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General Introduction 

1.1 The vastness of microbial diversity and experimentation constraints 

Microbes have been rapidly evolving for millions of years. By means of continuous selection of the 
molecules that enable novel and more efficient physicochemical processes, they became the prime 
colonizers of virtually all habitats and niches on earth  [1]. Inadvertently, humans started to exploit 
such processes thousands of years ago during ancient beer and bread production, giving rise to what 
we now call biotechnology. Only much more recently the exploration of these unknown 
microscopic organisms and their metabolic potential have been addressed from a formal scientific 
perspective. In current times knowledge and discoveries from these fields have fueled the 
development of pharmaceutical compounds and industrial processes that have dramatically changed 
the landscapes of human civilization.  

Microbiology was born with the invention of microscopy. The possibility to observe structures at 
the micrometer scale provided the first evidence of the microbial world. However, as further 
experimentation at the micrometer scale was impossible, the science of studying microorganisms 
became the science of growing them to scales fitting our hands and volumes. This inadvertently 
biased microbiological research towards the development of techniques, strategies and equipment 
that restrict the window of diversity that can be analysed. It also masked many of the factors, such 
as scale, environmental conditions, nutrient availability, biotic interactions, etc., which are 
fundamental to understand and exploit microbial potential. However, the development of novel 
analytical and molecular technologies in the last decades has started to reverse the trend, since 
analysis up to the single cell or molecule level became possible due to technological developments 
that enhanced sensitivity and resolution.  

During the advancement of microbiology scientists have started to peek at the expanse of the 
microbial universe. Current estimations of the expected biodiversity oscillate around several orders 
of magnitude  [2–4], with a recent report estimating 1 trillion (1012) different species  [5]. Yet the 
number of microorganisms explored in more than 200 years of microbiology is a minute fraction of 
that  [6–8]. A possible reason behind this fact is the lack of approaches that are able to both cope 
with such large and complex diversity, and at the same time include the specific variables 
envisioned by the scientists. Fortunately, cheaper and faster nucleic acid sequencing have opened a 
window to look into this diversity at increased depth and detail. This preview has generated a 
wealth of information confirming the magnitudes and metabolic potential of microbial diversity but 
also highlighting, how few we have been able to exploit  [9–11].  

2



1.2 Microfluidics empowering biotechnological experimentation 

Although most protocols and needs in biochemistry and microbiology have become more complex 
over the years, the liquid handling tools have stagnated. For several decades, manual micropipettes, 
which work by archaic liquid suction through piston-driven air displacement, have been the only 
option. However, they cannot reliably handle volumes lower than 1μL and are subject to constant 
decalibration and contamination. This results in an impossibility to reduce any experimental 
reaction mix below 1–10 μl using traditional techniques.  

Microfluidics is in its raw definition the science of moving liquids through micrometer-sized 
channels. It started primarily as an engineering field, in which strategies for the fabrication of 
precise structures, as well as theory and equipment for flow characterization and actuation were 
studied  [12–15]. The inherent advantages of working with microfluidic systems, which include 
much lower reagent consumption and strongly reduced processing costs, faster analysis and implicit 
automation possibilities, rapidly attracted other research areas to integrate microfluidics for their 
specific purposes. Thus, the field became a golden example of the remarkable potential of 
interdisciplinary research, as the interaction of mechanical and electronic engineering with 
photonics  [16–18], chemistry  [19–21] and biology  [22,23] has resulted in a plethora of analytical 
developments and applications, which is reflected by a exponentially rising number of patents and 
publications  [24]. 

The applications of microfluidic developments for biological sciences can be dated to the early 
1990ies, with miniaturization of separation techniques such as gas chromatography and capillary 
electrophoresis, resulting in faster and more accurate biomolecule detection methods  [25]. 
Subsequently, developments focused into the different -OMIC- branches of biological 
experimentation. In genomics, microfluidic approaches provided the solutions for rapid and 
inexpensive genetic assays that offer low sample consumption, low fabrication cost, and short time-
to-result  [26]. These resulted in improved DNA replication methods as well as nucleotide 
identification essential in, e. g., the development of second and third generation sequencing 
strategies  [27]. For protein analysis multiple microfluidic techniques have arisen for separation, 
profiling and functional assays  [28].  
Cellular assays have also been revolutionized with microfluidic systems, mostly due to the 
controllability and reproducibility that has been shown to provide more genuine in vitro 
environments due to efficient heat and mass transport. Besides, enabling high throughput with 
serial processing and parallelization has also made high content assays available on a single chip 
[29]. 
Furthermore, microfluidics has facilitated the precise investigation of individual cells by means of 
multiple methods such as hydrodynamic focusing, microdroplet generation, microwell arrays or 
physical barrier arrays  [30]. Many more examples arise when exploring the various branches of 
microfluidics, each of which provides an array of different possibilities  [31]. 
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1.3 Droplet microfluidics for screening and exploiting microbial diversity 

Among these, droplet-based microfluidics refers to systems based on the combination of immiscible 
phases, which results in the formation of drops of one phase embedded the other. This simple 
approach has revolutionized various experimentation platforms as it combines microfluidic 
miniaturization and ultrahigh throughput with compartmentalization, one of nature’s (life’s) oldest 
key strategies. 
 
When generating aqueous droplets surrounded by an inert carrier phase it is possible to reduce the 
working volume by more than six orders of magnitude, specifically from μL to pL, or even fL. 
Furthermore, the stringent and controllable conditions during droplet formation allow the 
production of thousands of compartments per second with a minimal volume variance. Thereby, 
not only costs but also time can be spared in comparison to traditional liquid-handling methods 
while maintaining excellent experimental quality. These conditions have led to thousands of 
technological developments and applications based on droplets in the fields of chemistry and 
biology, some representing particularly high-impact breakthroughs enabling OMICs techniques at 
single cell resolution with very high throughput  [32–40] harnessed to screen for improved 
antibodies  [41–43] or enzymes  [44–47]. 
 
From the microbiologist perspective droplets provide a paradigm-changing experimental approach, 
albeit with some challenges that must be addressed for broad-range applicability.  
As mentioned above, microfluidic approaches enable experimentation controlling and monitoring 
physical scales much closer to those of the microbial world. In droplet microfluidics this means that 
a single cell will be compartmentalized in a volume between 1 to 100 pL, i.e. droplets of approx. 
10 to 100 μm in diameter. In terms of concentrations this is similar to 107-109 cells/mL, which is 
the standard working range at which large scaled methods work. Therefore, droplets provide a 
platform in which the biochemical and physiological parameters of a single cell can be studied in a 
similar fashion as normally done for millions of cells. This, in combination with the extremely fast 
production of droplets, results in an experimental platform with the capability to explore the 
enormous diversity of microbiological samples. 
 
The specific features of microfluidic droplets should render these a promising starting point to 
isolate, culture and identify a significant fraction of the until now unculturable and undiscovered 
microbial biodiversity along with its vast metabolic potential. Due to the ultrahigh throughput, 
complex heuristic experimental design can be performed to identify ideal nutrient conditions. 
Additionally, the minimal volume requirements inherent to microfluidic techniques enable the 
preparation and analysis of rare and limited - therefore mostly unexplored - samples in their natural 
conditions, such as microbiota from small animals and plants. Moreover, discretization of microbial 
cells in compartments with a similar order of magnitude is accompanied by crucial physiological 
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advantages. First, isolation eliminates competition for nutrients, providing the possibility to culture 
strains commonly hidden under faster growing communities  [48,49]. Alternatively, the droplets 
can also be exploited to foster microbial interactions, which in many cases have been shown to be 
critical for growth and metabolite production  [7,50]. Second, higher cell and metabolite effective 
concentrations are easily detectable and activate concentration-based processes such as quorum 
sensing  [51]. Finally, micro-compartmentalization enables the separation and distinction of 
otherwise identical cells that present different expression profiles, e. g. scout cells  [52] or silent vs. 
activated gene clusters.  
 
Similarly, droplets can also be exploited to screen human-made microbiological diversity, such as 
mutant  [53] and metagenomic  [54] libraries. For the goal to detect and isolate microbial variants 
that expand the boundaries of industrial microbiology, droplets provide a platform for the 
implementation of ultrahigh-throughput assays for improved enzymes and producer strains. The 
diversity in mutant or metagenomic libraries can easily reach more than 10 million different 
variants that are impossible to analyze in detail with traditional methods. Yet, in a field where 
improvements of a fraction of a percentage may define the viability of an application  [55], it is 
essential to explore the full extent of the created diversity to find the most promising variants and 
understand the corresponding performance improvements.  
 

1.4 The aim: bridging classical microbiology and microfluidics 

Despite these major advantages and possible applications, the penetration rate of the technique into 
microbiology labs is still slow. This is probably based on two reasons. First, adopting microfluidic 
techniques is not yet straightforward. As a very multidisciplinary approach a variety of skills and 
equipment is required to establish the necessary competences to handle these platforms. As for 
now, there is no commercially available device that offers a plug and play solution despite various 
ongoing efforts. Second, microfluidics provides an experimental perspective which in many cases is 
counter intuitive to the well-established and validated methods in microbiology. This implies that 
some parameters monitored and controlled for quality under classic approaches might be 
sometimes irrelevant, or not yet possible to monitor or control. For example, optical density in a 
picolitre droplet cannot be measured, and therefore cell proliferation must be controlled with 
other methods. Another major difference/challenge is associated to the nature of droplet 
production and handling. While thousands or even millions of droplets will be produced per 
experiment, it is extremely cumbersome to distinguish one from the other, in contrast to what is 
done with labeled reaction tubes or wells. That means, predefined conditions and variables might 
be difficult to track on a droplet-by-droplet basis. A similar difficulty arises with single-droplet 
handling. While sorting operations have been developed, isolating a particular single droplet for 
further processing remains elusive.  
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In this context the purpose of this doctoral dissertation is to narrow the gap between traditional 
microbiological methods and the highly promising platform of droplet-based microfluidics. The aim 
is to establish microfluidic droplet assays to investigate and exploit microbial diversity while 
developing technical and experimental enhancements that bring us closer to this goal. The steps, 
achievements and ongoing efforts in this direction are presented in the following manuscripts. 

1.5 Thesis manuscript overview 

1.5.1 Screening for antibiotic activity in droplet-based microfluidic systems 

A general overview of the usage of droplets for cultivation of microorganisms and antibiotic activity 
detection is presented comparing the microfluidic strategies of segmented flow and microfluidic 
emulsion droplets. The importance and effects of media composition, reporter strains and 
detection mechanisms is reviewed. Observations related to the effect of microbial growth in 
droplet volume were additionally reported.  

1.5.2 Real-time image processing for label-free enrichment of Actinobacteria 

cultivated in picolitre droplets 

Following the observations of Actinobacteria cultivation in droplets, a methodology for growth 
detection and quantification in the picolitre format was necessary. Therefore an image-based 
strategy was developed fulfilling the requisites of being label-free and non-invasive. This was 
possible with the introduction of triggered imaging, an optoelectronic development to obtain 
individual images from each flowing droplet. Furthermore, the image acquisition was linked to 
analysis and microfluidic actuation, enabling real-time image-based droplet sorting for the first 
time.  

1.5.3 Enhanced and homogeneous oxygen availability during incubation in 

microfluidic droplets 

A fundamental parameter during microbiological experimentation is the availability of oxygen, as it 
is strongly influencing the physiology of active cells. Here, a strategy to measure and control the 
oxygen concentration in millions of droplets was developed. The results evidence, how growing 
microorganisms can rapidly deplete the dissolved oxygen in the emulsion. Yet, actively 
transporting oxygen into droplets restores the optimal conditions for growth, which was evidenced 
by growth yields and rate comparable to those obtained with classic microbiological methods. This 
accomplishment establishes microfluidic droplets as the smallest microbial bioreactors which can 
now function as picolitre versions of larger scaled platforms. Importantly, this microfluidic system 
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enables knowledge transfer of decades of microbiological research while providing their 
miniaturization advantages. 

1.5.4 External control of pH of microfluidic droplets during incubation using 

optical pH and oxygen sensor nanoparticles 

Another key parameter that changes during microbial incubation is pH. Therefore, monitoring and 
controlling pH is not only essential for optimal growth, but also for production and analysis of 
relevant byproducts. We further developed our oxygen monitoring and control strategy to 
additionally measure and regulate pH. The strategy was validated by comparing growth and pH 
change in bioreactors and micro-droplets. This strategy is useful not only for improved microbial 
growth but also for the analysis of enzymes secreted by the growing cells.  

1.5.5 3D-printed glass molds for facile production of complex microfluidic chips 

The microfluidic chip (structures with channels in the micrometric scale) is the heart of any 
microfluidic approach, but its production is the most common bottleneck for the adoption of 
microfluidic strategies, particularly by non-microfluidic labs. Using glass 3D-printing services we 
devised a strategy to facilitate the production of robust microfluidic chips, bypassing the 
requirements and even some restrictions of photolithography. Thereby, we are able to produce 
multilayer chips, including unique ramp-like structures that enable novel functionalities and 
facilitate droplet handling. 

1.5.6 One sensor for multiple colors: fluorescence detection in droplet 

microfluidics using frequency-division multiplexing 

The analysis of microfluidic droplets is most prominently done using fluorescence detection. In 
order to measure multiple fluorescence channels simultaneously, a delicate and complicated optical 
set-up is required. In order to simplify this set-up, we introduced a methodology to detect multiple 
fluorescent signals in a single detector, by means of frequency division multiplexing and subsequent 
demodulation using a lock-in amplifier. This not only reduces the number of detectors required but 
also the complexity of the optical setup and electronics needed for signal analysis. Furthermore, the 
usage of frequency demodulation also reduces noise increasing sensitivity and resolution of 
measurements.  

1.5.7 Encoding with multicoloured microbeads for droplet microfluidic 

experimentation 

To expand the versatility of droplet microfluidics for biotechnological applications, we have 
developed a new droplet encoding method for tracking individual conditions inside of large droplet 
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populations (>104). The encoding approach is based on encapsulation of a defined mixture of 
coloured beads together with the biological samples in pL-droplets. Decoding is performed for each 
droplet by powerful image analysis algorithms. This strategy enables the encoding of more than 20 
conditions simultaneously, with minimal interference of droplet contents or changes during 
incubation. As a proof of principle it was employed for antibiotic susceptibility testing.  

1.5.8 Recovery and isolation of individual microfluidic droplets by triggered 

deposition in wells or Petri dishes 

While sorting is already an established operation in droplet microfluidics, being able to isolate 
individual droplets for scale-up is still a major hurdle. Here we developed a strategy to 
automatically transfer and deposit single sorted droplets onto Petri dishes or into microwell plates. 
The process is able to deposit single droplets with accuracy and reduced cross contamination. Thus, 
using the general droplet workflow, isolated microorganisms can be recovered, cultured and 
analysed at larger scales -a process essential for validation and bioprocess development. 
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Screening for Antibiotic Activity

by Miniaturized Cultivation in

Micro-Segmented Flow

Emerson Zang, Miguel Tovar, Karin Martin and Martin Roth

Abstract Despite arduous dedication of the scientific community during the last

decades, most screening efforts failed to reveal new antibiotic substances. Droplet-

based microfluidics provide a powerful platform to effectively exploit natural

metabolic diversity and revitalize the search for new antimicrobials. In this chapter,

we explore main requirements to develop and apply droplet-based microfluidic

screening strategies for the discovery of novel antibiotics from natural products.

1 Introduction: Antibiotics and Antimicrobial Resistance

Short History of Antibiotics and Antimicrobial Resistance: With the discovery of

first antibiotics in the 1930s (penicillin, sulfonamides), the eradication of infectious

diseases was thought to be just a matter of time. However, even before the intro-

duction of penicillin in 1942, it was discovered that E. coli is capable of producing

penicillin-hydrolysing β-lactamases, hampering its efficiency as a therapeutic agent

[1]. Other molecules representing different compound classes introduced during the

“golden era” of antibiotic discovery (1950s) shared a similar fate. Almost simultane-

ously with their introduction to the market, at least one compound-specific resistance

mechanism was unveiled for chloramphenicol, erythromycin or streptomycin, thus

challenging the effectiveness of these alleged “silver bullets” [2, 3]. Nonetheless,

resistant pathogens were yet not ubiquitous and antibiotics helped save millions of

lives threatened by infectious diseases. Since the early 1960s, however, only four new

classes of antibiotics were brought to market (Fig. 9.1) [4], while resistant pathogens

are becoming increasingly omnipresent. Although time has been gained by chemical

tailoring of existing scaffolds, misusage, cross-resistances and a limited number of
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Fig. 9.1 The innovation gap for new classes of antibiotics between 1962 and 2000 (after Fischbach

and Walsh [4])

useful derivates constantly diminish this competitive edge. The progressing emer-

gence of new multidrug-resistant (MDR) strains further exacerbates the critical sit-

uation, rendering the requirement for new substance classes increasingly urgent [5].

2 Current State of Screening for New Antimicrobial Products

Failure of Target-Oriented Screening: After the golden era of antimicrobial com-

pound discovery, classic empirical screening approaches frequently failed to reveal

new substances—mainly due to permanent rediscovery of already known com-

pounds. Aside from the carbapenems in 1985, all antibiotics approved for clinical

use between the early 1960s and 2000 were synthetic derivates of existing scaf-

folds [6]. As an attempt to overcome drainage of the lead pipeline, a paradigm

shift in screening technology took place: with the dawn of the 1980s, emphasis

was put on target-oriented screening approaches, where pathogen-specific putative

target-proteins were tested against libraries of natural products as well as libraries

of semisynthetic or fully synthetic substances [7]. Despite enormous efforts of phar-

maceutical companies dedicated to these strategies, the outcome was disappointing.

Although several promising compounds were found, most of them proved to have

insufficient membrane permeability [8].

Actinobacteria-Still a Rich Source of New Scaffolds: There is no doubt that the

class Actinobacteria is still a rich source of new compounds: the theoretical number of

substances to be potentially assembled by non-ribosomal peptide synthetases (NRPS)

and polyketide synthetases (PKS) is almost infinite. Moreover, there is evidence

of a huge pool of so called orphan pathways—gene clusters encoding secondary

metabolites not expressed under common cultivation conditions—that remain to be

investigated in already known strains [9]. Yet, many of the secondary metabolite pro-

ducing actinomycetes are still unculturable—often due to inappropriate cultivation

methods or low assertiveness of the majority of strains compared to more abundant,

fast-growing species like Streptomyces. Baltz [10] estimates, that ∞99 % of actino-

mycetes are yet to be discovered. As a consequence, experts propose the return to
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discovery of antimicrobial compounds from actinomycetes [4, 11], combined with

the achievements of high-throughput-screening (HTS).

High-Throughput Screening of Actinomycetes: Since 1536-well microtiter plates

already reach the limit for reliable liquid handling, other technical approaches must

be established to maximize throughput [12]. An interesting strategy is pursued by

Cubist Pharmaceuticals (Lexington, USA): in a first step, microbial spores from

soil samples are encapsulated in 2 mm calcium alginate macrodroplet beads together

with culture medium containing antimicrobials to prevent growth of microorganisms

other than actinomycetes. After germination and growth, the presence of antibiotics is

tested with an E. coli strain bearing resistances against the most common broadband

antibiotics. Thereby, Cubist Pharmaceuticals is capable of screening 107 actino-

mycetes for antimicrobial activity per annum, a magnitude in which the discovery

of yet unknown antibiotic producers becomes likely [13].

An alternative approach for high-throughput cultivation of rare species was pre-

sented by Akselband et al. in 2006 [117]. Marine bacterial cells were encapsulated

in agarose gel-microdroplets (GMDs) of 30-50 µm by bulk emulsification. After

incubation, confined microcultures were fluorescently labeled and sorted in a FACS

device. Despite enormous HTS-capabilites, this approach does not allow for complex

assay regimes, since GMDs and confined microcultures are inaccessible for further

assays steps, e.g. addition of a reporter strain.

To overcome these limitations, we discuss biological and technical aspects of

bacterial growth in aqueous sub-microliter droplets to establish the detection of

antimicrobial activity within microfluidic chip devices. By this, we aim to contribute

to a complete whole-cell high-throughput screening for novel antibiotic substance

classes from actinobacteria.

3 Microbial Assays in Droplet-Based Microfluidic Systems and

in Micro-Segmented Flow

3.1 General Considerations for Microbial Assays in

Droplet-Based Systems

Droplet-based microfluidics provides excellent means to further increase through-

put in antimicrobial screening. Figure 9.2 shows a general workflow for detection of

antimicrobial activity from a microbial spore suspension. A remarkable feature of

this assay is the generation of millions of pure cultures that allow for independent

germination and microcolony formation—undisturbed by other highly abundant,

fast-growing bacteria [14]. By using the pathogen of interest as a reporter organism,

it is ensured that drugs with pathogen-specific activity are selected. This inhibition is

then detected as a reduced fluorescent signal from a genetically engineered reporter

(e.g. with GFP or derivates). Different approaches are imaginable, mainly determined

by the nature of the applied promoter for expression of the respective gene.
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Fig. 9.2 General scheme of screening for antibiotic-producing Actinobacteria

Performing whole-cell-assays on a droplet-based microfluidic platform requires

a fine tuning of the growth medium regarding optical (background fluorescence,

turbidity), rheologic (viscosity, surface tension) [15] and physico-chemical (wetta-

bility, critical micellar concentration) demands. In many cases, this translates into

suboptimal conditions for bacterial growth with respect to pH-value, mass transfer,

and homogenity of substrates and metabolites. Although media droplets can be con-

sidered as microscale-bioreactors, they lack common means of process monitoring

and regulation, which complicates the optimization of media and strains for an ideal

result. In this section, the main requirements to the growth media and reporter strain

for cultivation and reliable fluorescence-based detection of antimicrobial activity in

droplets are elucidated.

3.2 Culture Media for Droplet-Based Screening

In standard laboratory applications, minimal media are frequently used for cultivation

of bacteria. Their advantage is the exact nutrient composition, which allows on one

hand for high cultivation reproducibility and on the other precise process balancing,

which is of great importance in any application where sound understanding of the

cell’s metabolism is necessary. With regard to actinomycetes, minimal media are

traditionally used for basic genetic studies [16, 17]. Moreover, they were employed

in studies on RNA polymerases in Streptomyces coelicolor [18, 19], in physiological

investigations of Streptomyces viridochromogenes [20, 21] and for the assessment
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of production of antibiotics in actinomycetes [22]. The most prominent minimal

medium M9, first referenced by Sambrock et al. [23], contains only mineral salts and

5 g/L glucose.

In contrast to synthetic media, complex broths generally provide better growth

conditions and also promote the secondary metabolism of actinomycetes. Hence,

with the purpose of finding a suitable culture medium for microfluidic screening of

antibiotics-producing actinomycetes, five media with reportedly good promotion of

actinomycete growth were selected and optimized towards low phosphate concen-

tration, since it is known that secondary metabolites are often produced at phosphate

depletion [24, 25]. An important criterion for exclusion of a broth was the pres-

ence of insoluble ingredients, such as oatmeal, soybean meal, corn steep or calcium

carbonate, which causes turbidity and hence impedes optical read-out methods to

be applied in the final microfluidic assay. 14 different representative actinobacteria

were cultivated for 4 days in the chosen media and tested for biomass formation and

antimicrobial activity against E. coli, B. subtilis and S. cerevisae in agar diffusion

tests (Table 9.1).

Growth was observed in all strain/medium-combinations, and each medium trig-

gered in at least four species production of compounds which inhibited growth of

one or more of the reporter strains. Even synthetic M9 medium proved being capable

of promoting growth of actinobacteria, but compared to complex media tested in this

scope, about 80 % less biomass was produced and inhibition zones were smaller on

average, indicating inferior production of antimicrobials.

Modified malt medium ("MMM"), containing malt-, yeast- and beef-extract,

appeared to be the most potent. It triggered production of antibiotics in seven out

of 14 tested strains, and its supernatants generated the highest number of inhibi-

tion zones, i.e. 12 out of 42 possible combinations of actinobacterium and reporter

organism. For Boehringer-8 medium similar results were obtained, but the zones

of inhibition were in a few cases less distinct compared to the zones of inhibition

generated by supernatants of MMM. Due to these findings, MMM was chosen for

further experimentation in droplets.

Since active pH-control is not feasible in microfluidic droplets, buffering is the

only available strategy to avoid undesired pH-shifts. In the case of MMM (pH 7.2),

buffering might have been beneficial for some strains where the pH-value shifted

remarkably after 4 days of cultivation. Interestingly, those cultures in MMM where

the final pH value was above 7.7 (K. azatica, A. mediterranei and A. lactamdurans)

or below 5.97 (N. pusilla and S. sibiricum ), the supernatant did not show any antimi-

crobial activity at all. In case buffering is required for antibiotic screening, it must

be desisted from phosphate buffers due to the aforementioned reasons.

Depending on the concentration of complex organic contents (extracts,

hydrolysates), the culture media may exhibit particularly high background fluo-

rescence, especially at short wavelength (Fig. 9.3). If fluorescence-based read-out

techniques are applied for detection of reporter cell growth or inhibition, strong back-

ground fluorescence reduces the sensitivity of the assay. This can be circumvented by

dilution of the medium, which might as well be beneficial for the achieved diversity

of cultivated strains: it is assumed that less nutritive media, especially with respect to
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Fig. 9.3 Fluorescence spectrum of M9-medium (a) and LB-medium (b)

Table 9.2 Organisms and media applied in recent studies in the field of droplet-based

microfluidics

Organism Medium Modification Source

U937 RPMI (Invitrogen) 10 % fetal bovine serum [46]

HEK293T DMEM (Invitrogen) 10 % fetal bovine serum [87]

Jurkat RPMI (Invitrogen) 10 % fetal bovine serum

S. cerevisae SD-medium - [88]

P. fluorescens, LB-medium - [59]

R. rhodochrous,

E. coli

E. coli M9-medium - [100]

S. aureus LB-medium - [45]

the carbon source, decelerate the propagation of fast-growing species (“lab weeds”)

and thus favour slow-growing, less abundant strains [14]. However, the incubation

time might increase from days to several weeks.

As shown above, commonly used media often provide a reasonable starting point

for tailoring a growth medium according to specific requirements of the cultivated

organism and the detection strategy. Table 9.2 lists examples of media employed for

the cultivation of cells and microorganisms in recent publications related to droplet-

based microfluidics.

3.3 Detection Mechanisms for Droplet-Based Screening

The reporting mechanism is the linchpin of every assay. Depending on the appli-

cation, droplet-based microfluidics provide various means for assessment of ongo-

ing biological, chemical and biochemical processes in single droplets. To maintain

droplet integrity and avoid cross-talk between individual droplets, most detection
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Table 9.3 Non-invasive readout techniques for microfluidic droplets

Read-out Applicability for Reference

AB-screening

Optical FRET – [101]

Fluorescent proteins ++ [27, 101–103]

Fluorescent dyes (life/dead staining) –

Fluorogenic reactions + [104]

Luminogenic reactions (+) [35, 36]

Non-optical Amperometric – [105]

Capacitive – [63, 106]

Raman spectroscopy (+) [107]

techniques are non-invasive (Table 9.3). For sensing antibiotic-induced inhibition,

optical read-outs are the method of choice, since reporter cell-generated signals can

be easily tracked and filtered from complex biological and chemical background

found in bacterial cultures. Monitoring synthesis of fluorescent proteins (FPs) like

GFP, RFP and their derivatives [26] provides a simple means to verify cell fitness. Ide-

ally, measured fluorescence correlates directly with the growth of the reporter strain

or with the magnitude of protein synthesis, respectively [27]. Main benefits of FPs

include the avoidance of a further assay step in which a fluorogenic substrate is added

and their long-term stability. Nevertheless, care must be taken when choosing an FP,

since they exhibit great differences in a variety of parameters such as brightness,

maturation time and photo stability [28]. In general, derivatives of the wildtype-

protein exhibit favourable properties, as for example the “mFruit-series” developed

by Shaner et al. [28], derived from the red-fluorescent protein of Discosoma sp. Yet,

if mass transfer in the incubation device is poor (e. g. in glass chips), maturation and

thus fluorescence of the FP can be unsatisfactory due to oxygen limitation [29, 30].

As a work-around, anaerobic fluorescent proteins (e.g. evoglow�, evocatal) can be

employed as reporter [31]. However, susceptibility to photo bleaching of such FP

should be taken into account, although it might be considered negligible in the case

of short exposure times.

Enzymes with a fluorogenic substrate are also generally suited for monitor-

ing cell viability. Baret et al. [32] implemented a β-galactosidase as the reporting

enzyme in a highly sensitive fluorescence-activated droplet sorting (FADS) assay,

catalyzing the turnover of fluorescein-di-β-D-galactopyranoside to its fluorescent

product. Similarly, Agresti et al. [33] established a microfluidic assay to optimize

horseradish peroxidase (HRP) itself. Such an approach should also be applicable for

an anti-microbial screening assay, using HRP as a representative of entire protein syn-

thesis. Enzymatic assays generally benefit from the conversion of many fluorogenic

substrate molecules catalysed by a single enzyme molecule, resulting in leverage

of the ratio between synthesized protein to fluorescence. This may be exploited for

testing single-cell activity, as already demonstrated for yeast cells [33]. A remark-

able drawback of enzyme-based assays is the necessity of rendering the enzyme

accessible—either through an additional cell-breakup step (enzymatic lysis [34],
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Table 9.4 Fluorescence-based read-out techniques in droplet-based microfluidics

Protein/Enzyme Substrate Reference

β-galactosidase Fluorescein-di-β-D-galactopyranoside

(FDG), fluorescein

[104, 108]

PTP1B (target for diabetes

mellitus)

Fluorescein diphosphate (FDP) [104]

HRP Amplex Ultrared (AUR) [33]

Arylsulfatase Fluorescein disulfate,

bis(methylphosphonyl)-fluorescein

[34]

YFP (constitutive) – [27]

mCherry – own unpublished data

electroporation, polymyxin) or by cell surface displaying. Baret et al. [32] relied on

a minority of cells in each droplet experiencing autolysis for the above-mentioned

FADS assay. In case of an antibiotic screening where co-cultivation of reporter cells

and actinobacteria takes place, an increased risk of false negatives is given, since the

substrate might not exclusively be hydrolysed by the reporter strain, but also by acti-

nobacteria with yet unknown enzymatic activity. Similarly, live/dead staining, e.g.

with resazurin, is also not recommended, for it must be assumed that droplets contain

in most cases a living microcolony of actinobacteria, which would frequently cause

false positives. Table 9.4 gives an overview of recently applied fluorescence-based

assays in the field of droplet microfluidics.

Luminescence-based approaches, such as the firefly luciferase system (lucFF)

or the bacterial luciferase derived from Vibrio fischeri (luxCDABE), are known to

exhibit higher sensitivities and much shorter response times than FP-based assays

[35]. Nevertheless, the read-out requires longer integration times, which usually

exceeds the droplet’s residence time in the measurement section.

Independent of the detection principle, the respective gene must be controlled by a

suitable promoter. Three general types of expression control can be taken into consid-

eration: constitutive, compound-inducible and stress-inducible. For several reasons,

compound-inducible are preferable to constitutive approaches. First, reporter-cell

associated background fluorescence is drastically reduced. This improves the read-

out quality and allows for reduction of the droplet volume, which is an important

prerequisite for enhancing the throughput of the assay. Accordingly, the inoculation

density can be increased, since detection of antimicrobial activity does not merely

rely on increment of biomass but also on the degree of protein synthesis. Secondly,

taking this concept to its extreme by inoculating with very high cell densities, the

time-to-response is reduced: expression and maturation of reporter genes is usually

less time-consuming than a sufficient multiplication of biomass. However, if droplets

are inoculated with high cell densities, screening is biased towards inhibition of pro-

tein synthesis rather than any other mode of antibiotic activity. If detection of the

latter is desired, the increment of biomass from an inoculation with low cell densi-

ties must be screened. Nevertheless, compound-inducible reporter genes may also
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help to reduce the frequency of false negatives in such a case. Finally, addition of

an inductor to the spore suspension triggers quasi-constitutive expression once the

reporter strain enters the droplet. Yet, most inducers do not interfere or affect the

microbiological culture.

Stress-inducible promoters represent an entirely different approach for monitor-

ing antibiotic activity. Depending on their origin, stress promoters are activated upon

DNA damage, metabolic changes and quorum sensing related events as well as

protein-, DNA-, RNA-, and fatty acid synthesis interference [36]. On the basis of

these promoters, sets of antibiotic biosensors have been generated with B. subtilis [36]

and E. coli [37–40] as host organisms. The reporting agent is luciferase in both cases,

producing temporary luminescence upon addition of luciferin—its luminogenic sub-

strate. However, the application of stress promoters in HTS for antimicrobial activity

is connected to several difficulties: Eltzov et al. reported varying response times for

different antibiotics when using the same promoter [39], which results in tempo-

rally staggered peaks of reporter activity, and thus variability in the optimal timing

for droplet analysis. A further stress-promoter related complication is caused by the

missing proportionality of substance toxicity and promoter response. Compounds

with strong antimicrobial activity do not obligatorily trigger a vigorous promoter

response, while a substance without any pathogen-impeding function might produce

a false positive due to promoter activation. In addition, every stress-promoter based

assay possesses an upper detection limit set by the minimal inhibition concentra-

tion of each combination of antibiotic substance and reporter strain. If this limit is

exceeded, the cells might be inhibited or killed before generating a response. More-

over, due to the tendency of stress promoters to leak, the difference between maximal

response and background activity (response ratio) is relatively low, impeding reli-

able detection. In 96- and 384-well microtiter-based assays with E. coli biosensors,

the highest achieved induction was 255-fold for a combination of a porin related

antisense-RNA promoter (micF) and the sulfonamide antibiotic sulfamethoxazole,

after 10 h of incubation [39]. The average maximal response ratio of all 14 promoters

tested in this study only accounted to 45.3. Also measured in a 384-well microtiter

plate, the B. subtilis biosensors merely reached a 13.8-fold enhanced luminescence

after induction [36]. In contrast, >500-fold increase in total expression is achievable

with common compound-induced promoters, e.g. the T7-polymerase system (NEB).

However, efforts are being undertaken to enhance response ratio and intensity of

stress promoters by sequence-elongation, random mutagenesis, site-directed muta-

genesis and promoter duplication [41]. Yet, a striking argument in favor of a stress

promoter-based assay is its “inverted” response compared to approaches detecting

inhibition of bacterial growth or protein synthesis since screening for fluroescent

droplets is technically less demanding than screening for non-fluorescent droplets.
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3.4 Reporter Organisms for Droplet-Based Screening

Depending on the type of pathogen to be targeted with a potential novel antibi-

otic, differentiation between three general types of reporter organisms is reasonable:

Gram-positive, Gram-negative and fungi. Each type has one or several “work horses”

(e.g. B. subtilis, E. coli and S. cerevisiae) which can also well be utilized in the

microfluidic system: they are widely studied, grow fast, produce large amounts of

recombinant protein and are flexible with respect to growth conditions, especially

regarding C, N and P sources and pH-value. Most importantly, genetic modifications

and engineering can be easily performed, due to the manifold of plasmids, kits and

protocols that have been tailored for their physiology.

Since filamentous fungi show a tendency to grow out of droplets (personal obser-

vation), the group of fungi can solely be represented by yeasts. However, many of

today’s pathogenic fungi are yeasts (e.g. Candida species) and hence worth targeting.

Upon designing a reporter strain, the antibiotic resistances used as selective

marker should be carefully taken into account. Discovery of antibiotics belonging

to the respective class is ruled out, which might be counterproductive for the actual

screening. Yet, rediscovery of already known, abundant classes of antimicrobials is

preferably avoided, so that the reporter strain’s resistance against this class is benefi-

cial. Cubist Pharmaceuticals took advantage of this screening concept by generating

an E. coli reporter strain bearing multiple antibiotic resistance genes integrated into

the chromosome. This strain was employed for an alginate-bead-based assay for the

discovery of novel antibiotics with new modes of action [10].

3.5 Aspects of Co-cultivation of Different Microbial Species

After addition of the reporter cells to the droplets bearing actinobacteria microcul-

tures, a co-cultivation takes place, which is related to specific difficulties. Essential

nutrients might be depleted due to the growth of actinobacteria and thus not available

to the reporter strain. Moreover, as already noted above, media promoting secondary

metabolite production of actinobacteria mostly lack phosphate, which is needed for

satisfactory growth of reporter strains. Finally, the reporter could be also affected

by a shifted pH due to prior cultivation of actinobacteria. Nevertheless, the reporter

itself is suspended and dispensed in growth medium, which allows for addition of

extra nutrients and buffering agents to the existing droplet. To compensate depleted

nutrients, the added medium may also be overconcentrated.
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4 Detection of Antibiotic Activity in Droplets

and Screening for Novel Antibiotics

4.1 Possibilities and Constraints of Antibiotic Screening in

Droplets

More than 50 % of today’s natural products with antibiotic activity derive from

microbial secondary metabolites synthesized by actinomycetales [42]. Although

approximately 99 % of soil actinobacteria are hitherto still undiscovered, classic,

cultivation-based screening approaches fail to reveal new species, mainly due to

suppression of less assertive strains and insufficient throughput [10]. According to

Watve and Berdy, the decline in discovery of novel antibiotics is not to be ascribed to a

decreasing amount of unknown substances rather than a reduction in screening efforts

by industries and academia [42, 43]. The microfluidic assay presented here has the

potential to revive the interest in antimicrobial screening, since it is cheap (negligible

costs for consumables) and fast; thus potentially profitable. Droplet-based microflu-

idics allows for ultrahigh-throughput generation of pure actinobacteria cultures. Each

droplet constitutes a defined nano-scale bioreactor that protects the enclosed bacte-

rial culture against harmful environmental influences, allowing fragile and slow-

growing species to develop. The small culture volume also helps to take advantage

of intrinsic noise within a species, facilitating detection of antimicrobials that might

usually be produced merely in subinhibitory concentrations [44]. Whole-cell-based

screening, the most promising approach according to leading experts ([4, 13, 116]),

is performed by addition of reporter cells for detection of antimicrobial activity.

With this approach, not only target-specificity of a substance is ensured, but also its

uptake by the pathogen. However, droplets do not have a solid shell as bioreactors

of larger dimensions, which renders the droplet prone to physical and biological

influences affecting its size and integrity. Further potential constraints of microbial

cultivation in droplets are limited mass transfer and local metabolite accumulation

due to missing agitation as well as restricted sensing and control (pO2, pH, carbon

source) (Table 9.9). Moreover, microfluidic channels are subjected to biofouling and

clogging, particularly when filamentous organisms as actinomycetes are employed.

The following paragraphs elucidate approaches and strategies to assess and possibly

resolve all mentioned potential difficulties, and ultimately explore the feasibility of

a complete, droplet-implemented screening for antimicrobial substances.

The field of droplet-based microfluidics can be divided into mostly surfactant-

free, micro-segmented flow and emulsion-based systems, relying on surfactants.

Both approaches are theoretically suited for antibiotic whole-cell-screening and were

employed in recent studies related to the detection of antibiotic activity [27, 45–48].

The advantages and disadvantages of each approach will be discussed by means of

representative case studies.
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4.2 Screening for Novel Antibiotics in Micro-Segmented Flow

In general, micro-segmented flow comprises two components: a carrier oil (“con-

tinuous phase”) and aqueous droplets (“dispersed phase”). As continuous phase,

either pure, long-chained carbohydrates (tetradecane, hexadecane, etc.), silicone oils

or mineral oils are chosen, depending on the chip material and the nature of its

surface. The main criteria for selection of a carrier fluid are immiscibility with the

aqueous phase and the prevention of surface-wetting by the dispersed phase, which

would result in droplet cross-contamination. Within the experimental setup presented

here, tetradecane served as carrier fluid, while the aqueous phase was MMM or LB-

medium. Figure 9.4 shows the chip design integrating all required unit operations

for antibiotic whole-cell-screening except for final droplet sorting. ∞10 nL-droplets

are generated from a spore suspension at a frequency of 20 droplets/second, using a

T-junction with double-inlet. The dispensing channel for the aqueous phase disem-

bogues in a nozzle shape to provoke interface-tension-dominated droplet tear-off and

thus reduce polydispersity at low flow rates [49]. Droplets are stored in the microflu-

idic chip by stopping the flow after filling the first incubation loop with droplets,

spaced by tetradecane. The chip is disconnected, sealed and incubated for several

days at 28 ≥C to promote germination of actinobacteria spores. Subsequently, the

chip is reconnected and after restarting the stream of carrier fluid, medium contain-

ing reporter cells is added at the second T-junction, simply by applying a continuous

flow at a rate that dosage to existing droplets occurs, rather than generation of new

droplets (Fig. 9.5). During a second incubation step, now at 37 ≥C, the reporter cell

populations increase in biomass and express the reporting protein. The incubation

time is dependent on the applied reporting system, and thus might vary between 2 and

48 h (see Sect. 9.2). The read-out either takes place at halted flow by means of fluores-

cence microscopy, or is performed in the flowing system with a photomultiplier-based

sensor. Sorting of droplets is intended to be performed off-chip.

