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ABSTRACT

From DNA on beads to proteins in a million droplets

Ana Maria Restrepo Sierra

Cell-free transcription and translation systems promise to accelerate and simplify

the engineering of synthetic proteins, biological circuits or metabolic pathways. Mi-

crofluidic droplet platforms can generate millions of reactions in parallel. This allows

cell-free reactions to be miniaturized down to picoliter volumes. Nevertheless, the true

potential of microfluidics have not been reached for cell-free bioengineering. Better

approaches are needed for reaching sufficient in-drop expression levels while efficiently

creating DNA diversity among droplets. This work develops a droplet microfluidic

platform for single or multiple protein expression from a single DNA coated bead per

droplet. This opens up the possibility to diversify a million droplets for synthetic

biology applications.
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Dr. Raik Grüngberg, for being a walking encyclopedia full of passion about science,

ready to teach it with every detail, and for always being available with good advice

whenever I had questions about my research and writing. To Escarlet, for being such

an incredible friend, for all the support and advice she has given me, and for always,

always being present. Finally, I would like to thank all my friends here and elsewhere,

and all the members from ”StruBE”, they all made this lab such a great place to work

in.



6

TABLE OF CONTENTS

Examination Committee Page 2

Copyright 3

Abstract 4

Acknowledgements 5

List of Figures 8

List of Tables 10

1 Introduction 11

1.1 Cell-free systems and their applications . . . . . . . . . . . . . . . . . 11

1.2 Microfluidics in biology . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.3 Beads for DNA immobilization . . . . . . . . . . . . . . . . . . . . . 17

2 Results and discussion 19

2.1 Genes on beads: cell-free protein expression from DNA coated beads 19

2.1.1 Direct binding of DNA to beads . . . . . . . . . . . . . . . . . 19

2.1.2 DNA assembly on beads . . . . . . . . . . . . . . . . . . . . . 21

2.1.3 Single protein expression from on-bead DNA assembly . . . . 23

2.2 PURExpress microfluidics: in-droplet protein expression . . . . . . . 27

2.2.1 In-droplet protein expression from DNA in solution . . . . . . 29

2.2.2 In-droplet protein expression from DNA coated beads: single

and multiple protein expression . . . . . . . . . . . . . . . . . 33

2.2.3 Double-emulsion and FACS sorting . . . . . . . . . . . . . . . 36

3 Materials and Methods 39

3.1 DNA plasmids and gBlocks . . . . . . . . . . . . . . . . . . . . . . . 39

3.2 Oligonucleotides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.3 PCR amplification . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.4 DNA binding on polystyrene streptavidin coated beads . . . . . . . . 41



7

3.5 On-beads Golden Gate DNA assembly . . . . . . . . . . . . . . . . . 42

3.6 On-beads Bxb1 DNA assembly . . . . . . . . . . . . . . . . . . . . . 43

3.7 Bxb1 protein production and purification . . . . . . . . . . . . . . . . 44

3.8 µl scale PURExpress protein expression and detection . . . . . . . . . 45

3.9 Single emulsion generation . . . . . . . . . . . . . . . . . . . . . . . . 45

3.10 Double emulsion generation . . . . . . . . . . . . . . . . . . . . . . . 47

3.11 Confocal microscope set-up and calibration curve . . . . . . . . . . . 49

3.12 FACS sorting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4 Concluding Remarks 51

4.1 Future Research Work . . . . . . . . . . . . . . . . . . . . . . . . . . 51

References 53

Appendices 60



8

LIST OF FIGURES

1.1 A. PURE components and biochemical reactions for coupled transcription-

translation. Figure taken from [1]. B. Energy efficiency across reaction

time of the PURE. Figure taken from [2] . . . . . . . . . . . . . . . . 13

1.2 A. T-junction droplet formation. B. Flow focusing droplet formation.

Figures taken and modified from [3] . . . . . . . . . . . . . . . . . . . 15

1.3 Synthetic biological designs: building diversity on beads. version 1, 2

and 3 from enzyme A, B and C . . . . . . . . . . . . . . . . . . . . . 18

2.1 A. Binding of long DNA fragments to beads: binding efficiency de-

creases but quantity of DNA bound per bead increases when beads

are saturated with DNA. B. Saturation of beads with large DNA frag-

ments. Bubble sizes represent quantity of DNA (pmol) bound per

bead. Binding reactions were done using Dynabeads and Polystyrene

beads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2 Short fragment DNA binding on beads compared with binding of large

protein-coding DNA fragments. Bubble sizes represent quantity of

DNA (pmol) bound per bead. Binding reactions were done using

Polystyrene beads. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3 Comparison of mScarlet expression from DNA bound to beads directly

or from DNA coupled to beads by Golden Gate or Bxb1 recombinase

based DNA assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.4 Multiple protein expression from DNA-coated beads: comparison of

linear DNA in solution versus DNA assembly with Golden Gate or

Bxb1 recombinase. The use of very low volumes (less than 1 µl) for

the DNA template of in solution experiments was reflected in the error

bars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.5 Two and Three pumps set-up used for PURExpress in-drop protein ex-

pression. Chips drawings taken from the µEncapsulator User Manual,

Dolomite Microfluidics (UK) . . . . . . . . . . . . . . . . . . . . . . . 28



9

2.6 In-droplet PURExpress protein expression of mNeon with different

µEncapsulator flow rate set-up: 7-3 µl/min and 5-5µl/min . . . . . . 31

2.7 In-droplet PURExpress protein expression from single DNA coated

beads per droplet. Estimation of best µM mNeon expression levels per

droplet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.8 A. DNA concatenation on beads using golden gate strategy for one

bead per drop encapsulation B. In-droplet multiple protein expression

from mScarlet, mNeon & LSSmOrange from assembled DNA on beads. 36

2.9 A. Double emulsion generation using the µEncapsulator System from

single emulsion of purified mScarlet B. FACS sorted double emulsion

droplets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

B.1 Fluorescence changes in mScarlet, mNeon, LSSmOrange when single

expressed and co-expressed in PURExpress reactions. . . . . . . . . . 62

B.2 Assembly of linear DNA in solution using Golden Gate and Bxb1

strategies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

B.3 mScarlet in-droplet protein expression under two different PURExpress-

DNA solutions configuration. . . . . . . . . . . . . . . . . . . . . . . 62

B.4 µM mNeon, LSSmOrange, and mScarlet vs fluorescent FRU calibration

curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

B.5 µM mNeon in-droplet vs Intensity A.U calibration curve . . . . . . . 63

B.6 Bxb1 protein purification fractions after His-Trap column, Bxb1 MW:

