOF/

TOF tandem mass spectra of PEI-2. For the tandem mass analysis,

the precursor ion (m/z 893.8823), which is the protonated adduct

of the methyl-initiated and hydroxyl-terminated oligomer with 20

repeating units [CH3(C2H5N)20OH+H]+, was selected. The frag-

ment ion series can be explained by the previously mentioned

charge-remote fragmentation pathway (Scheme 2), which

involves a 1,2-hydride shift via a charge-remote rearrangement

mechanism through a four-membered cyclic transition state

resulting in the formation of two different functionalities (�NH2

or�CH=CH2) at the terminal chain ends.

Figure S3(a)–S3(d) displays the ESI-Q-TOF and MALDI-TOF mass

spectra of PEI-3 with methyl as initiating end groups and azide as

terminating end groups and a close up of the ESI-Q-TOF and

MALDI-TOF mass spectra of PEI-3 in the range between m/z 800

and 900 (SI). A represents the protonated distribution of the

desired product [CH3(C2H5N)nN3) +H]+, and B represents the

sodiated distribution [CH3(C2H5N)nN3) +Na]+. Again, there are

two minor distributions obtained in the MS analysis, which are

formed by chain transfer reaction in the CROP that led to the

proton-initiated PEtOx and were later turned into the proton-

initiated PEIs during subsequent hydrolysis (labeled as C and D

in Figs. S3(c) and S3(d) (SI)). The comparison of the ESI-Q-TOF

and MALDI-TOF mass spectra of PEI-3 shows some differences

between these two techniques. In the ESI-Q-TOF mass spec-

trum, there is one extra distribution (N) obtained for this

polymer, which is formed because of the decomposition of the

azide end group into nitrene through losing nitrogen (shown in

Fig. S3(f)).[59] In a number of cases, loss of nitrogen from azides

results in uncharged monovalent nitrogen intermediates called

nitrenes. Nitrenes have triplet ground states and a short life-

time.[60] There were several additional distributions (E, F, G, and

H) in the MALDI-TOF mass spectrum. A possible explanation for

this situation is that the nitrene intermediate is very unstable,

and different reactions might occur to stabilize it. The matrix ma-

terial (2,5-dihydroxybenzoic acid (DHB)) used for this study is

acidic. Therefore, it acts as a proton source to promote the

Figure 3. (a, b) ESI-Q-TOF tandemmass spectra of the protonated [H(C2H5N)20OH+H]+ (m/z 879.8579) and sodiated [H(C2H5N)20OH+Na]+ PEI-1 parent
peak with 20 repeating units (m/z 901.8476) and (c, d) a close up of the ESI-Q-TOF tandem mass spectra of the protonated and sodiated PEI-1 in the
range between m/z 500 and 600.
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formation of amine end groups from these nitrene intermediates.

As a consequence, the main distribution in the MALDI-TOF mass

spectrum was the PEI with methyl as the initiating end group

and amine as the terminating end group. In contrast, the main

distribution in the ESI-Q-TOF mass spectrum was the desired

PEI structure with methyl and azide end groups, proving that

the ESI technique is the softer ionization method, compared to

MALDI, for the analysis of fragile azide end groups. The structural

explanation of all distributions (E, F, G, and H) for PEI-3 polymer is

depicted in Fig. S3(e) (SI).

The tandemmass experiment was carried out with the precursor

ion (observed m/z 1069.9859, theoretical m/z 1069.9924) that pos-

sessed 23 repeating units and with sodium as the ionizing agent

[CH3(C2H5N)23N3) +Na]+. Figure 5(a) and 5(b) represent the ESI-Q-

TOF tandem mass spectrum of PEI-3 which showed some differ-

ences compared to PEI-1 and PEI-2. In the upper molar mass region

of the tandem mass spectrum right after the precursor ion, a pro-

nounced loss of nitrogen was observed. This neutral loss can be

assigned to the decomposition of the azide end group into nitrene,

which was also observed in the single-dimensional MS analysis.[59]

The tandem mass spectrum shows the fragment ion series

corresponding to the fragment series formed by a 1,2-hydride shift

via charge-remote rearrangement mechanism (Scheme 2) and a

charge-remote 1,4-hydrogen elimination pathway (Scheme 4),

which are already discussed for the previous PEI polymers, within

the medium and low molar mass region. A proper selection of a

precursor ion for the fragmentation experiments was not possible

because of the multiple overlapping fragments observed in the

MALDI-MS; therefore, no tandem MS data were obtained for PEI-3

polymer.

A comparison of the tandem mass spectra of PEIs with differ-

ent end groups reveals that only the azide end group has a

tendency to cleave easily through the loss of nitrogen in the for-

mation of an unstable nitrene end group which can also be

turned into an amine end group in the MALDI-MS analysis. On

the other hand, hydrogen, hydroxyl, and methyl end groups do

not show any direct fragmentation. This behavior can be

explained by the leaving group ability of these end groups; they

have no tendency to fragment. Therefore, different charge-

remote fragmentation mechanisms may occur along the whole

Figure 4. (a, b) ESI-Q-TOF and MALDI-TOF/TOF tandemmass spectra of the protonated PEI parent peak with 20 repeating units marked with a star [CH3

(C2H5N)20OH+H]+ (m/z 893.8823) and (c, d) a close up of the ESI-Q-TOF and MALDI-TOF/TOF tandem mass spectra of PEI-2 in the range between m/z
500 and 600.

Figure 5. (a) ESI-Q-TOF tandem mass spectrum of the sodiated PEI parent peak with 23 repeating units marked with a star [CH3(C2H5N)23 N3 +Na]+

(m/z 1069.9859) and (b) a close up of the ESI-Q-TOF tandem mass spectrum of PEI in the range between m/z 500 and 600.
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backbone of the PEIs and form various main fragment series that

contain one of the original initiating or terminating end groups

(AX
n, A

Y
n, B

X
n, B

Y
n, C

X
n, C

Y
n, D

X
n, and DY

n). Meanwhile, the less abundant

fragment ion series can correspond to internal fragments (JVVn ,

JVAn , and JAAn ) produced by a more complex fragmentation pro-

cess where this charge-remote fragmentation occurs in both

sides of the oligomer chains. Overall, it is possible to explain all

fragmentation products within the whole molar mass region in

the tandem mass spectra of PEIs with these proposed mechan-

isms and the combination of these mechanisms.

CONCLUSIONS

In this contribution, ESI-Q-TOF and MALDI-TOF mass spectro-

meters were utilized to elucidate in detail the macromolecular

structures of linear PEIs. Tandem mass spectrometry experiments

have been performed to investigate the possible fragmentation

mechanisms with different initiating and terminating end groups.

For PEIs, the type of the cation attached to these polymers was

important, because protonated and sodiated species are frag-

mented via different fragmentation pathways. The presented

study provides important information on the fragmentation

mechanisms of PEI polymers and the comparison of the tandem

mass analysis of these polymers with two different ionization

techniques (ESI/MALDI). The information gained from this study

will also help to build up a tandem MS product ion library for PEIs

with different end groups including fragmentation pathways.

This will provide necessary knowledge for the future to make

the fast and automated identification of these polymers possible.

This kind of studies will form a new research field that can be

named as ‘Polymeromics’, and the obtained information will facil-

itate the structural elucidation of polymers (i.e. analysis of the ini-

tiating/end groups, the accurate molar mass distributions).
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SUMMARY

The present paper describes matrix-free laser desorption/ionisation mass spectrometric imaging (LDI-MSI) of

highly localized UV-absorbing secondary metabolites in plant tissues at single-cell resolution. The scope and

limitations of the method are discussed with regard to plants of the genus Hypericum. Naphthodianthrones

such as hypericin and pseudohypericin are traceable in dark glands on Hypericum leaves, placenta, stamens

and styli; biflavonoids are also traceable in the pollen of this important phytomedical plant. The highest spatial

resolution achieved, 10 lm, was much higher than that achieved by commonly used matrix-assisted laser

desorption/ionization (MALDI) imaging protocols. The data from imaging experiments were supported by

independent LDI-TOF/MS analysis of cryo-sectioned, laser-microdissected and freshly cut plant material. The

results confirmed the suitability of combining laser microdissection (LMD) and LDI-TOF/MS or LDI-MSI to

analyse localized plant secondary metabolites. Furthermore, Arabidopsis thaliana was analysed to demon-

strate the feasibility of LDI-MSI for other commonly occurring compounds such as flavonoids. The organ-

specific distribution of kaempferol, quercetin and isorhamnetin, and their glycosides, was imaged at the

cellular level.

Keywords: Hypericum perforatum, Hypericum reflexum, LDI mass spectrometric imaging, laser microdissec-

tion, naphthodianthrones, flavonoids.

INTRODUCTION

Recently, a variety of technologies have been successfully

used to obtain data from individual plant cells (Lange, 2005).

Both laser microdissection (LMD) (Emmert-Buck et al., 1996;

Hölscher and Schneider, 2007; Li et al., 2007a) and cell sap

sampling using microcapillaries (Brandt et al., 2002) have

been reported to improve access to the contents of individual

cells; these reports were based on analyses using both

post-genomic bioanalytical technologies and spectroscopic

methods (Lange, 2005). Techniques such as LMD allow

researchers to avoid the averaging effects that occur when

heterogeneous tissues, which represent the most abundant

cell types, are pooled; however, as amplification methods

such as commonly used for DNA and RNA are not available,

highly sensitive detection methods are required for metab-

olites. Methods based on mass spectrometry offer the

required high sensitivity and specificity (Sumner et al., 2003).
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MS-dependent imaging techniques have been developed

in the past to study the localization on a small scale of

compounds from complex biological systems. Recently, a

method for MS imaging has been developed that offers

information about the distribution of proteins, peptides or

metabolites with 100–300 lm spatial resolution (Caprioli

et al., 1997; Cooks et al., 2006; Li et al., 2008; Seeley and

Caprioli, 2008). Furthermore, when atmospheric pressure

infrared matrix-assisted laser desorption/ionization mass

spectrometry was used to study plant metabolites in the

white lily (Lilium candidum L.) and other plants, over 50

small metabolites were discovered; these were involved in

flavonoid biosynthesis and had a spatial resolution of 180–

640 lm (Li et al., 2008). MALDI imaging involves use of a

conventional MALDI source to desorb ions of interest from

the sample covered by a sprayed (Rubakhin et al., 2005) or

spotted matrix (Aerni et al., 2006). MALDI imaging has been

used to study the distribution of a wide variety of metabo-

lites, including drugs, peptides and proteins, in animal

tissues (Reyzer and Caprioli, 2007; Goodwin et al., 2008), and

herbicides (Mullen et al., 2005), peptides (Kondo et al., 2006)

and sugars (Burrell et al., 2007; Li et al., 2007a,b) in plants.