The double-inlet allows for generation of media gradients upon droplet formation,

providing the opportunity to test different growth conditions in a single experiment.

Since a serial flow regime is inherent to the presented system, the composition of each

droplet can be easily deduced by tracking its position in the series. Consequently,

determination of a suitable media composition for optimal promotion of secondary

metabolite production in actinobacteria is feasible. This approach can also be applied

for activation of orphan pathways unveiled by genome mining [9].

The presented chip displays optimal performance regarding droplet generation:

droplets are monodisperse, equally distanced and a lubricant layer at the channel

surface is constantly maintained. After 4 days incubation of droplets generated from

a suspension containing S. noursei spores (107 spores/mL ≤ 1 spore/droplet), germi-

nation and development of typical micropellets could be observed in the majority of

droplets. However, distances between the droplets exhibited a much higher variance

than upon generation. In rare cases, the inter-droplet distance was reduced to a min-

imum, which finally led to merging of droplet pairs or even small droplet series. It is

known that droplets stored in microchannels move due to fluid-fluid surface tension
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Fig. 9.4 Chip design integrating all structures required for antimicrobial whole-cell-screening. (1)

Inlet carrier oil (2) 2-way droplet generator (3) 1st incubation loop (4) addition of reporter strain

(5) 2nd incubation loop (6) outlet

Fig. 9.5 Addition of reporter strain to passing droplet

or solid-liquid surface tension gradients [50]. The first is referred to as “Marangoni

convection”, caused by temperature (thermo-capillary convection) or chemical gra-

dients along the interphase of two fluids, resulting in a mass flow towards lower

interfacial tension. In the system presented here, the probability of chemical gradi-

ents leading to local differences in surface tension is high, since microcolonies are not

equally distributed over the droplet and metabolites temporally accumulate due to the

absence of agitation. Solid-liquid surface tension gradients can either be generated

by temperature variations along the channel wall, or by chemical differences—e.g.

uneven silanization of the channel surface leading to gradients in hydrophobicity. In

both cases, droplets will flow towards higher channel wettability to release interfacial

energy.

Upon restarting the flow of carrier oil for addition of reporter cells, maintaining

equal distances between the incubated droplets proved to be nearly impossible: while

the majority of droplets moved as expected with the stream of carrier oil, some

appeared to be stuck in their position, which in consequence led to uncontrollable

merging events. A possible explanation for this finding might be a layer of gas bubbles

observed on the channel surface, which seemed to hinder droplet displacement. Other

plausible reasons might be wetting effects occuring due to settling during long-term

incubation or due to the production of biosurfactants [51] that destabilize the lubricant

layer. Moreover, since not all droplets contain mycelium, they potentially differ in

viscosity, which in turn affects each droplet’s velocity to a varying extent [52].

Due to the complexity of the presented assay and the problems inherent to

on-chip droplet incubation, the question whether the system is suitable for detec-

tion of reporter cell inhibition by an antibiotic has not been answered yet. Droplets

generated from antibiotic solutions allow for simulation of in-droplet antibiotic pro-

duction by actinobacteria, while omitting the most critical step of droplet incubation

(including bacterial growth) and thus reducing assay complexity.
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To investigate specific reporter cell inhibition in droplets, the whole-cell-assay

chip was used for the generation of a droplet series with a gradient in the concentra-

tion of the antibiotic nourseothricin—a protein synthesis inhibitor. Without stopping

the flow, E. coli reporter cells constitutively expressing GFPuv were injected at the

intended position (pos. 4 in Fig. 9.4). Subsequently, the droplets were incubated

on-chip for 48 h at room temperature (pos. 5 in Fig. 9.4). After the incubation period,

image-based fluorescence analyses revealed droplets with regular growth and dark,

non-fluorescent droplets where the inoculated cells did not propagate. The clear

cut between both droplet species within the series indicated the minimal inhibi-

tion concentration of nourseothricin with regard to the employed reporter strain.

A Z≈-factor of 0.59 was determined from the positive- and negative controls, as

a measure for the assay quality [53]. A value of 0.5–1 characterizes an excellent

screening.

To go a step further, droplets were generated from culture supernatant of Strep-

tomyces noursei, a producer of nourseothricin. This allowed for a more realistic

simulation of the in-droplet production of antimicrobial substances by providing

the chemical complexity inherent to media in the late phase of cultivation. The

concentration of supernatant was altered in a sinusoidal manner along the droplet

series. E. coli cells producing the red-fluorescent protein mCherry under control of

the lac-promoter were injected into the droplets, which already contained IPTG as

inducing agent. Again, image analysis displayed inhibition of the reporter by the

culture supernatant, allowing for clear determination of a MIC-value. However, the

Z≈-factor indicated sub-optimal assay quality, probably due to unknown metabo-

lites in the supernatant that affect the behaviour of the reporter cells. Interestingly,

besides droplets with “normal” and without cell-derived fluorescence, droplets with

strongly enhanced fluorescence were detected, in particular at the transitions between

inhibitory and non-inhibitory conditions (Fig. 9.6). This might indicate the occurence

of hormesis—i.e. enhanced metabolic activity of microorganisms in the prescence

of subinhibitory concentrations of toxic compounds [54, 55]. This effect might be

exploited in future screenings: instead of merely picking non-fluorescent droplets

(= inhibition) for further investigation, detection and sorting of droplets with signif-

icantly enhanced fluorescence could be beneficial, since these potentially indicate

the presence of an antibiotic in subinhibitory concentration.

Despite the non-optimal culture conditions to be found in droplets incubated

on-chip, particularly with respect to oxygen supply, these results prove the detectabil-

ity of reporter cell inhibition in the presented chip system.
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Fig. 9.6 Reporter strain (red fluorescent) growth inhibtion in droplets generated with culture super-

natant of antibiotic-producing Streptomyces noursei. Fluorescein (green fluorescence) was used as

a marker for supernatant concentration

4.3 Improving Robustness of Screening in Micro-Segmented

Flow

As indicated above, a complete screening for novel antibiotics from actinobacteria

spores with micro-segmented flow is afflicted with substantial problems. However,

slight changes in this concept promise improved performance.

Introduction of a third immiscible phase: Instead of separating droplets with car-

rier fluid, a third immiscible phase may be introduced to the system to avoid contact

of aqueous droplets and consequent merging. Zheng and Ismagilov [56] applied this

concept in a similar context to test contents of nL-droplets against a large num-

ber of reagents (and vice versa). Aqueous plugs were separated by air bubbles,

both dispersed in a fluorinated carrier fluid. However, the authors observed carry-

over of droplet contents via the dispensing channel. To circumvent undesired cross-

contamination, droplets of interest had to be separated by two droplets containing

phosphate-buffered saline (Fig. 9.7). In another work by Chen et al. [57] different flu-

idic systems comprising three liquid phases were developed. The third liquid always

served as a separation phase between two reagent plugs. A main challenge was to

find combinations of three phases, where engulfment of one dispersed phase into

droplets of the second dispersed phase did not occur. To satisfy that condition, the

authors predicted that the magnitude of interfacial tension between the carrier fluid

and one dispersed phase may not exceed the sum of interfacial tension between
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lysozyme catalase RNase AP

air PBS

Fig. 9.7 Droplet train separated by air bubbles in a multiple enyzme assay against fluorescein

diphosphate. Droplets with enzyme are spaced by droplets containing phosphate-buffer saline (PBS)

to avoid cross-talk between droplets of interest via the substrate dispensing channel [56]

Table 9.5 Immiscible liquid system comprising three phases with one aqueous dispersed phase

Continuous phase Dispersed phase (A) Dispersed phase (B)

FC3283/PFOa (10:1 v/v) 1,3-diphenyl-1,1,3,3-tetramethyldisiloxane water

FC3283/PFOa (10:1 v/v) dimethyl tetrafluorosuccinate water

a 1,1,2,2-tetrahydroperfluorooctanol

carrier fluid and the other dispersed phase plus the interfacial tension between both

dispersed phases. These demands were met by two systems comprising aqueous

reagent droplets, both with FC3283 as carrier fluid containing 10 % (v/v) PFO as

surfactant (Table 9.5). A similar approach was established by Baraban et al. [27]: to

provide robustness to a millifluidic droplet analyzer with Novec HFE-7500 (+0.006 %

tri-block copolymer surfactant) as continuous phase, aqueous droplets were separated

by plugs of mineral oil.

Incubation in tubing: All systems described above, comprising three liquid phases,

need at least small amounts of surfactant to avoid wetting of the channel walls by the

dispersed phases. Thus, simple dispensing of fluids into existing droplets, as shown

in Fig. 9.5 is hampered or even impossible, requiring the integration of electrodes into

the chip to destabilize the interphase between carrier oil and aqueous phase by appli-

cation of an electric field [58]. Of course, the implementation of electrodes increases

the demands on chip fabrication and technical periphery. Hence, instead of on-chip

incubation of droplets, several authors postulated incubation in PTFE- or FEP tubing,

even without use of surfactant or separating droplets of a third immiscible phase:

to investigate survival rates of microorganisms in microfluidic droplets after up to

144 h, Martin et al. [59] guided 60-nL-plugs containing different model organisms

(Escherichia coli, Pseudomonas fluorescens, Rhodococcus rhodochrousand Saccha-

romyces cerevisae) into teflon tubing of 0.5 mm inner diameter. For analysis, series of

5–30 droplets of the same type were first pooled and then plated out, so that equidis-

tant droplet trains were not as crucial as in an antibiotic screening assay comprising

incubation and dosing operations. In follow-up experiments by Grodrian et al. [60],

actinobacteria spores were extracted from soil samples, singularized in droplets and

incubated at 28 ≥C for seven days. Again, subsequent analysis was kept simple: to

separate droplets for investigation, the capillary was cut into pieces and contents

(droplets) unloaded into 100 µl of buffer. Occurrence of any merging events is not

reported in this work, implying that it did not appear or only to a negligible extent.
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Cao et al. [47] achieved long-term incubation (24 h) of up to 1,100 droplets

in PTFE-tube coils for cultivation of E. coli in the presence of antibiotic agents.

Occurrence of droplet fusion is conceded, but details with regard to frequency are

omitted. Nevertheless, the fusion events do not remain unnoticed, since droplet

size, -distance and -position are monitored.

Whether external incubation of droplets in tubing and without the help of surfac-

tants leads to increased assay robustness compared to on-chip incubation remains

to be elucidated, but in the cases discussed above the authors did not report con-

trary observations. Since PTFE-tubing does not require silanization prior to usage,

a higher chemical homogenity with regard to hydrophobicity of the channel walls

might account for minimized droplet movement during incubation.

5 Emulsion-Based Microfluidic Screenings: An Overview

5.1 Droplet Generation and Handling for Highly Parallelized

Operations

The fluidic system for emulsion-based microfluidics generally comprises three com-

ponents: a carrier fluid, a surfactant (dissolved in the carrier fluid) and the aqueous

phase. Due to its amphiphilic nature, the surfactant molecule accumulates at the

interphase of dispersed and continuous phase (Fig. 9.8), thus lowering the surface

tension of aqueous droplets upon generation. In subsequent steps of the microflu-

idic assay, droplets may come into contact without the risk of merging due to steric

repulsion of surfactant molecules on the droplets’ surface. In contrast to surfactant-

free systems, “parallel" incubation of droplets in (external) containers is feasible,

allowing for immense increase in storage capacity and thus throughput. At the same

time, the robustness is enhanced, since maintaining equidistant droplets is no longer

necessary.

Various recent publications demonstrate the enormous potential of surfactant

-stabilized, droplet-based microfluidics in applied biological sciences (Table 9.6).

Fig. 9.8 Accumulation of

surfactant molecules on the

surface of aqueous droplets
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Table 9.6 Publications on surfactant-stabilized, droplet-based microfluidics in the field of cell-

biology and microbiology

Author Assay Year

Agresti et al. [33] Directed evolution 2010

Kintses et al. [34] 2012

Fallah-Araghi et al. [92] 2012

Beer et al. [109] Kiss et al. [110] Single-copy quantitative (RT)-PCR 2008

Brouzes et al. [46] High-throughput single-cell cytotoxicity testing 2009

Mazutis et al. [76] Isothermal DNA-amplification 2009

Tawfik and Griffiths [112] In-vitro translation 1998

Dittrich et al. [113] 2005

Fallah-Araghi et al. [92] 2012

Mazutis et al. [76] 2009

Miller et al. [104] High-resolution dose-response screening 2012

Pekin et al. [77] Quantitative detection of rare mutants 2011

Granieri et al. [114] Phage-display 2010

El Debs et al. [115] Monoclonal antibody production and target binding studies 2012

All of the presented experimental setups rely on the same microfluidic unit opera-

tions, which are discussed below.

An important prerequisite for unit operations in emulsion-based microfluidics is a

suitable carrier fluid/surfactant combination. Different combinations are employed,

depending on the type of application—but only a few can be considered as preva-

lent: Mineral oil or hexadecane with Span80 as surfactant provide a simple and

easily obtainable carrier fluid system, which can be applied in most assays, particu-

larly those that do not include long droplet incubation periods [48, 61–65]. If higher

droplet integrity is required, perfluorinated carrier fluids as FC-40, FC-77 or HFE-

7500 (3M) are employed [66]. These oils exhibit very high chemical inertia and min-

imal water solubility, hence are less prone to droplet cross-talk. A further feature of

perfluorinated carrier oils is their very high gas solubility, which can be of advantage

if oxygen supply or gas formation of encapsulated microorganisms is critical. Bio-

compatible fluorosurfactants are often triblock copolymers composed of two perflu-

orinated polyether tails (PFPE) and a hydrophilic head, e.g. dimorpholino phosphate

(DMP-PFPE) or polyethylene glycol (PEG-PFPE) [67–70]. They provide long-term

droplet stability for many cell-based applications, but were until recently not com-

mercially available, or only with rigorous restrictions (EA-surfactant, RainDance).

PicoSurfTM by Dolomite (Royston, England) fills that gap now.

Droplet generation is accomplished in most cases at cross-junctions by “flow-

focussing” or at T-junctions, where the incoming aqueous stream is pinched off by

the carrier fluid into monodisperse droplets [15, 71–73]. Due to hydrophobic channel

surface modification (e.g. Repelsilan, Ombrello) and the presence of surfactant in the

continuous phase, wetting of the channel walls by the emerging droplets is avoided.

Even in cases where the droplet occupies the majority of the channel’s cross section

30



 E. Zang et al.

(“slug flow”), a lubricating layer of carrier fluid is maintained between the droplet

and the channel wall.

Addition of cells or reactants to existing droplets can be accomplished by either

pairing and merging targeted droplets with droplets delivering the contents in demand

[74–77] or by dispensing the reagent or cell-containing fluid into targeted droplets

passing a T-junction (“picoinjection“) [78]. Independent of the merging technique

applied, the targeted droplets have to be spaced with carrier fluid after reinjec-

tion into the chip, which can also be achieved at cross- or T-junctions, possibly

arranged in a sharp angle to reduce shear stress. Mazutis et al. [76] used FC-40

perfluorinated oil with reduced surfactant concentration (0.27–0.55 % w/w EA-

surfactant, Raindance) for droplet spacing, which leads to depletion of surfac-

tant molecules on the droplet’s surface upon reinjection. Droplets being generated

on-chip using the same surfactant concentration are paired with the reinjected ones

by flow-rate synchronization and droplet pairs are finally merged in zig-zag-shaped

channels inducing local surfactant depletion and thus facilitating fusion of droplet

interfaces. To diminish subsequent undesired merging of droplets in the collection

chamber, carrier oil with high surfactant concentration (2.8 % w/w) was injected

upstream of the zig-zag-structure. Since diffusion of the surfactant micelles to the

droplet surface is a function of surfactant concentration and time [32], desired droplet

coalescence in the zig-zag-channels is merely affected. The one-to-one droplet fusion

efficiency achieved with this technique is ∞99 %. To avoid such complicated and

cumbersome flow arrangements, droplet merging or addition of fluids to existing

droplets can be induced with electric fields generated by on-chip electrodes located

near the point of droplet pairing or fluid dispensing, respectively [79–81]. By applying

a pulsed electric potential of less than 3 V, Priest et al. [82] demonstrated targeted

destabilization of inter-droplet lamella resulting in pairwise droplet merging in a

hexadecane/saline system with 2 % Span80 as emulgator. In the same work it was

shown that a 10 µm insulating layer between the electrodes and the channel does

not impede electrocoalescence, since capacitive coupling carries the voltage to the

rupture area when AC electric fields are applied. This way, undesired electrochemical

side effects detrimental to living cells are also circumvented. In a series of experi-

ments published by Ahn et al. [83], two droplet populations with different average

size (50 and 25 µm) were generated on-chip and merged pairwise. Interestingly, the

authors exploited the rheologic effect of smaller droplets catching up to larger ones,

to reliably reduce inter-droplet distance and facilitate electrocoalescence of the two

droplet species. Using hexadecane as continuous phase with 5 % (w/w) Span80 as

surfactant, 100 V AC at a frequency of 100 kHz was required for successful merging

at a rate of 100 droplet pairs/s. Given an electrode distance of 200 µm, the applied

voltage accounts to a field strength of 500 kV/m. This concept is also applicable

for reinjected droplets which were incubated off-chip to replace one or both of the

on-chip generated droplet species. However, the discussed methods of droplet pair-

ing and merging require precise fine tuning of flow rates for synchronization of the

two droplet species, which is in every case prone to errors and occasionally yields

two-to-one fusion events or unfused droplets.
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In contrast, “picoinjection” provides an approach where only one population of

droplets must be handled, since fluids containing cells or agents are directly dis-

pensed into the reinjected droplets from a perpendicular and pressurized channel at

a T-junction with adjacent electrodes generating an electric field [78]. As an addi-

tional benefit of this technique, injection can be performed at kHz-frequencies and in

a selective manner, e.g. triggered upon detection of fluorescence. Moreover, serial and

combinatorial injections are feasible by implementing additional picoinjection struc-

tures along the droplet-conducting channel. However, the authors do not describe how

the pressure in the feeding channel is controlled, which is relevant for such complex

dispensing patterns. The downside of this and similar techniques is the risk of cross-

contaminations and carry-over-effects through the dispensing channel, but both can

be considered as not important in case of the aimed screening for antibiotics: cross-

contamination of filamentously growing, monolithic micropellets of Actinomycetes

is unlikely and carry-over of potentially produced antibiotics would be subject to

strong dilution and thus negligible. For completeness it should be mentioned that

Sivasamy et al. [64] developed a passive merging structure for dosage of reagents

that represents an intermediate between a droplet merger and a dispensing unit: aque-

ous droplets evolve from a feeding channel directly into a square-shaped chamber in

downstream proximity, forming an uncurved interface with the carrier fluid (mineral

oil + 2 % Span80), which exhibits a relatively low Laplace pressure jump. According

to the authors, the interface can thus be easily disturbed by approaching droplets,

resulting in a high probability of merging. However, we were not able to reproduce

these findings when testing similar structures with FC40+PEG-PFPE surfactant as

continuous phase.

Apart from incubation and detection—which is not subjected in this section—

droplet sorting is the last required unit operation for a complete, surfactant-stabilized,

microfluidic screening for novel antibiotic substances. Applied structures gener-

ally consist of a bifurcated microfluidic channel and adjacent eletrodes generating a

pulsed, non-uniform electric field upon triggering [84–86]. Without pulse, droplets

flow into the output channel with lower fluidic resistance, which is determined by

downstream width and length of the channels. When the electrodes are energized,

the respective droplet is polarized and dragged towards higher field strength, which

is located near the output channel with higher fluidic resistance. By this, droplets

of interest—e.g. selected on the basis of fluorescence detection—can be separated

from the droplet population. The required voltages depend on the droplet velocity

and volume, the viscosity of the continuous phase, the shape and position of the elec-

trodes and the difference in fluidic resistance of the output channels. For sufficient

displacement of 25 µm-diameter aqueous droplets in hexadecane, Ahn et al. [84]

applied a 500 µs-pulse of 10 kHz and 700 V across the electrodes. This allowed for

reliable droplet sorting at frequencies of 1,600 Hz.
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Fig. 9.9 Screening for antibiotic activity from soil-derived actinobacteria spores singularized and

germinated in pL-dropltes: (1) droplet generation (2) incubation of spores (3) addition of reporter

cells aided by electrodes (4) incubation of reporter cells (5) fluorescence detection and droplet

sorting

Fig. 9.10 Microfluidic fused

silica chip

5.2 Screening for Novel Antibiotics with an Emulsion-Based

Microfludic Approach

The general workflow for the emulsion-based search for novel antibiotics on the basis

of the unit operations discussed above is depicted in Fig. 9.9. In contrast to screening

in a micro-segmented flow, droplets are incubated in bulk and addition of reporter

strains is assisted by electric fields.

To test the applicability of the surfactant-stabilized microfluidic concept for antibi-

otic screening, chips were designed for droplet generation, addition of reagents

(dosage) and droplet sorting, according to the references discussed above (Fig. 9.10).

Chips were fabricated by LioniX BV (Enschede, Netherlands) from fused silica

wafers: the top-plate (0.5 mm) bears 50 µm deep channels generated by deep reac-

tive ion etching using a 3 µm silicon layer as masking material. Vias for fluidic

and electric contacting were created by powderblasting. Metallic electrodes were

applied to the bottom-plate (1.0 mm) using a lift-off process on a sputtered stack of

platinum (180 nm) on top of a titanium adhesion layer (15 nm). Prior to bonding of

both halves, a layer of silicon oxynitride was deposited for levelling and insulation,

using plasma-enhanced chemical vapor deposition. Before use, chips were rendered

hydrophobic by rinsing with dimethyldichlorosilane (Repelsilan, Amersham Bio-

sciences). Additionally, different devices were tested for droplet incubation: besides
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Fig. 9.11 Incubation vial

made from a clear-glass

micro-insert for HPLC-vials.

Creamed droplets can be

observed in the upper part

simply guiding droplets into PTFE-tubing (0.5 mm ID), droplets were transfered into

1.5 ml microreaction tubes or silanized pasteur pipettes followed by overlaying with

pure and sterile culture medium to minimize droplet evaporation. For another home-

made incubation device (in the following referred to as “incubation vial”), the tip of

a clear-glass micro-insert for HPLC-vials (15 mm, 0.1 ml, VWR) was removed with

a glass cutter and connected to PTFE-tubings after sealing the bottom with a silicone

plug and epoxy resin adhesive (Fig. 9.11). Subsequently, the device was rendered

water-repellent with Ombrello (moton auto-motive, Germany). Within this setup, no

overlaying with aqueous medium was required.

The aforementioned microfluidic unit operations were evaluated with regard to

their suitability for antibiotic screening from actinobacteria spores. Emphasis was

given to droplet generation, incubation and reinjection, since these steps are prone to

various stresses of physical and biological nature (Table 9.7) that influence droplet

populations to an unknown extent. Hence, conditions for all subsequent operations

are set during these initial steps, particularly by the degree of monodispersity of the

resulting droplet population: high polydispersity will hamper reliable addition of

reporter cells and is disadvantageous to the final step of droplet sorting. To assess the

impact of spores and their germination on the monodispersity of a droplet population,

we tested droplet generation from spore suspensions and subsequent incubation under

diverse conditions.
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Table 9.7 Physical and biological factors influencing droplet populations

Physical Evaporation

Satellite formation

Ostwald ripening

Merging (local surfactant depletion)

Cross-contamination (through wetting)

Cross-contamination (through dispensing channel)

Diffusion, cross-talk

Biological Gas formation due to metabolic activity

Shrinkage due to metabolic activity

Merging (increased surface tension through catabolites)

Outgrowth of hyphae

Table 9.8 Composition of a model actinomycetes spore suspension used for microfluidic experi-

ments

Strain Taxon Produced antibiotics

IMET40285 Streptomyces gelaticus Elaiomycin

IMET40235 Streptomyces griseus Cycloheximid

HKI0323 Amycolatopsis lactamdurans Cephamycin C

HKI0040 Streptomyces canus Amphomycin

HKI0016 Streptomyces hygroscopicus Staurosporin

JA02640 Streptomyces californicus Viomycin

IMET40177 Streptomyces griseorubiginosus Cinerubin

HKI0216 Kitasatospora azatica Alazopeptin

HKI0423 Nonomuraea recticatena

HKI0269 Streptomyces celluloflavus Aureothricin

IMET41584 Streptomyces albus Salinomycin

Without applying spores, it was found that a flow rate of 195 nl/s for the car-

rier oil (HFE 7500 + 1 % PicoSurf) and 94 nl/s for the aqueous phase (MMM)

gives the best results with regard to polydispersity. Droplets were produced at fre-

quencies above 500 Hz, exhibiting a polydispersity of 1.15 %, which is clearly

below the accepted standard of 2–3 % according to literature [87]. When a model

spore suspension (in MMM) (Table 9.8) was employed instead of water as aque-

ous phase, similar values for the polydispersity were achieved, indicating that the

presence of spores does not affect droplet generation. However, larger droplets bear-

ing an obtrusive piece of mycelium were observed with non-significant frequency.

These irregularities are likely to be minimized with more rigid centrifugation and

filtration during spore extraction, which reduces the proportion of loose filaments

in the suspension. Although low polydispersity values were obtained within each

experiment, we observed high fluctuations in average droplet size between differ-

ent droplet generation experiments: at various combinations of aqueous phase (pure

MMM, MMM with spores and MMM with reporter cells), incubation device (Pasteur
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Table 9.9 Restraints of droplet-based microfluidics with regard to cell-based assays

limited mass transfer

no agitation

limited sensing (pH, pO2, etc.)

pH-shift

depletion of growth media

biofouling of surfaces

clogging

pipette, microreaction-tube and incubation vial) and surfactant concentration (1 and

1.25 %), the apparent mean droplet size varied between ∞115 and ∞139 pL, although

the same flow rates were applied. Even with identical setups, the measured average

droplet sizes revealed recognizable inter-experimental variations. While these can

only derive from image analysis-related issues (variations in light intensity, focus

plane, detection algorithm), greater variations at unequal experimental setups could

also be attributed to changes in backpressure (due to varying incubation device and

length of output tubing) and viscosity of the aqueous phase. The variations in the mean

volume of different droplet populations complicate comparing inter-experimental

changes in polydispersity, but they do not impede intra-experimental comparisons

of a single droplet population after generation and incubation.

To evaluate the physical impact of droplet incubation and reinjection on the poly-

dispersity of a population, droplets generated from pure MMM were incubated for

0, 24 and 48 h before partial reinjection (Fig. 9.12). To our surprise, droplets that

were immediately (0 h) reinjected showed the highest divergence in average volume

(110.8 pL) compared to the measurement upon droplet generation (115.61 pL). With

increasing incubation time, the mean droplet volume approached the original value.

These findings cannot be ascribed to a certain physical effect rather than variations in

imaging conditions. More importantly, polydisperity did not increase substantially

with prolonged incubation time: upon droplet generation, a value of 1.24 % was

measured, while after 48 h the polydispersity was 1.30 %.

These results indicate that Ostwald ripening occurred only to a negiglible extent

within this incubation period. Nevertheless a marginally increased number of satel-

lite droplets was observed, which probably emerge due to shear upon reinjection and

slight over-concentration of surfactant in the carrier oil. Additionally, a small num-

ber of larger droplets was detected during each reinjection round. Since their volume

was not a harmonic multiple of the average droplet size, they did not originate from

droplet merging events. Their occurrence remains to be elucidated, although they did

not impede further unit operations. In the next step, the impact of actinomycetes on

the droplet population was investigated: instead of using pure medium as aqueous

phase, droplets were generated from a spore suspension (in MMM). Subsequently,

the droplets were transferred to an incubation vial allowing for spore germination

(at room temperature). As expected, droplets are nearly as monodisperse as upon

generation when reinjected immediately, since germination has not occured yet.
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Fig. 9.12 Droplet volumes

upon generation and after

reinjection. Aqueous phase:

pure MMM
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Even after 24 h of incubation the polydispersity increased only from 1.12 % (upon

generation) to 2.07 %, and first droplets bearing mycelium were observed (Fig. 9.13).

After 48 h incubation, the majority of droplets showed growing actinomycetes. Inter-

estingly, droplets with microcolonies shrank while empty droplets experienced an

increase in volume (Figs. 9.14 + 9.15). This phenomenon, which is numerically

reflected in an elevated polydispersity of 9.27 %, can be ascribed to the metabolic

activity of growing bacteria: carbon sources are partly catabolized to highly diffu-

sive products (mainly CO2) that easily escape the droplet. As a result, the osmolarity

decreases, leading to an efflux of water towards unoccupied droplets, since they

exhibit a relatively higher osmolarity [88, 89]. In extreme cases, the mycelium occu-

pies the whole volume of a droplet, which is thus deformed in its surface. However,

undesired outgrowth of hyphae is only observed in very rare cases after extensive

incubation periods. It should be pointed out that hardly any fused droplets were

observed, indicating that the employed model actinomycetes did not produce any

metabolites that significantly affect droplet integrity. Whether this finding also applies

to larger model libraries or even to the immense diversity of actinomycetes found in

soil samples remains to be investigated, but it provides first evidence that maintaining

microcultures of unknown actinobacteria in surfactant-stabilized droplets is feasible.

A potential caveat to both micro-segmented flow and the emulsion-based approach

is also related to incubation: secondary metabolites with antimicrobial activity emerg-

ing from the droplet of origin to other droplets in close proximity might cause false

negative or positive hits, depending on the antimicrobial potency as well as the

mobility of the respective molecule. This phenomenon, also termed “cross-talk”,

was recently investigated by various researchers. Bai et al. [66] tested the reten-

tion of fluorescein in trapped droplets dispersed either in mineral oil/Span80 or

FC77/EA-surfactant, respectively. As already indicated above, the author found that

the perfluorinated carrier oil (FC77) exhibited much lower transport of fluorescein

molecules, due to lower fluidity at the water/oil interface. Nevertheless, Courtois

et al. [90] and Skhiri et al. [91] found that surfactant concentrations widely exceed-

ing the critical micellar contration (CMC) can enhance cross-talk by formation of
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Fig. 9.13 MMM-droplets

with mycelium or micropellets

(after 24 h)

Fig. 9.14 MMM-droplets

with mycelium or micropellets

(after 48 h)

reverse micelles entrapping and transporting molecules that are dissolved in the

droplets. Together with diffusion, this mechanism is claimed to play the key role

in inter-droplet exchange of molecules. Both authors also present a counteracting

measure to molecule transport between droplets: by addition of BSA to the aqueous

phase, the retention of resorufin was enhanced 18-fold [91], and transport of fluores-

cein could also be reduced signifcantly. Since this finding is ascribed to the general

property of BSA to increase solublity of other molecules, it can be assumed that this

also applies for unknown antimicrobial substances entrapped in droplets. Although

molecule mobility is related to its charge and is thus unpredictable for the bulk of

unknown molecules produced by actinobacteria, cross-talk can probably be reduced

to acceptable dimensions by employment of BSA or similar additives.

In a further step, addition of reporter cells to droplets containing germinated

spores with a picoinjector was tested. As mentioned above, high polydispersity of the

incoming droplet population was assumed to be detrimental to reliable picoinjection.

Different droplet sizes lead to varying inter-droplet distances after spacing which
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Fig. 9.15 Droplet volumes

upon generation and after

reinjection (0, 24 and 48 h).

Aqueous phase: MMM +

spores. B: Distribution of

droplet volumes upon genera-

tion and after incubation

dr
op

le
t v

ol
um

e 
[p

L]

0

50

100

150

200

250

300

350
Generation 
Reinjection t = 0 
Reinjection t = 24h 
Reinjection t = 48h 

droplet volume [pL]
0 50 100 150 200

re
l. 

fr
eq

ue
nc

y 
[%

]

0

10

20

30

40

Generation
Reinjection t = 24 h
Reinjection t = 48 h 

(a)

(b)

in turn results in the addition of unequal fluid volumes. If the diameter is smaller

than the channel cross-section, the droplet might even not come into contact with

the meniscus of the dispensing channel and thus not be subjected to reporter cell

addition. However, upon reinjecting 3-day old droplets generated from the model

spore suspension with 140 picolitre average volume, all droplets were still large

enough to occupy the entire cross-section of the incoming channel upstream of the

picoinjection structure (size 50 µm). The outgoing, plug-shaped droplets appeared

equal in volume. Yet, addition of variable amounts to the droplets would not be

detrimental to the overall assay performance, since cell densities will equalize with

growth time in droplets without antibiotic activity, diminishing the risk of false

positives. However, in case droplet polydispersity becomes an obstacle in future

assays—e.g. by limiting throughput—droplets can be sorted according to their size

prior to each reinjection round as counteracting measure. The functionality of passive,

size-dependent sorting structures was demonstrated recently [92–94].

The last remaining unit operation to be tested is sorting of droplets representing

a hit. Again, it must be assumed that high polydispersity of incoming droplets is

challenging with regard to droplet sorting. However, as in the case of reporter cell
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picoinjection, passive droplet-sorting according to size prior to fluorescence guided

sorting might be helpful. The maximum frequency of reliable droplet separation from

the main population has to be assessed and is surely dependent on the exact shape of

applied channel and electrode structures as well as the droplet volume and velocity.

Difficulties might arise from the contradiction of reporting principle and detection

mechanism: since reporter cells are inhibited, droplets containing an antibiotic will

be non-fluorescent, while the evaluation of droplets is fluorescence-based.

However, this issue might be easily solved by detection and sorting of the fluores-

cent droplet species, which also leads to pooling of non-fluorescent droplets at the

other end. Nevertheless, this approach would result in an extremely high frequency of

sorting events, which inflicts higher demands on the sorting periphery. The feasibility

of such an ultra-high-frequency sorting must be tested. Alternative ways to tackle

this problem might include general addition of a fluorophore that emits at a different

wavelength or detection of all droplets by capacitive sensing prior to fluorescence

analysis [63].

Once droplets of interest are sorted into the “value” outlet, they have to be sepa-

rately extractable so that they can serve as inoculum in an upscaling chain—starting

from a well of a microtiter plate, for example. A suitable chip-to-world interface

remains to be developed, which is also a requirement for other droplet-based microflu-

idic assays and thus only a matter of time.

9   Summary and Outlook on Antimicrobial Screenings in

Micro-Segmented Flow and Emulsion-Based Systems

The constant emergence of new, life-threatening pathogens and resistance

mechanisms requires the development of novel antibiotic substances and substance

classes. Target-oriented approaches, as they were postulated at the beginning of the

1980s, failed to reveal new antimicrobials. Despite the discovery of suitable candi-

dates for target-inhibition, most substances were not able to penetrate the bacterial

cell wall. Hence, leading experts proposed the return to whole-cell-based screen-

ing of soil-derived actinobacteria—an approach that delivered the majority of all

discovered antibiotics so far. However, classic screening of actinomycetes is cum-

bersome and suffers from low throughput, which limits its success rate. By providing

millions of microscaled reaction compartments, droplet-based microfluidics allows

for high-throughput cultivation of Actinobateria and promises subsequent whole-

cell testing for production of antimicrobial substances. Here, micro-segmented flow,

implemented on a monolithic chip device, and an emulsion-based approach were

tested for antibiotic screening capabilities by separately investigating all contribut-

ing unit operations.

Droplet generation and incubation led in both discussed systems to germination of

encapsulated spores and formation of micropellets. Penetration of the droplet/carrier

oil interphase by growing hyphae was only observed in rare cases after very long
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incubation periods of several weeks. However, subsequent addition of reporter cells

could not be achieved with micro-segmented flow, since inter-droplet distances were

not uniform and undesired droplet fusions occurred. Several methods to resolve this

conflict were proposed, including the introduction of a third immiscible phase to sep-

arate droplets and external incubation in PTFE tubing. To test the system for general

detectability of antibiotic activity, droplet series with a concentration gradient of the

protein-synthesis-inhibitor nourseothricin and culture supernatant of nourseothricin-

producing S. noursei, respectively, were generated. After addition of E. coli reporter

cells and subsequent incubation, droplets were analyzed for fluorescence. For both,

the pure nourseothricin and the culture supernatant, the minimal inhibitory concen-

tration could be clearly determined.

For the modular, surfactant-stabilized system it was shown that growth of actino-

mycetes leads to an increase in droplet polydispersity. Nevertheless, by applying

moderate incubation times, the polydispersity can be kept in an acceptable range,

still allowing for reliable addition of reporter cells by picoinjection. In case droplets

with higher polydispersity must be handled—due to prolonged incubation times for

example—antecedent size-dependant droplet-sorting with passive sorting structures

is proposed. Fluorescence-dependent sorting of droplets with pulsed electric fields

was already demonstrated in several studies, but applicability for polydisperse droplet

populations bearing mycelia of actinomycetes still has to be confirmed. To get hold

of droplets sorted on-chip, an interface allowing for selective guidance of single

droplets, e.g. in the wells of a microtiter plate, needs to be developed.

Issues and questions concerning the magnitude of undesired droplet-cross-talk,

quality of the read-out provided by different reporting principles and achievable

throughput need to be resolved. Moreover, accessible diversity of actinobacteria and

frequency of unknown species found in droplets has to be investigated, e.g. by pyrose-

quencing of 16S-rRNA fragments. If required, pooling of soil samples, variation of

media composition and employment of streptomycete-specific phages [95] might

further increase the probability of discovering yet unknown species. Expression of

orphan pathways might be stimulated through addition of aqueous soil extracts [96,

111]. As a promising variation of the presented screening approach from actinobacte-

ria spores, high-throughput-investigation of soil-derived metagenomes in prokaryotic

hosts might be taken into consideration [97, 98], although probabilities of generating

hits must be thoroughly evaluated [99].

The general feasibility of a droplet-based microfluidic screening of soil-derived

actinobacteria spores for novel antimicrobial substances was confirmed. Although

further development and fine-tuning is required, the presented case-studies raise the

prospect of a highly efficient assaying system as a source of new active substances

against emerging pathogens.

41



Screening for Antibiotic Activity

References

1. E.P. Abraham, E. Chain, An Enzyme from Bacteria able to Destroy Penicillin. Nature 146,

837–837 (1940)

2. M. Demerec, Origin of Bacterial Resistance to Antibiotics. J Bacteriol 56, 63–74 (1948)

3. T.H. Haight, M. Finland, Resistance of bacteria to erythromycin. Proc Soc Exp Biol Med 81,

183–188 (1952)

4. M.A. Fischbach, C.T. Walsh, Antibiotics for emerging pathogens. Science 325, 1089–1093

(2009)

5. M.A. Cooper, D. Shlaes, Fix the antibiotics pipeline. Nature 472, 32–32 (2011).

6. D.J. Newman, G.M. Cragg, Natural products as sources of new drugs over the last 25 years.

J. Natl. Prod. 70, 461–477 (2007)

7. S.S. Cohen, A strategy for the chemotherapy of infectious disease. Science 197, 431–432

(1977)

8. K.M. Overbye, J.F. Barrett, Antibiotics: where did we go wrong? Drug Discov. Today 10,

45–52 (2005)

9. M. Nett, H. Ikeda, B.S. Moore, Genomic basis for natural product biosynthetic diversity in

the actinomycetes. Nat. Prod. Rep. 26, 1362 (2009)

10. R.H. Baltz, Renaissance in antibacterial discovery from actinomycetes. Curr. Opin. Pharma-

col. 8, 557–563 (2008)

11. D.D. Baker, M. Chu, U. Oza, V. Rajgarhia, The value of natural products to future pharma-

ceutical discovery. Nat. prod. Rep. 24, 1225–1244 (2007)

12. L.M. Mayr, P. Fuerst, The future of high-throughput screening. J. Biomol. Screening 13,

443–448 (2008)

13. R.H. Baltz, Marcel Faber Roundtable: is our antibiotic pipeline unproductive because of

starvation, constipation or lack of inspiration? J. Ind. Microbiol. Biotechnol. 33, 507–513

(2006)

14. K. Zengler, G. Toledo, M. Rappe et al., Cultivating the uncultured. Proc. Nat. Acad. Sci.

U.S.A. 99, 15681–15686 (2002)

15. C.N. Baroud, F. Gallaire, R. Dangla, Dynamics of microfluidic droplets. Lab Chip 10, 2032–

2045 (2010)

16. D.A. Hopwood, M.J. Bibb, K.F. Chater, Genetic manipulation of Streptomyces?: a laboratory

manual (John Innes Foundation, Norwich, 1985)

17. D.A. Hopwood, Genetic analysis and genome structure in streptomyces coelicolor. Bacteriol

Rev. 31, 373–403 (1967)

18. M.J. Buttner, K.F. Chater, M.J. Bibb, Cloning, disruption, and transcriptional analysis of three

RNA polymerase sigma factor genes of Streptomyces coelicolor A3 (2). J. Bacteriol. 172,

3367–3378 (1990)

19. M.J. Buttner, RNA polymerase heterogeneity in Streptomyces coelicolor A3 (2). Mol. Micro-

biol. 3, 1653–1659 (1989)

20. R.H. Coleman, J.C. Ensign, Regulation of formation of aerial mycelia and spores of Strepto-

myces viridochromogenes. J. Bacteriol. 149, 1102–1111 (1982)

21. D.A. Hodgson, Glucose repression of carbon source uptake and metabolism in Streptomyces

coelicolor A3 (2) and its perturbation in mutants resistant to 2-deoxyglucose. J. Gen. Micro-

biol. 128, 2417–2430 (1982)

22. J.F. Martín, A.L. Demain, Control of antibiotic biosynthesis. Microbiol. Rev. 44, 230–251

(1980)

23. J. Sambrook, E. Fritsch, T. Maniatis, Molecular Cloning, vol. 2 (Cold Spring Harbor Labo-

ratory Press, A Laboratory Manual, USA, 1989)

24. M.A. Farid, El-Enshasy HA, El-Diwany AI, El-Sayed SA, Optimization of the cultivation

medium for natamycin production by Streptomyces natalensis. J. Basic Microbiol. 40, 157–

166 (2000)

42



 E. Zang et al.

25. J.F. Martín, Phosphate control of the biosynthesis of antibiotics and other secondary metabo-

lites is mediated by the PhoR-PhoP system: an unfinished story. J. Bacteriol. 186, 5197–5201

(2004)

26. A. Huebner, M. Srisa-Art, D. Holt, et al., Quantitative detection of protein expression in single

cells using droplet microfluidics. Chem. Commun. (Camb) 1218–1220 (2007)

27. L. Baraban, F. Bertholle, M.L. Salverda et al., Millifluidic droplet analyser for microbiology.

Lab Chip 11, 4057–4062 (2011)

28. N.C. Shaner, R.E. Campbell, P.A. Steinbach et al., Improved monomeric red, orange and yel-

low fluorescent proteins derived from Discosoma sp. red fluorescent protein. Nat. Biotechnol.