Recently, ion intensity maps were constructed from MALDI-

TOF mass spectra to measure the spatial distribution of

some secondary plant metabolites. The matrix 9-aminoac-

ridine was evenly applied to the leaves of Arabidopsis

thaliana (Col-0) in order to detect glucosinolates (Shroff

et al., 2008). However, applying MALDI matrices to the

tissues complicates tissue preparation for imaging and can

disturb the native distribution of the studied metabolites

(Shroff et al., 2008). Low-molecular-weightmetabolites have

been profiled and localized using colloidal graphite-assisted

LDI (GALDI) MS in A. thaliana (Cha et al., 2008). Profiles and

spatially resolved images of phospholipids, cerebrosides,

oligosaccharides, flavonoids and other secondary metabo-

lites were obtained in negative and positive ion MS modes.

Certain mass imaging methods, such as laser-assisted

electrospray ionization (LAESI) (Vertes et al., 2008), can

reduce sample handling prior to analysis. However, the

infrared laser currently used does not provide cell-like

resolution for the obtained MS images.

The main secondary plant products of members of the

genus Hypericum of the Hypericaceae plant family (Mab-

berley, 2008) are flavonoids (e.g. quercetin, hyperoside,

rutin, quercitrin, isoquercitrin), xanthones (e.g. 1,3,6,7,-

tetrahydroxyxanthone), prenylated phloroglucinols such as

hyperforin and adhyperforin, biflavonoids [I3,II8-biapigenin

and I3¢,II8-biapigenin (amentoflavone)] and naphthodian-

thrones (Brockmann et al., 1942; Wolfender et al., 2003;

Charchogylan et al., 2007; Smelcerovic et al., 2008) (Figure 1

and Table 1). Multi-cellular, globular or tunnel-shaped

aggregates such as secretory canals, and dark and translu-

cent glands have been reported to contain the secondary

metabolites (Ciccarelli et al., 2001; Robson, 2003). Dark and

pale glands often occur in the stem, leaf, sepal, petal or

anthers. In Hypericum, the stamens possess a connective

terminating in a dark gland (Figure 2). The gynoecium of

H. perforatum has three styles and contains relatively small

red stigmata (Figure 2). There is a large variation in the

glandularity of sepals in Hypericum, and some species (such

Figure 1. Chemical structures for the major secondary metabolites of H. perforatum.
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as H. reflexum) have stalked glands (Robson, 2003). These

glandular trichomes are often close neighbours of dark

glands, which are located near the margins of the sepals

(Esau, 1965; Piovan et al., 2004). The short distance (<50 lm)

between these glands makes the use of (MA)LDI techniques

to acquire information from each dark gland extremely

challenging.

Controlled clinical trials have shown the therapeutic

efficacy of preparations from aerial parts of this medicinal

plant for treating mild to moderate depression (Kaul, 2000;

Butterweck, 2003; Gädcke, 2003; Müller, 2003). Hyperforin,

in particular, a major acylphloroglucinol in Hypericum

perforatum L. (Erdelmeier, 1998), exhibits intriguing

pharmacological properties (Müller, 2003; Beerhues, 2006).

Numerous studies have been published describing the

various approaches to analysing the constituents of

H. perforatum, commonly known as St John’s wort. One

of the best-selling herbal medicinal plants worldwide, this

species is planted in several hundred hectares in Europe

(Gaudin et al., 2003). HPLC and RPLC separations have

been performed to identify and quantify active compounds

in extracts of St John’s wort (Li and Fitzloff, 2001; Seger

et al., 2004; Pages et al., 2006). Other publications reported

analysis of the major secondary metabolites of H. perfora-

tum based on measurements using LC/MS
2
(Brolis et al.,

1998; Ganzera et al., 2002) and LC/NMR/MS (Hansen et al.,

1999). Previously, Tatsis et al. (2007) combined liquid

chromatography/diode array detector/solid phase extrac-

tion/NMR spectroscopy and liquid chromatography/

ultraviolet/tandem MS spectrometry. Generally speaking,

modern techniques for identifying compounds are

combined with a classical approach, namely extracting

whole plant material such as leaves or flowers using

organic solvents.

The model plant A. thalianawas chosen to investigate the

tissue-specific accumulation of flavonoids in its flowers,

sepals, petals and leaves, and thus to demonstrate the

broader applicability of the matrix-free LDI-MSI method.

Recently, flavonoids and cuticular waxes have been profiled

and imaged from various plant surfaces, and cross-sections

of A. thaliana were successfully probed by colloidal graph-

ite-assisted LDI (GALDI) MS imaging (Cha et al., 2008). The

size and fragility of A. thaliana presented challenges when

using the GALDI-MSI method to analyse the metabolome.

The present paper reports on the use of matrix-free

laser desorption/ionization mass spectrometric imaging

Table 1 Names, deprotonated ion mass

and UV adsorption wavelengths of the

Hypericum sp. natural constituents (see

Figure 1 for structural formula) (Jürgen-

liemk, 2001)

Number Name [M-H]
)

(m/z) UVmax (nm)

(1) Quercetin 301.03 256.8, 372.9

(2) Quercitrin (R: 3-O-a-L-rhamnopyranosyl) 447.09 256.8, 349.3

(3) Isoquercitrin (R: 3-O-b-D-glucopyranosyl) 463.08 256.8, 352.9

(4) Hyperoside (R: 3-O-b-D-galactopyranosyl) 463.08 256.8, 352.9

(5) Miquelianin (R: 3-O-a-D-glucuronopyranosyl) 477.07 256.8, 352.9

(6) Rutin (R: 3-O-b-D-rutinosyl) 609.14 256.8, 352.9

(7) Hypericin (R: -CH3) 503.07 278.1, 317.2, 452.3,

539.5, 579.7

(8) Pseudohypericin (R: -CH2OH) 519.07 281.6, 324.3, 455.9,

539.5, 579.7

(9) Protohypericin (R: -CH3) 505.09 –

(10) Protopseudohypericin (R: -CH2OH) 521.08 –

(11) Hyperforin (R: -H) 535.37 271.0

(12) Adhyperfirin (R: -CH3) 481.33 –

(13) Hyperfirin (R: -H) 467.31 –

(14) Biapigenin (I3,II8-biapigenin) 537.08 267.4, 331.4

(15) Amentoflavone (I3¢,II8-biapigenin) 537.08 –

Stamen

Perianth

Sepal
(of calyx)

(of corolla)
Petal

Anther

Filament

Stigma

Style

Ovary

Pistil
(of gynoecium)

(of androecium)

Figure 2. Photograph of a flower of H. perforatum, reproduced with permis-

sion from S. Imhof (University of Marburg, Germany).

The bisexual flower of H. perforatum shows a large number of stamens,

collectively called the androecium, and three pistils, collectively called the

gynoecium. The pistil comprises three styles with red stigmas. The ovary is

the part of the pistil containing the ovules; these are connected to the placenta

tissue by a stalk called the funicle (funiculus) (Figure 6a). The perianth of

H. perforatum consists of two discrete whorls: the outer green photosynthetic

calyx comprising leaf-like sepals, and the yellow corolla comprising individual

petals.
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(LDI-MSI) to study highly localized UV-absorbing secondary

metabolites in plant tissues. The applicability of the method

is demonstrated on the phytochemical contents of members

of the plant genera Arabidopsis and Hypericum, and verified

by mass spectrometry of the areas isolated using LMD in

Hypericum.

RESULTS

Laser desorption/ionization time of flight (LDI-TOF)

detection of Hypericum sp. and A. thaliana secondary

metabolites

To prepare samples from various tissues of Hypericum sp.

for LDI-TOF/MS analysis, two approaches were used: cell

sap sampling usingmicrocapillaries and LMD. The thickness

of the plant cell walls and the fragility of the specially pre-

pared fused silica capillaries (Figure 3c) (Kelly et al., 2006;

Sproß, 2007) made it difficult to obtain sufficient amounts of

the dark glands.

Dark glands from petals (Figure 3b) and dark and trans-

lucent glands from leaves (Figure 3a,d) were successfully

separated by LMD. As a control, green parenchyma tissue

from the leaves of H. perforatum (Figure 3a) was collected

and extracted using methanol. Aliquots (1 ll) of the individ-

ual sample solutions were dried on the stainless steel plate

typically used in MALDI instruments. Because phenolic

structures deprotonate easily, the MALDI analysis was

carried out in negative ion mode using 9-aminacridine as

the matrix. Moreover, these analytes did not require a

chemical matrix for ionization, probably due to their strong

UV absorption. They ionized very well under UV irradiation

with a conventional nitrogen laser (k = 337 nm) fitted to the

MALDI instrument. A comparison of the MALDI (matrix

9-aminoacridine; Shroff et al., 2007) and LDI spectra of

hypericin and pseudohypericin showed no difference in

sensitivity. Moreover, the LDI spectra were free of matrix

peaks. Both MALDI and LDI methods showed comparable

limit of detection for authentic compounds (5 pg).

We compared our data with the results of several phyto-

chemical investigations of Hypericum secondary metabo-

lites (Brockmann et al., 1942; Wolfender et al., 2003;

Charchogylan et al., 2007; Tatsis et al., 2007; Smelcerovic

et al., 2008). In the dark glands of the petals of H. perfora-

tum, we detected the naphthodianthrones hypericin (7) (m/z

503.07, [M-H]
)

) and pseudohypericin (8) (m/z 519.07, [M-H]
)

)

and the flavonoids quercetin (1) (m/z 301.03, [M-H]
)

),

quercitrin (2) (m/z 447.07, [M-H]
)

) and rutin (6) (m/z 609.14,

[M-H]
)

), as well as isoquercitrin (3) (m/z 463.08, [M-H]
)

) and/

or hyperoside (4) (m/z 463.08, [M-H]
)

) (indistinguishable by

our methods) (Figure 4a) (Tatsis et al., 2007). Compared to

the dark glands of the petals, the black nodules of the leaves

show two additional compounds: protohypericin (9) (m/z

505.09, [M-H]
)

) and protopseudophypericin (10) (m/z 521.08,

[M-H]
)

) (Figure 4b). The LDI-TOF/MS analysis of the

translucent glands of the leaves showed signals for three

phloroglucinols: hypeforin (11) (m/z 535.17, [M-H]
)

), adhy-

perfirin (12) (m/z 481.33, [M-H]
)

) and hyperfirin (13) (m/z

467.31, [M-H]
)

) (Figure 4c) (Tatsis et al., 2007). The LMD-

prepared dark glandular cells of the connective tissue

between the theca of the stamens (Figure 2) showed a

signal profile comprising hypericin (7) (m/z 503.07, [M-H]
)

),

pseudohypericin (8) (m/z 519.07, [M-H]
)

), protohypericin (9)

(m/z 505.09, [M-H]
)

) and protopseudophypericin (10), (m/z

521.08, [M-H]
)

) and the flavonoid quercetin (1) (m/z 301.03,

[M-H]
)

). Furthermore, the most intense signal of this spec-

trum was produced by the biflavonoid biapigenin (14) (m/z

(a) (b)

(c) (d)

Figure 3. Localization of dark and translucent

glands in various tissues of H. perforatum.

(a) Part of a green leaf of H. perforatum showing

translucent leaf venation, and translucent and

dark glands.

(b) Dark gland of a petal of H. perforatum.

(c) Fused silica capillary

(d) Laser-microdissected dark glands of a leaf of

H. perforatum.
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537.08, [M-H]
)

) (Figure 4d). In previous reports, only traces

of isobaric amentoflavones were found in H. perforatum

(Repčák and Martonfi, 1997; Nebelmeir, 2006). The prepared

pollen showed the biapigenin signal almost exclusively (14)

(m/z 537.08, [M-H]
)

), and only traces of the naphthodian-

thrones hypericin (7) (m/z 503.07, [M-H]
)

), pseudohypericin

(8) (m/z 519.07, [M-H]
)

), protohypericin (9) (m/z 505.09,

[M-H]
)

) and protopseudohypericin (10) (m/z 521.08, [M-H]
)

)

(Figure 4e). The spectra of the lighter red papillae of the styli

showed signals for hypericin (7) (m/z 503.07, [M-H]
)

),

pseudohypericin (8) (m/z 519.07, [M-H]
)

), protohypericin

(9) (m/z 505.09, [M-H]
)

), protopseudophypericin (10) (m/z

521.08, [M-H]
)

), the flavonoids quercetin (1) (m/z 301.03, [M-

H]
)

), isoquercitrin (3) (m/z 463.08, [M-H]
)

) and/or hyperoside

(4) (m/z 463.08, [M-H]
)

), and the phloroglucinol hyperforin

(11) (m/z 535.37, [M-H]
)

). Once again, the strongest signal

was produced by the biflavonoid biapigenin (14) (m/z 537.08,

[M-H]
)

) (Figure 4f). Investigation of the non-secretory paren-

chyma tissue showed only traces of the flavonoids quercetin

(1) (m/z 301.03, [M-H]
)

) and rutin (6) (m/z 609.14, [M-H]
)

) and

the phloroglucinol hyperforin (11) (m/z 535.37, [M-H]
)

).

Thus, use of LMD and MALDI- or LDI-MS has proven to be

a powerful combination for obtaining information about the

phytochemical profile of specialized plant areas. The ability

to ionize the investigated hypericins without the use of

matrix during the LDI process simplifies sample preparation

and enables direct profiling of secondary plant metabolites

by MSI.

Direct profiling/imaging of flavonoids, biflavonoids and

hypericins by LDI-MSI

The commonly used MS imaging technique, which involves

application of a matrix, has certain disadvantages. If the

tissue is wetted when the matrix is applied, significant

analyte de-localization may occur, leading to artefacts.

Additionally, the size of matrix crystals formed after multiple

spraying is highly variable and sometimes larger than the

required spatial resolution. Hence, the best solution is to

analyse the tissuewithout any chemical treatment in order to

observe the native distribution of compounds. However, this

is generally not feasible, as most analytes do not strongly

absorb UV light and require a matrix to be desorbed.

However, the efficient UV absorption of hypericins

suggested that the LDI process could be used for imaging

these compounds in H. perforatum tissues without the need

for a matrix.

Preliminary experiments were performed using a MALDI

micro instrument (Shroff et al., 2008); however, the laser

beam (approximately 50 lm) could not be focused to allow

spatial information to be differentiated on a fine scale.

Higher resolution could be achieved using the Ultraflex III
�
,

in which the laser can be focused on spots of <10 lm. We

were able to resolve the localized distribution of hypericin

and pseudohypericin in both secretory cavities, separated

from each other by the peduncle of the glandular trichomes

(Figure 5), in H. reflexum leaves. Additionally, LDI-MSI

made it possible to detect hypericin, pseudohypericin,

quercetin and rutin in the small red appendices of the

placenta; supposedly from one cell, these appendices are

easily prepared from cryo-sectioned flower material

(Figure 6). Difficulties in performing LDI-MSI experiments

with the three-dimensional bulky stamens and styli were

overcome by LMD. The filament was removed and samples

suitable for measurement were obtained (Figure 7a,b).

LDI-MSI allowed hypericin (m/z 503.07, [M-H]
)

) (Figure 7c,e)

and pseudohypericin (m/z 519.07, [M-H]
)

) (Figure 7d,f) to be

Figure 4. Representative LDI mass spectra of

various parts of H. perforatum.

(a) Laser-microdissected dark glands from a leaf;

(b) dark glands from a petal; (c) translucent

glands from a leaf; (d) dark connective theca

stamens; (e) pollen stamens; (f) red papillae styli.
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detected in the dark connective theca stamens. Signals for

hypericins and biflavonoids were detectable on the stigma

as a result of the presence of pollen grains on the papillae

(image not shown, and Figure 8a). Signals typical for the

biflavonoids biapigenin (m/z 537.08, [M-H]
)

) and amento-

flavone (m/z 537.08, [M-H]
)

) were found in the pollen

(Figure 8b). A laser intensity of 283 lJ mm
)2

was sufficient

for efficient desorption/ionization of the analytes. Images

constructed for the whole leaf were composed of approxi-

mately 9000 pixels, and the images constructed for smaller

structures such as the stamens, styli and pollen were all

more than 1000 pixels. Although a spatial resolution of

10 lmwas required to differentiate highly localized regions,

the high frequency (200 Hz) of the Nd:YAG laser made it

possible for the measurements to be performed in a

reasonable time span.

The ease with which biflavonoids could be analysed

using LDI inspired us to study whether other phenolic

compounds could be desorbed from plant material. GALDI

imaging has shown the distribution of three flavonoids

(kaempferol, quercetin and isorhamnetin) and their

glycosides at low spatial resolution in sepals and petals

from A. thaliana (Cha et al., 2008). Mounting detached

A. thaliana Col-0 petals on conductive tape (Figure 9a,f)

and LDI-MSI imaging using the Ultraflex III
�

at 10 lm

resolution within the scanning range m/z 100–800 we were

able to obtain highly resolved ion images with cell-like

structures (Figure 9). Very strong signals for many putative

flavonoids and corresponding glycosides were visible, with

particular patterns for individual ions. Using CID spectra

(TOF/TOF) and published data (Cha et al., 2008), we were

able to identify individual ions. The upper two-thirds

of most petal surfaces contain kaempferol (m/z 285.02,

Figure 9b) and kaempferol-rhamnoside (m/z 431.04,

Figure 9d). Upon closer inspection, petal veins show very

low concentrations of these compounds. An identical

distribution was observed for highly glycosylated kaempfe-

rols (data not shown), e.g. m/z 577 (kaempferol-dirhamno-

(a)

(b)

(c) (e)

(d) (f)

Figure 5. Detection of hypericins in the glandu-

lar trichomes of H. reflexum.

(a) Detail of H. reflexum leaf; (b) cut-out of

measured region; glandular trichomes and

secretory cavities are distinguishable; (c, d)

molecular images of (b) for m/z 503 (blue) and

m/z 519 (green); (e, f) overlays of optical image

(b) and molecular images for m/z 503 (blue) and

m/z 519 (green), respectively. Scale

bar = 200 lm.
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side), m/z 593 (kaempferol-rhamnoside-glucoside) and m/z

739 (kaempferol-dirhamnoside-glucoside).

Quercetin and isorhamnetin (m/z 301, Figure 9c and m/z

315, Figure 9e, respectively) are co-localized in the lower

third of the petal, and corresponding glycosylated forms

showed an identical pattern, e.g. m/z 447 (quercetin-

rhamnoside), m/z 461 (isorhamnetin-rhamnoside) and m/z

609 (quercetin-rhamnoside-glucoside). In contrast to the

kaempferol family, quercetin and isorhamnetin were

detected in petal veins. If the images from both distribution

patterns are superimposed, all compounds are seen to be

co-localized in the lower petal mid-vein, suggesting that they

share a common means of transport. In sepals, kaempferol/

quercetin and isorhamnetin show a somewhat less distinct

distribution than in petals (Figure 9f–j). Kaempferol (Fig-

ure 9g) and its rhamnoside (Figure 9i) are more abundant in

the internal parts of the plant, whereas quercetin (Figure 9h)

and isorhamnetin (Figure 9j) occupy the whole leaf surface.

DISCUSSION

The detection of variations in the molecular content of cell

populations requires analytical methods based on single

cells to avoid the pooling of data that occurs when constit-

uents are averaged over multiple cells. Therefore, we used

various strategies to acquire information about the distri-

bution of secondary natural products in cryo-sectioned,

laser-microdissected or freshly cut plant samples of Hyper-

icum sp. The results show the suitability of combining LMD

and LDI-TOF/MS and LDI-MSI to analyse the localization

of secondary metabolites of H. perforatum. This approach

should minimize the negative effects caused by application

of a matrix. No additional chemical interactions, no addi-

tional data-distorting diffusion processes, and no additional

changes of the matrix-treated surface of the sample are

expected.

The phytochemical constituents of members of the genus

Hypericum, and especially H. perforatum, have been

described frequently, allowing us to compare our molecular

data for the secondary metabolites with published data.

Recent publications that provide an overview of the phyto-

chemical profiles of various parts of leaves and flowers of

H. perforatum include those by Berghöfer and Hölzl (1989),

Nebelmeir (2006) and Tatsis et al. (2007). Our methods

permitted identification of most compounds described in

these reports, but could not distinguish the biflavonoids

biapigenin and amentoflavone from the flavonoids hypero-

side and isoquercitrin, which would have required the use of

LC-MS equipment.

Naphthodianthrones were detectable in the dark glands of

leaves and petals and in certain parts of the connective

tissue of the theca of the stamens.With the higher resolution

afforded by use of the Ultraflex III
�
apparatus, we were able

(a) (c) (e)

(b) (d) (f)

Figure 6. LDI-MSI detection of hypericins in appendices of the placenta of H. perforatum.

(a) Cryosection of the ovary of H. perforatum showing the placenta (ovary wall), the funiculi and ovules; (b) optical image of the measured region of placenta – the

area circled in orange shows expected localization of secondary metabolites; (c, d) molecular images of (b) form/z 503 (blue) andm/z 519 (green), respectively; (e, f)

overlays of optical image (b) and molecular images for m/z 503 (blue) and m/z 519 (green), respectively.
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to analyse the contents of closely adjacent anatomical

structures on H. reflexum leaves that were separated from

each other by only 50 lm; our analysis revealed highly

localized hypericins in the glandular trichomes and dark

glands of H. reflexum, and avoided the time-consuming

steps required to mechanically isolate glandular trichomes

and determine their natural products (Piovan et al., 2004).

Furthermore, the LDI-MSI results can be easily re-checked by

LMD and LDI-TOF/MS or LC/MS/MS analysis.

The spatial resolution of the phytochemical profile of

neighbouring secretory cavities of Hypericumwas excellent,

enabling us to investigate even smaller areas such as

the small appendices of the placenta – to do this requires

collection of data on a scale <10 lm. Proof of the presence of

naphthodianthrones and flavonoids in the small appendices

of the placenta was provided using the Smartbeam
�
optics

of the Ultraflex III
�

equipment, which are able to acquire

data from localized secondary metabolites.