22, 1567–1572 (2004)

29. R. Heim, D.C. Prasher, R.Y. Tsien, Wavelength mutations and posttranslational autoxidation

of green fluorescent protein. Proc. Natl. Acad. Sci. U.S.A. 91, 12501–12504 (1994)

30. N.C. Shaner, P.A. Steinbach, R.Y. Tsien, A guide to choosing fluorescent proteins. Nat. Meth-

ods 2, 905–909 (2005)

31. T. Drepper, R. Huber, A. Heck et al., Flavin mononucleotide-based fluorescent reporter

proteins outperform green fluorescent protein-like proteins as quantitative in vivo real-time

reporters. Appl. Environ. Microbiol. 76, 5990–5994 (2010)

32. J.-C. Baret, F. Kleinschmidt, A. El Harrak, A.D. Griffiths, Kinetic aspects of emulsion stabi-

lization by surfactants: a microfluidic analysis. Langmuir 25, 6088–6093 (2009a)

33. J.J. Agresti, E. Antipov, A.R. Abate et al., Ultrahigh-throughput screening in drop-based

microfluidics for directed evolution. Proc. Natl. Acad. Sci. U.S.A. 107, 4004–4009 (2010)

34. B. Kintses, C. Hein, M.F. Mohamed et al., Picoliter cell lysate assays in microfluidic droplet

compartments for directed enzyme evolution. Chem. Biol. 19, 1001–1009 (2012)

35. K. Hakkila, M. Maksimow, M. Karp, M. Virta, Reporter genes lucFF, luxCDABE, gfp, and

dsred have different characteristics in whole-cell bacterial sensors. Anal. Biochem. 301, 235–

242 (2002)

36. A. Urban, S. Eckermann, B. Fast et al., Novel whole-cell antibiotic biosensors for compound

discovery. Appl. Environ. Microbiol. 73, 6436–6443 (2007)

37. M.I. Bahl, L.H. Hansen, S.J. Sorensen, Construction of an extended range whole-cell tetra-

cycline biosensor by use of the tet(M) resistance gene. FEMS Microbiol. Lett. 253, 201–205

(2005)

38. A.A. Bianchi, F. Baneyx, Stress responses as a tool to detect and characterize the mode of

action of antibacterial agents. Appl. Environ. Microbiol. 65, 5023–5027 (1999)

39. E. Eltzov, D.Z. Ben-Yosef, A. Kushmaro, R. Marks, Detection of sub-inhibitory antibiotic

concentrations via luminescent sensing bacteria and prediction of their mode of action. Sens.

Actuators 129, 685–692 (2008)

40. A.C. Vollmer, S. Belkin, D.R. Smulski et al., Detection of DNA damage by use of Escherichia

coli carrying recA’:lux, uvrA’:lux, or alkA’:lux reporter plasmids. Appl. Environ. Microbiol.

63, 2566–2571 (1997)

41. S. Yagur-Kroll, S. Belkin, Upgrading bioluminescent bacterial bioreporter performance by

splitting the lux operon. Anal. Bioanal. Chem. 400, 1071–1082 (2011)

42. J. Bérdy, Bioactive microbial metabolites. J. Antibiot. 58, 1–26 (2005)

43. M. Watve, R. Tickoo, M. Jog, B. Bhole, How many antibiotics are produced by the genus

Streptomyces? Arch. Microbiol. 176, 386–390 (2001)

44. M.B. Elowitz, A.J. Levine, E.D. Siggia, P.S. Swain, Stochastic gene expression in a single

cell. Science 297, 1183–1186 (2002)

45. J.Q. Boedicker, L. Li, T.R. Kline, R.F. Ismagilov, Detecting bacteria and determining their

susceptibility to antibiotics by stochastic confinement in nanoliter droplets using plug-based

microfluidics. Lab Chip 8, 1265–1272 (2008)

46. E. Brouzes, M. Medkova, N. Savenelli et al., Droplet microfluidic technology for single-cell

high-throughput screening. Proc. Natl. Acad. Sci. U.S.A. 106, 14195–14200 (2009)

47. J. Cao, D. Kürsten, S. Schneider et al., Uncovering toxicological complexity by multi-

dimensional screenings in microsegmented flow: modulation of antibiotic interference by

nanoparticles. Lab Chip 12, 474 (2012)

43



Screening for Antibiotic Activity

48. K. Churski, T.S. Kaminski, S. Jakiela et al., Rapid screening of antibiotic toxicity in an

automated microdroplet system. Lab Chip 12, 1629–1637 (2012)

49. T. Henkel, T. Bermig, M. Kielpinski et al., Chip modules for generation and manipulation of

fluid segments for micro serial flow processes. Chem. Eng. J. 101, 439–445 (2004)

50. T. Squires, S. Quake, Microfluidics: Fluid physics at the nanoliter scale. Rev. Mod. Phys. 77,

977–1026 (2005).

51. I. Thampayak, N. Cheeptham, W. Pathom-Aree et al., Isolation and identification of biosur-

factant producing actinomycetes from soil. Res. J. MicrobioL. 3, 499–507 (2008)

52. B.J. Jin, Y.W. Kim, Y. Lee, J.Y. Yoo, Droplet merging in a straight microchannel using droplet

size or viscosity difference. J. Micromech. Microeng. 20, 035003-035003-10 (2010)

53. J.H. Zhang, T.D. Chung, K.R. Oldenburg, A simple statistical parameter for use in evaluation

and validation of high throughput screening assays. J. Biomol. Screening 4, 67–73 (1999)

54. J. Davies, G.B. Spiegelman, G. Yim, The world of subinhibitory antibiotic concentrations.

Curr. Opin. Microbiol. 9, 445–453 (2006)

55. D. Hill, B. Rose, A. Pajkos et al., Antibiotic susceptabilities of Pseudomonas aeruginosa

isolates derived from patients with cystic fibrosis under aerobic, anaerobic, and biofilm con-

ditions. J. Clin. Microbiol. 43, 5085–5090 (2005)

56. B. Zheng, R.F. Ismagilov, A microfluidic approach for screening submicroliter volumes

against multiple reagents by using preformed arrays of nanoliter plugs in a three-phase liq-

uid/liquid/gas flow. Angewandte Chemie. (International ed) 44, 2520–2523 (2005)

57. D.L.L. Chen, L. Li, S. Reyes et al., Using three-phase flow of immiscible liquids to prevent

coalescence of droplets in microfluidic channels: Criteria to identify the third liquid and

validation with protein crystallization. Langmuir 23, 2255–2260 (2007)

58. S. Herminghaus, Dynamical instability of thin liquid films between conducting media. Phys.

Rev. Lett. 83,2359–2361 (1999)

59. K. Martin, T. Henkel, V. Baier et al., Generation of larger numbers of separated microbial

populations by cultivation in segmented-flow microdevices. Lab Chip 3, 202–207 (2003)

60. A. Grodrian, J. Metze, T. Henkel et al., Segmented flow generation by chip reactors for highly

parallelized cell cultivation. Biosens. Bioelectron. 19, 1421–1428 (2004)

61. N. Bremond, A. Thiam, J. Bibette, Decompressing emulsion droplets favors coalescence.

Phys. Rev. Lett. (2008).

62. H. Hufnagel, A. Huebner, C. Gulch et al., An integrated cell culture lab on a chip: modular

microdevices for cultivation of mammalian cells and delivery into microfluidic microdroplets.

Lab Chip 9, 1576–1582 (2009)

63. E.V. Moiseeva, A.A. Fletcher, C.K. Harnett, Thin-film electrode based droplet detection for

microfluidic systems. Sensor Actuat. B- Chem. 155, 408–414, (2010)

64. J. Sivasamy, Y.C. Chim, T.N. Wong et al., Reliable addition of reagents into microfluidic

droplets. Microfluid. Nanofluid. 8, 409–416 (2010)

65. H. Yang, X. Qiao, M.K. Bhattacharyya, L. Dong, Microfluidic droplet encapsulation of highly

motile single zoospores for phenotypic screening of an antioomycete chemical. Biomicroflu-

idics 5, 44103–4410311 (2011)

66. Y. Bai, X. He, D. Liu et al., A double droplet trap system for studying mass transport across

a droplet-droplet interface. Lab Chip 10, 1281–1285 (2010)

67. J.-C. Baret, Surfactants in droplet-based microfluidics. Lab Chip 12, 422–433 (2012)

68. D.J. Holt, R.J. Payne, C. Abell, Synthesis of novel fluorous surfactants for microdroplet

stabilisation in fluorous oil streams. J. Fluorine Chem. 131, 398–407 (2010a)

69. D.J. Holt, R.J. Payne, W.Y. Chow, C. Abell, Fluorosurfactants for microdroplets: interfacial

tension analysis. J. Colloid Interface Sci. 350, 205–211 (2010b)

70. C. Holtze, A.C. Rowat, J.J. Agresti et al., Biocompatible surfactants for water-in-fluorocarbon

emulsions. Lab Chip 8, 1632–1639 (2008)

71. S.L. Anna, N. Bontoux, H.A. Stone, Formation of dispersions using “flow focusing” in

microchannels. Appl. Phys. Lett. 82, 364 (2003)

72. G.F. Christopher, S.L. Anna, Microfluidic methods for generating continuous droplet streams.

J. Phys. D-Appl. Phys. 40, R319–R336 (2007)

44



 E. Zang et al.

73. T. Thorsen, R.W. Roberts, F.H. Arnold, S.R. Quake, Dynamic pattern formation in a vesicle-

generating microfluidic device. Phys. Rev. Lett. 86, 4163–4166 (2001)

74. K. Liu, H.J. Ding, Y. Chen, X.Z. Zhao, Droplet-based synthetic method using microflow

focusing and droplet fusion. Microfluid. Nanofluid. 3, 239–243 (2007)

75. L. Mazutis, A.F. Araghi, O.J. Miller, et al. (2009a) Droplet-based microfluidic systems for

high-throughput single DNA molecule isothermal amplification and analysis. Anal. Chem.

81, 4813–4821

76. L. Mazutis, J.-C. Baret, A.D. Griffiths, A fast and efficient microfluidic system for highly

selective one-to-one droplet fusion. Lab Chip 9, 2665–2672 (2009b)

77. D. Pekin, Y. Skhiri, J.-C. Baret et al., Quantitative and sensitive detection of rare mutations

using droplet-based microfluidics. Lab Chip 11, 2156–2166 (2011)

78. A.R. Abate, T. Hung, P. Mary et al., High-throughput injection with microfluidics using

picoinjectors. Proc. Natl. Acad. Sci. U.S.A 107, 19163–19166 (2010)

79. J.S. Eow, M. Ghadiri, A.O. Sharif, T.J. Williams, Electrostatic enhancement of coalescence

of water droplets in oil: a review of the current understanding. Chem. Eng. J. 84, 173–192

(2001)

80. X. Niu, F. Gielen, A.J. deMello, J.B. Edel, Electro-coalescence of digitally controlled droplets.

Anal. Chem. 81, 7321–7325 (2009)

81. M. Zagnoni, J.M. Cooper, On-chip electrocoalescence of microdroplets as a function of volt-

age, frequency and droplet size. Lab Chip 9, 2652–2658 (2009)

82. C. Priest, S. Herminghaus, R. Seemann, Controlled electrocoalescence in microfluidics: Tar-

geting a single lamella. Appl. Phys. Lett. 89, 134101-134101-3 (2006)

83. K. Ahn, J. Agresti, H. Chong, et al., Electrocoalescence of drops synchronized by size-

dependent flow in microfluidic channels. Appl. Phys. Lett. 88, 264105-264105-3 (2006a)

84. K. Ahn, C. Kerbage, T.P. Hunt, et al., Dielectrophoretic manipulation of drops for high-speed

microfluidic sorting devices. Appl. Phys. Lett. 88, 024104–024104 (2006b)

85. F. Guo, X.H. Ji, K. Liu et al., Droplet electric separator microfluidic device for cell sorting.

Appl. Phys. Lett. 96, 193701 (2010)

86. D.R. Link, E. Grasland-Mongrain, A. Duri et al., Electric control of droplets in microfluidic

devices. Angewandte Chemie-Int. Ed. 45, 2556–2560 (2006)

87. J. Clausell-Tormos, D. Lieber, J.C. Baret et al., Droplet-based microfluidic platforms for the

encapsulation and screening of Mammalian cells and multicellular organisms. Chem. Biol.

15, 427–437 (2008)

88. L. Boitard, D. Cottinet, C. Kleinschmitt et al., Monitoring single-cell bioenergetics via the

coarsening of emulsion droplets. Proc. Natl. Acad. Sci. U.S.A. 109, 7181–7186 (2012)

89. T.W. Hofmann, S. Hanselmann, J.W. Janiesch et al., Applying microdroplets as sensors for

label-free detection of chemical reactions. Lab Chip 12, 916–922 (2012)

90. F. Courtois, L.F. Olguin, G. Whyte et al., Controlling the retention of small molecules in

emulsion microdroplets for use in cell-based assays. Anal. Chem. 81, 3008–3016 (2009)

91. Y. Skhiri, P. Gruner, B. Semin et al., Dynamics of molecular transport by surfactants in

emulsions. Soft Matter 8, 10618 (2012)

92. A. Fallah-Araghi, J.-C. Baret, M. Ryckelynck, A.D. Griffiths, A completely in vitro ultrahigh-

throughput droplet-based microfluidic screening system for protein engineering and directed

evolution. Lab Chip 12, 882–891 (2012)

93. H.N. Joensson, M. Uhlén, H.A. Svahn, Droplet size based separation by deterministic lateral

displacement–separating droplets by cell-induced shrinking. Lab Chip 11, 1305 (2011)

94. Y.-C. Tan, Y. Ho, A. Lee, Microfluidic sorting of droplets by size. Microfluid. Nanofluid. 4,

343–348 (2008)

95. I. Groth, C. Rodríguez, B. Schütze et al., Five novel Kitasatospora species from soil:

Kitasatospora arboriphila sp. nov., K. gansuensis sp. nov., K. nipponensis sp. nov., K. para-

nensis sp. nov. and K. terrestris sp. nov. Int. J. Syst. Evolut. Microbiol. 54, 2121–2129 (2004).

doi:10.1099/ijs.0.63070-0

96. A.L. Demain, Induction of microbial secondary metabolism. Int. Microbiol. 1, 259–264 (1998)

45

http://dx.doi.org/10.1099/ijs.0.63070-0


Screening for Antibiotic Activity

97. I.A. MacNeil, C.L. Tiong, C. Minor et al., Expression and isolation of antimicrobial small

molecules from soil DNA libraries. J. mol. microbiol. Biotechnol. 3, 301–308 (2001)

98. M.D. McMahon, C. Guan, J. Handelsman, M.G. Thomas, Metagenomic analysis of Strepto-

myces lividans reveals host-dependent functional expression. Appl. Environ. Microbiol. 78,

3622–3629 (2012)

99. R.H. Baltz, Antimicrobials from actinomycetes: back to the future. Microbe-Am. Soc. Micro-

biol. 2, 125 (2007)

100. J. Park, A. Kerner, M.A. Burns, X.N. Lin, Microdroplet-enabled highly parallel co-cultivation

of microbial communities. PLoS One 6, e17019 (2011)

101. M. Srisa-Art, E.C. Dyson, A.J. deMello, J.B. Edel, Monitoring of real-time streptavidin-biotin

binding kinetics using droplet microfluidics. Anal. Chem. 80, 7063–7067 (2008)

102. A.C. Hatch, J.S. Fisher, A.R. Tovar, et al., 1-Million droplet array with wide-field fluorescence

imaging for digital PCR. Lab Chip. 11, 3838–3845 (2011).

103. B.K. McKenna, J.G. Evans, M.C. Cheung, D.J. Ehrlich, A parallel microfluidic flow cytometer

for high-content screening. Nat. Methods 8, 401–403 (2011)

104. O.J. Miller, A. El Harrak, T. Mangeat et al., High-resolution dose-response screening using

droplet-based microfluidics. Proc. Natl. Acad. Sci. U.S.A. 109, 378–383 (2012)

105. Z. Han, W. Li, Y. Huang, B. Zheng, Measuring rapid enzymatic kinetics by electrochemical

method in droplet-based microfluidic devices with pneumatic valves. Anal. Chem. 81, 5840–

5845 (2009)

106. B.P. Cahill, R. Land, T. Nacke et al., Contactless sensing of the conductivity of aqueous

droplets in segmented flow. Sens. Actuators B: Chem. 159, 286–293 (2011)

107. K.R. Strehle, D. Cialla, P. Rösch et al., A reproducible surface-enhanced Raman spectroscopy

approach. Online SERS measurements in a segmented microfluidic system. Anal. Chem. 79,

1542–1547 (2007)

108. J.-C. Baret, O.J. Miller, V. Taly et al., Fluorescence-activated droplet sorting (FADS): efficient

microfluidic cell sorting based on enzymatic activity. Lab Chip 9, 1850–1858 (2009b)

109. N.R. Beer, E.K. Wheeler, L. Lee-Houghton et al., On-chip single-copy real-time reverse-

transcription PCR in isolated picoliter droplets. Anal. Chem. 80, 1854–1858 (2008)

110. M.M. Kiss, L. Ortoleva-Donnelly, N.R. Beer et al., High-throughput quantitative polymerase

chain reaction in picoliter droplets. Anal. Chem. 80, 8975–8981 (2008)

111. T. Lincke, S. Behnken, K. Ishida et al., Closthioamide: An unprecedented polythioamide

antibiotic from the strictly anaerobic bacterium clostridium cellulolyticum. Angewandte

Chemie Int. Ed. 49, 2011–2013 (2010)

112. D.S. Tawfik, A.D. Griffiths, Man-made cell-like compartments for molecular evolution. Nat.

Biotechnol. 16, 652–656 (1998)

113. P.S. Dittrich, M. Jahnz, P. Schwille, A new embedded process for compartmentalized cell-

free protein expression and on-line detection in microfluidic devices. Chem. Bio. Chem. 6,

811–814 (2005)

114. L. Granieri, J.-C. Baret, A.D. Griffiths, C.A. Merten, High-throughput screening of enzymes

by retroviral display using droplet-based microfluidics. Chem. Biol. 17, 229–235 (2010)

115. B. El Debs, R. Utharala, I.V. Balyasnikova et al., Functional single-cell hybridoma screening

using droplet-based microfluidics. Proc. Natl. Acad. of Sci. 109, 11570–11575 (2012)

116. J.A. DeVito, J.A. Mills, V.G. Liu et al., An array of target specific screening strains for

antibaterial disvcovery. Nat.Biotechnol. 20, 473–483, (2002)

117. Y. Akselband, C. Cabral, T. P. Castor, et al., Enrichment of slow-growing marine microorgan-

ismsfrom mixed cultures using gel microdrop (GMD) growth assay and fluorescence-activated

cellsorting. J. Exp. Mar. Biol. Ecol. 329, 196–205 (2006)

46



 

MANUSCRIPT 2  

 

Real-time image processing for label-free enrichment of Actinobacteria 
cultivated in picolitre droplets  

Lab on a Chip 13, 3707 
 

Coauthor: Planned the experimental structure, performed droplet generation and Actinobacteria 
cultures in droplets. Calibrated the triggering set-up, established and performed droplet sorting, 
analyzed data, co-wrote the initial document and revisions. 
 

Estimated relative contribution of the authors: 
Emerson Zang 30 % 
Susanne Brandes 25 % 
Miguel Tovar 20 % 
Franziska Mech 5 % 
Peter Horbert 5 % 
Thomas Henkel 5 % 
Martin Roth 10 % 

 

 

  

47



Cite this: Lab Chip, 2013, 13, 3707

Real-time image processing for label-free enrichment of
Actinobacteria cultivated in picolitre droplets3

Received 8th May 2013,
Accepted 25th June 2013

DOI: 10.1039/c3lc50572c

www.rsc.org/loc

Emerson Zang,{ae Susanne Brandes,{be Miguel Tovar,ae Karin Martin,a

Franziska Mech,bc Peter Horbert,d Thomas Henkel,d Marc Thilo Figge*be

and Martin Roth*a

The majority of today’s antimicrobial therapeutics is derived from secondary metabolites produced by

Actinobacteria. While it is generally assumed that less than 1% of Actinobacteria species from soil habitats

have been cultivated so far, classic screening approaches fail to supply new substances, often due to

limited throughput and frequent rediscovery of already known strains. To overcome these restrictions, we

implement high-throughput cultivation of soil-derived Actinobacteria in microfluidic pL-droplets by

generating more than 600 000 pure cultures per hour from a spore suspension that can subsequently be

incubated for days to weeks. Moreover, we introduce triggered imaging with real-time image-based

droplet classification as a novel universal method for pL-droplet sorting. Growth-dependent droplet

sorting at frequencies above 100 Hz is performed for label-free enrichment and extraction of

microcultures. The combination of both cultivation of Actinobacteria in pL-droplets and real-time

detection of growing Actinobacteria has great potential in screening for yet unknown species as well as

their undiscovered natural products.

Introduction

Since the 1940s, antibiotics derived from natural products of
Actinobacteria have not only saved billions of lives, but also
have significantly improved quality of life by minimizing
infection-related distress. However, the demand for novel
classes of antimicrobial substances is becoming increasingly
urgent, as the emergence of multiresistant pathogens develops
into a serious threat for public health. Recent screening efforts
failed to provide new substances, even though it is commonly
accepted that the majority of natural metabolic diversity is still
untapped. Leading experts agree that 99% of soil-derived
Actinobacteria are hitherto not culturable, which excludes their
natural products from activity assessment.1,2 For several
reasons, classical agar-plate-based cultivation approaches
appear to lose momentum in unveiling new species: Limited
throughput impedes testing a broad range of culture condi-
tions, e.g. medium composition, pH, aeration, etc., which is

indispensable for promoting growth of less abundant
Actinobacteria with unknown physiology.3 By employing
nutrient-rich standard media, ubiquitous, fast-growing strains
are favoured, frequently outcompeting less assertive slow-
growers with putatively interesting but yet unknown secondary
metabolites.4,5 Outdated culture techniques and the mycelial
growth of Actinobacteria also hamper efficient screening for
biological activity after the growth phase. In particular,
automated sample-processing, which is a prerequisite for
high-throughput screening, is difficult to implement.

Recently, pL-droplet-based, surfactant-stabilised microflui-
dics proved its extraordinary potential for high-throughput
implementation of biotechnological applications such as
directed enzyme evolution,6–8 polymerase chain reaction
(PCR)9,10 and dose–response testing11 – to mention only a
few. Despite the undoubted success of pL-droplet-based
screening techniques for a wide range of applications, droplet
interrogation is mostly restricted to a fluorescence-based read-
out,12–22 since it is currently the only approach allowing for the
desired rates of in-line sample analysis.23

Here, we demonstrate the applicability of pL-droplets as a
high-throughput cultivation platform for Actinobacteria.
Furthermore, to provide a promising alternative to fluores-
cence-based interrogation methods, we establish automated
imaging of droplet-confined structures with real-time image
processing for label-free droplet analysis and sorting. For this
purpose, we implement brightness-dependent, triggered ima-
ging of single droplets. The feasibility of image-based droplet
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sorting (IDS) is investigated by growth-dependent sorting of
spore-loaded droplets after incubation – a promising approach
for selective enrichment of slow-growing Actinobacteria with
putatively new secondary metabolites.

Experimental

Preparation of spore suspensions

Mycelium suspensions of Streptomyces puniceus JA2640 were
spread on solid oatmeal agar media (20 g L21 oatmeal,
20 g L21 agar, tap water) for spore formation and incubated at
28 uC for 10–14 days. Spores were scraped from the surface
after adding 5–10 mL phosphate buffered saline (PBS) and
collected in a microtube. To remove the mycelia, the
suspensions were centrifuged 2 min at 100g. The spore density
in the supernatant was determined using a Thoma counting
chamber and diluted with PBS to 109 spores mL21. For storage
at 220 uC, glycerol preservation medium24 was added in equal
volumes to the spore suspension.

Microfluidic setup and periphery

Microfluidic chips were designed in-house and manufactured
by LioniX BV. Channels were deep reactive ion-etched in fused
silica to a depth of 50 mm. Platinum electrodes were sputtered
onto the cover plate and sealed with a layer of silicon-
dioxynitride for levelling and electrical insulation. Microfluidic
channels were hydrophobised with RepelSilanTM (GE
Healthcare). Novec HFE7500 (3M) with 0.5% Pico-Surf
(Dolomite) surfactant served as the continuous phase and
modified malt medium (MMM) (2 g L21 yeast extract, 2 g L21

beef extract, 15 g L21 malt extract, pH 7.2) with suspended
spores as the dispersed phase (0.5–1 6 106 spores mL21). All
fluids were actuated with neMESYS syringe pumps (cetoni
GmbH), connected via 1/1699 OD-PTFE-tubings (0.5 and
0.25 mm ID) to the microfluidic chips. After generation,
droplets (140 pL in volume) were transferred into a silanised
clear-glass incubator which was handcrafted from a micro-
insert for HPLC-vials by removal of the tip with a diamond
cutter and then sealed with silicon-rubber plugs. Incubation
was accomplished at room temperature. To generate a 20 kHz
AC-electric field of 110 V for sorting, a device chain comprising
a USB-1608FS analog/digital-converter (Measurement
Computing), a 33210A function generator (Agilent) and a
623B high-voltage amplifier (TREK) was used. The estimated
maximum field strength was 20 kV cm21. Efflux velocities
downstream of the sorting junction were regulated with an
OB1 pressure controller (Elveflow) connected to both chip
outlets with a droplet incubator in between. An Eosens 3CL
high-speed camera (Mikrotron) was used to observe and
validate the sorting.

Influence of electric field-assisted sorting on viability of
Streptomyces puniceus

To determine whether there were any detrimental effects of
electric field-assisted sorting, all droplets were subjected to
field exposure irrespective of their content after 36 h
incubation. 10 ml were extracted from the resulting emulsion

and carefully suspended in 4 mL melted MMM soft-agar (0.6%
agar, 50 uC) by gentle hand-rolling of the test tube. 2 ml were
spread out on MMM agar plates (2% agar) and colony forming
units (CFUs) were counted after three days incubation at 28 uC
(ESI3).

Triggered imaging

Droplets were detected in transmissive mode with a photo-
diode attached to the front port of an inverted microscope
(Zeiss Axio Observer Z1). To enable single-droplet detection at
five-fold magnification, the sensor area of the photodiode was
reduced by a 150 mm pinhole aperture in closest possible
proximity to the image plane. The amplified signal of the
photodiode was fed into an inverted Schmitt trigger circuit,
which was connected to the trigger input of a Pike-F032B
camera (Allied Vision Technologies) attached to the side port
of the microscope. Frame grabbing and image analysis was
implemented in a callback function that was executed upon
notification by the camera after receiving a new frame (Fig. 1).

Automated real-time image processing

Automated real-time image processing was implemented in
C++ using the computer vision library opencv.25 Calculations
were performed on a 64-bit Windows 7 system with Intel1
CoreTM i7-2600 CPU @ 3.40 GHz x8 and 8GB RAM.

The main objective of image analysis is the detection of
droplets, which are observed as circular objects with radial
decreasing light scattering properties, and the detection of
microbial hyphae growing inside the droplets (Fig. 2). Images

Fig. 1 Experimental setup for triggered imaging, image analysis and sorting of
single pL-droplets. Droplets are detected by the photodiode due to total light
reflection at their interface with the carrier oil. The resulting signal is
transformed into a TTL-signal by an inverted Schmitt trigger (ST) that actuates
the camera. Frame grabbing, image processing, time buffering and pulse
generation are executed within a callback function once a new frame is
available. In case of detected hyphae, the function generator is triggered via the
A/D-converter (ADC). The amplified square wave serves to sort the respective
droplet.
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received from the camera were saved as 8-bit gray level images
with intensity values between 0 and 255. The detection of
droplets and microbial hyphae was achieved by applying a
Difference of Gaussians (DoG) filter,26 constructed by sub-
tracting two Gaussian filters that can have different dimen-
sions and/or variances. The Gaussian filters had dimensions 7
6 7 with variances s1 = 1 and s2 = 3. Image convolution by the
DoG filter preserves the droplet boundaries and the fine
structures inside the droplets. Histogram normalisation was
performed to enhance contrast and the image was subse-
quently binarised using global intensity thresholding with
threshold tb = 10. Noise was reduced by removing small
foreground objects of size less than ts = 5 px. Finally, a DoG-
filtered, normalised and binarised reference image Î, which
was taken from an empty microfluidic channel, was subtracted
to minimise background noise. After these pre-processing
steps, images exhibited droplet boundaries and microbial
hyphae as white foreground objects (Fig. 2).

The pre-processed, binary image was partitioned into
background and the region of interest (ROI). Of note, every
contour pixel of the ROI either belongs to the boundary of a
droplet or to that of the encapsulated mycelia. To ensure
recognition of droplets, the contour of the ROI was subjected
to a circularity criterion based on its signature. The signature
is defined by the distance of all boundary pixels to the centre
of the ROI as a function of the angle.26 The signature of a
perfectly circular droplet boundary with radius r and no
encapsulated mycelia is the constant function f(Q) = r, where Q

denotes the polar angle. To determine the circularity of the
contour pixels of the ROI, the variation of f(Q) from its mean
value

Sf (Q)T~
1

2p

ð2p

0

f (Q)dQ

was calculated. If the standard deviation

ss~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sf (Q)2T{Sf (Q)2T

q

was lower than the empirically determined threshold tc = 1 px, the
ROI was classified as a circular droplet without encapsulated
mycelia. However, hyphal structures of Actinobacteria appeared as

white foreground objects associated with contour pixels inside the
ROI that give rise to values of ss exceeding tc. In this case, the
droplet area was determined by estimating the minimum covering
circle of the ROI followed by its adaptation to the boundary of the
droplet.

Classification of droplets as empty or colonised by
Actinobacteria was dependent on the number of detected
hyphae thn and their areas ths. Threshold values were set to
also ensure detection of faint hyphae. Thus, droplets are
classified as colonised if at least one hypha was recognised (thn

= 1) which exceeded a minimum size of ths = 5 px.

Results and discussion

pL-droplets as cultivation platform for Actinobacteria

Droplets of y140 pL were generated at 520 Hz. This translates
into a maximum pure culture generation rate of y190 Hz, if
spore concentrations in the aqueous phase are adjusted
according to Poisson’s prediction for highest single encapsula-
tion probability. However, we used lower spore concentrations
in all experiments to ensure sufficient representation of empty
droplets for testing purposes. The small size of the spores used
for seeding (,1 mm) did not influence droplet pinch-off at the
flow focusing junction. Therefore, we achieved polydispersities
of droplet diameters7,27 lower than 1.5% in each experiment.
After transfer into the incubation vial, spore germination and
formation of small mycelial pellets within the droplets were
observed within less than 24 h. Interestingly, strong mycelial
growth during prolonged incubation for several days did not
disrupt the droplet interface. Droplet integrity and hence its
function as an individual small-scale bioreactor was preserved
(Fig. 3). Nonetheless, the polydispersity of reinjected droplets
increased with incubation time, mainly due to a reduction in
droplet volume associated with high mycelial density (data not
shown). As already described by Boitard et al.,28 growing
bacteria catabolise dissolved nutrients to volatile products (e.g.
CO2). These diffuse out of the droplets and hence reduce the
osmotic pressure causing water efflux towards empty droplets.

Single droplet detection and triggered imaging

After 24–36 h incubation, droplets were reinjected into the
imaging and sorting chip by pushing with carrier oil. At a
reinjection ratio of 1 : 20 (droplets to carrier oil), droplets were
sufficiently spaced to allow individual detection using the
photodiode in bright field illumination, exploiting total light
reflection at the droplet phase boundary. After setting the light
intensity for optimal illumination, the signal-to-noise ratio

Fig. 2 Image processing steps for droplet segmentation and growth classifica-
tion. First and second rows show empty and colonised droplets, respectively. (A)
Original images. (B) Applying the Difference of Gaussians and (C) binarisation by
intensity thresholding. (D) Background subtraction and removal of small
foreground objects. (E) Droplet classification using the number of detected
hyphae thn and the hyphal sizes ths. The cyan and magenta circles indicate
classification as empty and occupied droplets, respectively.

Fig. 3 Droplet with microculture exhibiting strong mycelial growth after
prolonged incubation period (18 days).
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(SNR) calculated as SNR~20 log10

Asignal

snoise

was y47 dB, indicat-

ing the high reliability of triggered imaging (Fig. 4).
By adjusting the reference voltage of the Schmitt trigger to

the range of the photodiode signal, each inverse voltage peak
generated by a droplet was reliably transformed into a TTL-
conform signal for camera triggering. However, satellite
droplets overstepping a critical minimal size or shading
caused erroneous triggering, which was observed in less than
0.03% of the images.

Recognition of mycelia by real-time image processing

Each triggered image of a droplet is analysed on the fly to
determine if spore germination and hyphal growth occurred in
the droplet. For this purpose, the callback function imple-
menting real-time image processing is invoked as soon as a
new frame is available. To ensure simultaneous detection of
faint mycelial structures and droplet boundaries, images
require appropriate illumination as well as sufficient resolu-
tion and must be focused to the central plane of the droplet.
Due to the fine structures of hyphae they typically appear as
blurred edges, resulting in a low signal-to-noise ratio, which is
a challenging condition for automated image analysis. Low
resolution may ultimately lead to recognition failure and
eventually droplet segmentation errors. In contrast, changes in
illumination influence image processing only to a small

extent. Within reasonable limits, adjustments in illumination
shift gray level intensities without substantially altering their
range. Recognition of mycelia is further dependent on their
position within the droplet. Besides hyphae not being located
in the focal plane, proximity to the droplet boundaries may
impede recognition due to light refraction at the interface.

Several edge detection methods, including intensity thresh-
olding, Sobel and Canny operators as well as morphological
operators, are available for droplet segmentation.29 We
applied a Difference of Gaussians (DoG) method that was
tailored to simultaneously segment droplet boundaries and
microbial hyphae. The selection of the appropriate Gaussian
kernel dimensions and variances for the DoG is crucial for
correct mycelia segmentation. The DoG algorithm applies a
digital band pass filter that (i) removes high and low
frequencies, i.e. noise and homogeneous regions, respectively,
and (ii) preserves intermediate frequencies associated with
hyphae and droplet boundaries. To allow for recognition of
faint mycelia, we empirically set the Gaussian kernel dimen-
sions according to the typical shapes of the bacterial hyphae.

Detected regions are classified as empty or colonised
droplets according to the applied parameter configuration
for minimum hyphae number thn and size ths. Fine-tuning
these parameters changes the sensitivity of growth detection.
Hence, the algorithm can be adapted to a particular applica-
tion, e.g. sorting based on a user-defined minimum amount of
biomass to discriminate Actinobacteria with different growth
rates.

Computation time varies mainly dependent on the number
of boundary pixels of the ROI. Images of small droplets are
usually processed more rapidly than images of large droplets
unless they contain a large number of hyphae. Droplets with
high mycelia content need time-consuming image processing
steps to determine the correct boundary of the droplet. Higher
performance may be achieved by outsourcing the computa-
tions to the graphics processing units (GPU), which is also
supported by the opencv library.25

Fig. 4 Photodiode signal for reinjected droplets detected in brightfield at 5-fold
magnification.

Fig. 5 Spatio-temporal arrangement of the three phases for triggered imaging and sorting. Phase I: Droplet detection by the photodiode and subsequent triggered
imaging. The distance between the regions of droplet detection and imaging, as well as their location, depends on configured droplet velocity and exposure time.
Phase II: Image retrieval and analysis implemented in the callback function. Phase III: Generation of sorting pulse transmitted through the electrodes (dark grey) based
on the outcome of the image analysis.
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Image-based droplet sorting (IDS)

Depending on the results from the real-time image processing,
droplets were sorted using dielectrophoretic forces in a
y-junction (Movie S1, ESI3). To gain insight into triggered
imaging and IDS performance, all required operations for
sorting of a single droplet were grouped into three phases
(Fig. 5): detection and imaging (phase I), frame grabbing and
image processing (phase II) and electric pulse generation
(phase III). Phase I was dominated by the exposure time of the
camera, which was set to the constant minimum value of
16 ms. In contrast, phase II lasted 0.48 ms (1.61 ms) for images
of size 72 6 72 px (144 6 144 px) on average, exhibiting strong
variations due to differences in the time required for
processing of single images (discussed above). The time for
frame grabbing was negligible. Since the droplet residence
time in proximity to the sorting electrodes is a function of the
droplet velocity, sorting at moderate frequencies of up to
100 Hz was not affected by variations in the image processing
time. The difference in the minimal and maximal time
required for analysis of a single droplet at 10-fold magnifica-
tion was 0.89 ms (Fig. 6A), opposed to a time slot of y4.5 ms
for the droplet being sufficiently close to the sorting electrode
and displaced by an electric pulse. However, it may be
desirable to realise higher sorting frequencies at concomitant
reduction of inter-droplet spacing, which translates into
sorting structures of reduced dimensions and a smaller time

window for droplet displacement. To anticipate IDS under
these conditions, we implemented a time buffer after the
image analysis function. Applied to IDS with 144 6 144 px
images, we could reduce the range of the overall duration of
the callback function by 47% to 0.83 ms (Fig. 6B). Surprisingly,
further reduction of this range was impeded by the process of
pulse generation (phase III), which constitutes the last part of
the callback function. The minimal and maximal time
required for pulse generation was 0.44 ms and 1.34 ms,
respectively, presumably depending on the current processor
load and the internal priority of the thread managing the
corresponding function. Therefore, applications with ultra
high-throughput will also require optimised pulse generation
control to enable precise timing.

Validation of image-based droplet sorting

We monitored droplet sorting by an additional high-speed
camera enabling a complete view on the sorting structure and
the afferent channel (Movie S1, ESI3). This allowed for tracking
of single droplets, which eventually revealed hyphae that were
hidden in a different focal plane upon triggered imaging. The
statistical measures sensitivity (true positive rate) and speci-
ficity (true negative rate) were calculated to evaluate the
performance of the sorting procedure. We observed a
sensitivity of 70% and a specificity of over 99%, i.e. 70% of
the colonised droplets and more than 99% of the empty
droplets were sorted correctly. The results confirmed the
hypothesis of potential missorting events due to the localisa-
tion of hyphae in a different focal plane. At the time point of
image triggering they may not be recognised, leading to false
sorting of the corresponding droplets. However, the sensitivity
can be easily improved by employing chips with reduced
channel height, e.g. in the range of 20 mm, decreasing the
probability of not seeing hyphae.

Another potential source of sorting errors is the image
processing algorithm itself. To verify its accuracy, we classified
a set of 500 images with different DoG filters (Table 1). The
number of false negative and false positive classifications was
manually assessed by four experts in an independent fashion.
Parameter setting 3 yields a true positive rate of 94% and a
true negative rate of over 99%. Compared to other settings,
fewer colonised droplets were misclassified while empty
droplets were correctly classified with higher probability. The

Fig. 6 Computation time analysis of phase II (frame grabbing and image
processing) and the callback function. (A) Duration of phase II for empty and
colonised droplets. The average computation time was 0.48 ms (1.61 ms) for
images of size 72 6 72 px (144 6 144 px). (B) Duration of the callback function
for image size 144 6 144 px with and without implementation of a time buffer
(set to 2.5 ms) after image analysis. Whisker caps indicate the 10th and 90th
percentile. A sample set of 1000 images was used. All outliers are displayed.