Recently, hyperforin was detected in disc-shaped leaf

material containing translucent glands of H. perforatum

that was manually isolated using modified syringes (Soel-

berg et al., 2007). Our approach, namely combining LMD

with LDI-TOF/MS and LDI-MSI imaging, allowed phloro-

glucinols to be detected in individual translucent glands,

and confirmed that hyperfirin and adhyperfirin accumulate

in these secretory cavities (Soelberg et al., 2007; Tatsis

et al., 2007). Surprisingly, adhyperfirin was not detected

in our samples. This variability of the phytochemical

profile could be due to different environmental factors

(Nebelmeir, 2006). LMD was also used to prepare the

papillae-containing styli of the stigma. In addition to

hypericins, MS signals typical for the biflavonoids biapi-

100 μm

(a)

(b)

(c)

(d)

(e)

(f)

Figure 7. Visualization of hypericins in the

stamen connective.

(a) Image of stamens of H. perforatum with a

dark red region of the connective tissue between

the thecae; (b) optical image of measured

stamens of H. perforatum – the area circled in

orange shows expected localization of secondary

metabolites; (c, d) molecular images of (b) for

m/z 503 (blue) andm/z 519 (green); (e, f) overlays

of optical image (b) and molecular images for

m/z 503 (blue) and m/z 519 (green), respectively.

Figure 8. LDI-MS/TOF spectra of styli and pollen.

(a) A representative spectrum of styli of H. per-

foratum containing both hypericins and the

signal for the biflavonoids biapigenin and amen-

toflavone, whose presence is due to pollen.

(b) No hypericins were detected in representative

spectra of pollen.
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genin and amentoflavone were detected. Both compounds

are thought to be localized in the stamens (Repčák and

Martonfi, 1997; Nebelmeir, 2006), and, in comparison to

biapigenin, only traces of amentoflavone are verifiable.

Evidence of biflavonoids in the papillae comes from the

presence of pollen on the styli. The compounds were

detected and separated using LC-MS techniques on

extracts of LMD samples. The presence of flavonoids

appears to be connected with hypericin-containing

secretory structures. Only traces of quercetin and rutin

were detectable in non-secretory parenchyma cells from

H. perforatum.

The well-known UV demarcations of the flower of

H. perforatum result from two categories of pigments,

flavonoids and de-aromatized isoprenylated phlorogluci-

nols (Gronquist et al., 2001). Our investigation did not

reveal any de-aromatized isoprenylated phloroglucinols.

Future investigations will focus on the presence of

secondary metabolites during the anatomical develop-

ment of plant parts such as the leaves, stamens or

placenta of Hypericum sp. The ability to analyse cell-

specific metabolite patterns makes it possible to study

the location of the biosynthesis of secondary metabolites

and putative translocations. Furthermore, LDI-MSI will

allow us to investigate the influence of genetic and

environmental factors on the accumulation of secondary

metabolites of Hypericum sp. and other plants without

using a matrix.

Natural populations and breeding lines of H. perforatum

possess a variety of bioactive constituents. LDI-MSI can be

used on this important phytomedical plant to address

harvest quality, the drying process, and storage of the plant

material. Further experimental developments should enable

us to analyse active compounds in species at various

vegetative stages and in specific parts of the plant. Such

analysis will help to define the optimal harvest time for

obtaining high-quality raw material.

Anthracnose disease of H. perforatum caused by Collet-

otrichum gloeosporioides Penz. leads to the development of

symptoms such as the reddish colour of infected plants

(Gaudin et al., 2003). LDI-MSI will be useful for studying the

role of secondary plant metabolites such as phytoalexins,

whose concentration increases after pathogen attack; it is

an elegant tool for investigating the uptake, metabolism

and distribution of polycyclic aromatic plant metabolites in

host–pathogen interactions.

Using LDI-MSI on A. thaliana Col-0 petals and sepals

provided clear MS images (Figure 9) at cellular resolution

(approximately 10 lm), and indicates the broad scope of the

method. The previously determined distribution of flavo-

noids reported by Cha et al. (2008) was re-examined. We

found that all the compounds are co-localized in the main

basal petal vein, and only glycosides of the quercetin and

isorhamnetin type occur in small veins. The mechanistic

cause of this pattern cannot be determined from the current

dataset, but the transport from other plant parts is likely. A

possible function of the observed distribution could be that

the localization of highly UV-absorbing pigments (the quer-

cetin and isorhamnetin series) in the petal base directs

pollinators to the nectar source. A related UV-absorbing

guide mark has been isolated from the petal base of the

related speciesBrassica rapa, and identifiedas isorhamnetin-

3,7-O-di-b-D-glucopyranoside (Sasaki and Takahashi, 2002).

In principle, any UV-absorbing compound could be

imaged on the scale of individual cells as performed here.

All compounds with condensed aromatic rings, such as

flavonoids, flavanes, anthocyanins or similar plant pig-

ments, or indolic alkaloids and related structures, are targets

for future application of the LDI-MSI method illustrated here.

It is encouraging that plants can be imaged without

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Figure 9. Distinct distribution of flavonoids in A. thaliana petals and sepals.

(a) Optical image of an A. thaliana Col-0 flower petal; negative ion mode LDI-MSI images constructed for the distribution of (b) the m/z 285 ion corresponding

to kaempferol; (c) the m/z 301 ion corresponding to quercetin; (d) the m/z 431 ion corresponding to kaempferol rhamnoside; (e) the m/z 315 ion corresponding

to isorhamnetin.

(f) Optical image of an A. thaliana Col-0 flower sepal; (g, h, i and j) correspond to the same ion images as described for (b–e), respectively.
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cryo-sectioning, and that organs/glands in the body of the

plant tissues are suitable for MSI. The UV laser is able to

penetrate a few micrometres into the sample, enough to

desorb and ionize the compounds of interest. This method

could also be applied to samples of animal or microbial

origin.

EXPERIMENTAL PROCEDURES

Plant material

Plants of H. perforatum L. were obtained from Agrarprodukte

Ludwigshof eG and Martin Bauer GmbH Co. KG (http://www.

martin-bauer.de). They were grown outside close to the greenhouse

of the Max Planck Institute for Chemical Ecology. Plants of H. refl-

exum L. were obtained from the Botanical Garden of Martin Luther

University (Halle-Wittenberg, Germany). These plants were grown

in either sand or soil (Klasmann Erden (http://www.klasmann.

deilmann.de) clay and sand in the ratio 1:2) under greenhouse

conditions (day 20–22�C, night 18–20�C; 30–55% relative

humidity; the natural photoperiod was supplemented by 8 h of light

from a Philips Sun-T Agro 400 W sodium light, http://www.

philips.com).

A. thaliana plants of Columbia accession (Col-0) were grown in a

soil:vermiculite mixture (3:1) in a controlled environment chamber

at 21�C, 55% relative humidity, 100 lmol m
)2

sec
)1

photosynthet-

ically active radiation from a mixture of Fluora and Cool White

lamps (Osram, http://www.osram.de), and a diurnal cycle of 10 h

light/14 h dark.

Laser microdissection of secretory cavities

Using to the procedure described by Hölscher and Schneider (2007),

leaves, sepals and petals of H. perforatum or H. reflexumwere fixed

between a thin glass slide (0.6 mm thickness, Menzel Gläser, http://

www.menzel.de) and a specially manufactured metal frame. The

dissection of the secretory cavities was made possible by use of a

nitrogen solid-state diode laser of a Leica LMD6000 system (http://

www.leica-microsystems.com/) with short pulse duration (355 nm).

The microdissected secretory cavities were collected in the lid of an

Eppendorf tube by the Leica LMD6000 system. The microtube was

briefly centrifuged (1000 g, 25�C, 1 min) to settle the contents.

Methanol was added and the mixture was sonicated for 1 min,

and then transferred to a MALDI plate for (MA)LDI-TOF/MS

investigation.

Sap sampling using microcapillaries

Fused silica capillaries were used as microcapillaries. Their etching

using hydrofluoric acid was performed as described previously

(Kelly et al., 2006; Sproß, 2007). The micro-injection apparatus

consists of a stereo microscope (Zeiss Stemi SV11, http://www.

zeiss.com/) with a magnification range of 6 · to 60 ·. The micro-

capillaries were connected with a micromanipulator and a home-

made air-pulse controller system manufactured by the Max Planck

Institute for Chemical Ecology workshop according to the plans

described by Handler (2000). Injection of the microcapillaries and

ejection of the contents of the specialized cells of Hypericum sp.

were performed in the open air.

Mass spectrometry

A MALDI micro MX mass spectrometer (Waters, http://www.

waters.com) fitted with a nitrogen laser (337 nm, 4 nsec laser pulse

duration, 10 Hz and 154 lJ per pulse) was used in reflectron mode

and negative polarity for data acquisition using MassLynx

version 4.0 software. The chemical identity of the compounds ob-

served was confirmed by comparing MS/MS spectra of standard

compounds and the masses obtained using an LTQ ion trap

instrument (Thermo Fisher, http://www.thermo.com) with an

atmospheric pressure MALDI source equipped with a solid-state

Nd:YAG UV laser (MassTech, http://www.apmaldi.com) and run-

ning Target 6 (MassTech) and Excalibur version 2.0 (Thermo Fisher)

software for data acquisition.

Fixation of plant material for Ultraflex III

Sepal and petal (A. thaliana), laser-microdissected stigma, un-

treated leaves, theca and pollen (leaves from H. reflexum, others

from H. perforatum) were manually separated from the rest of the

stamens using micro chisels (Eppendorf, http://www.eppendorf.

com) and fixed on carbon conductive adhesive tape (Plano, http://

www.plano-em.de), which was in turn fixed on an ITO slide (Bruker

Daltonic, http://www.bdal.com). The cryo-sectioned placenta slices

(thickness 60 lm) were directly transferred to an indium-tin-oxide

(ITO) glass slide. A Staedtler triplus gel-liner (silver, 0.4 mm;

Staedtler-Mars, Nürnberg, Germany, http://www.staedler.com) was

used to place marks close to the samples to define their position.

The granular particles of this gel-roller marker were useful to alle-

viate the laser positioning during LDI-MSI. Stereomicroscopic

images were developed using Image J software (National Institutes

of Health, http://rsb.info.nih.gov/ij/).

Imaging on the Ultraflex III� mass spectrometer

An Ultraflex III
�
mass spectrometer (Bruker Daltonics) was used for

the analysis. The instrument was equipped with a Nd:YAG laser. All

spectra weremeasured in negative reflectronmode. Tomeasure the

pixels of ca 10 · 10 lm, the minimum laser focus setting (corre-

sponding to a diameter of about 10 lm laser, under-usage of over-

sampling) was used. For each raster point, a spectrum was accu-

mulated with 40 laser shots and fixed laser intensity. For image

reconstruction, FlexImaging version 2.0 software (Bruker Daltonics)

was used. For LDI-MSI of the placenta, 4633 raster positions were

measured; 4125 positions for the stamens and 1107 positions for the

styli and pollen. All signals within amass range ofm/z 300–600 were

recorded. Leaf imaging was performed at 9262 raster positions

within a mass range ofm/z 300–700. Forty laser shots per pixel were

collected from each position, and then the software calculated the

average mass spectrum.
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Hypericin, den photodynamischen Farbstoff des Johanniskrautes (Hyperi-

cum perforatum). Justus Liebigs Ann. Chem. 553, 1–53.

Brolis, M., Gabetta, B., Fuzatti, N., Pace, R., Panzeri, F. and Peterlongo, F.

(1998) Identification by high-performance liquid chromatography–diode

array detection–mass spectrometry and quantification by high-perfor-

mance liquid chromatography–UV absorbance detection of active constit-

uents of Hypericum perforatum. J. Chromatogr. A, 825, 9–16.

Burrell, M.M., Earnshaw, C.J. and Clench,M.R. (2007) Imagingmatrix assisted

laser desorption ionization mass spectrometry: a technique to map plant

metabolites within tissues at high spatial resolution. J. Exp. Bot. 58, 757–

763.

Butterweck, V. (2003) Mechanism of action of St John’s wort in depression –

what is known? CNS Drugs, 17, 539–562.

Caprioli, R.M., Farmer, T.B. and Gille, J. (1997) Molecular imaging of biolog-

ical samples: localization of peptides and proteins using MALDI-TOF MS.

Anal. Chem. 23, 4751–4760.

Cha, S., Zhang, H., Ilarslan, H.I., Wurtele, E.S., Brachova, L., Nikolau, B.J. and

Yeung, E.S. (2008) Direct profiling and imaging of plant metabolites in

intact tissues by using colloidal graphite-assisted laser desorption ioniza-

tion mass spectrometry. Plant J. 55, 348–360.

Charchogylan, A., Abrahamyan, A., Fujii, I., Boubakir, Z., Gulder, T.A.M.,

Kutchan, T.M., Vardapetyan, H., Bringmann, G., Ebizuka, Y. and Beerhues,

L. (2007) Differential accumulation of hyperforin and secohyperforin in

Hypericum perforatum tissue cultures. Phytochemistry, 68, 2670–2677.

Ciccarelli, D., Andreucci, A.C. and Pagni, A.M. (2001) Translucent glands and

secretory canals in Hypericum perforatum L. (Hypericaceae): morphologi-

cal, anatomical and histochemical studies during the course of ontogene-

sis. Ann. Bot. 88, 637–644.

Cooks, R.G., Ouyang, Z., Takats, Z. and Wiseman, J.M. (2006) Ambient mass

spectrometry. Science, 311, 1566–1570.

Emmert-Buck, M.R., Bonner, R.F., Smith, P.D., Chuaqui, R.F., Zhuang, Z.,

Goldstein, S.R., Weiss, R.A. and Lotta, L.A. (1996) Laser capture microdis-

section. Science, 274, 998–1001.

Erdelmeier, C.A.J. (1998) Hyperforin, possibly the major non-nitrogenous

secondary metabolite of Hypericum perforatum L. Pharmacopsychiatry,

31, 2–6.

Esau, K. (1965) Plant Anatomy. New York: Wiley, pp. 308–311.
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Summary (250 words)34

The formation of 4-deoxyaurones, which serve as UV nectar guides in Bidens ferulifolia (Jacq.)35

DC., was studied by combination of UV photography, mass spectrometry, and biochemical assays.36

The yellow flowering ornamental plant accumulates deoxy-type anthochlor pigments (6’-37

deoxychalcones and the corresponding 4-deoxyaurones) in the basal part of the flower surface38

whilst the apex contains only yellow carotenoids. For UV sensitive pollinating insects, this appears39

as a bicoloured floral pattern, the so-called bull’s eye, which can be visualized in situ by specific40

ammonia staining of the anthochlor pigments. The petal back side, in contrast, shows a faintly UV41

absorbing centre and UV absorbing rays along the otherwise UV reflecting petal apex. Matrix-free42

UV laser desorption/ionisation mass spectrometric imaging (LDI-MSI) indicated the presence of 943

anthochlors in the UV absorbing areas. The prevalent pigments were derivatives of okanin and44

maritimetin. Enzyme preparations from flowers, leaves, stems and roots of B. ferulifolia and from45

plants, which do not accumulate aurones e.g. Arabidopsis thaliana, were able to convert chalcones46

to aurones. Thus, aurone formation could be catalyzed by a widespread enzyme and seems to47

depend mainly on a specific biochemical background, which favours the formation of aurones at48

the expense of flavonoids. In contrast to 4-hydroxyaurone formation, hydroxylation and oxidative49

cyclization to the 4-deoxyaurones does not occur in one single step but is catalyzed by two50

separate enzymes, chalcone 3-hydroxylase and aurone synthase. Aurone formation shows an51

optimum at pH 7.5 or above, which is another striking contrast to 4-hydroxyaurone formation in52

Antirrhinum majus L.53

54

55
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Introduction65

Flower colour is a result of the evolutionary development from undirected pollination by wind to66

directed pollination by a specific vector (Briscoe and Chittka 2001; Chittka et al. 1994; Harborne67

1993; Menzel and Shmida 1993). Yellow coloration appeared as an adaptation to the colour sense68

of insects as the prevalent pollinators in temperate zones (Harborne 1993). Many Asteraceae69

species accumulate two types of yellow pigments, carotenoids and anthochlors. In Bidens sp., the70

carotenoids are uniformly distributed across the petal whereas the anthochlors are concentrated at71

the petal base (Harborne and Smith 1978; Scogin and Zakar 1976). Such patterns are know as72

nectar guides (synonym: honey guides, pollen guides) (McCrea and Levy 1983). For humans, the73

flowers are monochromatically yellow; however for UV sensitive insects the flowers appear74

bicoloured because of the different UV absorbance of carotenoids and anthochlors (Briscoe and75

Chittka 2001; Daumer 1958). Bidens ferulifolia is an interesting model plant for studying both76

nectar guide formation and anthochlor biosynthesis, which is not completely understood so far77

(Davies et al. 2006).78

79

Although the occurrence of anthochlors (chalcones and aurones) is not restricted to flower tissues80

they are mostly noticed as the yellow flower pigments in Asteraceae species, snapdragon81

(Antirrhinum majus L.) and carnations (Dianthus caryophyllus L.) (Davies et  al. 1997; Harborne82

1967). Anthochlors are frequently ranked among flavonoids, but their structure cannot be derived83

from the flavonoid skeleton (Figure 1). Hydroxy-types and deoxy-types are distinguished,84

depending on whether or not the position 6’ of chalcones and the corresponding position 4 of85

aurones carry a hydroxyl group. In Asteraceae, anthochlor pigments of the deoxy-type are typically86

found with the exception of Helichrysum bracteatum which accumulates the hydroxy-type pigments87

as Antirrhinum majus (Harborne 1967). Whereas 6’-hydroxychalcones rapidly isomerise - either88

chemically or enzymatically - to the corresponding flavanone, the 6’-deoxychalcones are89

chemically stable and are not converted by common chalcone isomerases (CHI). Anthochlors are90

easily detected by a specific colour switch from yellow to orange when exposed to ammonia or the91

alkaline vapour of a cigarette (Harborne 1967). This is due to the pH dependent transition of the92

undissociated phenol groups to phenolates. Consequently, the absorbance spectrum of the93
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pigments shows a bathochromatic shift of approx. 100 nm from the violet to the blue range of the94

spectrum (Supplementary Figure1). This results in a corresponding shift of the reflected95

wavelengths, which is perceived as colour switch by the human eye.96

97

In contrast to the well-studied flavonoid pathway, the knowledge on the formation of anthochlors98

and particularly of aurones is still limited. The formation of aurones competes with flavonoid99

formation for chalcones as the immediate biochemical precursors. During the past decade, aurone100

formation in plants was exclusively studied in A. majus, (Nakayama et al. 2001; Nakayama et al.101

2000; Ono et al. 2006a; Ono et al. 2006b; Sato et al. 2001). In addition it was shown that fungal102

catechol oxidases can also catalyze aurone formation (Nakayama et al., 2000; Sanchez-Gonzalez103

and Rosazza 2006). Aureusidine synthase from A. majus, a soluble, bifunctional polyphenol104

oxidase (PPO) homologue (monooxygenase and dioxygenase activity) catalyzes the hydroxylation105

and oxidative cyclization of chalcones to aurones. In the suggested reaction mechanism106

(Nakayama 2002), the monoxygenase activity is particularly crucial to explain the occurring 3,4-107

and 3,4,5-hydroxylation pattern of the aurones present in A. majus. In addition, it is essential for108

the conversion of the monohydroxylated naringenin chalcone, because oxidative cyclization occurs109

only in the presence of hydroxyl groups in ortho-position. Aureusidine synthase accepted also 6’-110

deoxychalcones although they are not native substrates in A. majus. Thus, it was assumed that111

formation of 4-deoxyaurones in Asteraceae species follows a similar mechanism (Nakayama112

2002); however, this was not tested so far in a 4-deoxyaurone producing plant.113

114

Using a combined approach of mass spectrometry, biochemical assays, and UV photography, we115

investigated for the first time the formation of 4-deoxyaurones in Bidens ferulifolia (Jacq.) DC. We116

show that the hydroxylation step of the B-ring requires the presence of an additional hydroxylating117

enzyme. In addition, we demonstrate for the first time that the ability of aurone formation is118

frequently present in plants and not necessarily correlated to aurone accumulation, thereby119

contributing a novel perspective to the knowledge of aurone biosynthesis in general.120
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Results (1381 words)121

Anthochlors and flavonoids in Bidens ferulifolia petals122

The presence of anthochlor pigments and flavonoids in the Bidens petals was analysed by a123

combined approach of matrix-free UV laser desorption/ionisation mass spectrometric imaging (LDI-124

MSI), LC-MS and HPLC with emphasis on identifying the chalcone and aurone core structures.125

LDI-MSI demonstrated the presence of 9 mass peaks corresponding to 6 core structures of126

anthochlor pigments or flavonoids and the corresponding monoglucosides, respectively (Figure 2).127

A mass peak related to isoliquiritigenin 4’-O- -D-glucoside (m/z 417) was not detected. Mass peaks128

m/z 269, 271, 285, 287, 431, 433, 447 and 449 were not clearly related to a specific compound129

because the presence of several mass isomers could be expected (Figure 3). The compounds130

were further identified by LC-MS measurement of exact mass and retention time in comparison to131

commercially available reference compounds (Figure 3). The native methanolic extracts contained132

anthochlors as aglycones and glycosides. The latter were not identified further because the133

glucosylation pattern of the pigments is not decisive for the nectar guide formation. The presence134

of those glycosides, which were not available as commercial references, was investigated after135

enzymatic hydrolysis and the glucose position was tentatively allocated according to the literature136

(Halbwirth et  al. 1997; Harborne 1967). Thus, the LDI-MSI mass peaks could be allocated to137

specific compounds as follows: m/z 269 (sulfuretin), m/z 271 (butein), m/z 285138

(maritimetin/luteolin), m/z 287 (okanin), m/z 431 (sulfuretin 6-O- -D-glucoside), m/z 433 (butein 4’-139