Table 1 Validation of 500 images with different parameter settings. Setting 1:
Gaussian kernel dimensions of size 5 6 5 with variances s1 = 1.5 and s2 = 1.
Setting 2: Gaussian kernel dimensions of size 5 6 5 and 3 6 3 with variances s1

= 3 and s2 = 2. Setting 3: Gaussian kernel dimensions of size 7 6 7 with
variances s1 = 1 and s2 = 3. Images were scanned for false negatives (FNs) and
false positives (FPs) in four independent attempts and mean values are shown in
the table. The true positive (TP) and true negative (TN) rate (sensitivity and
specificity, respectively) describe the performance of the image processing
algorithm

FNs FPs TNs TPs Sensitivity Specificity Accuracy

Setting 1 13.5 40 269.5 177 92% 87% 89%
Setting 2 41.5 0.25 330.5 127.75 75% .99% 92%
Setting 3 10.3 0.25 319.75 169.75 94% .99% 98%
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occurrence of false negative classifications is mainly caused by
a low signal-to-noise ratio, i.e. faint hyphae that are not in the
optimal focal plane cannot be clearly distinguished from
noise. The overall classification into empty and colonised
droplets exhibited an accuracy of 98%. This value is further
increased to 99% by using a higher magnification (Table 2),
revealing more details of the structures confined in the
droplets. Different values for the specificity observed compar-
ing Table 1 and Table 2 are due to different ratios of colonised
to empty droplets.

Advantages of pL-droplets and IDS over other high-throughput
approaches

In their pioneering work, Martin et al.30 demonstrated
cultivation of Actinobacteria within nL-droplets. Yet, to the
best of our knowledge, the work presented here is the first
report of mycelia forming bacteria being cultivated within
surfactant-stabilised pL-droplets. By selective depletion of fast-
growing species, which are likely to produce already known
secondary metabolites, enrichment of slow-growing
Actinobacteria with yet undiscovered natural products can be
achieved.

Compared to state of the art microtiter plate (MTP)-based
cultivation platforms,6,31 the rate of generation of pure
cultures was increased by at least two orders of magnitude,
supplying the throughput that is required to provide new
momentum to natural product research.2,32,33 Ingham et al.34

reached a similar throughput with unicellular microorganisms
cultivated in micro-Petri dishes etched into porous aluminium
oxide (PAO) chips. However, all post-cultivation steps to
recover strains were performed manually and the system was
prone to cross-contamination. While approaches using gel
microdroplets (GMDs)35 were shown to be capable of provid-
ing a throughput in the range of y106 cultures per hour,
further handling of microcolonies after the initial growth
phase required staining with non-lethal fluorogenic dyes and
expensive FACS-equipment to enable detection and sorting. In
contrast, IDS is label-free and independent of a FACS device,
which opens up new opportunities for effective sample
treatment. Droplets sorted on-chip may be separately depos-
ited into wells of an MTP, which allows fully automated hit
recovery and validation while avoiding FACS-inherent sample
pooling. Moreover, pL-droplets lack a solid gel or alginate shell
and therefore remain amenable to electric-field-supported
picoinjection of aqueous solutions or suspensions,36 which
was verified in preliminary experiments (Movie S2, ESI3). By
adding reporter cells susceptible to antibiotics, our approach
paves the way for ultra-high-throughput antimicrobial whole-
cell-testing of soil sample-derived cultures.37–39 This concept is

further enhanced by the possibility of exploring microbial
interactions,40 which have been shown to favour growth of rare
species and to stimulate production of secondary metabolites
in Actinobacteria.41,42 The combination of assay flexibility and
unsurpassed throughput makes pL-droplet-based screening a
powerful technique for the discovery of novel natural products.
Yet, to provide a fully functional screening system, a single-
droplet depositing device as interface to MTPs is required to
enable reliable strain recovery, but an adaption of related
systems43 can be expected in the near future.

Conclusions

The combination of both pL-droplets as a ultra high-
throughput screening platform and image-based droplet
sorting (IDS) has great potential to accelerate generation of
pure cultures of yet uncultivated Actinobacteria species – a rich
source of novel natural products. Furthermore, this technique
is a leap towards more complex, multistep screening for active
secondary metabolites with fully automated recovery of their
producers.

Triggered imaging with real-time IDS can be customised for
the detection and evaluation of any droplet-confined struc-
tures. It is therefore a highly promising alternative to the
widely applied fluorescence-based read-out and sorting meth-
ods. The performance of triggered imaging and IDS is mainly
affected by computational power and the sorting structures
employed, which may be easily improved to achieve even
higher sorting rates. Hence, pL-droplet-based microfluidics –
an uHTS platform with rapidly increasing acceptance – is
enhanced by a powerful tool for label-free, real-time droplet
discrimination.
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Table 2 Droplet sorting validation at different magnifications (low = 72 6 72 px, high = 144 6 144 px). For each magnification three samples of sets of 500 images
were generated within one droplet sorting experiment. The classified images were examined for false negative (FN), false positive (FP), true negative (TN) and true
positive (TP) detection of microbial hyphae. The corresponding mean values are shown in the table

FNs FPs TNs FPs Sensitivity Specificity Accuracy

Low resolution 1.67 2.33 453.33 42.67 95% 96% .99%
High resolution 2.67 0.67 442.67 54.0 99% 95% .99%
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Droplet microfluidic-based cell screening has the potential to surpass time- and cost efficiency of

established screening platforms by several orders of magnitude, but so far lacks sufficient and

homogeneous oxygen supply for large droplet numbers (>106), which is a key parameter affecting

metabolism and growth of encapsulated cells. Here, we describe and validate an approach based on

continuous carrier oil recirculation that ensures enhanced and homogeneous oxygen availability during

mid and long-term incubation of picoliter droplets retained in a 3D-printed storage device. Using

biotechnologically relevant microorganisms, we demonstrate that improved oxygen transfer results in

three to eleven-fold increased biomass and highly elevated protein production with minimal inter-

droplet variation. In fact, obtained yields are comparable to those achieved in conventional cultivation

devices, so that screening strategies commonly applied in microtiter plates or shaking flasks can now be

scaled down to pL-droplets, which offer highly enhanced throughput. In contrast to mere single-cell

screening, this approach allows monoclonal cell and metabolite accumulation inside droplets resulting in

elevated read-out signals and reduced variability associated to stochasticity in gene expression.

Additionally, the range of screening strategies is broadened, since screening for increased biomass yields

or mining for microbial natural products from complex environmental samples can now be targeted with

pL-droplets. This development substantially improves the robustness and versatility of droplet-based cell

assays, further consolidating pL-droplets as a powerful ultrahigh-throughput experimentation platform.
Introduction

Miniaturization of reaction volumes is a primary goal in
biotechnological screening applications, enabling both reduced
expenses on consumables and maximization of sample
throughput.1 pL-droplet-based microuidics allows a �106-fold
reduction in reaction volume compared to 96-well plates (MTP)
and features essential unit operations such as reagent addition,
mixing, interrogation and sorting of droplets at rates above
1000 Hz.2–4 While there has been considerable progress in
transferring MTP-based cell screening assays to droplet based
protocols,5,6 implementation of appropriate droplet incubation
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methods has been mostly neglected. Although stable incuba-
tion of microuidic emulsions for up to several weeks was
enabled by engineering novel surfactants,7,8 oxygen supply of
droplets has not been a research focus so far. Yet, this is
particularly relevant in the context of cell-based assays, since
oxygen availability drastically affects the physiological state of
cells.9,10 Their genotypic distinctiveness is likely to be perturbed
by phenotypic noise if oxygen cannot be provided sufficiently
and homogeneously among all samples.11 In most cell-based
applications, droplets are incubated as a non-agitated
bulk,2,12–19 where oxygen supply solely relies on the superior
solubility and diffusivity of gases in peruorinated carbons
(PFCs),20 which oen compose the continuous phase of the
emulsion. However, the continuous phase rapidly drains due to
density differences, leaving only a thin PFC-layer of �10 nm
between droplets8 that barely contributes to oxygen transport.
Dissolved oxygen inside droplets is consumed within minutes
as a consequence of cellular metabolic activity (ESI†) and is only
replenished by diffusion from the boundaries of the droplet
population towards the center of the emulsion. This process
mainly takes place in the emulsion's aqueous phase (with lower
diffusivity), thereby rapidly causing a gradient of dissolved
oxygen across the bulk of droplets as well as low oxygen
RSC Adv., 2015, 5, 101871–101878 | 101871
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Fig. 1 Droplet incubation setup and local oxygen availability in the
incubator. (a) Dynamic droplet incubation (DDI) configuration. The
pump maintains a continuous top-to-bottom flow of oil through the
incubation device. The oil reservoir serves as gas exchange unit and
bubble trap, simultaneously. (1) Droplet incubator, (2) oil reservoir, (3)
peristaltic pump, (4) droplet population, (5) perfluorinated oil, (6–8)
valves. (b) Schematic depiction of oxygen availability during static and
dynamic incubation.
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availability for droplets located in the center of the bulk (Fig. 1b,
le). Notably, only a few studies have explicitly discussed
restricted oxygen availability during cell-based assays (e.g.18,21–24)
and existing solutions such as droplet-holding PDMS chips25

and thin-layer emulsion storage complicate handling and are
limited in throughput and level of control.

Here, we introduce an incubation system that readily
controls oxygen supply and enhances gas transfer for millions
of pL-droplets simultaneously. We validate our system by
measuring the oxygen concentration inside droplets and
comparing it to standard off-chip droplet incubation. As a result
of enhanced oxygen transfer, biomass yield and recombinant
protein expression in droplets are drastically increased, reach-
ing levels similar to cultivation in MTP and shaking ask, while
inter-droplet variations are reduced.

Results
Working principle of dynamic droplet incubation

The incubation system is based on continuously owing per-
uorinated oil HFE7500 (continuous phase) through a droplet
population collected in a 3D printed incubator (Fig. 1a and S1†).
Generated droplets are guided into the droplet incubation
device, which has been previously lled with oil. Droplets enter
the incubator through one of the lower inlets and accumulate in
the upper section of the incubator due to the density difference
between aqueous (�1 g mL�1) and oil phase (�1.7 g mL�1).
Once lling is completed, droplets can be incubated either
statically or dynamically. During dynamic droplet incubation
(DDI) a constant top-to-bottom ow of peruorinated oil
through the densely packed droplet population in the incuba-
tion device is applied. In response to the interplay of drag and
buoyancy, droplets are mixed, while retained in the incubator
(Movie S1†). Furthermore, the average inter-droplet distance is
increased, which is observed by an expanded volume fraction
occupied by the bulk of droplets (Fig. 1b, right). Contrasting to
DDI and as a negative control mimicking current standard off-
chip droplet incubation approaches, the device also allows
101872 | RSC Adv., 2015, 5, 101871–101878
storage of emulsions without oil circulation – in the following
referred to as static droplet incubation (SDI).

Dynamic droplet incubation increases the oxygen transfer rate

To estimate the inuence of DDI and SDI on oxygen transfer into
droplets, we monitored the dissolved oxygen concentration (DO)
inside pL-droplets during cell cultivation by means of nanosensor-
based, oxygen-sensitive NIR-luminescence measurements (Fig. 2
and S3†). The DO is determined by the oxygen transfer rate (OTR)
into the droplets and the oxygen uptake rate (OUR) of droplet-
conned cells. Two distinct droplet populations, incubated
either dynamically or statically, were generated from the same E.
coli preculture to ensure equal initial oxygen consumption rates.
Both droplet populations were inoculated at high cell densities
(OD 1 z 170 cells per droplet) to allow for similar initial oxygen
consumption rates amongst all droplets.

For SDI, the lower DO detection limit was reached within 17
minutes, indicating that the oxygen transfer rate was much
lower than the initial bacterial oxygen uptake rate. On the
contrary, droplets incubated dynamically showed only a mild
decline in dissolved oxygen, indicating a higher oxygen transfer
rate in comparison to SDI. Since cell replication gradually
increases the oxygen uptake rate, DDI also reached the lower
detection limit, but only aer 100 min. However, superior
oxygen transfer is subsequently maintained with DDI. Using the
dynamic method26 and a recirculation ow rate of 130 mL
min�1, the OTR of the system was estimated to 5.5 mmol L�1

h�1 (Fig. S8†). With increased oil ow rates, the OTR reached
nearly 20 mmol L�1 h�1, attaining the order of magnitude re-
ported for microtiter plates or shake asks.27

To mimic widely applied single-cell experimentation, drop-
lets were also inoculated at lower cell densities (<1 cell per
droplet, ESI†). Despite relatively large droplet volumes used in
this study (170 pL), statically incubated droplets entered
hypoxic conditions aer approximately 110 minutes of incu-
bation (Fig. 2c) – a timescale exceeded by far in most single-cell
screening set-ups. In contrast, dynamically treated droplets
with single-cell inoculation did not reach the lower detection
limit until more than 400 minutes, and an elevated OTR
compared to static conditions is assumed to occur hereaer.

By monitoring the droplet volume over time, we conrmed
that DDI does not increase droplet fusion or breakage, even at
high ow rates of the peruorinated oil (Fig. S4†). Yet, oil
recirculation fosters evaporation and causes a decrease in the
average droplet volume. By fully enclosing the experimental
setup into a chamber with 100% relative humidity, the droplet
shrinkage was considerably diminished, enabling long-term
droplet incubation.

Dynamic droplet incubation enhances cell growth

To validate our ndings and assess the benets of an enhanced
oxygen transfer, we quantied the biomass production of
Escherichia coli, Bacillus subtilis, Pseudomonas uorescens, Pichia
pastoris and Streptomyces aureofaciens in droplets by means of
triggered imaging19 under darkeld illumination. The average
gray value within the droplet borders (droplet gray value) was
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Fig. 2 (a) Dissolved oxygen concentration (DO) over time during DDI and SDI in droplets containing E. coli cells. Droplets were oxygenated prior
to the first measurement. Dotted lines mark the time points when the dissolved oxygen concentration falls below the detection limit. Further
replicates are shown in Fig. S3.† (b) Comparison of time points when the DO reaches the detection limit in five replicate measurements of DO
over time. The mean of dissolved oxygen depletion time for SDI (17 min, CV 22.8%) was tested as significantly lower than the mean for DDI
(101.3 min, CV 19.1%) with a one sided Welch test (a ¼ 0.05, p ¼ 0.0002319). (c) Depletion of dissolved oxygen in statically and dynamically
incubated droplets inoculated with less than 1 cell per droplet in average.
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determined and subsequently correlated to cell density
(Fig. S6†). To compare DDI and SDI, droplet populations (5 �
106 droplets) were generated with the same cell or spore density.
The biomass yield was evaluated aer 24 h incubation (Fig. 3).
Interestingly, both B. subtilis and the obligatory aerobic bacte-
rium P. uorescens exhibited growth only under DDI, evidencing
the disadvantages of standard off-chip droplet incubation and
Fig. 3 Biomass yield of different microorganisms in droplets after 24
Population gray values (pgv) were compared with Welch corrected ANO
scedastic consistent covariance estimation, **** significant with p < 0.00
population. A minimum of 9500 single droplets were analyzed per dro
effect size is given using Cohen's d, and 0 h control as reference.

This journal is © The Royal Society of Chemistry 2015
concomitant low oxygen availability. Moreover, the enhanced
oxygen availability during DDI resulted in signicantly higher
biomass production of all microorganisms, with yields three to
eleven times higher than in statically incubated droplets and
remarkably similar to those obtained with standard microbial
cultivation methods. These ndings are supported by a further
experiment, in which we monitored cell density of E. coli over
h (except S. aureofaciens – 72 h, humid chamber) of DDI and SDI.
VA and Dunnett's test (both a ¼ 0.05) in combination with a hetero-
01. Plotted pgv are standardized to the pgv of the corresponding DDI

plet population. To indicate which effects are practically relevant, the
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Fig. 4 E. coli growth kinetics in cultures grown in MTP, shaking flask,
and in droplets with DDI and SDI. A minimum of 1800 droplets were
re-injected and analyzed per time point for SDI and DDI. Gray values
were transformed into absorbance values via calibration (Fig. S5 and
S6†). Error bars indicate one standard deviation.

Fig. 5 Inter-droplet variation of growth after droplet incubation. (a)
Schematic depiction of re-injected fractions in a droplet population.
Each gray layer indicates one fraction of �150 000 droplets. (b)
Droplet population fractions after DDI (hatched) or SDI, with dots
representing the 5th and 95th percentiles. Solid lines above boxplots
indicate no significant difference between the covered fractions.
Means for droplet gray values (dgv) of fractions were compared with
Welch corrected ANOVA and Tukey's test (both a ¼ 0.05) in combi-
nation with a heteroscedastic consistent covariance estimation. Cut-
off for significance was p < 0.05. A minimum of 4500 single droplets
were analyzed per fraction. As a measure for effect size h2 was
computed, to indicate how much of the variance among fraction
means can be assigned to the position in the incubator with h2� 0.039
small, h2 � 0.11 medium and h2 � 0.2 large effect size.
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time in pL-droplets, MTPs and shaking asks (Fig. 4). While cell
densities in dynamically incubated droplets, MTPs and shaking
asks reached similar levels aer 24 h (�OD600 30), growth did
not exceed �OD600 5 with static incubation. Thus, we conclude
that dynamic incubation allows oxygen supply in droplets
comparable to that in commonly applied cultivation and
screening platforms.
Dynamic droplet incubation ensures homogeneous oxygen
availability

To compare the homogeneity of oxygen transfer during DDI and
SDI, incubated droplet populations were continuously re-
injected and analyzed for biomass. The droplets were sequen-
tially grouped into fractions reecting their position in the
incubator (Fig. 5). For each fraction, statistic descriptors were
calculated to assess differences within a droplet population.
The fractions of the dynamically incubated population revealed
high biomass yields at low variations, while on average lower
yields and considerably higher variations were observed for SDI.
Interestingly, the average biomass and corresponding standard
deviation of the SDI fractions correlated with their position on
the vertical axis of the incubator: the uppermost fraction and
the lowest fractions in the incubator showed a signicantly
higher average in biomass with pronounced deviations among
the droplets compared to the middle fractions. This inhomo-
geneity is explained by the increased oxygen availability at the
boundaries between droplet bulk and peruorinated oil.
Clearly, DDI improves the homogeneity of oxygen distribution
compared to SDI, since continuous mixing eliminates such
boundary effects.
Dynamic droplet incubation enhances protein yields

Improved oxygen transfer and homogeneity through DDI is also
reected in the expression of heterologous proteins, which is of
fundamental interest for most screening applications with
biotechnological background. Therefore, we investigated the
101874 | RSC Adv., 2015, 5, 101871–101878
expression of the uorescent reporter protein mCherry by E. coli
cells encapsulated in droplets. In this experiment, oxygen is not
only required for effective cell propagation and protein
synthesis, but also for post-translational maturation of mCherry
to become uorescent.28 We measured the emission intensity
per droplet aer 24 h of DDI and SDI, as well as for droplets that
were generated from MTP and shaking ask cultures. The
average uorescence signal aer dynamic incubation was 130-
fold higher than the signal obtained aer static incubation.
Moreover, the uorescence signal of dynamically incubated
droplets reached similar intensities as droplets generated from
MTP and shaking ask (Fig. 6). Again, the markedly reduced
coefficient of variation for dynamically incubated droplets
supports the previously observed superior homogeneity of
oxygen availability during DDI. In a second experiment, we
conrmed that DDI also leads to enhanced total yield of other
recombinant proteins, in this case a camelid antibody frag-
ment, independent of improved maturation (Fig. S7†).
Continuous carrier oil circulation versus emulsion shaking

Since shaking is widely applied in small-scale cultivation to
increase oxygen transfer, we additionally tested droplet incu-
bation in shaken Eppendorf reaction tubes. Compared to non-
agitated droplets, shaking enhanced the oxygen transfer, as
indicated by a 3-fold elevated mCherry uorescence of encap-
sulated E. coli cells (Fig. S11†). This is only slightly lower than
the 4-fold signal increase obtained with DDI. The shear stress
generated by shaking at 800 rpm (Thermomixer 5436, Eppen-
dorf, Germany) did not signicantly increase emulsion
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 mCherry fluorescence intensity of droplets either re-injected after 24 h of DDI and SDI or generated from 24 h MTP and shaking flask
cultures. Images were recorded in darkfield (a) and fluorescence mode (b) at 10� magnification. The fluorescence images were enhanced in
brightness and false colored for the overlay (c). Frequency distributions of fluorescence intensity of at least 600 droplets per cultivation method
(d). Means of fluorescent intensity were compared with Welch corrected ANOVA and Dunnett's test (both a ¼ 0.05) in combination with
a heteroscedastic consistent covariance estimation, **** significant with p < 0.0001. As ameasure of effect size Cohen's d is computed, using 0 h
control as reference. Remarkably, the effect size of SDI is one magnitude smaller than the effects of MTP, shaking flask or DDI.
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polydispersity within 24 h, although accumulation of much
larger droplets was noticed on the emulsion surface (Fig. S9 and
Table S4†). More importantly, shaken emulsions suffered from
increased evaporation, observed as a loss in droplet volume two
times higher than with DDI aer one day. Therefore, shaking
proved to be progressively detrimental to the emulsion quality,
most likely as a consequence of direct contact between the
emulsion and gas phase. Our incubation strategy has in
contrast no gas-droplet interphase, thus allowing reduced
evaporation and minimized emulsion failure while providing
superior oxygenation. Although emulsion shaking provides an
alternative to counteract limited and inhomogenous oxygen
availability found in static droplet incubation, it is only usable
for short term applications which do not require delicate and
accurate emulsion handling.

Discussion

So far, droplets have been statically stored in a wide variety of
vessels, such as reaction tubes, syringes or droplet-holding
chips, among others. None of these approaches has been
established across different research groups as they not only
lack reproducibility, but also suffer from poor handling
properties and/or throughput limitations. These drawbacks
This journal is © The Royal Society of Chemistry 2015
are exacerbated when droplets are used for cell-based assays,
where such incubation methods provide inadequate oxygen
availability. Herein, we introduced dynamic droplet incuba-
tion, a method that allows enhanced and homogeneous
oxygen transfer during mid and long-term incubation of an
entire pL-droplet population. We hypothesize that during
DDI (i) each droplet is predominantly surrounded by larger
amounts of continuous phase which is constantly replen-
ished with oxygen during recirculation and (ii) ow-induced
convection enhances the oxygen mass transfer into the
droplets. This strategy is easy to apply, maintains exibility
in droplet volume and is not limited to the number of incu-
bated droplets. Using bacteria and yeasts with biotechno-
logical relevance, we demonstrated that DDI results in higher
biomass production with minimized inter-droplet variation.
In fact, cell growth and recombinant protein production were
shown to be, for the rst time in droplets, comparable to
larger-scaled standard cultivation devices as MTPs and
shaking asks. DDI allows droplet incubation during exten-
sive time periods, with minimal emulsion failure and low
evaporation. As an integrative part of the microuidic ow
path, our incubation device supports implementation of
gapless assay protocols, avoiding manual droplet recovery
RSC Adv., 2015, 5, 101871–101878 | 101875
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from external vessels and ultimately facilitating process
automation.

We propose DDI to implement cultivation starting from
single cells in droplets as a strategy to increase the biological
activity per droplet irrespective of its size29 and level out the
variability introduced by stochasticity in gene expression
(intrinsic and extrinsic noise30–32) during screening assays.
Furthermore, it can be expected that DDI drastically reduces the
occurrence of false positives and negatives in many droplet-
based cell assays, for which appropriate oxygen supply was
neglected.12,13,16,17,29,33 Increased biomass production under
aerobic conditions can serve as an alternative selection crite-
rion, allowing strain optimization towards higher yields34 which
was not achievable with previous incubation strategies. Besides,
cultivation in droplets facilitates natural product mining to
access yet untapped sources of biological activity.30,35–39 Various
stages of growth accompanied by distinct metabolic proles can
be targeted, and demanding samples that include spores or
other dormant cell types become amenable for investigation.40,41

This concept may be extended by cultivation of microbial
communities in droplets to elicit valuable metabolic pathways
that require inter-species crosstalk for derepression.42–46

Remarkably, DDI can alternatively be implemented with gas
mixtures other than air, e.g. using nitrogen for the cultivation of
anaerobic bacteria or 5% carbon dioxide for the propagation of
mammalian cells. Different gases dissolved in the continuous
phase may also serve as reactants or as inert gases for the
chemical synthesis of complex compounds47,48 or materials.49,50

In conclusion, droplet-based screening platforms are now
complemented with control over gas transfer – a previously
unaddressed but highly relevant aspect in numerous droplet
applications. The similarity between the obtained results in
droplets with established experimentation techniques and the
ease of use of our strategy will foster the adoption of picoliter
droplets by a broader scientic community outside of micro-
uidics labs. With this contribution, droplet microuidics is
further tailored to ultimately supersede microtiter plates as the
new state-of-the-art in assay miniaturization.

Experimental procedures
Incubator device fabrication and operation

The droplet incubator (Fig. S1†) was designed in-house and 3D-
printed by i.materialise (Belgium) in transparent resin. The
inner volume can hold 2.5 mL of uid and was lled with�1mL
of droplets (corresponding to more than 5 million droplets of
170 pL). For uidic access, anged PTFE-tubing was fastened to
the three inlets of the hollow body via threaded 10–3200-
connectors. Aer lling with droplets, the connection towards
the microuidic chip was closed (6) and the connection towards
a peristaltic pump (Watson-Marlow, UK) was opened (7),
creating a closed loop. For dynamic droplet incubation (Fig. 1a
and b, right), the pump (3) maintained a continuous top-to-
bottom ow of peruorinated oil through the incubator, with
an inux of oil through the top inlet and an efflux of oil through
a bottom outlet. The closed loop comprised an oil reservoir
between the peristaltic pump and the droplet incubator, which
101876 | RSC Adv., 2015, 5, 101871–101878
served as a gas exchange unit and a bubble trap. To avoid
stagnant space during dynamic incubation and ensure
complete removal of droplets upon reinjection, the transition
between the upper inlet and the cylindrical body of the inner
volume is conically shaped. If not stated otherwise, the oil ow
during DDI was set to 130 mL min�1. For static droplet incu-
bation, carrier oil circulation was suspended.

Measurement of dissolved oxygen concentration within
incubated droplets

For non-invasive monitoring of dissolved oxygen, pre-calibrated
OXNANO sensor particles (PyroScience GmbH, Germany)
loaded with an oxygen-sensitive and biocompatible dye (ex/em
¼ 620 nm/770 nm) were co-encapsulated with E. coli cells sus-
pended in a 10-fold diluted stock suspension for droplet
generation. Excitation and detection of oxygen-dependent NIR-
emission was performed with a Piccolo2 oxygen meter (PyroS-
cience GmbH, Germany). All droplets present in the beam path
at time of measurement contributed to the averaged signal. A
two-point calibration of the oxygen measurement was per-
formed prior to experimentation by sparging a nanoparticle
suspension inside the droplet incubator with nitrogen and air,
respectively. Prior to the rst measurement, droplets were
incubated for 5 minutes at 415 mL min�1 oil recirculation ow
rate for re-oxygenation. The dynamic range of oxygen
measurement is specied to �0.01–23.0 mg L�1 with a resolu-
tion of �0.005 mg L�1 at 1% O2 and �0.025 mg L�1 at 20% O2.
All measurements were performed at 28 �C.

Triggered imaging for cell density determination

Droplets were re-injected into a straight-channel chip, spaced
with peruorinated oil and detected in-ow with a photodiode,
exploiting total internal light reection at the phase boundary.
The signal was amplied and transformed into a TTL signal to
trigger a single image of each droplet.19 Stacks of droplet images
were analyzed using a custom FIJI algorithm to detect droplet
boundaries and determine the mean gray value as a measure of
cell density.

Statistical analyses

The open source soware R was used for statistical analyses.51

Mean values were compared pairwise with a Welch corrected
ANOVA to account for heteroscedasticity. Post hoc tests were
performed with the packages multcomp and sandwich, using
the Tukey test for every possible mean comparison or Dunnett's
method for comparing means to a reference mean. Both
methods for multiple comparisons of means were combined
with a heteroscedastic consistent covariance estimation that
accounted for heterogeneous variances and unbalanced group
sizes.52
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3 
 

Table S1. Culture media. Glucose, thiamine and  trace element solution were  filter sterilized and added after 

heat sterilization of all other components. 

Medium  Composition 

TB 

1.2% (w/v) tryptone (Bacto Tryptone, BD Bioscience, Belgium), 2.4% (w/v) yeast extract 

(Bacto Yeast Extract, BD Bioscience, Belgium), 0.4% (v/v) glycerol (Roth, Germany), 0.17 M 

KH2PO4 (Merck, Germany) and 0.72 M K2HPO4 (Merck, Germany) in tap water. pH adjusted to 

7.2 with NaOH. 

YEPD 

1% (w/v) yeast extract (Bacto Yeast Extract, BD Bioscience, Belgium), 2% (w/v) peptone 

(Bacto Peptone, BD Bioscience, Belgium), and 2% (w/v) glucose (VWR International, USA) in 

distilled water. pH was adjusted to 6.5 with HCl. 

GSP 

1% (w/v) soy peptone (Bacto Soytone, BD Bioscience, Belgium), 0.5% (w/v) glucose (VWR 

International, USA), 85 mMNaCl (Merck, Germany), 0.37 mM KH2PO4 (Merck, Germany) and 

1 mL/L trace salts solution according to Okanishi2 in deionized water. pH was adjusted to 7.2 

with NaOH 

M9 

44 mMNa2HPO4 (Roth, Germany), 22.1 mM KH2PO4 (Merck, Germany), 8.56 mM NaCl (Roth, 

Germany), 18.7 mM NH4Cl (Merck, Germany), 36 µM Zn(CH3COO)2 (Merck, Germany), 0.23 

mM iron(III) citrate (Fluka, USA), 22.6 µM EDTA (Roth, Germany), 10.5 µM CoCl2 (Merck, 

Germany), 7.6 µM MnCl2 (Fluka, USA), 8.8µM CuCl2 (Merck, Germany), 49 µM H3BO3 (Merck, 

Germany), 10.3 µM Na2MoO4 (Merck, Germany), 5 mM MgSO4 (Merck, Germany), 1% (w/v) 

glucose (Fluka, USA) and 0.03 mM thiamine (Sigma, USA) in distilled water. 

 

Table S2. Microbial strains, respective media, selection antibiotics, inducers and inoculation densities. 

Species  Strain  Medium  Selection marker 
Optical density 

Λ = 600 nm 
Inducer 

Escherichia coli  ECJW992a  TB  ampicillin (100 µg/mL) 1  IPTG (0.5 mM)

Bacillus subtilis  BSNS332‐lacI‐ b  TB  kanamycin (50 µg/mL) 1 

Pseudomonas 

fluorescens 
IMET10619  TB    1   

Pichia pastoris  M1068 YEPD 1 

Streptomyces 

aureofaciens 
STH449  GSP    5 spores/100 pL   

E. coli 
RV308 (p41‐B10‐

6H) 
M9  ampicillin (100 µg/mL)  0.5  IPTG (1 mM) 

aE.  coli  JW1982  [origin:  Keio  collection]3  carrying  the  pMPAG6  plasmid with mCherry  cloned  downstream  of  the  IPTG‐

inducible promoter PT5.
 

bB. subtilis 1s34 carrying the pDG148 plasmid4 with mCherry cloned downstream of the promoter Pspac. 
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Single cell encapsulation in droplets 

The cell concentration was determined and adjusted immediately before starting droplet generation 

using  a  Thoma  cell  counting  chamber.  Successful  single  cell  encapsulation  was  confirmed  by 

estimating  the  proportion  of  empty  versus  occupied  droplets.  According  to  Poisson's  distribution 

theory, 68% of all droplets are expected to be occupied  if an  inoculation density of 1 cell/droplet  is 

targeted.  It was confirmed after  incubation,  that  this value was neither exceeded  for  the statically 

incubated droplets (60.58% occupied) nor for the dynamically incubated droplets (51.41% occupied).  

Estimation of oxygen depletion time in a droplet 

A  conservative  estimation  of  oxygen  depletion  in  statically  incubated  droplets with  encapsulated 

E. coli as a model organism was made on the basis of following simplified assumptions: 

1. The net mass transfer across the droplet borders is zero. 

2. Oxygen  is homogeneously consumed within a droplet,  i.e.  local depletion  in proximity  to cells  is 

neglected. 

Given    (1)  OUR dt OUR ∙ N dt 	 

where OUR = oxygen uptake rate [mol/L/h] and OURcell = oxygen uptake rate per cell [mol/cell/h] and 

N = number of cells in solution [cell/L] defined as  

(2)  N 	N ∙ e   

where No = starting cell concentration [cells/L] and td = doubling time [h], approximate values for the 

dissolved oxygen depletion times were calculated with relevant parameters extracted from literature 

or own observations, as listed in table S3. A doubling time of 30 min was assumed for calculation of 

population size over time. 

Table S3. Parameters used for calculation of oxygen depletion time during static droplet incubation. All numbers refer to E. 

coli as a model organism. 

Cell concentration at OD600 = 1  1.2 x 1012 CFU/L (own observation) 

Dry cell weight (DCW)   2.78 x 10‐16 kg/cell5

Oxygen solubility in complex medium ~0.2 mmol/L

Oxygen uptake rate  0.9‐23.1 mol/kgDCW/h
6 
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Assuming an intermediate oxygen consumption rate within the specified range (10 mol/kg/h) and an 

inoculation density of one  cell per 170‐pL‐droplet, oxygen would be  theoretically depleted within 

~124 minutes, very similar to the observed 110 minutes in our studies. The usage of smaller droplets 

translates into a higher cell concentration, which implies faster deoxygenation. For example, in a 14‐

pL‐droplet  inoculated  with  a  single  cell,7  ‐  corresponding  to  OD600  =  0.06  ‐  oxygen  should  be 

theoretically depleted within ~38 minutes.     Yet,  incubation times often exceed this value by far to 

obtain  relevant  protein  concentrations,  so  that  cells  experience  hypoxic  conditions.  At  higher 

inoculation  densities  (e.g.  OD600  =  1),  eventually  achieved  by  reducing  the  droplet  volume while 

maintaining  Poisson‐distributed  single‐cell occupation, oxygen  is  theoretically depleted within  less 

than  six minutes.  Presumably,  local  oxygen  depletion  in  closest  proximity  to  the  cell will  further 

reduce the time until depletion. 

Calibration of OXNANO sensors 

The  OXNANO  sensors  were  calibrated  in  a  temperature  controlled  glass  vessel.  Two mass  flow 

controller instruments (Read Y smart series, Vögtlin Instruments) were used to obtain gas mixtures of 

defined oxygen partial pressures (pO2). Compressed air and nitrogen were used as calibration gases. 

The calibration gas was passed through a stainless steel coil which was dipped  into a temperature‐

controlled water bath to keep the temperature constant and bubbled through the OXNANO sensor 

solution. 

The two‐site model was used to fit the calibration data.8 

(3) 
, ∙ , ∙

   

The ratio I0/I in the model was replaced by τ0/ τ where τ is the lifetime of the oxygen indicator dye at 

a  certain pO2‐value. The  lifetime  τ0  represents  the  lifetime under deoxygenated  conditions, where 

the oxygen indicator is in its unquenched state. The lifetimes were calculated from the phase shift Δϕ 
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recorded  by  the  oxygen  meter  according  to  the  equation  τ  =  tan  (Δϕ)/(2*π*f),  where  f  is  the 

modulation frequency. The parameters KSV,1 (16.9*10
‐3 hPa‐1) and KSV,2 (2.05*10

‐3 hPa‐1) describe the 

quenching efficiency and  thus  the  sensitivity of  the  sensor, while  the parameters  f1  (0.777) and  f2 

characterize different  fractions of dye molecules. The dye molecules  in  fraction  f1 are quenched at 

KSV,1 and molecules  in  fraction  f2  (f2 = 1  ‐  f1) are quenched at KSV,2. The calibration parameters are 

shown in table S3. 

 

Fig. S2. OXNANO sensors calibration curve. 
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Fig. S3. Replicates for assessment of DDI impact on oxygen transfer rates. After ~40 min of dynamic droplet incubation the 

oxygen  concentration  eventually  exhibited  a  ‘shoulder’  in  its  time  course  (b,  d  and  e),  reflecting  biological  variability 

amongst the replicates. Nevertheless, the time point of oxygen depletion was similar in all experiments (~100 min). 

Droplet manipulation and analysis 

Microfluidic operation 

The  fabrication of microfluidic  chips  is described elsewhere.9 Novec HFE7500  (3M, Germany) with 

0.5% Pico‐Surf (Dolomite, UK) surfactant was used as continuous phase. For droplet generation and 

reinjection, fluids were actuated by a flow‐rate‐controlled MFCS‐EZ pressure pump (Fluigent, France) 

and neMESYS syringe pumps  (cetoni GmbH, Germany). All microfluidic devices were connected via 

PTFE‐tubings (OD: 1/16’’, ID: 0.5 and 0.25 mm). Droplets were generated with a rate of ~1500 Hz and 
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with a volume of ~170 pL. Variations  in volume were monitored by default and never exceeded a 

coefficient of variance of 1.5%. 

Optical setup 

An Axio Observer Z.1  inverted microscope  (Carl Zeiss, Germany) was used  for droplet observation. 

Fluorescent samples, i.e. droplet‐confined E. coli cells producing mCherry, were excited with an HXP 

120C fluorescent lamp (Carl Zeiss, Jena) through a 550/25 bandpass filter, and the emitted light was 

filtered with  a  605/70  bandpass  filter.  For  darkfield  imaging, we  applied  a  10x  objective without 

phase plate,  combined with  an  annular  ring of  a  100x objective  in  the  condenser. A  PIKE  F032‐B 

camera (Allied Vision Technologies, Germany) was attached to the side port for droplet imaging, and 

a custom‐made photodetector or an avalanche photodiode  (Si APD S8664‐30K, Hamamatsu, Japan) 

was attached to the front port for droplet detection or fluorescence analysis, respectively. Triggered 

imaging was  realized by equally  splitting  the  transmitted  light between  the  two microscope ports 

holding the photodetector and the camera. 

Volume determination 

To monitor the influence of DDI on droplet volume and polydispersity, PBS‐droplets were incubated 

either statically or dynamically at 28 °C for various time periods applying different oil flow rates as 

indicated  in Fig. S4. Subsequently, droplets were  reinjected  into a microfluidic  chip and  imaged  in 

groups  at  40  droplets/s.  A  total  number  of  ~60,000  droplets  was  recorded  per  reinjection. 

Automated  droplet  volume  estimation was  implemented  in  C++  using  the  open‐source  computer 

vision  library OpenCV.10 Preprocessing: Each droplet  image was  converted  into an 8‐bit gray  level 

image. Background  subtraction was applied by  first  computing an average droplet‐free  image and 

then  subtracting  it  from  each  image.  Preprocessing  was  completed  by  image  inversion  and 

smoothing with a Gaussian filter of size 3x3 px and a standard deviation of  2	px. Segmentation: 

For edge detection we computed derivatives of the discrete first and second order by applying the 

Sobel operator to the difference image. To obtain edges with a width of one pixel, we subtracted the 

image with the second order derivative from the image with the first order derivative. The resulting 
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image was binarized by applying a  fixed  threshold at  intensity  5 and subsequent  thickening of 

diagonal edges. To remove noise, foreground regions smaller than 10 pixels were deleted from the 

image. This process was followed by an edge joining algorithm that connects isolated edge segments 

at the distance of one pixel from each other. Finally, foreground regions smaller than 50 pixels were 

removed  to  reduce artifacts  in  the  image,  followed by a second  round of edge  joining by applying 

two  iterations of a morphological dilation operation and  two  iterations of a morphological erosion 

operation. The resulting image was used to identify single droplets based on the circularity criterion 

that  the  standard  deviation  of  the  signature  does  not  exceed  2  pixels.  Volume  estimation:  The 

droplet volume was calculated using the equation 

2
2 2 2 2

1
4
3

	
	

 

for pancake‐shaped droplets in a channel of height   and for droplets of radius  .11 
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extracted with the  image analysis software Fiji. Band  intensities are standardized to the band  intensity obtained from the 

MTP culture. 

Remarkably,  the  protein  concentration  in  a  cell  suspension  derived  from  a  pooled  DDI  droplet 

population reached the same range as the B10‐6H concentration obtained in flask and MTP cultures 

(Fig. S7b).  In contrast, only  less  than half of  the B10‐6H concentration was achieved with SDI  (Fig. 

S7b)  in  consequence  of  hypoxic  conditions  and  concomitant  reduced  cell  densities.  Yet,  an 

observable reduction of the relative protein amount (standardized to cell density) indicates that the 

synthesis rate per cell is also affected (Fig. S7c). 