O- -D-glucoside), m/z 447 (maretimein/luteolin 7-O- -D-glucoside) and m/z 449 (marein). The140

presence of 3’,4’,5’,6-tetrahydroxyaurone and robtein and their glycosides could be excluded141

(Figure 3). The abundance of the main pigments was estimated by HPLC. After enzymatic142

hydrolysis of methanolic extracts, okanin (2.6 mg ± 0.5/10 g FW) followed by maritimetin (1.3 mg ±143

0.7/10 g FW) and butein (0.4 mg ± 0.3/10 g FW) were the prevalent anthochlor pigments. High144

amounts of the flavone luteolin (1.4 mg ± 0.4/10 g FW) were also present.145

Nectar guides146

UV photography of B. feruliulifolia showed the presence of the typical bulls-eye, which is composed147

of a UV absorbing petal base and a UV reflecting apex (Figure 4 a). The back side, in contrast,148
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showed a different pattern with a faintly UV absorbing centre and UV absorbing rays along the149

otherwise UV reflecting petal apex (Figures 4 e). Staining with ammonia led to a colour switch of150

the petal base in the same areas (Figure 4 b, c, f, g), indicating that the UV nectar guides are151

based on the local accumulation of anthochlor pigments as described earlier (Scogin and Zakar152

1976). Particularly the veins were intensively stained along the whole petal (Figure 4 d, g, h). The153

anthochlors are present in the epidermal layer of both sides of the petal base (Figure 4 i, j),154

whereas in the cross sections of the apex only the veins at the back side were stained (Figure155

4 g, k, l). Petals from all developmental stages showed the typical colour switch after ammonia156

staining. However, petals of closed buds were two times folded and only the back side was visible157

at the early stages of flower anthesis. In contrast to Bidens sp, Coreopsis grandiflora Hogg ex158

Sweet and Cosmos sulphureus Cav showed a complete colour switch demonstrating the uniform159

distribution of anthochlor pigments in their petals (Figure 4 m-p).160

161

In the LDI-MS image, all 9 mass peaks showed a similar distribution along the petal and were162

exclusively present at the base but not in the apex of the petals front side (Figure 2). LDI-MSI was163

also possible when the petals were stained with ammonia, however, this negatively affected leaf164

quality, with the exception of imaging of the veins. It appears that the ammonia might soften the165

relatively stiff structure of the veins thereby facilitating the extraction of the analytes. All mass166

peaks were found on both petal sides with the exception of the mass peaks m/z 433 and m/z 431,167

which were present only on the front side.168

4-Deoxyaurone formation in B. ferulifolia169

Incubation of butein with enzyme preparations from B. ferulifolia petals led to the formation of one170

product which was identified as sulfuretin by comparison with the authentic reference compound171

(Figure 6 a). No formation of robtein or 5’-hydroxysulfuretin could be observed under standard172

conditions. Apart from butein, the enzyme accepted the 6’-deoxychalcones okanin and robtein as173

substrates and converted them into the corresponding aurones maritimetin and 5’-174

hydroxysulfuretin. Butein 4’-O-glucoside was converted into sulfuretin 6-O-glucoside accordingly.175

Hydroxylating activity in addition to the ring closure could be observed in none of the assays. When176

marein was offered as a substrate, the formation of okanin and the corresponding aurone177
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maritimetin could be detected. No product formation could be observed when isoliquiritigenin or178

naringenin chalcone were offered, neither under standard conditions nor in the presence of 3-[(3-179

cholamidopropyl)dimethyl-ammonio]-1-propanesulfonate (CHAPS) and/or hydrogen peroxide180

(H2O2). Eriodictyol chalcone was also converted to aureusidine and bracteatin but was an181

unsuitable substrate for enzyme characterisation due to chemical instability in both acidic and182

alkaline environment.183

184

Formation of aurones was cataylzed by enzyme preparations from flower tissues, leaves, stems185

and roots (Supplementary Table 1). Flower tissues included petals from disc florets and 3186

developmental stages of ray florets and sepals. Highest activities were observed in roots followed187

by open flowers; lowest activities were found in leaves. The presence of ascorbate strongly188

influenced the AUS activity. When no ascorbate was present in the buffer during the enzyme189

preparation, neither the substrate nor the product could be detected in the assay. The presence of190

ascorbate concentrations up to 0.02 μM during enzyme preparation did not affect product191

formation. At higher concentrations, the AUS activity decreased steadily. Aurone formation showed192

a high dependence on substrate concentration. Thus, highest activities were observed in the193

presence of a substrate concentration as low as 0.5 mM and decreased steadily with increasing194

concentrations. However, product formation could be also observed in the presence of 30 mM.195

196

Using butein as a substrate, the reaction showed highest activities at pH 7.5. At lower pH values,197

the activity decreased rapidly, at higher pH values slowly. At pH 5.5, 25 % of the activity compared198

to the pH optimum was observed (Table 1). pH Optima for okanin, robtein and butein 4’O-glucoside199

were slightly higher (Table 1). Eriodictyol chalcone was converted at acidic and alkaline conditions.200

Quantification, however, was not possible because of substrate instability. The reaction was201

characterized in more detail using [14C]butein as substrate. Highest reaction rates were observed202

at 25 °C. At 60 °C, reaction rates still reached 21 % of the values measured at 25 °C; at203

temperatures higher than 60 °C no AUS activity could be observed. In the presence of heat204

inactivated preparations, no product formation was observed at any pH or temperature tested. The205

reaction was linear with time up to 15 min and with protein concentrations up to 3 μg.206
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Flavonoid metabolism in Bidens petals207

Enzyme preparations from petals of B. ferulifolia were analysed for the presence of enzymes208

activities of the pathways leading to anthochlors and flavonoids. The activities of chalcone209

synthase/CHI, flavanone 3-hydroxylase, flavone synthase II, AUS, flavonoid 3’-hydroxylase, and210

CH3H could be detected in the petals (Supplementary Table 2). Dihydroflavonol 4-reductase (DFR)211

activity was not found. A type II CHI activity, which catalyzes the isomerisation of 6’-212

deoxychalcones to the corresponding 5-deoxyflavanones (Shimada et al. 2003) was not detected213

either. The presence of a chalcone reductase (synonyms: polyketide reductase, chalcone ketide214

reductase) (Welle and Grisebach 1988) activity (CHR) could not be demonstrated. All enzymes215

detected showed higher activities in the petal base compared to the apex but were clearly present216

in both parts.217

4-Deoxyaurone formation with enzyme preparations from further plants218

Enzyme preparations from further plants which do not naturally accumulate anthochlor pigments,219

were also able to catalyze the conversion of 6’-hydroxychalcones and 6’-deoxychalcones to the220

corresponding aurones (Figure 6). This included a number of other ornamental plants from the221

Asteraceae family e.g. Tagetes erecta and R. hirta, but also members of other plant families e.g.222

A. majus, Petunia hybrida, D. caryophyllus and A. thaliana (Figure 6). In A. majus, AUS activity223

was present in enzyme preparations from petals and leaves (Figure 6 c, d). B. ferulifolia and224

A. majus showed a striking difference in the acceptance of isoliquiritigenin as a substrate (Figure225

6 i, j). Enzyme preparations from A. majus catalyzed the formation of butein and sulfuretin from226

isoliquiritigenin. Addition of H2O2 or CHAPS was not required. The presence of KCN strongly227

decreased the formation of butein and sulfuretin whereas the cytochrome P450 specific inhibitors228

ketoconazol and ancymidol did not. B. ferulifolia, in contrast, converted isoliquiritigenin only in the229

presence of NADPH to butein.230

Discussion (1366 words)231

The ornamental plant B. ferulifolia is an easily accessible model for studying UV nectar guides232

because a rapid visualization by ammonia staining instead of UV photography, which needs233

specialized equipment, is possible. In addition, B. ferulifolia offers the possibility to study for the234



10

first time the biosynthesis of aurones in plants, which accumulate the deoxy type anthochlors as235

flower pigments. Studies on the deoxy type pathway have the advantage that the chemically stable236

6’-deoxychalcones are the native substrates for aurone formation and no competition for common237

precursors for flavanone formation by CHI occurs. B. ferulifolia was preferred over other238

Asteraceae species as model plant because the irregular distribution in the petals and the striking239

presence particularly in veins offers interesting possibilities for future studies on the regulation and240

tissue or cell specific formation of anthochlors in the flowers.241

242

4-Deoxyaurone formation243

The presence of 9 compounds belonging to the class of anthochlor pigments was observed.244

Surprisingly 5 of them were aglycones although in the literature the corresponding glycosides are245

reported (Scogin and Zakar 1976). Whereas the presence of compounds based on isoliquiritigenin,246

butein, sulfuretin, okanin and maritimetin was expected for Bidens sp., the presence of anthochlor247

pigments carrying 3 hydroxyl groups in the B-ring was not reported and could not be demonstrated248

in our studies either. This allows important clues on the mechanism of 4-deoxyaurone formation,249

because it demonstrates that AUS does not introduce an additional hydroxyl group in the B-ring as250

part of the catalytic mechanism as is the case in 4-hydroxyaurone formation.251

252

Formation of aurones has only been studied in the 4-hydroxyaurone accumulating A. majus so far253

and was shown to be catalyzed by the so-called ‘aureusidine synthase’ (Nakayama et al., 2000).254

However, we favour the more general term ‘aurone synthase’ (AUS), because the enzyme255

catalyzes the formation of both aureusidine and bracteatin from eriodictyol chalcone and also256

accepts other chalcone substrates. This is also in better agreement with the physiological activity in257

Asteraceae where aureusidine formation is not native. In B. ferulifolia, AUS activity was present in258

different flower tissues including non-aurone accumulating sepals, but also in roots, stems and259

leaves. Furthermore, aurone formation could be demonstrated with enzyme preparations from a260

number of plants which do not naturally accumulate aurones including A. thaliana. Thus, the261

presence of AUS activity is not specifically correlated with aurone occurrence. One possible262

explanation is that aurone formation is catalyzed by an unspecific enzyme e.g. a PPO because263



11

AUS was classified as being a Cu2+ containing PPO homologue. This is supported by the fact that264

the suggested reaction mechanism is actually based on an enzymatic o-quinone formation, which265

is a classical PPO reaction, followed by a non-enzymatic cyclization step (Strack and Schliemann266

2001). The argument against is that the purified aureusidine synthase specifically acted on267

chalcones whereas DOPA, which is one of the most common substrates for PPOs, was not268

accepted (Nakayama et al., 2000).269

270

The observed ability of aurone formation in non-aurone accumulating plants and tissues is271

obviously not of physiological relevance and could be also due to the presence of PPOs,272

particularly from chloroplasts in the leaves. On the other hand, enzyme preparations from B.273

ferulifolia petals, in which aurone formation is of physiological relevance, did not show a specifically274

higher or different AUS activity than the other tissues and the observed substrate acceptance and275

product formation was in accordance with the anthochlors identified in the petals. Davies et al.276

(2006) showed that AUS expression in different A. majus lines did not correlate with aurone277

formation and suggested the presence of a multigene family.278

279

An explanation for the absence of aurones in most plants despite the common presence of a PPO280

type AUS activity is that aurone formation can occur only in a special biochemical background. The281

formation of 4-deoxyaurones requires a 6’-deoxychalcone precursor, which is provided by a rare282

CHR (synonyms: polyketide reductase, chalcone ketide reductase) found only in few plants so far283

(Bomati et al. 2005; Welle and Grisebach 1988). The immediate biochemical precursors of 4-284

hydroxyaurones, in contrast, are commonly formed in ornamental species (Forkmann and Heller285

1999). However, they need to be present in vacuoles where aurone formation is suggested to take286

place (Ono et al., 2006b). This occurs only in mutants lacking the activities of CHI and of at least287

one further enzyme in the flavonoid pathway (Forkmann and Dangelmayr 1980). Thus, in the288

competition between flavanone and aurone formation velocity of the involved enzymes and further289

unknown factors must be decisive. AUS based biotechnological approaches to introduce yellow290

flower were not really convincing so far (Bradley et al. 2000; Ono et al., 2006a). It appears that a291

careful selection of the parental line is essential.292
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293

Our studies have identified several crucial differences between the aurone formation in A. majus294

and B. ferulifolia. Most important is the lack of the monooxygenase activity during the reaction295

regardless which 6’-deoxychalcone substrate was used. Thus, butein was converted to sulfuretin296

only, and isoliquiritigenin was not accepted as substrate. This is supported by the fact that the297

presence of robtein and tetrahydroxychalcone in Bidens sp. has never been reported in literature298

and could also not be demonstrated in our investigations. Thus, the presence of two vicinal299

hydroxy groups in the chalcone precursor is indispensable, which must be introduced by a300

separate enzyme. Recently, chalcone 3-hydroxylase (CH3H) activity was described for the first301

time in Cosmos sulphureus (Schlangen et al. 2010) and was also demonstrated in our enzyme302

preparations from B. ferulifolia petals (Supplementary Table 2). This is in clear contrast to 4-303

hydroxyaurone formation where hydroxylation and cyclization can be catalyzed in one single step304

(Sato et al., 2001). This is also supported by the fact that butein formation from isoliquiritigenin by305

enzyme preparations from A. majus decreased in the presence of the PPO inhibitor KCN whereas306

cytochrome P450 specific inhibitors had no influence.307

308

A second important difference was the dependence of the reaction on pH. Highest activities were309

observed at alkaline conditions. Even though the observed optima for all substrates except butein310

were above physiological relevance, the activity was still high at pH 7.0, but low in the range of pH311

5.0-6.5, where AUS shows it’s pH maximum (Sato et al., 2001). From the observed pH optima it is312

more likely that 4-deoxyaurone formation takes place in the cytosol and not in the vacuoles as313

shown for 4-hydroxyaurone formation in A. majus (Ono et al., 2006b).314

315

Nectar guides316

Nectar guides are the most subtle visual signals of flowers aiming at ‘brand recognition’ and317

persistent attraction of individual pollinators to ensure directed and specific pollination of a plant318

species (Leonard and Papaj 2011). They are caused by the irregular spatial distribution of319

compounds with divergent light absorbance behaviour at the petal’s front side. Depending on the320

absorbance spectrum of the pigments and the visual sense of the target pollinator such floral321
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patterns can be invisible to the human’s eye and are typically visualized by UV photography322

(McCrea and Levy 1983). Although the occurrence of UV nectar guides was largely investigated323

(Clark 1979; Guldberg and Atsatt 1975; Harborne and Smith 1978; Rieseberg and Schilling 1985),324

in-depth studies on the chemical base are so far limited to the flavonol-based UV nectar guides in325

R. hirta (Schlangen et al. 2009; Thompson 1972) where it was shown that the spatial distribution of326

specific flavonols rather than a +/- system of flavonols in general is creating the pattern. In327

B. ferulifolia, however, nectar guides are based on other pigments and ammonia staining clearly328

demonstrated the presence of a +/- system of anthochlor pigments on the petal front side. On the329

back side, in contrast, anthochlor pigments are found at both the base and apex, but are restricted330

to the veins in the apex. The typical bulls-eye pattern of the front side is established already in the331

earliest developmental stages but remains hidden to pollinators until the buds are open and the332

petals unfolded. Recently, LDI-MSI proved to be highly suitable for the localization of secondary333

metabolites in plant tissues even at single-cell resolution (Hölscher et al. 2009). Our work334

demonstrates the suitability of this technique for the non-destructive investigation of (UV) colour335

patterns in plants providing information of the chemical composition and the local distribution336

simultaneously.337

338

B. ferulifolia flowers are yellow due to the absence of anthocyanins as a result of lacking DFR339

activity. The enzyme activities required for the nectar guide formation could be detected in the base340

and apex of the petals. Because anthochlor pigments are also present in the apex veins on the341

back side this was not surprising. However, it remains a puzzle in which way the nectar guides are342

formed. This requires a tight cell specific regulation, resulting in anthochlor pigment formation in343

the epidermis at the front and back side of the petal base whereas in the apex the pathway is344

exclusively activated in the veins. For anthocyanin formation in A. majus, it was recently shown345

that epidermal specific venation is defined by overlapping expression domains of two coregulators346

of the pathway (Shang et al. 2010).347

Conclusions348

Our knowledge on aurone biosynthesis is still limited in many aspects including the question how349
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tissue and cell specific formation is regulated. Our studies have shown that the presence of aurone350

synthase activity is more common than originally assumed. This strongly indicates that the decisive351

evolutionary step for aurone accumulation rather concerned the provision of suitable chalcone352

precursors than the actual ring closure step. The establishment of the 4-deoxyaurone pathway353

(Figure 7) is the first crucial step for future studies on aurone formation at the molecular level. Our354

studies have demonstrated the advantages of the 4-deoxyaurone system, particularly with respect355

to the chemical stability of the 6’-deoxychalcone substrates and the absence of immediate356

competition of CHI and AUS for the same precursors which allows directly studying aurone357

formation with enzyme preparations from different plant tissues. Thus, Asteraceae species could358

be an excellent model system to investigate various aspects of aurone formation including359

regulatory issues.360

361

EXPERIMENTAL PROCEDURES (1004 WORDS)362

Plant material363

The investigations were carried out on Bidens ferulifolia L. flowers purchased as potted plants364

(Bellaflora, Vienna, Austria, www.bellaflora.at) and cultivated in the experimental field of TU Wien365

in Vienna in summers 2008-2011. Three developmental flower stages were collected: buds (folded366

petals, 5 mm length), opening flowers (unfolding petals, 9 mm length) and open flowers (unfolded367

petals, 12 mm length). Petals of Rudbeckia hirta L. cv. Indian Summer, Tagetes erecta L. cv.368

Antigua F1 gelb and Antirrhinum majus L. cv. Sonnett F1 gelb, Petunia hybrida cv. White Corso (all369

grown from seeds of Austrosaat, Vienna, Austria, www.austrosaat.at) were also collected from the370

experimental field, yellow and white carnations were purchased as cut flowers from a local flower371

shop. Seeds of Arabidopsis thaliana Col-0 were obtained from the European Arabidopsis Stock372

Centre NASC and cultivated at standard conditions.373

UV photography374

For UV photography, flowers or petals were radiated with a Camag Reprostar II at 366 nm375

(Camag, Muttenz, Switzerland). Pictures were taken with a Nikon D100 digital camera and a UV376

Nikkor lens (f=105 mm, 1:4.5, Nikon, Vienna, Austria, http://www.nikon.at) together with the UV377
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pass filter B+W 58 403 (Schneider, Bad Kreuznach, Germany,378

http://www.schneiderkreuznach.com) and are shown as monochromes.379

Microsocopy380

Petals were treated as described (Braune et al. 1967). The tissue was infiltrated with a series of381

glycerol-water dilutions (v/v 1:10, 1:5, 1:1) for one hour each. After the infiltration process, cross-382

sections were sliced manually from the petals still embedded in the glycerol-water 1:1. The slices383

were transferred to a microscope slide and were embedded either in water (native) or in a solution384

of 2 M ammonia in (1:1) glycerol-water. The preparations were examined under a Carl Zeiss Axio385

Scope A1 microscope (Zeiss, Vienna, Austria, http://www.zeiss.at) and pictures were taken using a386

Canon G10 (Canon, Vienna Austria, http://www.canon.at) connected to the microscope via a387

conversion Canon lens adapter LA-DC58K (Zeiss No. 426126).388

Chemicals389

[14C]Isoliquiritigenin and [14C]butein were synthesised as described (Halbwirth et al. 2006) from 4-390

hydroxy[ring-U-14C]benzaldehyde (33.1 MBq/mg) (Amersham International, UK,391

http://www.gelifesciences.com). Isoliquiritigenin, butein, sulfuretin, luteolin, marein, maritimein,392

luteolin 7-O-glucoside and eriodictyol chalcone were purchased from Extrasynthesis (Genay,393

France, http://www.extrasynthese.com), robtein from TransMIT-MPC (Giessen, Germany,394

http://www.plantmetachem.com). Okanin and maritimetin were obtained by enzymatic hydrolysis395

from marein and maritimein, respectively. Briefly, 20 μg of the glycoside dissolved in 20 μL ethanol396

were incubated for 30 min at 30 °C with 10 μg naringinase (Sigma-Aldrich, Vienna, Austria,397

http://www.sigmaaldrich.com) in 80 μL 0.1 M McIlvaine buffer pH 5.5.398

LC-MS analysis399

The LC-MS analysis was performed using the Ultimate 3000 series RSLC (Dionex, Sunnyvale, CA,400

USA, http://www.dionex.com) system and the Orbitrap XL mass spectrometer (Thermo Fisher401

Scientific, Bremen, Germany, http://www.thermo.com) equipped with an ESI source. HPLC was402

accomplished using the Acclaim C18 Column (150 x 2.1 mm, 2.2 μm; Dionex) at a constant flow403

rate of 300 μL/min using a binary solvent system: solvent A contains water with 0.1 % formic acid404

(Roth, Karlsruhe, Germany, http://www.carl-roth.de) and solvent B contains acetonitrile405
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(hypergrade for LC MS, Merck KGaA, Darmstadt, Germany, http://www.merckchemicals.com) with406

0.1% formic acid. Ten μL were injected into the HPLC gradient system started with 0.5% B and407

linearly increased to 10 % B in 10 min and to 80 % in 14 min and was then held for 5 min, before408

being brought back to the initial conditions and held for 6 min for re-equilibration of the column for409

the next injection. Capillary voltage was set to 35 V and transfer capillary temperature to 275 °C.410

Measurements were performed in negative mode using the Orbitrap analyzer. Full scan mass411

spectra (x to y) were generated using 30,000 resolving power and processed and visualized using412

Xcaliber xx software.413

Imaging on the Ultraflex III® mass spectrometer414

A carbon conductive adhesive tape (Plano, Wetzlar, Germany, http://www.plano-em.de) was fixed415

on an Indium Tin Oxide slide (Bruker Daltonics, Bremen, Germany, http://www.bdal.com) to fix the416

petals on the slide. The rims of the leave were used for the laser positioning during LDI-MSI. An417