 

Estimation of Oxygen Transfer Rates (OTR) during dynamic droplet incubation 

To quantify OTR during DDI, we  adapted  the dynamic measurement method, which  is  frequently 

applied  for  stirred  tank  reactors.  E.  coli  cells were  encapsulated  at OD  1  together with OXNANO 

sensors  and  incubated  with  continuous  carrier  oil  recirculation,  i.e.  DDI.  Subsequently,  the  oil 

circulation was halted (as in SDI) to estimate the E. coli OUR from the decrease in measured dissolved 

oxygen. After restarting the oil circulation, the rate of increase in measured dissolved oxygen plus the 

previously determined OUR results in the OTR of the system (Fig. S8). It is worth noting that residual 

oxygen  dissolved  in  the  oil  phase may  have  lowered  the measured  OUR,  negatively  biasing  the 

calculated OTR.  

Interestingly, these experiments provide further evidence for the fast occurrence of inhomogeneous 

oxygen  distribution  among  the  droplet  population.  The  initial  peak  observed  after  reactivating 

recirculation evidences that the droplets on the top and bottom borders of the emulsion exhibited 

higher dissolved oxygen concentrations (Fig. S8a).  
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Fig. S8. Estimation of oxygen transfer rate by applying a dynamic gassing out method. a) Dissolved oxygen over time during 

dynamic gassing out with droplets containing respirating E. coli cells (oil recirculation speed: 275 µl/min). The red part of 

the graph was  recorded after halting  carrier oil  recirculation. The  slope of  the decreasing DO was used  to estimate  the 

current OUR. After DO depletion the oil recirculation system was turned on leading to a sudden increase in DO (arrow) due 

to  flushing  droplets  that  had  direct  contact  with  perfluorinated  oil  at  the  bottom  of  the  emulsion  bulk  through  the 

measurement area of  the  incubator. During oil  recirculation oxygen  transfer  is enhanced,  resulting  in an  increase  in DO 

(blue), which depends on OTR and OUR and  is used  to determine  the OTR of  the  system. b) OTR estimates  for  five oil 

recirculation speeds. 

 

Comparison of dynamic droplet incubation with emulsion shaking 

1 ml of microfluidic emulsion,  comprising 500 µl droplet bulk and 500 µl oil, were generated  into 

multiple  2 mL  reaction  tubes with  perforated  lid  (hole  diameter:  ~1 mm)  and  incubated  in  both 

humid  saturated  and  non‐humidified  environments  at  800  rpm  (Thermomixer  5436,  Eppendorf, 

Germany) and at 28 °C. Such intermediate shaking frequency was selected since the shear of shaking 

did not influence droplet monodispersity within 24 h incubation in a pre‐test. Moreover, this shaking 

frequency was used for E. coli cultivation in MTP and tubes, proving to be sufficient for oxygenation 

of the liquid culture.  
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Two different experiments were performed to characterize a) the stability of the shaken emulsions 

and b)  the extent of oxygenation: For  the  first, PBS was employed as  the aqueous phase, and  the 

droplet  size  distributions were  analyzed  after  24 h  and  96 h  (Table  S4).  For  the  second,  droplets 

containing E. coli were characterized after 24 h by measuring fluorescence levels (Fig. S11).  

 

For a) 

After 24 h, multiple  large droplets were observed  at  the  emulsion  surface  (Fig.  S9).  They  are  the 

result of emulsion  failure and/or condensation on  the  tube walls. However, a  large  fraction of  the 

analyzed droplets maintains its monodispersity, though showing considerably decreased volume due 

to evaporation (Table S4). Emulsion failure was drastic after 96 h, but by shaking inside a humidified 

environment this failure could be reduced even after 96 h (Fig. S10). Surprisingly, the strong decrease 

in average droplet volume could not be avoided by incubating in a humidified atmosphere.  

 

Table S4. Average droplet volumes of emulsions incubated four days in agitated reaction tubes. The volume of min. 50,000 

droplets was determined as described in the volume determination section. Averages and coefficient of variation (CV) are 

displayed for emulsions during generation and after one and four days of incubation. Very small (<50 pL) and very large 

(>300 pL) droplets are not reliably detected by the volume detection algorithm, therefore the CV of highly polydisperse 

emulsions, as is the case for the emulsion agitated with 800 rpm w/o humidification after 96 h, might be underestimated.  

Emulsion Incubation  0 h  24 h  96 h 

Perforated tube, 0 rpm  170.5  1.4 % 146.4 7.9 % 125.6  25.0 %

Perforated tube, 800 rpm  171.7  0.9 % 121.6 7.9 % 95.7  22.7 %

Perforated tube, 0 rpm, humid  179.4  5.1 % 157.5 5.2 % 169.5  8.5 %

Perforated tube, 800 rpm, humid  176.3  1.6 % 120.9 6.3 % 105.0  10.8 %
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Fig.  S11.  mCherry  fluorescence  intensity  of  droplets  incubated  for  24  h  in  agitated  reaction  tubes  or  in  DDI  setup. 

Fluorescence intensities of at least 5000 droplets per incubation approach were derived from black and white images taken 

under  fluorescence excitation. The bold  line represents the median, while the upper and  lower end of the box show the 

upper and lower quartiles. The whiskers extend to the furthest data point within 1.5 box lengths. Outliers are not shown.  
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Movie S1 

 

Movie  S1.  Sequence  of  dynamic  droplet  incubation  in  the  incubation  device with  colored  droplets.  Approximately  1.5 

million blue droplets (0.25 mg/mL methyl blue in water) and 1.5 million red droplets (8.1 mg/mL phenol red in water) were 

directed to an  incubator, which was connected to the DDI setup. The 10‐fold faster time  lapse video displays the droplet 

movement during the start of the oil recirculation at a flow rate of 130 µL/min. After ~15 min of oil recirculation the blue 

and red droplets are mixed homogeneously. 
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Abstract 

Background 

Cell based experimentation in microfluidic droplets is becoming increasingly popular among 

biotechnologists and microbiologist, since inherent characteristics of droplets allow high throughput at 

low cost and space investment. The range of applications for droplet assays is expanding from single cell 

analysis towards complex cell-cell incubation and interaction studies. As a result of cellular metabolism 

in these setups, relevant physicochemical alterations frequently occur before functional assays are 

conducted. However, to use droplets as truly miniaturized bioreactors, parameters like pH and oxygen 

availability, should be controlled similar to large-scale fermentation to ensure reliable research.  

Results 

Here, we introduce a comprehensive strategy to monitor and control the pH for large droplet 

populations during long-term incubation. We show the correlation of fluorescence intensity of 6-

carboxyfluorescein and pH in single droplets and entire droplet populations. By taking advantage of 

interdroplet transport of pH-mediating molecules, the average pH value of several million droplets is 

simultaneously adjusted in an a priori defined direction. To demonstrate the need of pH control in 

practice, we compared the cultivation profiles of two E. coli strains, a K-12 and a B derivative, in 

unbuffered medium with 5 g/L glucose for 1 L stirred bioreactors and 180 pL droplets. In both cultivation 

formats, the commonly used B strain E. coli BL21 is able to consume glucose until depletion and prevent 

a pH drop, while the growth of the K-strain E. coli MG1655 is soon inhibited by a low pH caused by its 

own high acetate production. By controlling the pH during cultivation in droplets with our suggested 

strategy, we were able to prevent the growth arrest of E. coli MG1655 and obtained an equally high 

biomass yield as with E. coli BL21.  
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Conclusion 

We demonstrated a comparable success of pH monitoring and control for fermentations in 1 L and 180 

pL scale for two E. coli strains. This strategy has the potential to improve cell-based experiments in 

microfluidic droplets and opens the possibility for new functional assay designs.  

 

Background 
 

In the past decades, microbiological experimentation experienced a quantum leap due to the 

development of various novel molecular and analytical techniques. As a secondary consequence, these 

advances have deviated the attention away from classic aspects of microbiology, particularly thorough 

control of culture conditions [1]. Nevertheless, the fundamental principles and craftsmanship already 

established for lab scale cultivation of microorganisms should be considered for any experimental 

method development, including miniaturized cell cultivation and single cell studies [1].  

Among innovative experimental strategies, droplet microfluidics has the potential to revolutionize 

microbiological experimentation [2], enabling ultra-high throughput on single cell or microcultivation 

experiments, as well as on genomic and metabolomic approaches. Yet, two key parameters that must be 

monitored and controlled for robust microbiological investigations, even in picoliter droplets, are 

oxygen availability and pH. In particular, pH changes can indicate different metabolic compounds 

produced and drastically alter the cell phenotype, potentially affecting further growth or perturbing 

extracellular reactions. Usually pH and oxygen concentration are thoroughly monitored and controlled 

during standard culturing. Stirring and aeration are used to control oxygen availability, while buffers and 

feedback loops are widely used to adjust pH during cultivation in automated bioreactors. However, 

monitoring and controlling these variables is more complex at small scales. Due to the highly reduced 

volume of microfluidic droplets (from pL to µL), the challenge of sensor miniaturization arises. 

Furthermore, such sensors must be inert and biocompatible, and provide sensitive and non-destructive 

measurements at such minute scale. 

Using oxygen sensitive nanoparticles, we demonstrated previously how to monitor oxygen supply for 

millions of droplets simultaneously [3]. Moreover, we developed a simple strategy for active 

oxygenation by flushing oil through the droplet population resulting in enhanced and homogeneous 

oxygen availability during incubation. While ignored in most publications in which microbes had been 

encapsulated in droplets, the improved oxygenation provided a microbial cultivation platform in the 

picoliter scale that resulted in similar growth and production yields as observed in shaking flask cultures, 

bridging classic microbiological craftsmanship to microfluidic droplets.  

Beyond this, a strategy for pH monitoring and control is also of high importance for microbiological 

experimentation in droplets. Here, we endeavor to expand our strategy by including detection and 

control of pH in millions of droplets simultaneously.  
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Results & Discussion 

pH measurement with oxygen-pH dual sensor nanoparticles in droplet populations 

Our first approach for pH measurement in millions of droplets is the development of nanosensors that 

enable the simultaneous determination of dissolved oxygen concentration and pH [4]. The core-shell 

nanosensors allow a contactless and inexpensive read-out using adapted oxygen meters via modified 

dual lifetime referencing in the frequency domain. The indicator dyes platinum(II) meso-tetra(4-

fluorophenyl)tetrabenzoporphyrin (PtTPTBPF) for oxygen and BF2-chelated tetraarylazadipyrromethene 

dye (aza-BODIPY) for pH were incorporated into poly(styrene-block-vinylpyrrolidone) nanoparticles, with 

an average diameter of 180 nm. The nanosensors have several advantages, such as excitation with red 

light, emission in the near-infrared spectral region and spectral-compatibility with the used read-out 

device (Piccolo2, Pyroscience). The oxygen-pH dual sensor nanoparticles were calibrated with phosphate 

buffer in bulk at different pH, and with controlled oxygen concentration at 28 °C (Figure 1A). While the 

effectivity of the oxygen sensing nanoparticles inside droplets has been previously validated [3,5], we 

confirmed accurate pH estimation in emulsion by comparing the measurements before and after droplet 

generation (Figure 1B). The aqueous phase consisted of cell free culture medium. Before droplet 

generation, the pH of the continuous aqueous phase was measured through the wall of a glass vial, with 

the fiber end of the piccolo device placed directly at the vial wall. Afterwards, droplets were pipetted in 

a glass vial and the measurement setup was used as before. Values from both measurements for the 

same pH are in good agreement to each other, which additionally proves that the pH of the solution is 

not altered by the microfluidic emulsification process. 

Unfortunately, the nanoparticle pH sensors failed repeatedly during measurements involving 

multifactorial changes, like varying media composition and oxygen concentration, which might alter the 

relative spatial positioning of the pH dye to the oxygen dye. Thereby, the efficiency of the energy 

transfer between the two dyes changes, affecting the correlation between measured phase shift and the 

actual pH. Ultimately, the calibration is altered and the accurate pH inside of droplets or in bulk cannot 

be measured. This is shown for a microscale cultivation in which the pH changes caused by a growing E. 

coli culture were monitored simultaneously by a conventional pH electrode as gold standard and by the 

nanoparticles (Figure 1C). Further development is required before these dual sensors can be used 

reliably and reproducibly.  
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Figure 1 – Oxygen-pH dual sensor nanoparticles for the measurement of pH in large populations of pL droplets. A) Calibration 
of nanoparticles at varying pH and oxygenation levels in a continuous aqueous phase at a constant temperature of 28°C. B) 
Comparison of pH values determined by calibrated sensor nanoparticles in continuous aqueous phase (in bulk) and in aqueous 
phase dispersed into pL droplets of app. 180 pL volume in perfluorinated oil. Effects of emulsification on the measurement of 
pH with the dual sensing nanoparticle system are only minimal. A linear regression is depicted as blue line and is characterized 
by a coefficient of determination R2 of 0.9516. C) Small scale cultivation (1 mL) in continuous phase of E. coli BL21 in SY with 5 
g/L glucose at 28°C and aerobic conditions. pH was measured simultaneously by a conventional pH electrode, which was 
constantly in contact with the culture, and the dual sensing nanoparticle system, for which the nanoparticles were suspended in 
the culture. The pH change detected by the pH electrode was not reproduced by the nanoparticles. The percentage of air 
saturation is depicted on the left y-axis.  

 

Alternative pH monitoring with 6-carboxyfluorescein in single droplets and droplet populations 

An alternative method for pH estimation is based on the dependency of the fluorescence intensity of 
dyes on the pH. In previous studies, estimation of the pH in single droplets using sensitive fluorescent 
dyes has been performed to detect the production of lactate by single cells [6–8]. The usage of 6-
carboxyfluorescein dissolved in the aqueous phase at a concentration of 2 μg/mL provides a facile 
method for pH estimation as demonstrated with a calibration curve of droplet fluorescence intensity 
obtained with different pH values of the bulk aqueous phase (pH was adjusted with HCl or NaOH). As 
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expected, the correlation of fluorescence intensity and pH value follows a sigmoidal dose response 

curve around the pKa of 6-carboxyfluorescein. This allows monitoring of pH in the range of 5.5 - 7.5 (Fig. 

2A). The fluorescence intensity was determined for single droplets in flow, for instance during droplet 

generation or reinjection, by focusing a 488 nm laser on the microfluidic channel and detecting the 

emitted signal of each droplet with a photomultiplier tube (PMT).. However, a solution for a simple and 

continuous pH monitoring of whole droplet populations based on fluorescence quantification and 

integrated into the incubation setup is not yet developed. As an alternative to monitor the average pH 

value of an entire droplet population periodically, the emulsion can be transferred into an appropriate 

microtiter-plate for measuring the fluorescence intensity in a commercially available plate reader (Fig. 

2B). Nevertheles, the required droplet handling compromises the controlled incubation of droplets in 

our optimized dynamic droplet incubation setup [3]. 

While plate reader measurements are reproducibly robust, minor changes in the aforementioned 

droplet by droplet setup, such as a different chip or a slightly different relative position of the excitation 

beam can affect the calibration curve. Furthermore for both approaches, the fluorescent signal is 

subject to interference caused by media components and variability during long-term experimentation 

due to the photostability of the dye (Fig. 2B). Nevertheless, these strategies are useful for preliminary 

and proof of principle experimentation to establish a pH control strategy for microfluidic droplets.  

 

 

Figure 2 – Correlation of fluorescence intensity of 6-carboxyfluorescein in microfluidic droplets with pH. A) Fluorescence 
intensity of 6-carboxyfluorescein measured in droplets in flow on a microfluidic chip. pH of the bulk aqueous phase before 
droplet generation was determined by a conventional pH electrode. The arithmetic means of min. 1262 droplets per pH level 
are depicted as black points. A four parameter logistic model (Boltzman model) described by the equation in the graph was 
fitted to the data and is displayed as blue line. B) Fluorescence intensity of 6-carboxyfluorescein measured for entire droplet 
populations of different pH in a plate reader (ClarioStar, BMG Labtech, Germany). The intensity values for the droplets 
populations measured at 3 different time points are depicted to show the variability introduced by long term incubation. A four 
parameter logistic model was fitted to the data of time 0 h.  
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Interdroplet transport of pH mediating molecules 

Very little is known about the behavior of pH mediating molecules in microfluidic emulsions with 

perfluorinated oils and surfactants. However, observations of Boitard et al. [9] suggest that protonated, 

organic acidic molecules can diffuse out of the droplets. Therefore, we evaluated pH changes due to 

interdroplet transport [10,11] when incubating two distinct populations together. Each population 

contained unbuffered medium with 6-carboxyfluorescein at pH 6 or 7.5 respectively. Fluorescence 

intensity was measured droplet by droplet upon generation or reinjection (Fig. 3A). While droplets of 

the separated populations clearly present distinct fluorescent intensities, the intensities in the mixed 

population converge towards an intermediate value within seconds after mixing (Figure 3B). After 5 min, 

the populations in the mix can still be recognized in the histogram, albeit they are much closer than the 

separated populations. After further incubation together for 16 h the populations became completely 

undiscernible (Fig. 3C). This means that molecules and possibly even ions that change the pH can readily 

move between droplets.  
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Figure 3 – Fluorescence intensity of 6-carboxyfluorescein in dependency on pH measured for single droplets in flow, 
indicating the interdroplet transport of pH mediating molecules between droplet populations. Histograms depict the 
abundance distribution of fluorescence intensity per single droplet for droplet populations (binwidth 0.01 V). The abundance 
was normalized to the total count for each population. A minimum of 2880 droplets was analyzed per population. A) 
Abundance distribution for a droplet population of pH 7.5 during generation and during immediate reinjection to a microfluidic 
chip. The variation between both distributions underlined the susceptibility of the pH monitoring method to small changes in 
the setup. B) Two droplet populations of pH 6 and pH 7.5 were generated separately and are distinguished by their 
fluorescence intensity distribution. When the populations were mixed and incubated together for 5 min the pH started to 
equilibrate over the droplets exemplified by the intermediate fluorescence intensities. C) pH equilibration proceeds until the 
populations were not distinguishable anymore. D) pH decrease in a droplet population was specifically induced by adding 
perfluorinated oil in which a minute amount of acetic acid was dissolved.  
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Employing interdroplet transport for pH regulation 

It has been recently shown that acidic components in the fluorinated oil are able to change the pH inside 

droplets [8,12]. This, in line with our results on interdroplet transport of pH molecules, can be exploited 

as a strategy to control the pH in an incubated droplet population . We show that acetic acid and 

diethylamine can be used to either decrease or increase pH in droplet populations. The measured 

fluorescence strongly changed as a result of spiking the recirculation oil with acetic acid or diethylamine 

both when measuring the average fluorescence value for a large sample of droplets in a microtiter plate, 

and when reinjecting and analyzing droplet by droplet (Fig. 3D). This confirms that these compounds can 

be used to externally control the pH inside of the incubated droplets.  

 

Model system for pH control during microbial culture in droplets 

In order to test the applicability of droplet pH regulation, we tested the cultivation profiles of various E. 

coli strains, which are known to alter pH and are affected by it. When cultured in unbuffered media with 

glucose, the growth of E. coli MG1655 is truncated when the pH reaches 5.5 (Fig. 4B), presumably as a 

consequence of its own high production of acetate [13]. Contrarily, E. coli BL-21 does not reach the 

same pH due to a more restricted acetate production or a simultaneous acetate consumption, as 

suggested by higher gene expression levels for the glyoxylate cycle [14] and the acetyl-CoA synthetase 

[15]. Since acetate levels are kept stable at a low level of approximately 0.6 g/L, the pH does not fall 

below 6.4. Cell propagation continues until glucose is depleted (Fig. 4A). Then, cells additionally 

consume the secreted acetate and amino acids which were likely dissimilated already in parallel to 

glucose before [15], which results in further pH increase and more than twice the cell density. When 

performing the cultivation of E. coli MG1655 with pH control at pH 6.5the growth arrest is prevented 

even though acetate is still produced in high concentrations. By controlling the pH, E. coli MG1655 can 

consume the entire amount of glucose and reaches a similar optical density as E. coli BL21 (Fig. 4C, D).  

. 
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Figure 4 – Lab-scale cultivation of the two model strains E. coli BL21 and MG1655 with and without pH control. Cultivations were carried out in 1 L stirred bioreactors for 25h, 
while DO, pH, temperature and stirring speed were measured continuously. Temperature and stirring speed were set to constant values (28°C and 600 rpm respectively). OD600 
and concentration of glucose and acetate were determined offline, for which samples of 10 ml were taken. Online and offline parameters are displayed for A) E. coli BL21 
without pH regulation, B) E. coli MG1655 without pH regulation, C) E. coli BL21 with pH regulation and D) E. coli MG1655 with pH regulation. In case of pH regulation, 
diethylamine was used as base. 
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The same tendency is observed when these strains are grown in microfluidic droplets. The pH change is 
observed by following the green fluorescence intensity of the 6-carboxyfluorescein coencapsulated with 
the cells (Figure 5A). Based on the calibration curve (Figure 2B), both cultures start at a pH of aprox. 6.5. 
For E. coli MG1655, the pH decreases to 5.3 after 4 hours, similar to the observations in the bioreactor 
culture. E. coli BL21 also follows the same profile as in larger scaled culture, with an initial drop in pH 
close to 6 and the subsequent increment of pH. Not only the development of the pH, but also the 
incomplete consumption of glucose by E. coli MG1655 and the reduced yield in biomass were 
reproduced in droplet cultivation (Fig. 5B). As a confirmation for the pH estimates obtained from 
fluorescence intensity monitoring, we also measured the pH with a pH electrode before and after 
droplet incubation in the continous aqueous phase. As expected, the values are congruent and further 
strengthen our hypothesis regarding an equivalent bioprocess in pL droplets as in 1 L cultures in stirred 
bioreactors. 

 
Figure 5 – Development of fluorescence signal in dependency on pH changes in cultures of E. coli BL21 and E. coli MG1655 
confined in microfluidic droplets without pH regulation. Droplet populations were incubated in agitated microtiterplates 
(500 rpm), sealed with perforated plastic covers, in order to avoid evaporation but supply oxygen. A) Course of fluorescence 
intensity during microbial incubation in droplets for the strains E. coli BL21 and E. coli MG1655. Fluorescence intensity was 
determined for entire droplet populations in a plate reader. B) Images of droplets and offline parameter recorded for E. coli 
fermentation in pL droplets. Concentration of glucose and pH were measured before or after the incubation in droplets in the 
aqueous phase. Droplets were fused after incubation by shock freezing in liquid nitrogen and subsequent centrifugation until 
the aqueous phase thawed. Cell density was determined by quantifying the average grey values for at least 1274 droplets on 
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darkfield images. CV denotes the coefficient of variation for the cell density. Cell density and glucose concentration were 
standardized to the initial values of each incubation.  

 
Figure 6 – Development of fluorescent signal of E. coli MG1655 cultured in droplets under pH regulation. Like in experiments 
before, droplet populations were incubated in agitated microtiterplates (500 rpm), sealed with perforated plastic covers, in 
order to avoid evaporation but supply oxygen. Fluorescence of 6-carboxyfluoresceine was monitored constantly as indication 
for pH development. When the fluorescence signal dropped below a value of 60,000, diethylamine dissolved in a ratio of 1:100 
in the perfluorinated oil with surfactant at working concentration was administered by pipetting to the droplet population. A) 
Fluorescence intensity over time for two droplet populations containing E. coli MG1655. One of them was treated with 
diethylamine and one served as untreated control. On the second y axis, the cumulative amount of pure diethylamine added 
during the incubation is plotted. B) Cell densities derived from darkfield images, glucose consumption and final pH measured 
with a pH electrode are compared for the regulated and not regulated droplet population.  

 

Adding minute amounts of diethylamine dissolved in oil to the continuous phase of droplet incubation, 
results in control of the pH inside the droplets (Fig. 6A). As expected, this enables E. coli MG1655 to 
continue growing and to reach similarly high cell densities as E. coli BL21. The complete consumption of 
glucose and the neutral pH is also in agreement with the higher biomass yield (Fig. 6B). Consequently, 
the observed bioprocess in pL droplets is equivalent to the course of the large scale cultivation (Fig. 4).  

Ideally, the droplet incubation process should take place in the previously developed droplet incubation 
set-up. Here, continuous recirculation of the fluorinated oil would not only ensure proper oxygenation, 
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but also serve as a more steerable carrier for the pH-controlling molecules and a better mixing strategy. 

The addition of pH-controlling acid or base should be automated with a feedback loop according to the 

measurement provided by either the nanoparticle sensors or, if necessary, a custom-made fluorescence 

detector coupled to the droplet incubator.  

 

Conclusions 
Here, we present a strategy that exploits interdroplet transport to control pH inside picoliter droplets. In 

most droplet microfluidic applications, populations consisting of thousands or millions of droplets are 

generated and incubated, from which particular variants should be distinguished in the context of a 

functional assay. However, cell propagation and reactions taking place in droplets are affected by pH 

changes even when those changes occur only in a fraction of the whole droplet population. Ignoring this 

issue leads to unreproducible and inconsistent results. Our strategy enables scientists to standardize 

conditions in droplets for physiological experimentation. Furthermore, new options in assay 

development can be exploited, since pH ranges can now be adjusted to select enzymes or microbes with 

activity at adverse or changing pH conditions. As most fluorescent dyes can be affected by changes in pH, 

it is also extremely useful to have the possibility to readjust the pH to values that allow optimal 

quantification in droplets. Controlled pH changes can also be used to trigger reactions in droplets [12] or 

other transport-mediated functionalities [10]. The possibility to control or rapidly change pH can also be 

crucial for chemical and nanoparticle synthesis applications in droplets [16].  

The proposed strategy is a valuable feature for improved microbiological experimentation and screening 

assays in picoliter droplets. In fact, the possibility to control oxygen and pH reduces the experimental 

gap between microfluidic and larger scale such as microtiter plates and bioreactors.  

Material and methods 
 

Droplet handling 

Droplets were generated in a flow focusing unit on custom made PDMS chips by using syringe pumps 

(neMESYS, CETONI, Germany). Novec HFE7500 oil (3M, Germany) with 0.5 % surfactant (PicoSurf 1, 

Dolomite, UK) was used as perfluorinated phase, immiscible with water. The aqueous phase consisted of 

buffer or culture media with cells and sensing nanoparticles or 6-carboxyfluorescein. Droplets were 

collected and incubated in 3D-printed incubators at 28°C, [3] or in wells of microtiterplates at 500 rpm 

double orbital and 28°C. Droplets were imaged immobile in chambers on PDMS chips with 10x and 40x 

magnification using a pco.edge camera (PCO AG, Germany). Average grey values as a measure for cell 

density in droplets were extracted from darkfield images in 10x magnification.  

pH sensing 

Bulk pH measurements for validation were performed with an InLab Micro pH electrode (Mettler Toledo, 

Germany). For calibrations, pH was adjusted using 1 M NaOH or 1 M HCl (Carl Roth, Germany). 
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For pH estimation by a pH sensing core-shell nanosensors, a mixture of oxygen sensing and pH sensing 

particles, were used. The nanosensors were kept protected from light and at 4°C. They were suspended 

into the aqueous phase upon usage at a final concentration of 0.15 mg/mL or 1.25 mg/mL for the O2 and 

pH sensing particles respectively. To obtain a readout, the particles were excited by a Piccolo2 

(Pyroscience, Germany), which also collected the emitted light. During measurement in bulk, the 

aqueous phase was filled in a glass vial and the fiber tip of the Piccolo2 was positioned adjacent to the 

glass wall. For measurement in droplets during droplet incubation, the fiber tip was placed into a hole 

filled with immersion oil of a customized droplet incubator, thereby reducing the distance to the 

droplets to 3 mm. For long-term monitoring the frequency was adjusted to one measurement per 

minute.  

6-carboxyfluorescein (Sigma-Aldrich, Germany) was, dissolved in 100% (v/v) DMSO, and diluted to a final 

concentration of 2 µg/mL in the aqueous phase. A 488 nm diode laser (Lasos, Germany) was focused 

downstream of the generation or reinjection structure on the microfluidic channel, through which 

droplets flowed. Emitted light was collected by the optics of an inverse microscope (Axio Observio.Z1, 

Zeiss, Germany) and detected by a photomultiplier module (H10721-20, Hamamatsu Photonics, Japan). 

For measurement of average pH in a droplet population by 6-carboxyfluorescein, the entire population 

was transferred to a standard black 96-well plate with clear bottom (Greiner Bio-One, Germany), which 

was sealed by a polyester film (Excel Scientific, Germany) to avoid evaporation. For longterm monitoring 

the seals were perforated for oxygenation. Fluorescence intensity in plates was determined by a 

multimode plate reader (ClarioStar, BMG Labtech, Germany) at 486 nm excitation and 526nm emission.  

pH control in droplets 

For increasing the pH in droplet populations, pure diethylamine (Sigma-Aldrich, Germany) was added to 

the perfluorinated oil with surfactant at working concentration in a ratio of 1:100. This conditioned oil 

was subsequently added stepwise to a droplet population in a ratio of 1:200.  

For acidifying a droplet population, the perfluorinated oil was treated with acetic acid (Sigma-Aldrich, 

Germany) in the same way as described above.  

Bacterial culture 

E. coli BL21 and MG1655 were stored at -20 °C as cryo stocks containing 50% (v/v) of glycerol 

preservation medium. Cultivation was performed in unbuffered soy peptone yeast extract medium (SY) 

containing 5 g/L soy peptone (BD Difco, Germany), 5 g/L yeast extract (BD Difco, Germany) and 5 g/L 

NaCl (Carl Roth, Germany) in deionized water. Initial pH was adjusted to 6.75 before autoclaving for 20 

min at 121°C. Before usage, SY was complemented with 3 g/L glucose (VWR International, USA) for 

precultures or 5 g/L glucose for main cultures. Fresh medium was inoculated from the first preculture to 

a start OD600 of 0.1 and incubated at 28 °C in glass Erlenmeyer flasks at 160 rpm until reaching mid 

exponential phase. Before droplet generation, cell suspensions were washed and diluted in SY medium 

with 5 g/L glucose to the starting cell concentration of OD600 0.1.  

Cultivation in stirred bioreactors 

As described above 2 precultures of both E. coli strains were prepared to activate and synchronize the 

metabolism. 100 mL of the second preculture at OD600 1 were used to inoculate 900 mL SY with 5 g/L 

glucose in 1 L stirred glass bioreactors (Biostat B-DCU II, Sartorius Stedim Biotech, Germany). The 
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cultivations were carried out for 24 h at 28 °C with 600 rpm constant stirring and 0.5 L/min aeration. pH, 

DO, temperature, air flow and stirring speed were continuously monitored online during the cultivation. 

For the offline determination of cell density, glucose and acetate concentration samples of 15 mL were 

taken every 1.5 h. The glucose concentration was determined immediately after sampling with an YSI 

2900 Biochemistry Analyzer (YSI Inc., USA) following the manufacturers protocol. Acetate concentration 

was determined by HPLC (Jasco, Germany) with an Aminex HPX-87H Ion Exclusion Column (Bio-Rad, 

USA), for which samples were stored at -20 °C until measurement. For pH control 2 M diethylamine in a. 

bidest. was automatically feeded into the fermenter upon necessity to prevent the pH from dropping 

below 6.5. 
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3D droplet microfluidic chips

3D-glass molds for facile production of complex droplet
microfluidic chips
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Rapid prototyping of microfluidic chips in PDMS revolutionized the field, en-
abling its extensive use in the last years. Yet, the fabrication of custom-made
chips for tailored applications is rarely conducted in non-microfabrication labs.
Production of advanced chips with multilayer features or three-dimensional
structures requires special equipment and cumbersome processing steps. Here
we demonstrate an approach to produce complex multi-height (3D) droplet
microfluidic glass molds with sub-micrometric resolution using femtosecond
laser machining technology, for PDMS replica molding chip production. We
exhibit the application of observation chambers with multilevel structures at
various depths, an approach for direct optical fiber integration, sloping struc-
tures (i.e. ramps) for robust droplet reinjection and picoinjection as well as
a multi-parallelized drop generator with gradients of confinement. These and
other 3D-features are currently only available at such resolution by the pre-
sented strategy, and together with the simplicity of PDMS replica molding
provide an accessible solution for both, specialized and non-specialized labs
to customize microfluidic experimentation and exploit its potential.

Keywords: microfluidic chip production, 3D structures, femtosecond laser
machining, droplets

I. INTRODUCTION

Microfluidic experimentation is quickly revolutionizing various scientific fields with ex-
plicit rapid progress in chemical and biotechnological research.1–6 The microfluidic chip
(structures with channels in the micrometric scale) is the heart of any microfluidic ap-
proach, in which key operations/functionalities define the advantages of its application.
While multiple vendors already offer predetermined chips at relatively convenient prices,
adapting its design for a certain application will in most cases require further customiza-
tion and multiple rounds of iterative optimization. Therefore, custom-made production is
the most common bottleneck for the adoption of microfluidic strategies, particularly by
non-microfluidic labs.7,8

In the late 1990s, Whitesides et al. introduced the fabrication of microfluidic structures
using a combination of photolithography and soft lithography9, which triggered the rise of
microfluidic research due to its relatively easy implementation. In fact, most laboratories are
able to perform PDMS based soft lithography, but the real constraint is the production of
molds utilizing photolithography. This is because photolithography —originally developed
for microelectronic fabrication— requires special steps and equipment such as access to a

a)These two authors contributed equally. Correspondence: miguel.tovar@leibniz-hki.de
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clean room as well as surface coating, micro-alignment and light exposure devices.10 More-
over, photolithography imposes an additional limitation in the construction of microfluidic
structures, as they must be designed as two-dimensional structures within one chip, which
at the end of the process will have a constant depth/height. This has strongly restricted
the possibilities (and imagination) of microfluidic engineers for designing useful microchan-
nel structures. Nevertheless, reports of novel functions and improved handling has been
achieved with designs that require multiple depth levels, confinement gradients, semicircu-
lar channels, drip molds, micro-textured surfaces, structures with high aspect ratios etc.,
highlighting the need of more three dimensional structures.11–14

The rapid evolution and dissemination of 3D-printing technologies is certainly impacting
the design and fabrication of microfluidic devices15 with potential to solve all the afore-
mentioned constraints. However, most current applications are strongly restricted due to
limitations in resolution, surface roughness and material selection16,17 and have not evolved
enough for replacing PDMS soft-lithography. A comparatively simple and effective solution
is then to use the advantages of 3D-prototyping to create molds that can be subsequently
casted in PDMS.18,19 This enables the production of structures with sub-micrometer reso-
lution, high aspect ratios, and the straight forward production of 3D-features.

In this paper we present complex three-dimensional PDMS chips for droplet microfluidics
made from 3D-glass molds produced with the femtoprint process.20 We demonstrate the
applications of high resolution molds in channels with changing depth, stable picoinjection,
detection with optical fibers and ultra-fast droplet generation using confinement gradients.

CAD modelling Master mold printing

PDMS mold PDMS bonding

FIG. 1. Production of PDMS chip from 3D-glass molds. a) Construction of three-dimensional CAD
model. b) Fabrication of glass master mold with femtosecond laser machining. c) Soft-lithographic
production of a PDMS mold (blue) from the glass master mold (white). d) Plasma bonding of
PDMS stamp to an object slide (white, hatched).
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II. RESULTS AND DISCUSSION

Using the 3D-CAD design of the chip structure (Fig. 1a), a femtosecond laser was used
to replicate the design within the fused silica substrate as a service by FEMTOprint SA.
When the laser is focused within the material, the local properties in the focal volume are
tuned with sub-micrometric resolution thanks to a non-linear absorption process. Thus,
the etching rate of the substrate is increased up to 200 times with respect to the pristine
material,21 enabling precise removal of the exposed substructures and creating the 3D-mold
(Fig. 1b). Depending on the design strategy, either positive or negative molds can be
manufactured. In case of a negative mold, an intermediate PDMS mold is generated from
the glass mold, from which final PDMS chips are subsequently casted (Fig. 1c, d).

The 3D-glass molds and PDMS chips were then characterized with a 3D-optical interfer-
ometer (Contour GT-K, Bruker) or a white-light interferometer (Zygo) to check the widths
and depths of the channels and the local roughness on various locations. In the glass molds,
the channel widths were made with ±1µm tolerance while the Z-axis divergence averaged
±3µm. White-light interferometry images show the progressively changing depth of the
structures in both the mold and the PDMS chips (Fig. S1). Typical Ra (average rough-
ness) values for the machined parts are of 80 nm on the vertical sidewalls and of 200–300 nm
on horizontal and 3D-structures.

To demonstrate the functionality of this fabrication strategy, we have focused on chip
designs for droplet microfluidic applications, as it is an extremely fast growing branch with
clear outreach towards non-microfluidic labs, as is our particular case for microbiological
research.

We designed structures that provide tailor-made improvements of common droplet oper-
ations (generation, observation, picoinjection and fiber-optic detection) but are too compli-
cated or even impossible to be produced with traditional photolithography.

FIG. 2. Droplet trapping chip for prolonged observation and imaging, including differently shaped
chambers of variable depth (a). The incubated and imaged droplets encapsulate growing microor-
ganisms (Streptomyces sp. and red fluorescent E. coli) labeled with distinct fluorescent markers
(b). Multi depth structure for the fabrication of chips with facile optical fiber insertion and optimal
droplet detection at varying channel heights (c, d).

As a first application, we developed molds for chips with rail and anchor structures, al-
lowing trapping of droplets22 and thereby their prolonged observation, which is crucial in
many microbiological applications. The key to design good droplet traps is the usage of
different heights within one chip. Classical manufacturing of such chips is extremely cum-
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bersome due to the requirement of multiple photolithography steps with precise alignment,
unmanageable in a non-microfluidic lab without mask aligners. Contrarily, the production
of observation chips from 3D-glass molds is straight forward, resulting in structures ideal for
droplet trapping and prolonged observation of growing microorganisms (Fig. 2a,b; Fig. S2).
Multiple structure geometries and depths can be tested within one chip design, enabling
flexibility for different applications or rapid testing for defining the ideal dimensions. Hav-
ing chips with different channel depths is also essential for the insertion of optical fibers into
the chip,23,24 allows focusing of light properly into the microfluidic channel and maximizes
the signal (Fig 2c,d; Fig. S3 and Video S1).

FIG. 3. Design approaches with ramps to observe droplet contents in flow under different channel
heights (a,b) and to improve picoinjection (c,d).

Different channel heights are useful for better microscopic observation of droplets and
their contents as well as for flow manipulation and control. However, sudden increases or
decreases in channel height can easily result in flow disturbances (droplets do not enter
the restricted channel unless strongly pushed) or even breakage of flowing droplets (as in
step emulsification25). A simple and intuitive solution would be to use structures with
gradual change in channel height, like ramps. Yet, their usage has rarely been reported as a
microfluidic strategy, since most accessible microfabrication tools have limited production
abilities. However, ramps can be easily produced with the presented strategy. (Fig. 3, Fig.
S4, Video S2). The use of ramps enabled stable droplet transition between different channel
heights during generation and reinjection; which is critical for accurate image analysis of
droplet contents.26,27 They also facilitate stable picoinjection (Fig. 3, Fig. S5, Video S3) as
the flow stability of the picoinjected liquid increased with more constricted channels, which
is especially useful when handling relatively large droplets (>100 pL).

A combination of multiple levels and ramps was exploited with the development of a 3D-
mold for the production of chips that enable ultra-fast droplet generation using gradients of
confinement.28 As the required gradual and/or large changes in channel depth can be easily
and more precisely manufactured with this approach, we were able to create a structure
with 192 nozzles (Fig. 4b, Fig. S6, Video S4) generating monodisperse droplets of �75µm
at ≥5000 per second. To the best of our knowledge, there is no other straight-forward
methodology that would enable the production of such architecture with structures ranging
from 15µm to hundreds of micrometers in all dimensions and continuous changes in depth.

For the microfluidic chip designer and user, the presented mold/chip fabrication approach
also improves a few practical features. The possibility to create 3D-structures provides
higher design complexity and therefore requires more time. However, the fabrication process
is simpler and faster, requiring less time and expertise (mask-less and out-of-clean room
method, fast prototyping). The fused silica mold is very stable, and no damage has been
observed even after more than ten rounds of molding. While the cost of a FEMTOprint 3D-
glass mold slightly depends on the design complexity, it is generally only marginally more
expensive than the fabrication of SU-8 molds on a silica wafer, when being outsourced.
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FIG. 4. Multi droplet generator with 192 nozzles generating ≥5000 monodisperse droplets per
second.

III. METHODS

A. CAD design

Fluidic channel structures were initially designed in 2D using AutoCAD® 2015 (Autodesk®

Corp., USA). 3D-structures for the production of negative molds were then created in three
steps. Firstly, the prior made 2D-layout was extruded to a desired channel depth. Sec-
ondly, the extruded part was then boolean subtracted from a virtual object-slide shaped
matrix, forming a negative mold. In the final step separately constructed 3D-structures
(e.g. ramps) were added to a desired mold location and fused with the final model.

B. Mold fabrication

The molds were fabricated on fused silica slides, 76× 26× 1 mm, with the FEMTOPRINT®

technology, which utilizes a femtosecond laser in the near-IR (λ) = 1030 nm) to tailor the
properties of the glass substrate. For the fabrication, a f100a Head machine (FEMTOprint
SA, Switzerland) was used. The laser is focused with a 20× (NA = 0.4) objective and prints
the CAD designs of the microfluidic chips within the fused silica slides. Afterwards, the
slides were immersed within a 2.5 % HF solution in water to remove the exposed material.
Finally the chips were rinsed in DI water and ultrasound to remove all debris.

C. PDMS chip fabrication

As the 3D-glass master is a negative mold (channels going in), an intermediate posi-
tive working mold was produced with PDMS (Sylgard 184, Dow Corning). For making
master PDMS molds, a 5:1 mixture of base and curing agent was poured onto the glass
mold, degassed in a vacuum desiccator and then thermally polymerized at 70 °C for three
hours. The polymerized PDMS was peeled off from the mold and subsequently treated with
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma).

PDMS at standard 10:1 mixture of base and curing agent was poured onto the PDMS
negative mold, degassed in a vacuum desiccator and then thermally polymerized at 70 °C
for three hours. The polymerized PDMS was peeled off from the mold, micropunched for
fluidic connections and plasma bonded (Zepto, Diener) to a microscope glass slide. Channels
were treated with Novec 1720 (3M) for hydrophobization. Electrodes were made by flowing
low melting solder (indium alloy no. 19, Indium Corp) into the electrode microchannels.
Optical fibers (FC fiber patch cable, multimode, 50µm core diameter, 0.22 NA, Thorlabs,
and fiber patch cord, single mode, polarization maintaining, LASOS) were cleaved with a
fiber scribe to obtain a flat surface at the fiber tip and stripped to obtain the core fiber
plus cladding. Fibers were positioned manually into the chip through fiber guide channels.
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The air gap between fiber tip and PDMS was removed by injecting uncured PDMS through
specific inlets and letting it cure at room temperature overnight.

D. Reagents

The aqueous phase consisted generally of fluorescent dyes (carboxyfluorescein, Sigma
and DY-395XL, Dyomics) and/or microbeads (� 6µm, Distrilab) prepared and diluted in
phosphate buffered saline (PBS, pH 7.4). For droplets with microorganisms, complex media
was used for co-culturing of Streptomyces sp. and E.coli. Novec (HFE7500, 3M) oil with
0.5 % Picosurf 1 (Dolomite) was used as continuous phase for droplet generation.

E. Microfluidic actuation and imaging

Fluids were actuated using both syringe pump (neMESYS, Cetoni) and/or pressure pump
(OB-1, Fluigent), depending on the applications. PTFE tubing was used for fluidic con-
nections. A high speed camera (EoSens 4-CXP, Mikrotron) was used for imaging on an
inverted microscope (Axio Observer Z1, Zeiss) or a Stereomicroscope (Stemi 200, Zeiss).
Fluorescence imaging was performed with a PCO.edge (PCO) camera and a Spectra-X
(Lumencor) light source on the inverted microscope.

IV. CONCLUSION

Here we have presented a simple, yet powerful strategy to simplify and diversify the pro-
duction of 3D-microfluidic chips. 3D-glass molds integrate the advantages of high resolution
prototyping with ease of production and replication by soft lithography. It also facilitates
the manufacture of multilevel structures, even with the generation of ramps (gradients of
confinement),28,29 which greatly improved key droplet microfluidic operations. This tech-
nique enable novel possibilities that can be exploited not only with droplets, but in many
other applications of microfluidics30 (cell observation, cultivation31,32 and isolation14, tissue
and organs on a chip,33 fluidic control and actuation34, etc.).

Due to the high sub-micron resolution, surface and material quality, this option pro-
vides a much better alternative for the fabrication of 3D-printed microfluidic structures in
comparison to the prevalent state of the art.15,16 While we focused on PDMS-based soft-
lithography, other materials can be used for replica molding. Furthermore, the 3D-glass
structures present a negative structure, it is also possible to bond them to glass or a PDMS
slab for direct usage as chips, thus allowing the utilization of structures that cannot be re-
produced with replica molding (e.g. microstructures in the channels35, or lenses or mirrors
in all dimensions). Given these possibilities, chip fabrication is no longer the bottleneck for
the adoption of microfluidic approaches —especially by non-microfluidic labs— but rather
an opportunity for the implementation of novel functionalities.

SUPPLEMENTARY MATERIAL

See supplementary material for CAD designs and Videos of the presented chips and
operations.
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SUPPLEMENTARY MATERIAL

Fig. S 1. White-light interferometry of produced molds. Images show color-gradients of the struc-
tured height, highlighting the continuous change for the ramp structures: a) Droplet observation
ramp at 10× magnification and b) at 50× magnification. c) Multi droplet generator ramp at 10×
magnification.
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Fig. S 2. CAD design of observation chamber.

Fig. S 3. CAD design of Optical fiber droplet measurement.
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Fig. S 4. CAD design of ramp structure.

Fig. S 5. CAD design of picoinjection structure.
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Fig. S 6. CAD design of Multi droplet generator.

Video. S 1. Fiber-based droplet detection (Multimedia view).
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Video. S 2. Droplets entering ramp (Multimedia view).

Video. S 3. Picoinjection with ramps (Multimedia view).

Video. S 4. Parallelized droplet generation with gradients of confinement (Multimedia view).
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ABSTRACT: High-speed multi-wavelength fluorescence measurements are of paramount importance in (droplet) micro-
fluidic analytics. However, multicolor detection requires a series of detectors and carefully aligned filters that do not play 
well with the low cost, simplicity and flexibility of microfluidic approaches. In order to break free from the restrictions of 
optical set-up complexity we introduce a system with only a single sensor by utilizing laser frequency modulation and 
frequency-division multiplexing (FDM). We control the frequency at which the sample is excited using non-overlapping 
frequencies for four different lasers in the megahertz range. A single photomultiplier tube detects all the modulated emit-
ted light collected by an optical fiber in the microfluidic chip. Signal demodulation is performed with a lock-in amplifier 
separating the values detected from the emitted light originated from each color channel in real time. This method not 
only reduces complexity and provides setup flexibility but also results in improved signal quality, and thus higher signal-
to-noise ratios that translate into higher sensitivity.  

The vast majority of analytical measurements performed in flow cytometry and droplet microfluidics are dependent on 
fluorescence 1–3 . With the vision and now necessity of multiparametric analysis, many biological applications demand the 
simultaneous usage of multiple color "channels” 4–6. To this end, excitation light sources have to be carefully paired with 
arrays of filters and multiple detectors. Such complicated and delicate arrays strongly increase the setup costs and com-
plexity (sophisticated alignment of optical parts and microfluidic channels). Nevertheless, bandpass optical filters and 
cascades of dichroic mirrors are currently the gold standard for separating the different fluorescent channels in microsco-
py, flow cytometry and droplet microfluidics, keeping costs and complexity high but compromising flexibility. 

As a very common technique in telecommunications, frequency-division multiplexing (FDM) is used to separate signals 
in different non-overlapping frequencies. This allows a single transmission medium such as the radio spectrum, a cable 
or optical fiber to be shared by multiple independent signals. This is exactly how a radio station or television channel can 
be separated from all the other simultaneously received broadcasts. Microscopy techniques that exploit FDM by having 
laser beams oscillating at different frequencies have been developed in order to increase the temporal resolution7–10. 

In order to break free from the restrictions of optical setup complexity for multicolor detection in droplet microfluidics, 
we introduce a system for laser frequency modulation and FDM of the emitted light, detected in a single sensor (Fig. 1). 
We modulate the frequency at which the lasers excite the sample using different, non-overlapping frequencies for each 
laser in the MHz range. All the emitted light is simultaneously collected by a single optical fiber and detected by a single 
pmt. The signal is processed with a lock-in amplifier to isolate the values of the emitted light originated from a specific 
channel in real-time. This method not only reduces complexity and provides setup flexibility, but also results in improved 
signal intensities and higher signal-to-noise ratios and sensitivity.  

We showcase the presented strategy by performing multiparameter detection and classification of microfluidic droplets 
labelled with different fluorescent dyes. Additionally, we performed co-cultures of mKate-producing Bacillus subtilis and 
GFPuv-producing Escherichia coli. The possibility for online signal analysis of multiple colors will be demonstrated with 
triggered imaging and sorting.  
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Figure 1. Schematic of system for frequency-modulation and demodulation of droplet signals for multicolor quantification with a 
single detector. Each laser is modulated at different frequencies. A single PMT detects all the emitted fluorescent light. The 
signals are demodulated using a lock-in amplifier. 

 

Experimental 

Microfluidic chip fabrication. The microfludic chip was designed in AutoCAD software and fabricated using standard 
soft-lithography. Briefly, PDMS (10:1 mixture of base and curing agent) was poured onto the 3D-printed glass master 
mold, degassed in a vacuum desiccator and then thermally polymerized at 70 0C for 3 h. The polymerized PDMS was 
peeled off from the mold, micropunched for fluidic connections, and plasma bonded to a microscope glass slide. Elec-
trodes were made by flowing low temperature melting solder (Indium alloy Nr. 19, Indium Corp.) into the electrode mi-
crochannels. Optical fibers (FC fiber patch cable, 105 µm core diameter, 0.22 NA, Thorlabs, and fiber patch cord, single 
mode, polarization maintaining, LASOS) were cleaved with a fiber scribe to obtain a flat surface at the fiber tip and 
stripped so that only cladding was left. Fibers were positioned manually into the chip through fiber guide channels. The 
air gap between fiber tip and PDMS was filled by inserting uncured PDMS through specific inlets and letting it to cure 
overnight at 40 °C. 

Droplet actuation. Droplets were generated by using syringe pumps (neMESYS, _CETONI) in a flow-focusing chip with 
flow rates of 250 nL/s for the continuous phase and 50 nL/s for the aqueous phase. Generated droplets were collected and 
incubated11 before reinjection into the chip with the same flow rates as during generation. A high-speed camera (Basler 
ace) was used for imaging with a stereo microsope Stemi 2000-C (Carl Zeiss). 

Reagents. Novec HFE7500 perfluorinated oil (3M) with 0.5 % of the surfactant PicoSurf (Dolomite) was used as the con-
tinuous phase. The aqueous phase consisted of culture media LB for E. coli and B. subtilis or PBS supplemented with one 
or more fluorescent dyes. The fluorescent dyes were carboxyfluorescein (Sigma), DY-557, DY-395XL and DY-654, (Dyom-
ics)  

Excitation light sources. Three diode lasers and one based on frequency doubling of NIR distributed feedback (DFB) 
laser (wavelengths 405 nm, 488 nm, 639 nm, 561 nm, LASOS) were equipped with frequency modulation modules. These 
provide the ability to apply sine-wave modulation between 35 % and 95 % of output power (20 mW nominal) in a fre-
quency range between 0.1 and 100 MHz. The 4 lasers were coupled with a high-precision beam-combiner (LASOS) to 
couple all lasers simultaneously into an optical fiber directly connected to a microfluidic chip. The modulation module 
provides a standard SMA connector input to control the laser modulation frequency and waveform directly with a func-
tion generator or other HF-signal source with an input amplitude range of 0-2 Vpp. A custom-made LabVIEW® program 
controls the CW (continuous wave) output power, while modulation frequencies are generated by a function generator.  

Signal detection and processing. Emitted light was collected by a second optical fiber, filtered through a quad-
bandpass filter (440/521/607/700 HC Quadband Filter, AHF) to block scattered excitation light, and detected with a photo 
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multiplier tube (either PMT1: H10723-20 that is easy to use, or PMT2: H10721-20, with faster detection, Hamamatsu, see SI 
for details). The signal from PMT1 is directly routed to the lock-in amplifier, while PMT2 requires a transimpedance am-
plifier (see SI for details). The lock-in amplifier (HF2LI, Zurich Instruments) is configured to filter the signal according to 
each laser modulation frequency producing 4 independent outputs, each with adjustable low-pass filter and output scale. 
These are collected with a DAQ card (USB-1608GX, Measurement Computing).  data are visualized and recorded in a 
custom labVIEW program. Further processing and analysis of data was performed using R script. 

 

Results & Discussion 

Detection of multiple fluorescent signals. The excitation of interspaced droplets with lasers causes an emission of 
photons, which when captured by the PMT result in the characteristic peaks in the signal. With a single detector the pho-

tons emitted from different dyes cannot be distinguished from each other (Fig. 2a). The laser mode of operation (CW or 
oscillatory) had no apparent effect on the signal intensity. Yet, an oscillatory pattern of the laser modulation was observed, 
when the signal was examined in the picosecond range (Fig. S1). Once the modulated signal was processed by the lock-in 
amplifier, the peaks resulting from the fluorescence emitted independently from each of the excited dyes are detected and 
separated into different channels (Fig. 2b). This was validated using distinct droplet populations containing one or more 

fluorescent dyes (Fig. S2). Due to the high modulation frequencies provided by our system, the droplet flow rate does not 
interfere with the detection and separation of distinct signals. 

Lock-in analysis to measure fluorescence signals in microfluidic channels has been previously performed using masked 
detectors12 or droplet phasing13 to improve detection. However, their applications are limited in throughput and flexibility. 
By modulating the lasers very high frequencies in the MHz range can be achieved, so that fast-flowing droplets can be 
analyzed even at kHz rates, since enough oscillations of the excitation/emitted light are occurring during each droplet 
observation.  

Using optical fibers connected to the microfluidic chip has additional unique advantages that a microscope setup fails to 
deliver. Fibers simplify overall microfluidic detection apparatus creating rapid, flexible, and even compact systems14–17. 
However, conventional optical fiber constructs require multiple detectors13,14 or depend on a temporal offset of the signals 
which requires limiting channel architecture14,18.  

By removing the necessity of a fluorescence microscope and optical filters aligned with multiple detectors, an extremely 
simplified setup is achieved which is ideal for the development of robust and flexible multiparametric droplet experimen-
tation platforms. Furthermore, the elimination of multiple detectors and optical parts as filters, lenses and dichroic mir-
rors significantly reduces costs. But of higher relevance is that the simplicity of the system enables the much required 
flexibility for microfluidic experimentation.  
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Figure 2. Multicolor data collected by a single PMT from droplets generated with a combination of 4 fluorescent dyes. Without 
demodulation, regular peaks depict the emitted light from all the fluorophores (A). Upon demodulation, the signals excited by 
each laser can be separated (B).  

 

Comparison between raw and demodulated signals. Raw signals (incoming directly from the PMT) were compared to 
demodulated signals (from the lock-in amplifier) of droplets generated with each different dye and excited with all lasers. 
The signal-to-noise ratios (peak mean signal/noise SD) was higher for the demodulated signals (Fig. 3a).The degree of 
improvement which can be higher than 10 dB is due to the filtering taking place with frequency-locked demodulation 
diminishing the interference from noise13,19. However, the quality of the dye (higher quantum yields) and the speed of the 
PMT also play significant roles. The comparison between the two PMTs clearly showed higher SNR with high speed PMT 
(Fig. 3a), as it can better detect oscillation frequency at the microsecond level. Furthermore, signal demodulation in com-
bination with the use of optical fibers strongly reduces the interference from ambient light or the illumination lamp. 
Thus, this approach offers strong flexibility that allows fiber-based detection in parallel to bright-field microscopy, and so 
the possibility of full color imaging for further readouts20.  
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Figure 3. Signal comparison between raw and demodulated acquisition. Signal- to-noise ratios (SNR, in decibels) observed for 
droplets with two different PMTs under raw conditions or demodulated (A). Calibration curves for the detection of carboxyfluo-
rescein using raw and demodulated signal acquisition (B). 

 

Sensitivity of detection. In order to compare the sensitivity and resolution of raw and demodulated signals we recorded 
a calibration curve for carboxyfluorescein (Fig. 3b). Demodulation of the signals resulted in higher sensitivity, improving 
the limit of detection for carboxyfluorescein from 49 to 4 nM. The dynamic range of the system for carboxyfluorescein 
was found to extend for 4 orders of magnitude, in the range from 10 nM to 10 µM (Fig. S3). The higher resolution as evi-
denced by the calibration curve resulted from the fact, that our system maintains low variability despite larger changes in 
the output signal. 

Detection and classification of different droplet populations. We generated 7 different populations of droplets using 
combinations of the green, blue and far-red dyes. During generation the fluorescent signatures of each population were 
determined showing a clear separation between different populations (Fig. 4b). All populations were mixed and then 
reinjected into the chip. The fluorescent signal was measured with the same detector under the same detection settings as 
during in generation (Fig. 4a). Upon signal analysis it was possible to recognize and clearly differentiate each individual 
population with similar values as observed during generation (Fig. 4c). This validates that our setup can accurately detect 
and quantify multiple fluorescence colors simultaneously. 

 

Our approach has particular advantages in detecting multiple colors compared to standard techniques. Conventional 
setups fail to distinguish two or more dyes with broad or overlapping emission spectra. This is due to the use of wave-
length dependent filters and dichroic mirrors which limits the flexibility in choosing dye combinations and restricts the 
fraction of collected light. Our setup overcomes this problem, since different dyes are excited by lasers modulated with 
different frequencies. As different fluorophores emit at different frequencies, fluorescence intensity from each dye is de-
tected in separate channels independent of their wavelengths. This is an inherited advantage resulting from frequency 
modulation. Additionally, this technique can be expanded to perform time-resolved or lifetime fluorescence spectrosco-
py21,22. Furthermore, frequency modulation can be further developed and used as an ultrafast fluorescent imaging ap-
proach9,10,23, and with this strategy on multicolor-mode. 

 

Contrary to multicolor detection with multiple detectors and emission filters, fluorescent markers having distinct excita-
tion wavelengths should be selected. While this means that more emitted light can be collected, fluorescent compounds 
with overlapping excitation profiles can interfere with the measurements. Thus experiments have to be designed carefully 
-by avoiding overlapping excitation profiles. Yet, the setup can still be adapted and combined with standard optical filter 
separation of the emitted photons and detection in different PMTs. This provides an easy approach to further increase the 
multiplexing capabilities of the system and reducing compensation requirements.  
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Figure 4. Generation and reinjection of 7 droplet populations encoded with different dye mixtures. The populations can be easily 
identified and separated according to the multiparametric measurements during generation and after mixing and reinjection 
into the chip.  

 

Microbial production of different fluorophores in droplets. Different bacteria were selected for simultaneous incu-
bation in different droplet populations. A GFPuv-producing E. coli and a mKate-producing B. subtilis were encapsulated 
independently and together in 3 droplet populations. After incubation, green and red fluorescence intensities produced 
by E. coli and B. subtilis, respectively, were simultaneously detected using the developed system. As expected, all droplet 
populations had low red and green fluorescence intensities during generation. After overnight incubation fluorescence 
intensities increased by more than one order of magnitude. Droplet populations were clearly distributed into different 
clusters (Fig. 5). In this case, co-culture of E. coli and B. subtilis does not positively or negatively influence any of the cells. 
Following this principle, more complex co-cultivation assays, such as cooperation or inhibition, can be performed to ex-
plore beneficial or antagonistic microbial interactions using either genetically modified microorganisms that express 
fluorescent molecules or the usage of fluorescent detection tags.   
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Figure 5. Scatter plot of co-cultivation of GFPuv-producing E. coli and mKate-producing B. subtilis shows clear separation 
and differentiation of individual droplet populations after incubation (black dots) in comparison with droplets before 
incubation (gray dots). The inset pictures show overlay images (green and red channel) of actual droplets.  

As the key application of fluorescence detection in droplets is to trigger sorting of droplets, we will perform a sorting 
experiment in which droplets with the appropriate label were imaged or sorted. Since all the data is analyzed and coming 
from a single detector, we shall able to perform gated sorting from the lab view software and using an Arduino Uno de-
velopment platform.  

 

Conclusion 

The presented system allows multiwavelength detection of fluorescent signals with a single sensor by means of frequency 
division multiplexing without the requirements of complex optical setups. Simultaneous excitation and real-time multi-
color detection was demonstrated in droplet microfluidics analysis of different dye combinations and biological samples. 
High improvement in SNR was observed for demodulated signals in comparison to raw detection resulting in higher sen-
sitivity and significantly improved resolution.  

The ubiquity of fluorescence detection methods in biological applications of microfluidics exemplifies its importance. 
Thus the development of simple, yet powerful strategies allowing multiparametric signals is paramount. By using fre-
quency multiplexing, the presented setup offers a fitting solution for simple, real-time and highly sensitive multicolor 
fluorescence-based measurements in microchannels. 
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Supporting Information 

To reconstruct the signal with appropriate SNR (80dB) with lock‐in technology the modulation frequency must be at the same 
value higher than the carrier frequency. That means for the drop rate at 1kHz a modulation frequency in the range of 10MHz or 
more must be  selected. For  the  signal detection, a  fast‐optical  sensor  (in MHz  range) with a high  sensitivity  is necessary.  In 
common PMT (photomultipliers) are used in high sensitivity applications. Typical is Hamamatsu H10723 Series. The Bandwidth 
for this series is specified with DC to 20kHz1 , the sensitivity is @400nm 100mA/W, and the output voltage is from 1mV to 4V@ 
10kΩ (100nA  1µW to 400µA  4mW). Because of the limited bandwidth of this standard PMT, it is not possible to detect the 
high frequency modulation with high SNR. The signal is damped by the internal LOW‐Pass filter.  

The solution is a fast‐current output PMT (H10721‐20, Hamamatsu) with a rise time from 0,57ns the theoretical reachable band‐
width  is  in the range of 600MHz @ 50Ω. The maximum output current  is specified with  100uA. For fast response, the output 
resistor must be a low value type (50Ω). Now on a 50Ω resistor 100µA produce a voltage drop in range 5mV. In that voltage range 
the Johnson Noise dominates about the shot noise level. The resistor voltage noise (Johnson Noise) is determined by 

Vnoise √4 ∗ k ∗ T ∗ R ∗ B 
  

Vnoise 4,056	μV 
B... Bandwidth     [20.000.000 Hz] 

k... Bolzmann constant  1,3806488   

R... Resistor value  [50Ω] 
T... Temperature   [295K] 
 
So, the possible SNR is around 60dB. The voltage drop can be measured with the help of Oscilloscope (0,5mVpp base noise) and 
without filtering and amplification results also in poor SNR‐values about 20 dB.  
 

The fast PMT (H10721‐20, Hamamatsu) preamplifier  is a newly developed transimpedance amplifier (TIA) with very high 
frequency range (200MHz) by providing a current to voltage transfer ratio of 20kV/A. After the TIA a second  low‐noise 
variable gain amplifier (LN‐VGA) gives the possibility for output voltage adjustment and works as a buffer for the BNC‐
cables to the lock in amplifier. The TIA and the LN‐VGA are boxed in the same housing to prevent long lines and ensure 
best signal quality. In the box the power supply and gain adjustment for the PMT is integrated. 
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Figure S1. Detailed acquisition of PMT signals in millisecond (full peak) and nanosecond (within the peak) time 
windows for modulated and CW laser. When modulated, the laser was oscillating at 9.1 MHz 

  

 

 

Figure S2. Fluorescence peak signal patterns detected by the developed method for droplets containing each of four 
different dyes when excited by all lasers. Signals in four different channels are colored by the respective fluores-
cence wavelength. 

. 
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Figure S3. Dynamic range observed for carboxyfluorescein detection with demodulated signals.  
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ABSTRACT 
To  expand  the  versatility  of  droplet microfluidics  for  studying  biotechnological  processes,  we  have  developed  a  new 

encoding method that tracks individual conditions inside large droplet populations (>10^5). The encoding approach is based 

on the encapsulation of a defined mixture of colored beads together with biological samples in pL‐droplets. Decoding and 

detection of droplet content is performed by image analysis. We used this approach for analysis of bacterial susceptibility to 

antibiotics under 20 different experimental conditions simultaneously. 

KEYWORDS: droplet‐based microfluidics, population encoding, image‐based analysis, Antibiotic Susceptibility Test 

 

Introduction 

Droplet‐based  microfluidic  technologies  offer  an  enormous  increase  in  speed  and  versatility  in  microbiological 

experimentation.(1‐3)  With  all  samples  and  conditions  compartmentalized  into  discrete  picoliter  reaction  vessels 

represented  by  water  in  oil  emulsion  droplets,  it  is  possible  to  test  a  large  number  of  samples  and  parameters 

simultaneously.  However,  as  all  the  droplets  look  identical,  it  is  necessary  to  utilize methods  that  distinguish  droplet 

populations. The full potential of this technology could be further expanded with the  implementation of efficient droplet 

encoding approaches that would enable testing of multiple droplet populations which correspond to different experimental 

conditions.  

 

Up to date, two different approaches have been used to encode individual droplets or discrete conditions inside of them, 

fluorescent or nucleic acid encoding. The most common  is  labelling of droplets with different  fluorescent dyes.(4,5) This 

method  is  easy  and  convenient  as  droplets  are  traditionally  analysed with  laser  induced  fluorescence  emission  setups 

similar to a flow cytometer. However, the applicability to encode multiple populations with fluorescent dyes  is practically 

limited  by  the  stability  of  fluorescent markers,  restricted  number  of  channels,  light  cross‐contamination,  inter‐droplet 

transport and metabolic degradation.(6) However, the main drawback of fluorescent particles is the possible overlap of the 

encoding signal with the response signals of the investigated samples. 

 

An important breakthrough in applications of droplet microfluidics was the introduction of nucleic acid‐based barcodes that 

are  linked  to  genetic material  encapsulated  in  droplets. With  subsequent  sequencing,  the  barcode  can  be  used  as  an 

identifier  of  individual  cells  (7‐9)  or  even  single molecules  (10).  However,  the  potential  of  this  approach  can  only  be 

obtained with subsequent sequencing. This is not compatible with many applications, as it is cell‐destructive and must be 

performed offline.  
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Therefore, a non-destructive, real-time and convenient encoding strategy that is in addition compatible with multiple 

analytical methods is needed. It would empower screening capacities of droplets in which multiple conditions must be 

tested and analysed with living cells, for example screening of antibiotic susceptibility, finding novel microorganisms and 

their culture conditions, improvement of metabolic pathways, enzyme production, etc. We have developed a novel method 

for encoding droplet populations based on the encapsulation of different color polystyrene beads together with the sample 

inside of each droplet, with decoding and read-outs performed via an automated image analysis algorithm. At least 20 (up 

to 64) different droplet populations can be encoded without interfering with the droplet contents or assay signals.  

 

Due to the tremendous increase of antibiotic resistance within the last years and burning need for faster and precise 

methods for analysis of microorganism sensitivity to already existing antimicrobial molecules, we applied the developed 

encoding method and image analysis algorithm for antibiotic susceptibility testing (AST) and minimal inhibitory 

concentration (MIC) of a model E. coli strain. In comparison to previously reported fluorescence (Resazurin) and light-

scattering-based approaches for the microfluidic screening of resistant bacteria (11-13), our method offers simultaneous 

screening and automated analysis of multiple antibiotics and their concentrations.  
 

Results 

Design of microfluidic devices and operation of the experimental setup 

For efficient encoding and further processing and analysis of versatile experimental conditions inside of picoliter droplets 

we have assembled an experimental setup presented on Fig. 1. Designs of microfluidic chips were created in 3D using 

AutoCAD® 2015 (Autodesk® Corp., USA). One chip design was developed for droplet generation and a second chip type was 

designed for reinjection of droplets after incubation, see Fig. 1A and 1D respectively. The designs were used to produce 

negative molds with the FEMTOPRINT® technology which were further replicated as PDMS chips (Tovar et. al., in revision). 

For efficient bead encapsulation into droplets we used the microfluidic chip design shown in Figs. 1A and 2C (more details 

about the design can be found in Fig. S1). Critical modifications to traditional droplet chips are: filter with 25 m pore size 

and circle pillars, ramps and a shallow imaging channel (Fig. 2C). The filter with circle pillars was designed to prevent 

formation of bead aggregates, support homogeneous bead distribution within droplets over time and prevent the blockage 

of the 50 m flow-focusing nozzle. The imaging channel is shallower than the normal channels to ensure that the content of 

the droplets is not moving out of focus. The ramps ensure a smooth transition of the droplets between the regular channels 

(50 µm) and the imaging channel (20 µm). The reinjection chip (Fig. 1D) was similar to the generation chip with two 

differences: the flow focusing nozzle is not constricted and the filter had a size of 50 m and tear-shaped pillars. 

 

Droplet encoding 

Droplet encoding was done by co-encapsulation of 5 m  polystyrene beads of different color (Distrilab Particle 

Technology, Leusden, Netherlands). We used beads in eight different colors: black (k), blue (b), dark purple (dp), green (g), 

orange (o), purple (p), red (r) and yellow (y). The letters in parenthesis indicates the shorthand notation of colors and codes. 

We used single colors or pairs for the encoding. Images of droplets from twenty experimental conditions, each encoded by 

a specific combination of bead colors, are presented in Figs. S2 and S3. Droplets with different codes, and thus conditions, 

were sequentially generated from the 80 L sample-suspension plugs. Droplets were generated at an average frequency of 

600 Hz. Thus, each population of 100,000 droplets was generated within 240 s, including 30 s of cleaning and 40 s of plug 

generation. Each droplet was imaged immediately after generation using triggered imaging (14). 

 

After generation, the droplet population was collected in an droplet incubator (15) (Figs. 1C and 2D) and incubated for 8 h. 

After incubation, mixed droplets were reinjected into another reinjection chip and trigger-imaged again. For each time 

point we recorded 100,000 images. All images were processed the same way as during generation.  
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Figure 1: Schematic of the microfluidic workflow for colored bead encoding and decoding of 20 different experimental 

conditions. (A) Microfluidic chip for generation of encoded droplets, (B) triggered imaging of droplets during generation and 

reinjection (image acquisition), (C) Dynamic incubation of 20 different droplet populations in one incubator and (D) 

microfluidic chip for droplet reinjection after incubation. 

 

Figure 2: (A) Droplet generation and encoding with red polystyrene beads. (B) An image of encoded droplet in the 

generation channel and in the imaging channel after passing the ramp. (C) 3D sketch of the microfluidic channel with the 

ramp. (D) Image of the droplet incubator with 20 droplet populations directly after generation. (E) Image of the mixture of 

20 different droplet populations after 1 h incubation. (F) Image of the mixture of 20 different droplet populations after 8 h 

incubation, in some droplets bacterial growth can be clearly seen. Images E and F were taken in the observation chambers. 

Phase contrast microscope settings were used for better visualisation of beads and microbial growth inside of droplets. 
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beads plus one class that describes background. Training data for the background class were obtained by randomly 

sampling points inside the droplets with beads masked. The main role of the background class is to identify, and thereby 

ignore, false positive beads from segmentation. The RF was implemented in Python using the scikit-learn library(18). The RF 

was trained by a collection of images from droplet generation among which 7500 beads of each color were extracted and 

used as a training set. To evaluate the RF another 4000 beads per color were extracted from another round of droplet 

generation and used as a test set. This allows us to generate the confusion matrix that can be seen in Figure 3A, where the 

numbers correspond to the probability that a bead of color 𝐶𝑇 (columns) is detected as color 𝐶𝐷(rows). For example, we see 

that the probability that a black bead is correctly classified is 𝑝(𝑘|𝑘) ≈ 0.95, while the probability that a black bead is 

detected as yellow is 𝑝(𝑦|𝑘) ≈ 0.035. The RF has an overall accuracy of 97%, extracted from the average value of the 

diagonal of the confusion matrix (Fig. 3A). With a finite validation set It is possible for misclassifications to happen, but not 

be registered. For the cases were no misclassification was found, an occurrence of 10
-6

 was assumed (only one order of 

magnitude lower than the lowest value found). This is necessary as during the decoding step that follows a value of 

𝑝(𝑘|𝑟) = 0 would never occur and the application of our RF to the test set only showed that we did not see this 

misclassification in the 4000 red beads we tested. 

Droplet decoding 

After bead classification, the following step is to find the most likely code of each droplet. To correct misclassifications of 

the RF in this decoding step, it was important to estimate the accuracy of the RF given a certain bead color. The droplet 

decoding attempts to find the true droplet code (𝐾𝑇) given a detected code (𝐾𝐷). The detected code is a set of colors which 

have been detected in the droplet by the RF, 𝐾𝐷 = {𝐶𝐷,1 , … , 𝐶𝐷,𝑁𝐷
}, where 𝑁𝐷is the number of detected colors. Connected 

to the detected code set is an integer vector 𝒗𝐷 = [𝑘1 , … , 𝑘𝑁𝐷
] with 𝑘𝑗 > 0 indicating how many beads with color 𝐶𝐷,𝑗 were 

detected in the droplet. The set of true codes was defined by the codes that were chosen to encode the different 

experimental conditions. To find the most likely droplet code we used Bayes theorem to calculate the probability of 𝐾𝑇 

given 𝐾𝐷: 

 argmax 
𝐾𝑇

𝑝(𝐾𝑇|𝐾𝐷) ~argmax
𝐾𝑇

 𝑝(𝐾𝐷|𝐾𝑇)𝑝(𝐾𝑇). (1) 

In words, Bayes theorem expresses that the posterior probability distribution (𝑝(𝐾𝑇|𝐾𝐷)) is proportional to the product of 

the likelihood (𝑝(𝐾𝐷|𝐾𝑇)) and the prior (𝑝(𝐾𝑇))(19). To calculate the likelihood, we assume that the RF classification of 

each bead is independent and we calculated it as: 

 
𝑝(𝐾𝐷|𝐾𝑇) = ∏ 𝑝(𝐶𝐷,𝑗|𝐶𝑇,𝑗)𝑘𝑗

𝑁𝐷

𝑗=1

, 
(2) 

where 𝑝(𝐶𝐷,𝑗|𝐶𝑇,𝑗) are the classification probabilities of the classifier that we get from the CM (Fig. 3A).  

As a prior, we consider the distribution of the bead colors within a droplet. In the encoding of droplets, beads were mixed in 

equal proportions so the probability of each color in the true droplet code is 𝜋𝑇,𝑗 = 1/𝑁𝑇, where 𝑁𝑇 is the number of 

colors in 𝐾𝑇. In Figure 4A, we have plotted the detected distribution of bead colors for 20 different codes, confirming that 

the assumption of approximately equal probability of different colors for multi-color codes holds. For single color codes we 

naturally have 𝑝(𝐾𝑇) = 1 and for multi-color codes the prior follow the multinomial distribution 

 
𝑝(𝐾𝑇) = 𝑝𝑀𝑁(𝒗𝑇) =

∑ 𝑘𝑗
𝑁𝑇

𝑗=1

∏ (𝑘𝑗!)
𝑁𝑇

𝑗=1

(
1

𝑁𝑇
)

∑ 𝑘𝑗
𝑁𝑇
𝑗=1

. 
(3) 

We assumed that the true droplet code is either identical with the detected code or a subset thereof. As long as our RF is 

relatively accurate, this is not a strong assumption. Given that we remove the color 𝐶𝐷,𝑗 from the detected code, the 

corresponding value 𝑘𝑗 was removed from 𝒗𝐷and the value was redistributed among the remaining entries to produce 𝒗𝑇. 

This ensures that ∑ 𝒗𝐷,𝑗
𝑁𝐷

𝑗=1 = ∑ 𝒗𝑇,𝑗
𝑁𝑇

𝑗=1 . In words, we keep the number of beads constant when we transform 𝒗𝐷to 𝒗𝑇. We 

redistribute the removed 𝑘𝑗 by adding to 𝑘𝑖 in 𝒗𝑇 and looping over so that all removed values from 𝒗𝐷 are added to all 

entries in 𝒗𝑇 in all possible combinations. Droplets with less than six beads were assigned to the special case “short code” 

and left out of analysis as the probability that a code consisting of two colors is drawn with only one color is >3 % when 

there are less than six beads. For more than five beads the risk of missing a color that should be in is <1.5 % and decreases 

quickly with an increasing number of beads following the multinomial distribution (Equation 3). We also excluded droplets 

that contained more than 60 beads, about 0.25 % of the droplets, since that high quantity occupy more than 30 % of the 

visible area masked by beads and it was therefore likely that growth would be missed.  
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As the decoding step takes the expected performance of the classifier into account, a perfect classifier is not an absolute 

requirement. To validate the decoding procedure, 4259 droplets from two independent experiments were manually 

decoded and 4241 of those were found to be correctly decoded by our probabilistic decoding algorithm. In Fig. 4B the 

manual and automatic codes are shown as a confusion matrix. In addition, droplet decoding results confirmed that the 

twenty droplet populations have been generated in equal proportions (Fig. 4C). The distribution of conditions was analyzed 

by decoding 100,000 droplets that were reinjected one hour after generation. 

 

 

      

Figure 4: (A) The observed number of beads per color for 20 different codes. Only colors that contribute to the code in 

question are shown. (B) Decoding results for 4259 droplets; rows show the manually acquired code and columns the 

automatic decoding results; (C) 20 droplet populations that had different codes and were encoding different conditions 

were generated and analyzed in equal proportions.  

C 

A 

B 
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Even though the probabilistic decoding attempts to correct errors made by the RF, an accurate classifier makes the 

decoding less probabilistic and computationally more efficient. Therefore, we attempted to retrain the RF by identifying 

single color droplets from a given dataset (D) and using beads from these droplets to refine classification and decoding. This 

step attempts to correct for shifts of bead colors caused by microbial growth or differences in lightning conditions between 

experiments. The pre-trained RF was trained on generated droplets coded with a single bead color. From the same data set, 

a validation set was obtained that produced the CM that was coupled to the pre-trained classifier (Fig. 3B). The training set 

used to train and validate the CM must not be identical, in terms of codes, to the dataset D. It is however necessary that D 

does not contain any beads of a color that was not in the training data (for details see SI).  

To evaluate the effect of classifier re-training we looked at the accuracy of the pre-trained and re-trained classifier when 

applied to the validation data that were identified during re-training phase. In Table S1 we have listed the accuracies of the 

RFs when applied to validation sets from generation and re-injection of droplets from two different and independent 

experiments, where the same droplet codes have been used. The pre-trained RF performed in both experiments better on 

generation data than re-injection, this was not a surprise as it was trained on generation data. The re-trained RF, showed 

very good accuracy (>0.97) and generally represented a considerable improvement compare to the pre-trained RF.  

 

Growth detection and MIC determination 

To validate our algorithm for growth detection, we selected a MIC experiment, where E. coli cells have been encapsulated 

inside of droplets with 9 different concentrations of tetracycline hydrochloride and incubated for 8 h. Each experimental 

condition was encoded twice with different codes, so there were two replicates of each condition. Each data point in Fig. 5A 

represents a subset of droplets with growth per condition and per population. In the explored range of TET concentrations, 

normal growth, limited growth due to stress and total inhibition can be observed. To ensure that we reliably find growing E. 

coli and that beads and different bead colors do not interfere with the detection, we manually evaluated growth detection 

in 3105 droplets (Fig. 5A). We found that in the overall performance of the growth detection under control conditions was 

𝐴𝑐𝑐 = 0.9951, 𝑅𝑒𝑐 = 1.0 and 𝑃𝑟𝑒 = 0.9893. However, the manual validation in the presence of TET presents a 

performance of 𝐴𝑐𝑐 ≈ 0.97, 𝑅𝑒𝑐 ≈ 0.82 and 𝑃𝑟𝑒 ≈ 0.95. This is a hint that subinhibitory concentrations of the antibiotic 

stress the cells and alter the growth phenotype, which is reflected in the quality of growth recognition. Nevertheless, a 

strong decrease in growth for all replicates can be identified when the TET concentration is ≥ 1.0 mg/L. 

The inverted sigmoid-function given by Equation S1 (see SI for details) fitted to the median growth for each replicate as a 

function of TET concentration (Figure 5B). The vertical lines show 50% and 95% reduction of E. coli growth with the same 

color as is used for the individual replicates. The grey line presents a fit to the mean growth of a certain TET concentration 

where the average is computed across all replicates. The concentration that on average gives 50% reduced growth is 0.76 

mg/L with a range of 0.57- 0.96 mg/L across the different replicates. At the concentration 2.54 mg/L the growth reduction is 

on average 95% compared to the control and in this case the range is 1.91-3.21 mg/L across experiments. The MIC range 

that we determined here 0.76-2.54 mg/L coincides well with the MIC determined by the broth microdilution method: 0.5-

2.5 mg/L. 

The variability between the percentage of droplets with growth detected for control sample in each experimental replicate, 

could be explained by variability of viable bacterial cells between cell cultures from different days or pipetting inaccuracy. 

Within one experiment, which included 20 different codes, every code encoding the same experimental control condition, 

which is just E. coli cells in TB medium with 10 % pluronic without any antibiotic, up to 20 % of variability in the percentage 

of droplets with growth have been observed (Fig. S5).  
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Figure 5: Minimal inhibitory concentration estimated for tetracycline. (A) Comparison of automated growth detection vs 

manual, percentage of droplets with growth identified from subsamples spread across two replicates that were also 

manually validated. Each dot thereby represents a subsample of approximately 1250 droplets. (B) The median growth per 

condition for the four replicates as dots and the fitted logistic function as solid lines in respective colors. The vertical dashed 

lines indicate 50 % and 95 % reduction of growth compared to the control, colors indicating which fitted line the values are 

calculated for. In replicates 1, 2 and 3 we used 12 codes each with a unique concentration of TET. In replicate 4 we used 20 

codes but only 10 concentrations, each concentration encoded twice. 