Ultraflex III® mass spectrometer (Bruker Daltonics) equipped with a Nd:YAG laser was used for the418

analysis. All spectra were measured in negative reflectron mode. A raster of 75 x 75 μm and the419

large laser focus settings with constant laser intensity and a shot rate of 50 Hz were used. For LDI-420

MSI of the front side, 9494 raster positions were measured; and 19085 positions for the back side421

were recorded within a mass range of m/z 100–1100. For each raster point, a spectrum was422

accumulated with 230 laser shots for the front side; and 100 laser shots for the back side;423

respectively. For image reconstruction, FlexImaging version software version 2.0 (Bruker424

Daltonics) was used.425

HPLC426

HPLC analysis was performed on a Perkin Elmer Series 200 system (Perkin Elmer, Vienna,427

Austria, http://www.perkinelmer.de) equipped with a photodiode array detector coupled with a428

500TR Flow Scintillation Analyzer for the detection of radiolabeled substances according to429

Chandra et al. (2001) for assays with okanin and marein as substrates and according to Vande430

Casteele et al. (1982) for all other compounds.431

Enzyme preparation432

0.5 g plant material, 0.25 g polyclar AT (Serva, Mannheim, Germany, http:www.serva.de) and433
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0.25 g quartz sand (VWR Vienna, Austria, https://at.vwr.com) were homogenized with 3 mL buffer434

in a mortar. The homogenate was centrifuged for 10 min at 10,000 x g and 4 °C. To remove low435

molecular compounds, crude enzyme preparations were passed through a gel chromatography436

column (Sephadex G25, GE Healthcare, Freiburg, Germany, http://www.gelifesciences.com).437

Extraction buffers generally contained 0.4 % (v/v) sodium ascorbate (Sigma). For AUS assays,438

enzyme preparations were liberated from ascorbate during the gel extraction step. Protein content439

was determined by a modified Lowry procedure (Sandermann and Strominger 1972) using440

crystalline bovine serum albumine as a standard.441

Enzyme assays442

Assays for CHS/CHI, CH3H, DFR, FHT, FNS II and F3’H were performed as described earlier443

(Halbwirth et al. 2008; Schlangen et al., 2010).444

Enzyme characterization445

All data represents an average of at least three independent experiments. Determination of the pH446

optimum was carried out as described for the standard aurone synthase assay, but using 0.2 M447

McIlvaine buffers with pH values between 4.5 and 9.0.448

Standard assay for aurone synthase449

The reaction mixture in a final volume of 100 L contained: 1 nmol [14C]butein (150 Bq) or 10 nmol450

unlabelled anthochlor, 3 μg enzyme preparation, 90 μL 0.1 M K2HPO4/KH2PO4 buffer pH 7.5. The451

reaction was started by the addition of the enzyme preparation and the assay was incubated for 15452

min at 30 °C. The reaction was stopped by addition of 10 μL glacial acetic acid and 70 μL methanol453

(both VWR). After centrifugation for 10 min at 22,000 x g 100 μL of the reaction mixture were454

subjected to HPLC analysis.455
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Table 1: Dependence of the 4-deoxyaurone formation on pH. Relative activities were calculated in

comparison to the activity at the optimal pH which was defined as being 100%. Substrate

preference cannot be concluded from comparison of the activities.

Substrate pH optimum activity at optimal
pH (mol/s.g)

relative activity
at pH 7.0 [%]

relative activity
at pH 5.5 [%]

butein 7.5 0.4 ± 0.1 97 25

okanin 8.5 2.4 ± 0.2 18 11

robtein 8.5 0.5 ± 0.05 18 9

butein 4-O-glucoside 8.25 0.01± 0.005 42 14
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Figure legends

Figure 1: The basic chalcone-, aurone- and flavonoid structure. Please note the divergent ring

numbering.

Figure 2: LDI-MS of a Bidens ferulifolia petal. a: a representative spectrum of the petal base

containing nine m/z signals of anthochlors. b: no anthochlors were detected in representative

spectra of the petal apex. For the allocation of m/z signals to compounds refer to Figure 3.

Figure 3: Anthochlors and flavonoids present or absent in Bidens ferulifolia petals

Figure 4: UV nectar guides. Bidens ferulifolia flower UV photography of front (a) and back (e) side,

daylight photographies (b, f) and after (c, g) ammonia staining. Cross sections of Bidens ferulifolia

petals base native (i) and stained (j) and petal apex native (k) and stained (l). Epi-illumination mode

microscopic view of stained epidermis of petal front side base (d) and apex (h). Coreopsis

grandiflora flower before (m) and after (n) ammonia staining. Cosmos sulphureus flower before (o)

and after (p) ammonia staining.

Figure 5: Spatial distribution of okanin (m/z 287) along a Bidens petal fixed by adhesive tape on a

Indium Tin Oxide glass slide, first row: front side, second row: back side; from left to right: daylight

photos, UV photos, negative ion mode LDI-MSI images (green area indicates the presence of the

target compound), negative ion mode LDI-MSI images overlapping the daylight photos. All mass

peaks related to anthochlor pigments showed a similar distribution.

Figure 6: HPLC chromatograms from incubation of enzyme preparations from B. ferulifolia petals

(a) and leaves (b), Antirrhinum majus petals (c) and leaves (d), Arabidopsis thaliana col-0 plants

(e), Tagetes erecta petals (f), Dianthus caryophyllus petals (g), and Petunia hybrida petals (h) with

butein and of enzyme preparations from B. ferulifolia petals (I) and Antirrhinum majus petals (j) with

isoliquiritigenin.

Figure 7: Overview on flavonoid and anthochlor formation from p-coumaroyl-CoA. abbrev.: ANS:
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anthocyanidin synthase, AUS: aurone synthase, CH3H: chalcone 3-hydroxylase, CHI: chalcone

isomerase, CHR: Chalcone reductase, CHS: chalcone synthase, DFR: dihydroflavonol 4-

reductase, FHT: flavanone 3-hydroxylase, F3’H: flavonoid 3’-hydroxylase, FNSII: flavone synthase

II
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Figure 1: The basic chalcone-, aurone- and flavonoid structure. Please note the divergent ring

numbering.
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Figure 2: LDI-MS image of a Bidens ferulifolia petal. above: no anthochlors were detected in

representative spectra of the petal apex. below: a representative spectrum of the petal base

containing nine m/z signals of anthochlors. For the allocation of m/z signals to compounds refer to

Figure 3.

b

a
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Figure 3: Anthochlor pigments and flavonoids in Bidens ferulifolia petals

Compounds present in
B. ferulifolia petals

Type R1 R2 R3 R4 FW
(g/mol)

[M-H]-:
m/z

Rt detected
by

Isoliquiritigenin C15H12O4 A H H H OH 256.25 255.071 13.66 LDI-MSI

Sulfuretin C15H10O5 B OH H H OH 270.24 269.051 12.60 LC-MS

Butein C15H12O5 A H OH H OH 272.25 271.061 13.13 LC-MS

Maritimetin C15H10O6 B OH H OH OH 286.24 285.041 12.14 LC-MS

Luteolin C15H10O6 D OH H H OH 286.24 285.071 12.81 LC-MS

Okanin C15H12O6 A OH H OH OH 288.24 287.061 12.41 LC-MS

Sulfuretin 6-O- -D-glucoside
C21H20O11

B OH H H OGlu 432.38 431 LDI-MSI

Butein 4’-O- -D-glucoside
C21H22O10

A OH H H OGlu 434.39 433 LDI-MSI

Maritimetin 6-O- -D-glucoside
(Maritimein) C21H20O11

B OH H OH OGlu 448.38 447.09 11.53 LC-MS

Luteolin 7-O- -D-glucoside
C21H20O11

D OH H  H OGlu 448.39 447 LDI-MSI

Okanin 4’- O- -D-glucoside
(Marein) C21H22O11

A OH H OH OGlu 450.39 449.111 12.14 LC-MS

Mass isomers not present2

Apigenin C15H10O5 D H H H OH 270.24 269.051 13.26

Naringenin C15H12O5 C H H H OH 272.25 271.061 13.30

3’,4’,5’,6-Tetrahydroxyaurone
C15H10O6

B OH OGlu H OH 286.24 285.071 12.07

Robtein C15H12O6 A OH OH H OH 288.25 287.061 12.56

Eriodictyol C15H12O6 C OH H H OH 288.25 287.061 12.82

Isoliquiritigenin 4’-O- -D-
glucoside C21H22O9

A H H H OGlu 418.39

Apigenin 7- O- -D-glucoside
C21H20O10

D H H H OGlu 432.39 431

Naringenin 7-O- -D-glucoside
C21H22O10

C H H H OGlu 434.39 433

3’,4’,5’,6-Trihydroxyaurone
6- O- -D-glucoside C21H20O11

B OH OGlu H OH 448.38 447

Robtein 4’-O- -D-glucoside
C21H22O11

A OH OH OH OGlu 450.39 449

Eriodictyol 7-O- -D-glucoside
C21H22O11

C OH H  H OGlu 450.39 449

1exact mass obtained by LC-MS, 2 presence excluded by LC-MS
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Figure 4: UV nectar guides. Bidens ferulifolia flower UV photography of front (a) and back (e) side,

daylight photographies (b, f) and after (c, g) ammonia staining. Cross sections of Bidens ferulifolia

petals base native (i) and stained (j) and petal apex native (k) and stained (l). Epi-illumination mode

microscopic view of stained epidermis of petal front side base (d) and apex (h). Coreopsis

grandiflora flower before (m) and after (n) ammonia staining. Cosmos sulphureus flower before (o)

and after (p) ammonia staining.

f g

k

a b dc

h

i j l

m o pn

e
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Figure 5: Spatial distribution of okanin (m/z 287) along a Bidens petal fixed by adhesive tape on a Indium

Tin Oxide glass slide, first row: front side, second row: back side; from left to right: daylight photos, UV

photos, negative ion mode LDI-MSI images (green area indicates the presence of the target compound),

negative ion mode LDI-MSI images overlapping the daylight photos. All mass peaks related to

anthochlors showed a similar distribution.
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Figure 6: HPLC chromatograms from incubation of enzyme preparations from B. ferulifolia petals (a) and

leaves (b), Antirrhinum majus petals (c) and leaves (d), Arabidopsis thaliana col-0 plants (e), Tagetes

erecta petals (f), Dianthus caryophyllus petals (g), and Petunia hybrida petals (h) with butein and of

enzyme preparations from B. ferulifolia petals (i) and Antirrhinum majus petals (j) with isoliquiritigenin.
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Figure 7: Overview on flavonoid and aurone formation from p-coumaroyl-CoA. abbrev.: ANS:

anthocyanidin synthase, AUS: aurone synthase, CH3H: chalcone 3-hydroxylase, CHI: chalcone

isomerase, CHR: Chalcone reductase, CHS: chalcone synthase, DFR: dihydroflavonol 4-

reductase, FHT: flavanone 3-hydroxylase, F3’H: flavonoid 3’-hydroxylase, FNSII: flavone

synthase II
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