 

Antibiotic susceptibility testing 

To determine the antibiotic susceptibilities and resistances, we incubated Escherichia coli for eight hours together with 9 

different antibiotics. The antibiotics used were tetracycline hydrochloride (TET, Sigma), ciprofloxacin hydrochloride (CIP, 

AppliChem), gentamycin sulphate (GEN, GERBU), kanamycin sulphate (KAN, Carl Roth), lincomycin hydrochloride (LIN, 

Sigma), rifampicin (RIF, Sigma), nalidixic acid (NLA, Sigma-Aldrich), nystatin dihydrate (NIS, Carl Roth), and carbenicillin 

disodium salt (CAR, Carl Roth). The antibiotics were added in concentrations that were at least two times above their 
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reported MIC against E. coli. Each antibiotic was added to two different codes, and we had two replicates of the control 

condition with no antibiotic to use as a growth reference. See Table S2 for the entire list of the droplet codes and encoded 

antibiotics with the respective concentration.  

As a negative control for growth detection, we analyzed generation data, where growth was detected in 1.0 ± 0.65 % of 

the droplets. We can thereby expect that growth ratios around 2-3 % and below should be considered as no-growth 

conditions when applying the developed method for further studies. The used E. coli strain is expected to be resistant to 

KAN, LIN, RIF, NA, NIS and CAR. Therefore, we only expect GEN, CIP and TET to be effective in inhibiting growth. The 

experiment was repeated two times to ensure that growth or lack thereof was not an effect of normal biological variability 

or experimental issues.  

The three antibiotics that the used E. coli strain is known to be sensitive to (GEN, KAN and TET) clearly inhibit growth and in 

no case is the droplet fraction where growth was recognized above 5 %. For the antibiotics that the strain is supposedly 

resistant against, we see that the growth can vary quite a bit between two codes encoding the same conditions. In one 

case, where purple and red beads encoded the 10 mg/L NIS, this is because the droplets with this code have split up 

downstream at the exit ramp during droplet generation. This is supported by the fact that their average volume was lower 

and bimodally distributed (Fig. S6.  In such small droplets, it proved hard to detect growth as the area available was limited. 

Besides the conditions where the antibiotic was known to be effective, this is the only condition where the growth rate is 

below 5 %. The other three replicates of 10 mg/L NIS show growth in 20-30 % of the droplets indicating resistance. In all 

cases of 8 h co-incubation of E. coli with an antibiotic to which the strain is resistant, we see above 15 % of droplets with 

growth. Generally, the growth in droplets with antibiotics that are supposed to be ineffective is lower than in the control. 

This is most likely an effect of that antimicrobial resistance is not a binary switch but a much more complex process (20, 21). 

Even the resistance mechanisms cannot eliminate the stress caused by the antibiotics, which certainly diminishes and 

changes the growth phenotype, making it harder to detect even after 8 h incubation. The very large numbers of samples 

analyzed in droplets provides an approach that can tackle these difficulties, as significant numbers can provide an insight to 

the resistance despite the changed growth phenotype.  

The manual growth validation also highlights these issues. After manually inspecting 4304 droplets evenly distributed over 

all replicates, the overall performance of the growth detection is 𝐴𝑐𝑐 ≈ 0.92, 𝑅𝑒𝑐 ≈ 0.69 and 𝑃𝑟𝑒 ≈ 0.86. The recall is 

somewhat low (0.69), indicating that we tend to miss some droplets with growth. Interestingly, for the control conditions 

the performance is much better for recall and precision with 𝐴𝑐𝑐 ≈ 0.9, 𝑅𝑒𝑐 ≈ 0.83 and 𝑃𝑟𝑒 ≈ 0.94. Based on the study of 

individual droplets, the amount of growth in droplets with antibiotics, even when the cells are resistant, is lower than in the 

control conditions. In any case, AST results obtained in droplets are in agreement with MTP-based assay (Table 1). 

Table 1: Comparison of AST results obtained in encoded droplets and MTP for 9 antibiotics (data normalized to the 

respective controls using OD for the MTP and the fraction of droplets with recognized growth for droplets) 

Exp. 
condition 

0 mg/mL 10 mg/mL 0.5 mg/mL 10 mg/mL 10 mg/mL 10 mg/mL 10 mg/mL 10 mg/mL 0,5 mg/mL 10 mg/mL 

control CAR CIP GEN KAN LIN NIS NLA RIF TET 

Droplets 1 0.466 0.090 0.073 0.592 0.661 0.526 0.482 0.565 0.055 

MTP 1 0.953 0.140 0.124 0.992 0.912 0.959 0.846 0.928 0.122 

 

Discussion 

The presented method of colored microbead droplet encoding and automated image analysis algorithm is compatible with 

other droplet analysis methods such as fluorescence, sequencing and mass spectrometry. But most important, it offers a 

very stable alternative that can be read with non-destructive approaches. Thus it is ideal to be used for live-cell applications 

where metabolic activity or prolonged incubation could affect other encoding methods. Furthermore, an advantage of 

image-based droplet analysis is the possibility of in-process quality control, which is deficient in other methods. It provides 

information not only about droplet code and content, but also about general droplet features such as size and volume, 

which are crucial for droplet population comparison. As an example, in one of our experiments, all droplets from one 

population split to two during droplet generation process (Fig. S6). This was not observed in the imaging channel because 

dirt causing droplet split was located in the chip channel close to the exit. However, during droplet reinjection we could 

easily identify this due to the higher frequency of this droplet population, their 30 % and 70 % lower volume, around 50 % 

lower bead number per droplet. Taking into account those droplet parameters, droplets with wrong features could be 
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automatically excluded from further analysis and we could easily identify the false positive and false negative results within 

the assay outcome. In addition, the developed algorithm could be integrated into in-flow image-based droplet sorting.(14) 

Experimental results were presented here for efficient encoding of 20 different conditions, which could be extended to 64 

conditions using one or two colors in each droplet drawn from eight different possible colors. If we allow for one, two or 

three colors per droplet, we can extend the coding space to 400 theoretical codes. Given that we continue to have on 

average of 30 beads per droplet and the classifier has an accuracy of >97 %, it is feasible that this coding space can be 

resolved. On average, we would then get one bead per droplet wrong, and this could efficiently and correctly be reassigned. 

It may however require that the decoding step takes additional features into account. Currently droplets with fewer than 

six beads are left out of analysis as their code cannot be determined with a certainty over >97 %. In the case of three 

possible colors per droplet, the minimum number of beads would have to be increased to at least eight to achieve the same 

certainty. Additionally, it is likely that one would have to take into account not just the most likely code, but also how likely 

it is compared to the other codes. Codes that are considered uncertain would then be ignored, leading to ignored larger 

number of droplets ignored. This is however not a problem as droplet microfluidics quite readily produce millions of 

droplets.. If we want to extend the coding space to four or more colors per droplet, the lowest number of beads necessary 

would naturally increase and we should keep in mind that we should fill the droplets with beads, as we want to observe the 

biological activity inside the droplet as well. It is possible to increase the number of available codes by using more colors, 

but the colors would then become more similar making the classification of individual beads harder and the subsequent 

decoding more uncertain. 

An important advantage of the image-based AST method in encoded picoliter droplets is that we can get an accurate result 

after one single experiment due to thousands of replicates per each condition and cell type. The multiplexing of 

simultaneously tested conditions is simply achieved through droplet encoding, which is a simpler alternative to the gradient 

microfluidic chips (22, 23), which suffer from the restrictions of maintaining a continuous flow of the assay components. 

Image-based analysis is a very powerful tool and up to date applied in the most sensitive and fast AST methods (24-27). 

Such approaches require the usage of micro- or nanowells or other microstructures for increasing the sample number. 

However, observation and documentation of such numerous locations  is restricted to the usage of imaging limited by the 

mechanical movement of a microscope stage. In case of our droplet-based method, hundreds of droplets from all encoded 

conditions are detected and imaged every second as they flow through the detection region. In addition, the known 

difficulty of single cell imaging due to cell displacement is solved by encapsulation in droplets and triggered imaging. 

Therefore, any additional cell immobilization approaches, such as agarose gel (24), dielectrophoresis (28), electrokinetic 

(29), or valve-actuated loading (30) are not needed. This brings the droplet AST approach closer to the standard broth 

microdilution methods. The developed AST method can be further extended to other microbial strains and clinical isolates. 

Also it could be further automated, so that each image is analyzed on-line directly after acquisition. 

 

Conclusion 

We used co-encapsulation of colored polystyrene beads to encode multiple experimental conditions that were mixed 

in the final droplet population, with image-based decoding. Here, we presented a proof-of-principle application for accurate 

AST in a large droplet population with 20 different conditions. This encoding strategy can increase the number of 

experimental conditions simultaneously tested within one experiment, which is essential for harnessing the full potential of 

droplets. It can be combined with other detection methods and is not affected by marker stability or inter-droplet 

transport. Further improvement of the image analysis code, together with enhanced computational power will enable 

formulation of more coding combinations and real-time operations. 

 

Methods 

Imaging 

After droplet generation, as well as after incubation, droplets were trigger-imaged in the imaging channel of the chip (14), 

see Figs. 1B/D and Fig. 2B. The microfluidic chip was placed on the inverted microscope (Axio Observer Z1, Carl Zeiss). The 

standard halogen lamp of the microscope was used as light source in all experiments. The transmitted light was split in a 

10/90 ratio where 10 % of light was detected by a photodiode and transferred into the inverted Schmitt trigger circuit, 
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which generated a digital signal used to trigger a high-speed camera (EoSens 4-CXP, Mikrotron). Images were taken in 

bright-field at 20x magnification resulting in a resolution of 3.0 px/m for all images, which were converted and saved as 

jpeg. The size of the images was 560-832 px wide and 698-740 px high. The exact region of interest was set for each 

generation/reinjection session, thus the variability in image size. 

 
Sample preparation 

Each sample was prepared in the volume of 500 uL and contained beads at concentration of 10.4 ⋅ 107/mL, growth 

medium, 10 % pluronic (Pluronic® F-68 non-ionic surfactant, Gibco by Life Technologies), E. coli cells at concentration of 

5.0 ⋅ 106cfu/mL and antibiotic at concentrations given in Table S2. Pluronic was added to the sample to reduce formation 

of bead aggregates. Water from the bead suspension was removed by centrifugation in reaction tubes with filter inset 

(Durapore®PVDF 5.0 μm, Merck Millipore). After filtration, beads were re-suspended in TB medium/pluronic and sonicated 

for 5 min to break bead aggregates. After the addition of antibiotic and cells, the sample suspension was shortly mixed 

before encapsulation into plugs. 

For MIC determination and antibiotic susceptibility we used the E.  coli strain EW922 (details). As culture medium, we used 

Terrific Broth (TB) with 1 % glucose. For overnight culture (ONC), 25 μL of cell suspension from a preserve (6.0 ⋅ 108 cfu/mL 

in TB medium with 300 μg/mL ampicillin) were inoculated into 10 mL of TB medium with 20 μL of 50 mM ampicillin and 

incubated at 28 ∘C, shaking at 160 rpm for approximately 15 h. For the main culture, 10 ml of TB medium were inoculated 

from the overnight culture at OD 0,075 and incubated at 28 ∘C, shaking at 160 rpm for approximately 2 h until the culture 

reached OD600 0.5. Aliquots of this culture were used for the preparation of sample suspensions that were encapsulated 

into droplets. 

Droplet and bead segmentation 

As a pre-processing step, the median image was calculated from 500 randomly chosen images and subtracted from each 

image to make sure that static structures did not affect the segmentation process. The image was converted to greyscale 

for the segmentation process. To find the main structures, like the droplet edges and beads, the images were convolved 

with a Laplacian of Gaussian (LoG) filter and the main objects were identified by thresholding. Objects with an area smaller 

than 20 px were excluded as they could not be either beads or droplets and objects closer than 10 px to the image border 

were also ignored. Droplet and bead objects are determined based on the size and circularity of all remaining objects. To 

improve the segmentation of the droplet border, the inner region of the droplet was used as seed for watershed 

transformation(31). Using the radius of the segmented droplet (𝑅) and knowledge of the height of the image channel (ℎ) 

allows for image based calculation of the droplet volume (Fig. S7) using the formula of Boitard. et. al. (32) 

For bead color recognition, each image was converted from RGB color into the CIELAB color space(33). To correct for 

different lighting conditions, the lightness channel of the CIELAB color space (L) was adjusted so that the median of the 

channel was at 0.75 and the histogram was Gamma corrected(34) with 𝛾 = 0.5. 

Growth detection 

Growth detection was performed on an image where the median background was subtracted and beads as well as 

everything outside the droplet were masked. To enhance the contrast variations induced by growing E. coli, horizontal and 

vertical Sobel filters were applied and their respective results summed(35). Subsequently, the strong edges were binarized 

using the Canny edge detector(35). To keep regions where edges were frequent and discard spurious edges, binary opening 

and closing operations were performed iteratively until the binary image was unchanged by the operations. If any 

foreground pixels remained the droplet was considered to have growth, otherwise not.  

Algorithm Performance measures 

To evaluate the different aspects of our analysis we used the measures accuracy, recall and precision. To calculate these 

measures we need the numbers of true positives (TP), true negatives (TN), false positives (FP) and false negatives (FN). A 

true positive is an object that has been successfully identified and classified, for example a correctly identified bead. True 

negatives would be an object that correctly is classified as not belonging to certain class; in our analysis, this could for 

example be a droplet that is correctly classified as not having any microbial growth. For segmentation of beads and 

droplets, it is not possible to count true negatives. False positives and false negatives are errors that were made during 

segmentation or classification, in the example of bead segmentation a false negative would be a bead that was missed and 
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a false positive a detection of a bead that was not present. With TP, TN, FP and FN, we can now calculate the overall 

accuracy with 

 
𝐴𝑐𝑐 =

𝑇𝑃 + 𝑇𝑁

𝑇𝑃 + 𝑇𝑁 + 𝐹𝑃 + 𝐹𝑁
, 

(4) 

where we set 𝑇𝑁 = 0 for evaluation of segmentation. Recall is a measure for the probability of identify a data point that is 

wanted, for example the probability of segmenting a bead that is present, and is calculated by 

 
𝑅𝑒𝑐 =

𝑇𝑃

𝑇𝑃 + 𝐹𝑁
. 

(5) 

   
Conversely, precision expresses the probability that a positive, as identified by the algorithm, is correct. Precision is 

calculated by 

 
𝑃𝑟𝑒 =

𝑇𝑃

𝑇𝑃 + 𝐹𝑃
. 

(6) 
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Supplementary Information 

 

Chip design 

To ensure that droplets are not breaking or that no clogging occurs during generation and reinjection the geometry of the 

channels is of great importance. For the imaging channel the entry ramp was designed with the slope of 153 to prevent 

droplets breakage and ensure smooth droplet transfer from the normal channel that had height of 50 μm and width 100 

μm to imaging channel that had height of 20 μm and width 200 μm. Exit ramp was made at 90. Those special transitions 

between channels were necessary to prevent droplets brakeage, formation of satellite droplets and focusing most of the 

beads inside  the droplet in one focal plane during imaging. 

 

    

 

     

 

       

Figure SI 1: Details of chip designs 

 

Droplet generation 

For fluid actuation, we used syringe pump (neMESYS, CETONI), 500 L syringe (microsyringes, ILS) and PTFE tubing filled 

with Novec HFE7500 (3M). A small air plug (4 L) was created before the sample plug (80 L = 40 cm). Air was used as an 

additional spacer between oil and sample, and also for purging the microfluidic channels and thus eliminate cross 

contamination between samples. Sample-suspension loading speed was 2000 nl/s. Flow rates for droplet generation were 

150 nl/s for the dispersed phase and 600 nl/s for the continuous phase, which consisted of Novec oil with 0.5% Picosurf 1 

(Dolomite). An additional stream of the continuous phase at 300 nl/s was used for droplet spacing. 

One tubing was connected to the waste tube and second to the incubator. As outlet tubing we used combination of PTFE 

and silicon tubing with diameter of 0.5 mm.  

139



 

Figure S2: 20 encoded droplets within generation: A) black beads; B) blue beads; C) blue/ dark purple; D) blue/orange; E) 

blue/purple; F) blue/red beads; G) blue/yellow; H) dark purple; I) green; J) green/dark purple; K) green/orange; L) orange; 

M) orange/purple; N) purple; O) red; P) red/green; Q) red/orange; R) red/purple; S) yellow; T) yellow/brown 

 

 

Figure S3: 20 encoded droplets with microbial growth within reinjection  A) black beads; B) blue beads; C) blue/ dark 

purple; D) blue/orange; E) blue/purple; F) blue/red beads; G) blue/yellow; H) dark purple; I) green; J) green/dark purple; K) 

green/orange; L) orange; M) orange/purple; N) purple; O) red; P) red/green; Q) red/orange; R) red/purple; S) yellow; T) 

yellow/brown 
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Figure S4: Droplet volume and bead count distribution extracted from segmentation. 

 

Classifier re-training 

The pre-trained RF was trained on single color droplets obtained from data of droplets generation. From the same data set, 

a validation set was obtained that produced the CM that was coupled to the pre-trained classifier. The training set used to 

train and validate the CM must not be identical, in terms of codes, to the dataset D. It is however necessary that D does not 

contain any beads of a color that was not in the training data.  

First, a subset of D was randomly selected, normally 2000 droplets, and those were segmented and their beads presented 

to the pre-trained RF. Using the CM coupled with the pre-trained RF, the droplets were decoded and droplets that were 

determined to have a single color codes were selected. From the single color droplets, 4000 beads of each color were 

selected as a new training set and the rest were left for validation. If the total number of beads with a given color were less 

than 6000, the combined training and validation set were increased to this number by taking data from the set that was 

used to train the pre-trained RF. Note that we are not taking beads that were classified as a certain color by the pre-trained 

RF as a training set, but rather random beads from droplets decoded as having a single color code. By this we present a 

selection of beads of each color that were representative for that color in D. 

 

Table S1: Accuracy of the bead color classifiers on four validation datasets identified during retraining. 

Experiment Acc, pre-trained RF Acc, re-trained RF 

Experiment 1, generation 0.97 0.97 

Experiment 1, 12 h incubation 0.94 >0.99 

Experiment 2, generation 0.94 0.97 

Experiment 2, 8 h incubation 0.92 0.99 

 

MIC calculations 

The MIC value was quantitatively determined by fitting a logistic function to each experiment and determining the 

concentrations where growth was halved and reduced by 95% as lower and upper limits for the MIC respectively. We 

assume that growth, 𝐺([𝐶]), follows the function  

𝐺([𝐶]) = 2𝐴 (1 −
1

1 + 𝑒−𝛼[𝐶]
), 

(S1) 

where [𝐶] is the antibiotic concentration in mg/L, 𝛼 is the decay rate of the growth and 𝐴 is the growth proportion in 

percent for the case of no antibiotics. The parameters 𝐴 and 𝛼 were fitted using the Levenberg-Marquardt algorithm 

implemented in the MINPACK library(36). After fitting of 𝛼, the concentrations giving growth reduction by 50 % and 95 % 

compared with the case of no antibiotics can be calculated by [𝐶]50% = −
log(

1

3
)

𝛼
 and  [𝐶]95% = −

log(
1

39
)

𝛼
 respectively.  
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Table S2: Codes and experimental conditions for AST in droplets. 

Code Experimental condition 
b E. coli 

b-p E. coli 

r E. coli + GEN 10 mg/L 

r-g E. coli + GEN 10 mg/L 

o E. coli + CIP 0.5 mg/L 

b-y E. coli + CIP 0.5 mg/L 

dp E. coli + KAN 10 mg/L 
o-p E. coli + KAN 10 mg/L 

p E. coli + TET 10 mg/L 

k E. coli + TET 10 mg/L 

y E. coli + LIN 0.5 mg/L 

y-dp E. coli + LIN 0.5 mg/L 

g-dp E. coli + RIF 0.5 mg/L 

g-dp E. coli + NA 10 mg/L 
b-o E. coli + NA 10 mg/L 

g-o E. coli + NIS 10 mg/L 

r-p E. coli + NIS 10 mg/L 

b-r E. coli + CAR 10 mg/L 

r-o E. coli + CAR 10 mg/L 

 

 

 

Figure S5: Experimental results of the encoding of the same condition with 20 different codes. As encoded condition we 

have tested growth of E. coli in TB medium with 10 % pluronic without any antibiotic. 
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Figure S6: Detected volume of reinjected droplets. The subpopulations coming from an unintentional splitting event are 

evident. The images of the droplets show an originally generated droplet and the how the reinjected droplets with the 

particular purple-red code where smaller.  

 

 

Figure S7: Side view of the droplet in the imaging channel with the distances relevant for volume calculation. 
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Recovery and isolation of individual
microfluidic picoliter droplets

by triggered deposition

Thomas Weber, Miguel Tovar, Sundar Hengoju, Oksana Shvydkiv,
Mahipal Choudhary, Lisa Mahler, Emerson Zang, Martin Roth

Microfluidic emulsion-based droplet systems have a great potential for in-
expensive ultrahigh-throughput experimentation. Yet, picking single/unique
picoliter-sized droplets of interest out of million others for upscaling and
deeper analysis is still a fundamental limitation. In order to overcome this
missing gap, we present a system in which sorted droplets of interest are
redirected into a capillary and pass through a refraction-based sensor before
exiting. The signal of each droplet triggers a positioning algorithm that ulti-
mately places the flowing droplet into an addressable compartment in either
a microtiter plate or a Petri dish. Results indicate the effective isolation of
a fraction of single droplets. However, it is crucial to monitor the droplet
frequencies and flow rates, as multiple droplets can be deposited together if
sorted within a short time interval. Nevertheless, the possibility to isolate
a significant fraction of single droplets without disrupting the experimental
workflow provides a necessary feature for interfacing droplet microfluidics
with standard laboratory analysis and processing.

1. Introduction

Droplet-based microfluidics is nowadays a rapidly developing ultrahigh-throughput ex-
perimental technology, allowing easy and fast compartmentalization of single molecules
[1, 2], cells [3–6], organs [7] and whole organisms [8, 9]. According to this, a number
of microfluidic setups have been realized in search of new antibiotics [10], antibodies
[11], optimized enzymes [12, 13] and cell cultivation strategies [14, 15]. While state-of-
the-art screening systems have certain limitations regarding screening speed and sample
volumes, droplet based technologies—especially at the picoliter scale—offer an all-time
approach to screen for millions of samples per day at still affordable costs [16]. Hence,
many techniques are being developed to efficiently handle droplets for their specific tasks.
Key droplet operations include splitting [17], fusing [18], injection [19] and sorting [20–
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22]. Yet, none of these are able to easily transfer, i.e. isolate a single droplet of in-
terest out of million others onto a specific external compartment like a microtiter plate
(MTP) or Petri dish. This is mostly due to the difficulty of handling specific fast flowing
micro-sized droplets and their detection outside a microfluidic channel after being de-
posited to a standard sized compartment. There, a change in volume of more than five
orders of magnitude (from picoliter to microliter or even milliliter scales) occurs. How-
ever, droplet isolation would enable the analysis of unique compartmentalized molecules
or cells—a fluidic operation that is highly required in screening assays, upscaling ap-
proaches and long-term studies. An alternative was proposed by Bai et al. [23], who rely
on the thoroughly developed sorting capabilities of a commercial fluorescence activated
cell sorter(FACS). Nevertheless, this strategy requires the usage of droplets gelated with
agarose or alginate and a microwell slide. However, this method has some disadvantages.
Droplet size and cell sorter nozzle require optimization. Gelation disrupts many of the
possible droplet operations, while the usage of expensive and sensitive equipment is re-
quired. Furthermore, FACS-based deposition is only partially successful, particularly in
samples of small size and low amount [24].
In order to recover and isolate individual droplets without disrupting the microfluidic

workflow, we present a system that neither requires any modification of an emulsion-based
droplet setup nor labeling of a droplet itself. On-line transfer of a sorted single picoliter
droplet out of a microfluidic chip to separate standardized locations like compartments
of a MTP or a Petri dish is achieved by droplet detection inside a glass capillary coupled
to the chip outlet. The droplet is recognized before leaving the capillary by a refraction-
based sensor simultaneously triggering a pre-programmed XYZ-positioning system that
brings the capillary exit to a dispensing location.
The system was validated upon sorting of droplets containing fluorescent polysterene

microparticles or GFP producing E. coli from a vast majority of droplet containing
mCherry producing E. coli. The positioned droplets with cells effectively create colonies
that can be easily isolated and up-scaled. However, single droplets have only been ob-
served in approximately half of the total dispensing positions. As plausible causes for this
are analyzed, further experimentation is necessary to implement possible improvements
and validations of the results.

2. Materials and methods

2.1. Microfluidic device fabrication

PDMS chips for droplet generation and droplet sorting were designed in-house using
AutoCAD® 2015. Lithographic silicon master wafer fabrication was done by Microstruc-
ture Facility (Biotec, Technical University Dresden). PDMS chip production was per-
formed as described in Abate et al. 2013 [1]. After polymerization of PDMS replica fluidic
connections were punched using standard biopsy puncher. PDMS bonding was performed
by oxygen plasma treatment for 1min and subsequent heat treatment for 30min at 65 °C
on soda-lime glass object slides (Roth) for droplet generation and ITO coated glass (Delta
Technologies) for dielectrophoretic droplet sorting. Microfluidic channels were hydropho-

2

146



bized with Novec 1720 fluorosilane polymer (3M). Electrodes were made by inserting low
melting Indium alloy 19 (Indium Corp.).

2.2. Fluids and actuation

While generating and reinjecting droplets Novec HFE-7500 (3M) perfluorinated oil with
0.5% (v/v) Pico-Surf (Dolomite) was used as continuous phase. The dispersed phase
consisted of TB medium and the block copolymer Pluronic® F-68 (Gibco) at 10% (v/v)
to lower unspecific cell and protein adhesion to PDMS. During sorting droplet spacing
was achieved with <0.5% (v/v) surfactant. All fluids were actuated by pressure pump
OB-1 (Elveflow) and guided to the chip using PTFE tubings (do/di = 1/16"/0.25mm).
The hydrodynamic backpressure of the waste channel was additionally adjusted during
sorting by a pressure pump. A glass capillary TSH100375 (Polymicro Technologies, do/di
= 360µm/100µm) coated inside with Novec 1720 was used for redirecting sorted droplets
to an external dispensing position through a sensor unit outside the chip.

2.3. Droplet populations

Three different droplet populations were generated in a microfluidic chip with flow fo-
cusing geometry: 1) Escherichia coli ECJW1992 carrying an expression plasmid for the
fluorescent protein mCherry and an ampR gene at OD600 = 1 (≈ 1 × 109 cells/ml) in
medium containing 0.2% (v/v) ampicillin. 2) E. coli ECJW1992 as in 1) with an ad-
ditional fluorescein label at c = 0.5 g/l, used to set-up sorting at droplet ratio of 1:10.
3) The to-be-sorted population of droplets with fluorescent polystyrene microparticles
(Distrilab) at c = 1.25 · 108/ml, 1% (v/v) tetracyclin and an additional fluorescein label
(c = 5 g/l). This population was generated at an observed ratio of 1:75 to the other
droplets.
Plates for subsequent droplet dispensing were prepared with LB agar or with chro-

mogenic culture medium Chromocult® Coliform agar (Merck) to easily detect Escherichia
coli and coliform bacteria.

2.4. Optical and electronic setup

All experimental related signals were recorded using a USB DAQ 1608GX (Measurement
Computing) at 10 kS/s per channel.

Fluorescence-based detection/triggering for droplet sorting
Droplet fluorescence signals for sorting were acquired by exciting an encapsulated dye
via a DPSS Laser (LASOS) at λ = 488nm coupled into an inverted microscope Axio Ob-
server.Z1 (Carl Zeiss). Emitted fluorescent light was extracted by utilizing optical filters
(AHF Analysentechnik) and split using a dichroic mirror (Thorlabs) to a photomultiplier
tube H10723-20 (Hamamatsu Photonics GmbH) and a CMOS camera EoSens® 4CXP
(Mikrotron). Analog signals were converted into a TTL compliant output via an A/D
converter (ATMEGA88, Atmel) with an adjustable reference triggering a function gener-
ator. The resulting output square wave function (Vpp = 300-400mV, f = 4–6 kHz, 20–30
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burst cycles) was amplified via a High Voltage Amplifier 623b (Trek) by factor 1000 and
sent to the electrodes on chip for DEP-sorting.

Refraction-based detection/triggering for droplet dispensing
Droplet refraction-based signals for dispensing/positioning were acquired by an optical
sensor similar to Butler et al [25]. The 3D-printed sensor was developed and designed
in-house and externally manufactured (i.materialise). It was fixed to on the Z-axis of a
positioning system neMAXYS 200 (cetoni). The sensor consists of a support for mount-
ing a MicroTight® Adapter P-882 (Kinesis) fixing the glass capillary. It furthermore
contains two opposing fiber ports aligned concentric to each other and positioned per-
pendicular to the center of the capillary. Optical fibers were then utilized to deliver
light from an InGaAlP Laser Diode QL65D7S-L (Quantum Semiconductor Int. Co.) at
P = 5mW , λ = 650nm into the sensor and transferring the resulting light to a silicon
photodiode BPW 21 (Osram). Droplet positioning was then achieved through auto-
matically triggered axis movements by the droplet generated and TTL-converted signal
routed into the positioning systems I/O port. A script written in Qmix elements (cetoni)
listened to the Digital IN port and started a pre-programmed axis movement including
a droplet delay time (see section 3.4) to dispense a single droplet in turn on a suitable
compartment (Figure 5, B). It is depicted as a flow chart in the supplementary figure S5.
Droplet dispensing was then achieved via surface contacting.

2.5. Raytracing simulations

Optical simulations of the refraction-based sensor were performed using TracePro®

(Lambda Research). Automated computation and data extraction was done using Scheme
[26]. The complete optical setup as described in the previous section was simulated by
constructing a three-dimensional model (Figure S1) using the following parameters: 1) A
circular-shaped optical fiber of d = 50µm delivering unpolarized light with a NA of 0.22
having a Gaussian beam profile with uniform flux and weighted position and angle. A
random annular pattern was chosen as origination for 10 000 rays at λ = 650nm with a
total flux of 1mW ; 2) A cylindric capillary, positioned 500µm away from the optical fiber
consisting of an outer coating simulating fluorinated acrylate (RI = 1.415), a capillary
body made of fused silica (RI = 1.45654) and an inner channel filled with NOVEC 7500
oil (RI = 1.287); 3) A water sphere (droplet) of different diameters (RI = 1.33136); 4)
An optical detecting fiber of 9µm circular diameter made of fused silica and positioned
500µm away from the capillary.

3. Results and Discussion

3.1. Workflow

Three different droplet populations were generated, collected in an incubator unit [27]
and grown over night. After reinjection into a sorting chip only high fluorescent droplets
were deflected via dielectrophoretic forces into the positive channel leading to a capillary
(Figure 1). The capillary then guided the sorted droplets out of the chip through the
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Figure 1: Scheme of on-demand picoliter droplet dispensing. Droplets encapsulating cells
or microparticles are generated, incubated and sorted when exceeding a certain
level of fluorescence. Deflected single compartments are then guided out of the
microfluidic chip in a capillary through a sensor and automatically dispensed
via a positioning system into wells of a MTP or onto a suitable surface, e.g.
agar medium in a Petri dish

sensor on a positioning system. The sensor detects each passing droplet, generating
a signal to activate an automated droplet positioning and dispensing onto a suitable
surface, e.g. a Petri dish. After dispensing, the Petri dish was sealed and incubated at
28 °C for 24 h. Deposited and grown colonies were then further analyzed.

3.2. Sorting

Sorting is an essential droplet operation which has been validated [28, 29], further im-
proved [30] and successfully implemented in multiple applications [31, 32]. In order to
test our deposition approach, we utilized sorting conditions that minimized false posi-
tives and negatives with a sorting speeds between 50–100 droplets/s. Using high-speed
videos, we confirmed that no false positives were observed for 975 reinjected droplets.
Using triggered imaging [22], 115 sorted droplets were confirmed to be true positives, as
sorting worked correctly and all contained microparticles. Sorted droplets were addition-
ally validated by microscopic and fluorescent imaging (Figure S2). Yet, some satellite
droplets (d < 15µm) bypassed the sorting junction flowing through the positive channel
and contaminated the downstream situated dispensing (Figure S3). It is therefore essen-
tial that future structures include variations that passively filter [33] or actively direct
such satellite droplets towards the negative channel [21].

3.3. Chip-capillary transition

Sorted droplets were transferred from the chip into the capillary for a subsequent sensing
and dispensing onto a Petri dish. It is very important to consider that the droplets enter
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Figure 2: Microfluidic chip-capillary interface for single droplet transition. A) PDMS
sorting chip on an ITO coated glass slide with electrode connector pins and
mounted capillary. B) and C) Detailed view of chip-capillary transition inside
the PDMS chip at different focus planes showing droplets (marked with arrow)
moving out of the chip into the capillary for further sensing and positioning.

6

150



the capillary without interruption after being sorted, i.e.: not losing their spatial informa-
tion and interdroplet distance. For this the chip outlet was made with a 350µm puncher
to generate a direct microchannel to capillary interface that significantly minimizes dead
volume and therefore droplet parking. To validate that no droplet loss occurred at the
chip-capillary-transition, droplets needed to be sorted while being observed when exiting
the chip. Due to optical setup restrictions, a droplet sorting was simulated by reinject-
ing droplets into the sorting chip with the electrodes continuously on, thus sorting all
droplets. Thereby, every droplet was redirected into the positive channel leading to the
capillary. As seen in Figure 2, droplets sequentially exit the chip without interferences,
i.e. there were no circulation or parking routes around the capillary entrance site.

3.4. Sensing and positioning

Refraction signals of droplet in the capillary
Sorted droplets are reliably detected by the capillary sensor via refraction. The droplet
passage through the sensor provides an average signal to noise ratio of 30.4 dB (for SNR
calculation see SI). The signal progression shows characteristic shoulders due to the
droplets sphere curvature when entering and exiting the light barrier (Figure 3). When
the droplet reaches the center of the light beam, it acts like a lens and bundles light,
resulting in a characteristic peak. The position and angle of alignment between capillary
and optical fiber is of extraordinary importance to maximize the signal strength, since
misalignment leads to a variable or non visible signal. Simulations of optical raytracing
of water droplets with different radii moving inside an oil-filled capillary through a light
beam at λ = 650nm were used for better understanding of the sensing mechanism
(Figure 4, A). As expected, it is shown that peak intensities are correlated to the droplet
size (Figure 4, B). We reason that the observed profile is due to the focusing effect caused
by the passing droplet. At ≈30µm in radius, the droplet generates a maximum peak
intensity for the sensor configuration. Larger or smaller droplets have a different focal
point, and therefore lower intensities are detected.
The sensor is able to detect even satellite droplets. Yet, the triggering threshold can be

theoretically adjusted for the detection of only regular sized droplets. Once a droplet is
detected, the triggered pulse activates the position algorithm. This can be programmed
according to the experiment objective, cycling through all the positions of a microtiter
plate, one after the other, or seeding a droplet in radial positions in a Petri dish.

Droplet delay time calculation
The droplet sensor was situated a certain distance s above the capillary outlet (see Fig-
ure 5, A), usually 35mm. To estimate the time a droplet takes to exit the capillary
(delay time td), sensed droplets had to be analyzed regarding their velocity inside the
capillary vcap under given flow conditions. Using triggered high-speed micrographs (Fig-
ure 5, C), the droplets were observed near the capillary exit. From these images, vcap
was estimated from a calculated traveling distance sd by a reference size (diameter of
capillary do = 360µm via FIJI [34]), here 284µm, and the duration tcap, 20ms in this
case. Assuming a constant droplet velocity throughout the capillary, td was calculated,
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Figure 3: Comparison of a simulated droplet signal (A) with a diameter of 60µm and a
real droplet signal (B) when passing a light beam inside a capillary.

Figure 4: Raytracing simulation of refraction sensor showing resulting signals of droplets
with varying diameter moving through a capillary in which a 650 nm light beam
passes at position 0mm. A) Three-dimensional plot of resulting droplet signals
before and after the light beam and radii between 1 and 50µm. B) Dependency
of droplet size plotted against their integrated peak intensity at position zero
±5µm.
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in this case 2.46 s (equation 1):

td =
s

vcap
= s · tcap

sd
(1)

However, it is impossible to have this observation set-up during actual positioning into
a MTP or a Petri dish. As an alternative, vcap can be estimated after measuring the
droplet speed at the sorted microchannel vchip assuming that the volumetric flow rate Q
is constant and using the cross sectional area of both the microchannel Achip (π·(50µm)2)
and the capillary Acap (50µm · 80µm), respectively.

vcap =
Q

Acap
=
vchip ·Achip

Acap
(2)

The obtained speeds using this method correlate to the observations at the capillary exit,
with an observed vchip = 24.14mm/s and vcap = 12.23mm/s, confirming the assump-
tions for the estimation of the of the time delay. However, it should be noted that the
assumption of constant speed does not necessarily apply to flowing droplets, since their
speed is subject to other aspects, such as size, drag and buoyancy.

Positioning systems axis speed consideration
In addition to the droplet displacement inside the capillary, the temporal characteristics
of the positioning systems X/Y/Z-axis also needed to be analyzed to achieve proper
single droplet dispensing. The droplet delay time td needs to be greater or equal to the
positioning time tp. This includes an examination of the positioning route as described
consecutively.
At maximum velocity, the Z-axis moves eight times slower than the X/Y-axis (vz =

vxy
8 = 25mm/s). Having a Petri dish with a maximum usable radius of 40mm and a

central waste position, the farthest position a droplet can be positioned sums up the
following three steps: One Z-movement of the capillary from central waste position until
reaching a secure Z-position above the agar (at fixed X/Y-position) calculates to a default
of 5mm plus height of agar (max. 2mm). A subsequent combined X/Y-movement of the
Petri dish to locate the computed dispensing position beneath the capillary exit, gives a
maximum of 40mm. The last step includes one Z-movement until contacting the agar
surface; default 5mm (see Figure 5, B). The farthest positioning route therefore sums
up to a total positioning time tp of 680ms and meets the required condition of td ≥ tp,
even if the sorting in the chip takes place at up to five times higher speeds. Thus, at the
selected droplet sorting speeds, the limiting factor to set-up a dispensing delay mostly
depends on the time that the droplet needs to exit the capillary after the sensor (delay
time td).

Interdroplet spacing and delay timing
While spatial and temporal characteristics between reinjected droplets is fluidically con-
trolled, an exponential probability distribution (Figure S4) describes the waiting time for
positive droplets that are sorted and subsequently detected in the capillary. In our ex-
periments, two sorting events could occur between 50ms or up to 120 s, with an average
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Figure 5: Single droplet sensing, positioning and dispensing. A) Schematic representa-
tion of a refraction-based sensor from side and front view to detect a single,
unlabeled picoliter droplet inside a capillary. B) Petri dish filled with agar, a
central punched waste compartment and possible positions for single droplet
dispensing colored gray whereas white dots depict the farthest position. Num-
bers 1–3 illustrate a positioning route (see Figure S5). C) Tracking of a sorted
and sensed picoliter droplet inside a capillary towards the agar surface. Note:
Dark circular-shaped speckles at the capillary are located outside on the surface
not influencing the droplet’s integrity (see SI video 1).
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of 6.42 s. The average time between two detected droplets in the sensor is in agreement,
with an average of 6.60 s. The time intervals were similar for sorting events and droplet
detection in the capillary, as should be expected. They are not identical, as the droplet
speeds can change at the transition and inside the capillary. An improvement possibility
is to shorten the capillary as much as possible, but this is currently limited due to the
hardware dimensions (microscope and positioning system). A very similar concept that
removes the microscope by using optical fibers for fluorescent signal detection in a mi-
crofluidic chip placed on a positioning stage [35] overcomes this issue. Yet, limited sorting
capabilities as well as the need for a special dispensing target limits its applicability.
It is critical to consider that the inter-droplet time should be adjusted to maximize

the dispensing of single droplets. For these experiments, the physical positioning time
tp from waste to deposition location is below one second and was maintained at the
target for additional ≈5 s. Thus, events occurring in intervals lower than 6 s might have
been deposited together. Analysis of the collected signals indicate that multiple positions
might have ended up with more than one droplet. Also a notable amount of droplets
got deposited on the waste position (Figure 6). Such events can be minimized in future
experimentation either by reducing the total sorting rate or by selecting sorting criteria
satisfied by an even more restricted fraction of droplets. This is usually the case in many
ultra-high throughput screening experiments. It should also be taken into account that
only a few hundred can be finally deposited in a single MTP or Petri dish. An additional
improvement can be achieved by modifying the scripted positioning process. Instead of
immediately moving towards the dispensing position, it is possible to include a delay
that effectively shortens the time the capillary is waiting at the dispensing position.
Thus, a reduced number of co-depositions of either satellites or other droplets can be
realized. Furthermore, to provide much more precise results, a second sensor unit might
be included beneath the first to enable an improved calculation of the droplet speed
calculation the capillary exit.

3.5. Capillary-Petri dish transition

The droplet transition between the capillary exit and Petri dish/agar surface was exam-
ined by emulating a position and dispensing process. This was achieved by modifying
the positioning way to a single z-stroke onto a fully transparent agar substitute (PDMS,
1:20) enabling a standard camera transmission record. The trigger signal of a sensed
droplet was used to start the record as well as its positioning. Based on the current
droplet velocity a delay time of five seconds was set. As seen in a Video S2 a transitory
droplet is passing the exit and flows onto the PDMS surface. Satellite droplets are also
observed. Due to the on-line droplet processing, carrier fluid keeps flowing out of the cap-
illary constantly, filling the waste compartment situated in the center. The capillary’s
default location of less than a millimeter above the waste bottom guarantees a direct
contact of outflowing oil to the surface. After a trigger occurs, the capillary moves to a
certain position and looses contact during tp. Carrier fluid keeps flowing and generates
a hanging drop that grows in volume. At an approximate flow rate lower than 100 nl/s,
an approx. 70 nl carrier fluid drop forms. This excessive oil slowly wets the capillary’s
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outer coating area but will immediately flow down when reaching the agar surface.

Figure 6: Representation of dispensed droplets according to their timing and associated
X-, Y-, and Z-positions. Orange labels droplets that initiated triggering. Red
classifies droplets in between an active trigger state that probably ended at
a dispensing spot. Blue codes for droplets, similar to red, but eventually de-
posited into the waste position. A)Positioning system’s X,Y and Z coordinates
aligned synchronized with sensor signals. B) Petri dish representation with dis-
pensing coordinates and the number of possibly deposited droplets according
to signal triggering and delay timing.

3.6. Dispensing

In order to evaluate the quality of the sorting and deposition process, droplets containing
microparticles were sorted from droplets with E. coli. Positive droplets were dispensed
on a Petri dish by piercing the agar surface. Microscopic observations in bright field
and fluorescence of each dispensing spot were performed to determine its outcome (Fig-
ure S6). 70.5% of all dispensed positions were found to contain microparticles (Table 1).
Additionally, less than 6% of the positions contained both microparticles but also cells,
which are most probably originating from satellite droplets containing cells. However,
cells were also observed in 5.2% of the positions without any dispensed particle. This
could be caused by either satellite droplets big enough to trigger the dispensing process
or false positives during the sorting process (Figure S3). Therefore, improvements in
the sorting operation should be attempted. Lastly, neither microparticles nor cells were
found in 18.4% of the positions. This is most probably because either satellite droplets
wrongly trigger dispensing or droplets move through the capillary slower than antici-
pated resulting in dispensing at the waste position upon capillary return after delay time
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Table 1: This is the table summing all the results we have so far.

Sorting and dispensing of
Dispensing category Microparticles E. coli with GFP

Total amount 288 (100%) 420 (100%)

Empty 53 (18.4%) 71 (17%)
True sorted 203 (70.5%) 279 (66%)

False sorted1 15 (5.2 %) 29 (7 %)
Mixed2 17 (5.9 %) 44 (10 %)

1 Positions where only contents of unsorted droplet were found (false posi-
tive sorted or satellite droplets containing E.coli with mCherry)

2 Positions where beside positives, also contents of negative droplets were
found

expiration.
We determined the number of droplets that were actually positioned within each of

the 70.5% dispensed positions using the microparticle count per position. The particle
number inside a droplet follows a poisson distribution; in this case with an average of 12.5
microparticles per droplet. Using this information we can conclude that there is a 10%
probability that a droplet contains less than 7 or more than 18 microparticles. Hence, it
can be assumed that on positions with particles approximately 45% are expected to have
only one droplet. The remaining positions may contain two or more droplets because of
an unusual high number of detected microparticles. However, these numbers are inferred
from probabilities and therefore without complete certainty on these proportions. For
better conclusions, an additional quantitative PCR is necessary. With this tool, it should
be easier to determine if the amplification curves result from the contents of a single or
multiple droplets.
We also analyzed the droplet position signals to estimate the occasions in which more

than a single droplet might be deposited as well as droplets that might have ended up in
the waste. By aligning the recorded coordinates of the positioning system and the timing
of signal detection, we were able to infer 91 positions in which more than one droplet
would be deposited (Figure 6). If it is assumed that all of them have particles, the fraction
would account to 45%(91 of 203).The difference to the number of estimated droplets
from the microparticle numbers (≈55%) might be because there are more positions with
a large number of particles from only one droplet, or because some of variability in vcap
and therefore td of the analyzed signals.
Similar results were obtained in an experiment in which the sorted droplets contained a

GFP producing E. coli. Droplets with the highest green fluorescence signal were isolated
from a vast majority of droplets with E. coli producing mCherry. Over 66% of the
depositions (279/420) contained a single green colony. The remaining spots were either
empty (17%) or contaminated by a red colony (17%). Unfortunately it is impossible to
determine if green colonies arise from a single or more droplets with GFP-producing cells
(Figure 7).
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Figure 7: Petri dishes with dispensed droplets. Left: Positions with microparticles.
Right: Positions with with E. coli expressing GFP and two contaminations
of mCherry producing E. coli under UV-light.

In general, the system is able to effectively isolate and deposit droplets in much larger
scaled containers for further up-scaling and analytics. The developed strategy can also
be used to place selected droplets on a MALDI plate or streak plate, expanding the
concept presented by Küster et al. [36] and Jiang et al. [37], respectively. This enables
its applicability in many fields such as microbiological and natural product research, but
also advanced single cell read-outs due to combined phenotypic and genotypic analytics
as well as screenings for personalized medicine. However, fine tuning of experimental
conditions is still required to decrease positions with multiple or no droplets.

4. Concluding remarks

State-of-the-art robotic liquid handling equipment has been for several years the golden
standard for high throughput experimentation, despite a large number of disadvantages.
With droplet microfluidics rapidly growing and evolving as a powerful alternative, it
becomes more important to be able to link microfluidic operations with larges scale
analytics and processing. The presented system provides a simple strategy achieving a
straight-forward connection between functions occurring at a volume difference higher
than five orders of magnitude. We envision short-term adjustments that will provide
reliable and reproducible single droplet deposition with more than 90% success, enabling
powerful microfluidics-macroanalytic interfaces.
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A. Supplementary Information

Fig. S 1: Raytracing simulation of refraction sensor. A) 3D-model of experimental set-up
with selected rays that hit the light detector. B) 2D-view from top showing all
additional generated, reflected and refracted rays in different colors at reduced
opaqueness.

A.1. Generation of droplets with colored microparticles

Monodisperse droplets (CV = 7.4%) of V = 360 pl were generated at f ≥ 1 kHz carrying
13±5 microparticles (Figure S2) and subsequently incubated at 28 °C over night in a
droplet incubator [27].

A.2. Calculation of SNR (dB)

The signal-to-noise ratio was calculated by the following formula:

SNRdB = 20 · log10
(
RMSPeaks

RMSNoise

)
(3)

= 20 · log10


√∑N

i

(
p2i
ni

)
√∑N

i

(
x2
i

ni

)
 (4)

where pi refers to a peak value (detected local maximum) and xi to a noise value, i.e. all
data below signal average minus two times signal standard deviation.
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Fig. S 2: Left: Generated droplets showing three droplet populations in A) Brightfield,
B) Phase contrast, C) Red filtered fluorescence and D) Green filtered fluores-
cence. Right: Sorted droplets inside an observation chamber. A) Brightfield
image, B) Fluorescence image at λex/λem = 550/605nm showing droplets with
encapsulated microparticles, C) Fluorescence image at λex/λem = 488/525nm
showing fluorescein labeling, D) Overlay of all images.

Fig. S 3: Droplet sorting and satellite contamination. While no false negatives or false
positives were observed, satellite droplets of d < 15µm can flow to the lower
positive channel.
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Distances between proximate droplets at reinjection
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Fig. S 4: Distribution of distance between proximate droplet signal peaks at sorting.

A.3. Positioning script

A sequence for circular droplet dispensing on a Petri dish with a waste position in the
center was programmed.

1. Initiate positioning process

2. Set required parameters (default X/Y-coordinates of waste position (xdef , ydef ),
Z-values of waste and dispensing position, radius of circle (r), angle pitch (ap), Z-
pitch, delay for droplet dispensing). Then calculate the amount of loop executions
as stop condition (3).

3. Start positioning loop.

4. Move to a predefined waste position (here: center of Petri dish).

5. Check if terminating condition is reached. If false, continue loop execution. If true,
stop positioning loop (11) and end positioning (12).

6. Wait for trigger signal (detected droplet) on I/O port.

7. If signal equals 1 (= 5V TTL-signal) move capillary out of waste position to calcu-
lated XY-dispensing position (8) and lower Z-axis until reaching dispensing Z-value
(top of agar layer). In parallel start a delay timer to handle spatial difference from
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droplet sensing to dispensing (9). The XY position for circular droplet dispensing
was computed via simple trigonometry:

x = cos
(α · π
180

)
· r + xdef (5)

y = sin
(α · π
180

)
· r + ydef (6)

whereas α = α+ ap.

8. Check if delay time is expired/droplet reached Petri dish surface. If true, raise
Z-axis and continue to step 10; if false, keep waiting.

9. Increment loop counter and return to step 5.
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Fig. S 5: Flowchart for the droplet positioning algorithm.
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Fig. S 6: Microscopic images of dispensing positions on a Petri dish’s agar surface. A)
Surface punched by the dispensing capillary. Dashed inner circle represents
punching area, dashed outer circle depicts evaporated circumference of contin-
uous phase. B) Dispensing area with an overlay of fluorescent microparticles
of sorted droplet origin. C) Dispensing area composed of an overlay of two
different time-exposed fluorescent images of E. coli and microparticles marked
by a white angled line.
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General Discussion 

 

10.1 The potential of microfluidic techniques for research in biology and chemistry 

Throughout history, technological developments have been a major drive on experimental 

protocols and thus research. With the development of personal computers, chemical and biological 

experimentation was progressively divided into dry and wet laboratory work  [1]. While the first is 

characterized by models for the analysis of data, the latter refers to all experimentation associated 

to liquid handling. Equipment, protocols, and data analysis have been radically transforming with 

the integration of novel technologies up to the point that the perspectives for a “lab of the future” 

are focused on automation and artificially intelligent interfaces for laboratory logistics and data 

logging  [2,3]. However, liquid handling, fundamental for performing most experimentation, has 

not experienced significant widespread developments since the introduction of micropipettes 60 

years ago  [4].  

 

Microfluidics provides novel strategies in liquid handling at a miniaturized scale. However, it has 

transcended the limits of merely handling liquids since it offers a new standard for holistic 

experimentation, as it exploits the advantages of combining miniaturization with novel analytics and 

automation for sample processing and data acquisition. This likely explains why the number of 

publications including the term microfluidics is exponentially rising  [5] with different variations 

and approaches establishing microfluidics as a versatile and prominent technology with high 

potential for broad use. Furthermore, microfluidics is more broadly used in research than generally 

recognized, given that microfluidic operations regularly take place in a considerable fraction of 

modern equipment in a lab. This is for example the case in flow cytometers  [6], gas and liquid 

chromatographers  [7], mass spectrometers  [8], most next generation sequencers  [9], bioreactors, 

etc., which strongly depend on the microfluidic handling and analytical method encased inside. 

Most of these functionalities can, and have been replicated in academic microfluidic setups usually 

for a fraction of the cost and with a particular unique advantage. They have been customized to 

expand the functionalities and meet specific requirements for the particular research question. 

Accordingly, microfluidics has the potential to transform the near future of wet lab 

experimentation because it enables scientists to design and automate not only the experimental 

protocol and sample preparation but also powerful and customized analytics. In other words, it 

opens opportunities for creating technologies to fit an experiment instead of experiments to fit the 

available technology.  
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10.2 Adopting droplet microfluidics (in a non-microfluidic lab) 

As for most scientific and technological developments three developmental stages are recognized in 

microfluidic techniques. First, when research and tests are performed only by specialists. Second, 

the initial collaborations between specialists and early adopters, and third, independent and 

customized applications by an increasing number of users.  

 

So far, the progression of microfluidic research has been mostly dictated by developments and 

applications performed by groups specialized in microfluidics, through which the principles of the 

techniques are being consolidated. In the case of microdroplets the fluidics of the technique  [10] 

and its functional operations  [11–15] have already been established. This has also resulted in an 

extensive list of publications dealing with proof-of-principle assays that showcase simple, yet 

important applications  [16–23].  

 

A subsequent developmental and progressive stage is currently taking place, as collaborations 

between technology developers and early adopters are becoming more frequent and have been 

steering the development of custom-made modifications oriented towards specific applications, 

honing the technique and achieving breakthroughs and high impact results. For example, the 

development of polyelectrolyte shells for enzymatic screening and in situ bioremediation  [24], the 

development of a fluorescence-based 3D particle counter to detect fluorescent droplets in bulk for 

pathogen detection  [25] or the development of DNA-barcodes for droplet content sequencing and 

annotation  [26–30]. Such collaborations and high impact results have certainly increased the 

interest and intentions to take part in such ventures. 

 

A crucial step in the process of widespread adoption and improving emerging technological 

platforms must include diminishing the hurdles encountered in its implementation. In microfluidics 

this refers mainly to specialized equipment and protocol restrictions such as the necessity of 

preparative clean rooms for chip fabrication or microscale alignment equipment that certainly limit 

its adoption by non-specialized labs. Nevertheless, in many cases early adopters also produce 

inventive solutions based on necessity which is exemplified in some of our developments 

manuscripts 2, 3, 5 and 6.  

 

Three main aspects must be taken into account for the most basic adoption of (droplet) microfluidic 

strategies: fluidic actuation, chip fabrication and analytic integration. Up to date, our contributions 

have focused on the last two. Fluid actuation comprising the accurately controlled movement of 

liquids is nowadays performed with commercially available high-precision syringes and pressure 

pumps. However, in the near future useful developments can be directed towards miniaturization 

and even integration into the microfluidic devices  [31].  

 

Chip fabrication is a key aspect of microfluidics and is in fact directly linked to the origin of the 

field. Most of the strategies have developed from microelectronic fabrication strategies requiring 
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complex and specialized equipment and facilities. While a number of microfabrication companies 

offer production of microfluidic chips, they sacrifice flexibility for cost reduction which translates 

to the production of only generalized structures. However, microfluidic applications must be in 

most cases customized to fit the particular needs. Thus, the proposed strategy to use the 

transparent soft polymer polydimethyl siloxane (PDMS) for replica molding has been the most 

widely applied in microfluidic labs. Yet, the fabrication of the molds still requires 

photolithography, a cumbersome method to perform in a traditional wet lab and limited to the 

fabrication of two-dimensional structures. As presented in manuscript 5, we partnered with a glass 

3D-printing start-up company to facilitate the production of molds that overcome such limitations. 

The resulting glass molds are not only more accessible for new users but also provide novel 

functionalities by exploiting three-dimensional structures. It is noteworthy how two different 

emerging technologies, microfluidics and 3D-printing, synergize to facilitate their implementation. 

In fact, the advent of 3D-printing technologies has the potential to completely eliminate the 

restrictions in microfluidic chip fabrication and also expand the design possibilities  [32,33]. Up to 

date, however, commercially accessible printers cannot produce microstructures in transparent 

biocompatible materials, especially not at the resolution required for most microfluidic 

applications. 

 

While specific microfluidic functions require specialized structures the experimental scope in this 

kind of setups is defined by the implemented analytics. Due to inherent advantages and recent 

advances most analytic approaches are based on photonic technologies. Among a large spectrum of 

interrogation approaches, fluorescence measurements are ubiquitous mainly due to the high 

contrast provided despite the low sample volume and the available technical (lasers, microscopes 

and sensitive detectors) and biological tools (engineered dyes, fluorescent proteins, tagged 

molecules, etc.). Fluorescence detection in droplet microfluidics has been implemented as a slight 

modification of flow cytometry  [34] taking advantage of the lasers focused in a small area and the 

fast detection system. However, the high cost, complexity and fragility of such equipment hinder 

any developmental experimentation. Consequently, most optical setups in microfluidics are 

custom-made and require a high level of experience in the field of optics. Therefore, setup 

simplifications retaining performance provide major steps to ease adoption and aim for 

commercialization. An example is the integration of optical fibers for guiding laser light into 

microfluidic chips and collecting emitted signals. In manuscript 6 we present an approach to not 

only integrate fibers but also reduce the complexity of the optical setup for multi-parameter 

fluorescence measurements. Usage of optical fibers for photonic analysis in microfluidic chips is 

rapidly incrementing, as most applications benefit from simplified optical constructs  [35–38]. In 

addition, optoelectronic strategies, which might initially seem complex to apply, are very useful to 

improve optical systems  [39–41]. In Jena, where research and development in photonics is 

ubiquitous, there are excellent opportunities to implement such strategies in collaboration with 

academic and industrial partners.  
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10.3 Microbiological experimentation with droplets  

Since its origins, research in microbiology has been potentialized by progress in other fields, as 

developments in fields like microscopy, physics, industrial processing or molecular biology could 

be customized and exploited for the exploration of the microcosmos. Microbiologists who 

persevered as early adaptors of such developments were rewarded with access to groundbreaking 

possibilities and discoveries  [42] . The most prominent examples are innovations allowing 

visualization of the microbial world, as the fabrication of magnification lenses and the microscope 

by Antonie van Leeuwenhoek and the microbiological applications of electron microscopy by 

Ladislaus Marton and Helmuth Ruska. However, even less complex innovations have had critical 

significance like the development and application of microscale porcelain and glass filters which led 

to the start of Virology (by Chamberlan, Ivanowski and Beijerinck) and multiple strain and product 

isolation protocols (even Hans Knöll with his collaboration with the Jenaer Glaswerk Schott & 

Gen.). For these, as for many others in different fields or degrees of complexity, such as 

bioreactors, chemostats, fluorescent markers, Coulter counters, or PCR-based assays, the 

microbiologist’s perspective was essential to steer and accelerate technological advances. A similar 

scenario is likely taking place with droplet microfluidics not only in connection with microbiology 

but also in cell biology and biotechnology. As early adopters of this technology we aim to harvest 

that advantages of this strategy and perform ultrahigh-throughout experimentation on 

microbiological samples. While discovering the possibilities we have also detected the necessity to 

develop specific functionalities needed to achieve our long-term goals. In particular these 

functionalities comprise the optimization of incubation conditions, the introduction of label-free, 

image-based analytics, encoding of experimental conditions and droplet isolation for upscaling.  

 

During the development of droplet microfluidic techniques microorganisms have been used as 

effective models for proof-of-principle studies  [43]. This is the case of the isolation of individual 

cells in ultrasmall volumes. Confinement in such reduced volumes decreases detectable growth 

time and eventually increases the effective concentration of secreted molecules  [44]. Moreover, 

the ability to create and analyse millions of droplets per day gives the possibility to examine large 

and diverse samples, find rare cells and analyse whole populations in terms of genetic and 

phenotypic varieties. However, as more complex and comprehensive protocols are envisioned, a 

higher degree of microbiological craftsmanship  [45] is required to implement droplet-based 

experimentation. Such is the case of studies involving more complex microorganism with distinct 

metabolic profiles. Therefore, incubation conditions must be appropriately controlled in order to 

determine suitable growth conditions for many so far unculturable and/or slow-growing bacteria, 

or to investigate the secreted molecules.  

 

It is in this context that the developments for oxygen and pH control in millions of droplets 

(manuscripts 3 and 4) provide the tools to effectively link droplet microfluidics and classic 

microbiological research with the goal of discovering and culturing microbial dark matter. The 

possibility to measure and control oxygen availability and pH provides natural or artificial 
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incubation conditions in droplets that could be adjusted to imitate the original bacterial habitat (soil 

pores, static or agitated water, animal intestines, etc.) under laboratory observation.  

 

It is of great advantage for biotechnological screening applications to provide bioreactor-like 

conditions and control, as the selected variants must be scaled up for their implementation in 

industrial production processes. We are currently optimizing the droplet incubation platform by 

including automatic control units (PID controller) which are able to automatically react to changes 

in the measured variables and correct accordingly, either pH or oxygenation level. Future 

applications of our incubation setup include the exploration of hypoxic conditions, the usage of 

gases as growth or enzymatic substrates, and the screening for molecules and microbes active under 

adverse pH conditions.  

 

An additional aspect requiring further improvement for more flexible and powerful microbiological 

experimentation in droplets is the detection and analysis of cells and their metabolites. Most of the 

research in microbiology has been conducted using fluorescence signal detection, as it is accessible 

and well established in microbiological experimentation and is easily detectable despite the small 

sizes and high speeds of droplets. Nevertheless, natural microbiological samples, as well as most 

microorganisms and microbial communities cannot be easily engineered or studied using 

fluorescence, especially while being alive. Besides the cells it is of paramount importance to detect 

and even quantify the molecules produced inside of the droplets. Again, most of the molecular 

detection methods have been based on fluorescence but all strongly dependent on the molecule of 

interest. For antibodies, in-droplet, bead-based sandwich immunoassays with fluorescent tags have 

been developed  [46,47], while fluorogenic substrates have been the approach for enzymes. Yet, 

substrates modified with relatively large fluorescent moieties are suboptimal for the screening of 

enzymes, as the real substrate will be significantly different, and therefore selected hits might not 

be confirmed. Besides, it has been shown that most fluorescent compounds must be modified to 

decrease their hydrophobicity, and thus increase their retention inside of the droplets  [48–50]. 

Such modifications alter even more the enzyme-substrate interactions  [36].  

 

With this in mind, the development of droplet strategies for label-free chemical analysis is of 

paramount importance. Most traditional analytic platforms are based on chromatography and/or 

mass spectrometry. While some developments linking droplet microfluidics with these analytical 

techniques have been published  [51–54], their destructive nature renders any upscaling or further 

analysis impossible. Consequently, alternative strategies must be explored. For this the field of 

photonics provides additional possibilities. Very promising is the implementation of Raman 

spectroscopy, which has the potential to provide a structural fingerprint to identify molecules  [55]. 

Applications in microfluidic setups are rapidly evolving  [56–61] and short-term developments will 

be able to match the throughput, sensitivity and accuracy required to detect particular molecules 

produced or modified by microorganisms in droplets. In addition, this and other optofluidic 

strategies can be used to analyse the cells inside the droplets. 
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A more straightforward and also label-free strategy to analyse droplet contents is imaging. With 

proper image analysis algorithms it is possible to detect and quantify microbial cells proliferating in 

droplets, while also keeping droplet quality descriptors (such as size and shape) monitored over the 

course of experimentation. With this in mind, we developed a method (manuscript 2) that triggers 

a camera to take a single image of each droplet. The image analysis algorithms then extract relevant 

information and sort the droplets according to their content. This allowed the analysis of growth of 

Actinobacteria inside of picoliter droplets, and even the selection of grown microcultures at rates 

above 100 droplets per second. Being able to identify and quantify cells in droplets, this can be 

applied for the selection of droplets with different growth stages, the analysis of stochastically 

encapsulated microbial communities and also the development of strategies for droplet encoding.  

 

As thousands of droplets can be generated per second, they can be used not only to test diverse cell 

samples, but also to test multiple experimental conditions. However, it must be possible to identify 

the conditions under which each droplet was generated upon analysis. In order to do this for several 

thousands or millions of droplets, a readable encoding mechanism must be included during 

generation. For simple experimentation, this can be achieved with spectral encoding using 

fluorophores at different concentrations. However, sample variation and cellular activity during 

incubation might strongly alter the signals, which results in diminished encoding precision. 

Furthermore, as most of the droplet assay readouts are based on fluorescence, these ideally remain 

reserved for the response variables. Therefore we developed an encoding strategy based on the 

encapsulation of coloured polymer microbeads that is presented in manuscript 7. The beads, mixed 

with the aqueous phase before droplet generation, are identified with image analysis. Thereby, a 

specific experimental condition can be assigned to each droplet and later decrypted from its 

respective/unique bead code. This paves the way for droplet-based design of experiments (DoE), 

in which multiple variables are tested simultaneously with thousands of replicates to understand 

their effect and interaction. With these we aim to study variations in media composition to foster 

growth of uncultured species as well as performing multifactorial screening for improved 

production strains in biotechnology. 

 

A defining last step after analytical measurements in the droplets is the isolation of specific 

subpopulations that fulfill particular conditions, which is known as automated droplet sorting. Most 

microbiological and biotechnological applications would benefit from the possibility to isolate 

individual selected droplets in sorting for further analytics and/or upscaling. With this in mind, in 

manuscript 8 a strategy is presented to interlock droplet microfluidic results with larger scale 

methodologies. This will facilitate isolation of relevant microorganisms or further chemical 

analytics using HPLC or mass spectrometry for the identification of produced compounds or other 

reaction products.  
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10.4 Academic and industrial research outlook 

The combination of the intrinsic advantages of droplet experimentation with the developed 

strategies for regulated incubation and image-based analysis open interesting research possibilities in 

collaboration with the microbiological community in Jena. We will further investigate microbial 

dark matter from a larger variety of habitats expanding from soil samples to aquatic communities, 

plant and animal symbionts. Furthermore, such samples can also be investigated for the production 

of novel active compounds, as antibiotics, enzymes, siderophores, etc. It is also envisioned to use 

droplets as an experimental platform for production of natural products in synthetic biology, the 

improvement of natural production pathways or the screening for metabolic switches (aptamers 

and riboswitches). The advances in single-cell genomics using droplets  [30,62,63] can be exploited 

for deeper studies of microbial community members and their metabolic potential. Also, we aim to 

use the highly impacting drop-seq  [27,64,65] strategies to investigate transcription profiles of 

single cells when induced for the production of natural products or during microbial interactions. 

Mutant libraries, either obtained by using broad spectrum (UV, chemical or transposon 

mutagenesis) or site-specific (random PCR, CRISPR-CAS) approaches, can be generated and 

screened to identify key genes and microorganisms. Finally, most of these strategies can also be 

modified to study with ultrahigh throughput and at the single-cell level the microbial and host 

behaviour and response during infection to investigate pathogenic mechanisms, immune responses 

and even diagnostic and treatment strategies. The flexibility and ultrahigh-throughput potential 

strongly position microfluidic droplets as an indispensable tool to study and exploit the vast 

microbial universe.  

 

The advent of droplet microfluidics is a stepping stone in the development of more powerful, faster 

and detailed experimentation approaches for biotechnology. Specifically applications in diagnostics  

[25,66,67] and digital PCR  [68,69], ultrahigh-throughput screening of antibodies  [46,47,70] and 

enzymes  [71–78] and single-cell-deep genomics and transcriptomics  [27–30,62,64,65,79] have 

spawn not only the interest of scientists but also of investors. In fact, achievements are rapidly 

transcending publications resulting in an extensive number of patent applications and also 

economically productive ventures. This better reflects in the formation of novel startup companies, 

most of which target the diagnostics and personalized medicine markets by means of novel 

equipment and reagents. 

 

Not many ventures have focused on the field of microbial biotechnology with microfluidic droplets 

despite the key applications related to the screening for new and/or better microorganisms for 

biotransformations. This is probably due to the great difficulty to generalize all protocols for the 

vast possibilities of assays and droplet methodologies and integrate them into a marketable product. 

Nevertheless, co-operations between academy and industry are increasing the number of projects 

with this focus. The discovery and improvement of enzymatic activity and production are of 

particular interest. This can be divided into 3 fundamental steps. First is bioprospection for novel 
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activities. Here, the potential of droplets is unprecedented, as ultrahigh throughput is required to 

consequently screen natural samples of extracted microbes or metagenomes, which contain 

millions of variants  [80,81]. Subsequently, enzymes are subject to a directed evolution process in 

order to understand key residues in their structures  [73] but also to increase the activity under 

general and particular conditions  [36,71,77,82]. Finally, production hosts can be analysed and 

optimized to achieve the highest possible activities and yields  [63,83,84]. This relatively simple 

pipeline, when combined with a targeted industrial interest, has the potential to dramatically 

reduce costs and development time while achieving superior results, when compared to traditional 

screening campaigns. Limiting factors are mostly related to analytics, as fluorogenic substrates are 

required which are often significantly different from the intended final substrates. However, recent 

and ongoing developments of novel non-destructive analytics, such as Raman-based strategies  

[55,57,60], or other molecular sensors like RNA aptamers  [85,86] for products without catalytic 

activity are opening further possibilities. With the collected know-how and experience we envision 

partnerships with biotechnological companies for the screening of industrially relevant molecules 

and cells.  

 

Microfluidic approaches can provide much more than just one size fit all benchtop solutions, but 

instead the possibility for custom-made, target-oriented experimental platforms. The transition 

from traditional experimentation towards microfluidic protocols requires the dedication and 

involvement of specialists, in our particular case microbiologists, in order to accelerate the 

development and produce innovative results. Yet, the adoption of such strategies requires a 

multidisciplinary and holistic approach to address key challenges. With the objective to position 

ourselves among the leading early adopters the presented developments and applications provide 

ground work for using droplet microfluidics with microbiology for effective explorations in natural 

product research and infection microbiology, with both industrial and academic perspectives.  
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Summary 

 

As an increasing number of microfluidic strategies revolutionize chemical and biological experimentation 

methods, it becomes more compelling for traditional experimentalists to adopt and customize these tools 

for their research objectives. Droplet microfluidics is of particular interest, as it combines microfluidic 

miniaturization and ultrahigh throughput with compartmentalization, one of nature’s oldest key strategies. 

When generating aqueous droplets surrounded by an inert carrier phase it is possible to reduce the working 

volume by more than six orders of magnitude, specifically from µL to pL. Furthermore, the stringent and 

controllable conditions during droplet formation allow the production of thousands of compartments per 

second with a minimal volume variance. Thereby, not only costs but also time can be spared in comparison 

to traditional liquid-handling methods while maintaining excellent experimental quality. These advantages 

have promoted thousands of technological developments and applications based on droplets in 

biotechnology.  

Despite these major advantages and possible applications, the process of adopting the technique in 

microbiology labs is still slow. Therefore, the purpose of this doctoral dissertation is to narrow the gap 

between traditional microbiological methods and the highly promising platform of droplet-based 

microfluidics. The aim is to establish microfluidic droplet assays to investigate and exploit microbial 

diversity by developing technological and experimental enhancements that bring us closer to this goal. From 

the microbiologists’ perspective droplets deliver a paradigm-changing experimental approach, providing a 

platform in which the biochemical and physiological parameters of a single cell can be studied in a similar 

fashion as normally done for millions of cells. This, in combination with the extremely fast production of 

droplets, results in an experimental platform with the capability to explore the enormous diversity and 

metabolic potential of microbiological samples. 

In this context a system for microbial cultivation in millions of picoliter droplets was developed, in 

particular a method enabling an enhanced and uniform oxygenation of the microorganisms in all the 

droplets simultaneously. This has been validated with the culture of various microbial species, reaching 

biomass yields and growth kinetics comparable to traditional culture strategies. The possibility to measure 

and control oxygen availability and pH provides natural or artificial incubation conditions in droplets that 

could be adjusted to imitate the original habitat (soil pores, static or agitated water, animal intestines, etc.) 

of the microorganism under laboratory observation. Thus, it provides the opportunity to effectively link 

droplet-based microfluidics and classic microbiological research with the goal of discovering and culturing 

microbial dark matter.  

Another aspect requiring further improvement for more flexible and powerful microbiological 

experimentation in droplets is the detection and analysis of specific cells and their metabolites. Most of the 

research in microbiology has been conducted using fluorescence signal detection, as it is accessible, well 

established in biotechnological experimentation, and easily detectable despite the small size and high speeds 

of droplets. In order to expand the versatility of our system to detect fluorescence, an opto-electronic 
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strategy was developed to be able to simultaneously detect multiple fluorescent channels using a single 

sensor. This is based on the frequency modulation of the excitation lasers and the demodulation of the 

emitted light with a lock-in amplifier.  

A complementary, but label-free strategy to analyze droplet contents is imaging. With proper image 

analysis algorithms it is possible to detect and quantify microbial cells proliferating in droplets while also 

keeping droplet quality descriptors (such as size and shape) monitored over the course of experimentation. 

With this in mind, we developed a method that triggers a camera to take a single image of each droplet. 

Furthermore, the image acquisition was linked to analysis and microfluidic actuation enabling real-time 

image-based droplet sorting for the first time. Furthermore, an encoding strategy based on the 

encapsulation of colored polymer microbeads was developed. The beads are identified with an advanced 

image analysis algorithm based on a random forest classifier. Thereby, a specific experimental condition can 

be assigned to each droplet and later decrypted from its respective bead code.  

A crucial last step after analytical measurements in the droplets is the automated isolation of specific 

subpopulations that fulfill particular, previously defined conditions. . Most microbiological and 

biotechnological applications would benefit from the possibility to isolate individual selected droplets for 

further analytics and/or upscaling. Thus a system was designed enabling automated transfer and deposition 

of single sorted droplets onto Petri dishes or into wells of microplates. With this, isolated microorganisms 

can be recovered without disturbing the droplet workflow, and subsequently cultured and analyzed at 

larger scales. This is an essential process for validation and bioprocess development.  

The developments and applications presented in this thesis provide ground work for a broad application of 

droplet microfluidics in microbiology and biotechnology, especially for effective explorations in natural 

product research and infection microbiology. They will hopefully contribute to further progress in the field, 

with both academic and industrial perspectives. 
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Zusammenfassung 

 

Die zunehmende Anwendung mikrofluidischer Strategien revolutioniert chemische und biologische 

Untersuchungsmethoden. Es ist deshalb für traditionell arbeitende Experimentatoren wichtig, sich mit den 

neuen Möglichkeiten vertraut zu machen und diese für ihre Forschungsziele individuell anzupassen. Die 

tropfenbasierte Mikrofluidik ist dabei von besonderem Interesse, denn sie verbindet Miniaturisierung und 

Ultrahochdurchsatz mit Kompartimentierung, einer der ältesten Strategien der Natur. Durch Erzeugung 

wässriger Tropfen in einer inerten Trägerflüssigkeit kann das Arbeitsvolumen um mehr als 6 

Größenordnungen von µL zu pL reduziert werden. Unter definierten und kontrollierbaren Bedingungen 

können Tausende von Kompartimenten pro Sekunde bei minimaler Volumenvarianz erzeugt werden. 

Damit können im Vergleich zu traditionellen Labormethoden nicht nur Kosten sondern auch Zeit gespart 

werden bei exzellenter experimenteller Qualität. Diese Vorteile haben eine Vielzahl technologischer 

Entwicklungen und Anwendungen der tropfenbasierten Mikrofluidik in der Biotechnologie angeregt. 

Trotz der großen Vorteile und vielfältigen Anwendungsmöglichkeiten verläuft die Einführung dieser 

Technik in der Mikrobiologie noch recht langsam. Deshalb soll mit dieser Dissertation versucht werden, die 

vorhandene Lücke zwischen traditionellen mikrobiologischen Methoden und der vielversprechenden 

Plattform der tropfenbasierten Mikrofluidik zu schließen. Das Ziel ist, Methoden zur Untersuchung und 

Nutzung der mikrobiellen Diversität mit Hilfe mikrofluidischer Tropfen durch technologische und 

experimentelle Weiterentwicklungen zu etablieren. Aus Perspektive der Mikrobiologen ermöglichen 

mikrofluidische Tropfen einen Paradigmenwechsel beim Experimentieren, denn mit dieser Plattform 

können biochemische und physiologische Parameter an einzelnen Zellen in ähnlicher Weise untersucht 

werden wie mit klassischen Methoden an Millionen von Zellen. Dies in Kombination mit der extrem 

schnellen Erzeugung der Tropfen resultiert in einer Plattform, mit der die enorme Diversität und das 

metabolische Potential mikrobiologischer Proben viel besser erforscht werden kann. 

In diesem Kontext wurde ein System zur Kultivierung von Mikroorganismen in Millionen von Pikoliter-

Tropfen entwickelt, das eine verbesserte und gleichmäßige Sauerstoffversorgung der Mikroorganismen in 

den Tropfen ermöglicht. Dies wurde bestätigt durch die Kultivierung mehrerer Mikroorganismen-Arten, 

wobei Biomasseerträge und Wachstumskinetiken erreicht wurden wie mit klassischen 

Kultivierungsmethoden. Die Möglichkeit zur Messung und Kontrolle der Sauerstoffverfügbarkeit und des 

pH-Wertes gewährleistet natürliche oder artifizielle Inkubationsbedingungen in Tropfen, die das 

ursprüngliche Habitat (Pore im Boden, ruhiges oder bewegtes Wasser, Tierdarm, usw.) des unter 

Laborbedingungen zu untersuchenden Mikroorganismus imitieren können. Damit ist die Chance gegeben, 

tropfenbasierte Mikrofluidik und klassische mikrobiologische Forschung zu verbinden mit dem Ziel, die 

große Zahl der bisher unbekannten und noch nicht kultivierten Mikroorganismen zu entdecken und zu 

kultivieren.  

Ein weiterer Aspekt, der für ein flexibleres und leistungsfähigeres Experimentieren mit Tropfen optimiert 

werden muss, ist der Nachweis spezifischer Zellen und ihrer Metaboliten. Meist wurden bisher für 
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mikrobiologische Untersuchungen Fluoreszenzsignale genutzt, da diese leicht zugänglich, in der 

Mikrobiologie gut etabliert und in Tropfen trotz deren geringer Größe und hoher Geschwindigkeit leicht 

detektierbar sind. Um die Vielseitigkeit unseres Systems bei der Detektion von Fluoreszenzen auszubauen, 

wurde eine opto-elektronische Strategie entwickelt, die eine simultane Detektion mehrerer 

Fluoreszenzkanäle mit einem einzelnen Sensor ermöglicht. Diese basiert auf der Frequenzmodulation der 

Anregungslaser und der Demodulation des emittierten Lichts mit einem Lock-in-Amplifier. 

Eine komplementäre, aber markierungsfreie Strategie zur Analyse von Tropfeninhalten ist die Bildgebung. 

Mit leistungsfähigen Algorithmen zur Bildanalyse können sich vermehrende Zellen in Tropfen detektiert 

und quantifiziert werden. Gleichzeitig ist es möglich, Größe und Form der Tropfen als Maß für deren 

Qualität während des Experiments zu überwachen. Zu diesem Zweck entwickelten wir eine Methode, mit 

der eine Kamera ausgelöst wird und von jedem Tropfen ein Bild aufnimmt. Die Bildaufnahme wurde 

gekoppelt mit der Bildanalyse und einer abhängig vom Ergebnis der Analyse ausgelösten mikrofluidischen 

Operation, womit erstmals eine bildbasierte Tropfensortierung in Echtzeit ermöglicht wurde. Eine weitere 

Entwicklung betrifft die Kodierung von Tropfen unter Verwendung verschieden gefärbter Polymer-

Mikropartikel. Die Mikropartikel in den Tropfen werden mit einem hochentwickelten, auf einem Random 

Forest Klassifikationsverfahren basierenden Bildanalysealgorithmus identifiziert. Damit kann einem jeden 

Tropfen bei seiner Erzeugung eine spezifische experimentelle Bedingung zugewiesen werden, die später 

aufgrund seines Mikropartikelcodes wieder erkannt werden kann. 

Ein letzter Schritt nach den analytischen Messungen an den Tropfen ist die automatisierte Isolierung von 

Subpopulationen, die besondere, vorher definierte Kriterien erfüllen. Die meisten mikrobiologischen und 

biotechnologischen Anwendungen würden von der Möglichkeit profitieren, individuell ausgewählte 

Tropfen für weitere Analysen und/oder eine Kultivierung im größeren Maßstab isolieren zu können. 

Deshalb wurde ein System entwickelt, mit dem einzelne sortierte Tropfen auf Agar-Medium in Petrischalen 

oder in Kavitäten von Mikrotiterplatten abgelegt werden. Damit können isolierte Mikroorganismen 

gewonnen werden, ohne den mikrofludischen Arbeitsablauf zu stören, und anschließend im größeren 

Maßstab weiter kultiviert und analysiert werden. Das ist ein essentieller Prozess bei der Validierung und 

Entwicklung von Bioprozessen. 

Die in dieser Arbeit vorgestellten Entwicklungen legen die Grundlage für die breite Anwendung der 

tropfenbasierten Mikrofluidik in Mikrobiologie und Biotechnologie, insbesondere für ein effektives 

Experimentieren in der Naturstoff-Forschung und Infektionsbiologie. Sie tragen hoffentlich zu einem 

weiteren Fortschritt auf diesem Gebiet bei, sowohl mit akademischer als auch wirtschaftlicher Perspektive. 
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