58134.82 kDa. Collected fractions for protein concentration were C2-C9 63



10

LIST OF TABLES

3.1 DNA Plasmids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2 DNA gBlocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.3 BsaI cut and recognition sites for Golden Gate DNA assembly on beads 43

3.4 Recombination sites specification for Bxb1 based DNA assembly on

beads [4] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.5 Fluorescent protein excitation and emission wavelengths λ [5] . . . . . 46

3.6 Confocal microscopy laser conditions for image recording [5] . . . . . 49



11

Chapter 1

Introduction

E. coli has reported to be the ”workhorse” of molecular biology [6] for the production

of a broad range of heterologous proteins and metabolites. However, engineering

E. coli is still a relatively slow process. A complete design-build-test cycle in this

system typically takes at least several days. Some time consuming steps include

introduction of DNA, growth, cell lysis, and further downstream processes such as

purification of products. Cell-free systems are advocated to accelerate this design-

build-test from days down to hours. In this study, I combined the advantages of cell-

free expression systems with droplet microfluidic technology. The goal was to optimize

protein expression levels with, potentially, a different genetic program running in each

droplet. Such a platform will allow rapid engineering of genetic circuits, recombinant

proteins, or even metabolic pathways.

This introduction gives a literature review on cell-free systems, cell-free synthetic

biology and its applications. Some relevant concepts are introduced regarding droplets

microfluidics, bead isolation techniques and how these both have been applied on the

synthetic biology field and particularly within cell-free microfluidics environments.

1.1 Cell-free systems and their applications

A cell-free system is defined as an in vitro simplified environment for studying bio-

logical reactions apart from the full cell system [7]. Its usage can be traced back to

the 19th century, where Eduard Buchner, then Nobel Prize winner in 1907, converted
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sugar to ethanol using yeast cell-free extracts. In 1950’s and 60’s, ”breaking up” living

cells lead to biochemical investigations of cell fractions, which helped understanding

the mechanisms of protein synthesis [8]. These studies also lead to the establishment

of ”The Central Dogma of Molecular Biology” towards the end of 1970’s. [9]

Cell-free systems can be classified into two main categories: cell-lysate extracts,

which are mainly the product of high-speed centrifugation of cell lysates [8], and

purified enzyme based cell-free systems, which use a mixture of previously purified

components known to be involved in the reaction(s) one wants to built. [2]

Cell-free extract components can be added or removed for optimizing and tun-

ing the system depending on the purpose. [10]. For instance, removal of endogenous

mRNA, and introduction of inner components of translation-transcription machinery

gave modularity to initial cell-free extracts for studying not only native, but also het-

erologous proteins produced from supplemented linear and circular DNA templates.

The first well described and now conventional E. coli cell-free extract used for the

production of heterologous proteins was described in 1961 by Nirenberg and Matthew

[11]. The so-called S30 cell-free extract, initially used for demonstrating that RNA

controlled specific protein translation, is now one of the most used cell-free systems

for heterologous protein transcription and translation (TX-TL). Nevertheless, rapid

loss of ATP, as well as the degradation of cell-extract components due to the presence

of nucleases and proteases has limited cell-free extracts potential.

Conversely, cell-free systems built from purified enzyme components offer an al-

ternative to traditional cell lysates. Early attempts on these types of cell-free transla-

tion systems date back to the late 70s. Despite of low efficiency in protein production

yields, these initial efforts introduced the ”purified” concept by pre-loading semi pu-

rified and purified components into a cell-free mixture, such as translation factors or

tRNA synthetases. [12–14]

In 2001 Shimizu et al. introduced a more efficient protein production system:
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protein synthesis using recombinant elements (PURE)”, Figure 1.1 A [2]. The PURE

system was initially composed of high active purified histidine-tagged translation

factors, leading to a relatively efficient protein production (160µg/ml/hr) and faster

product purification by reverse His-trap chromatography. Later on, both transcription

and translation processes were coupled successfully by adding T7 RNA polymerase

and purified translation components to the mixture.

The PURE system is highly efficient in terms of energy conservation. It includes

an energy recycling system consisting of creatine kinase, myokinase, and nucleoside

diphosphate kinase. This gives a significant advantage over the traditional cell-free

extracts such as S30, where energy depletion is about five fold higher than in the

PURE system as shown by Yoshihiro et at. Figure 1.1 B. [2].

A B

Figure 1.1: A. PURE components and biochemical reactions for coupled transcription-
translation. Figure taken from [1]. B. Energy efficiency across reaction time of the
PURE. Figure taken from [2]

An increase in cell-free demand has made available highly optimized cell-free sys-

tems as commercial kits or standardized protocols for self preparation. [15,16]. ”PUR-

Express,” ”E. coli S30 Extract System for Circular DNA”, among others are some

examples from commercially available cell-free systems. [17,18]
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Besides protein production platforms, cell-free systems have become popular for

their variety of applications. In particular, cell-free synthetic biology arose as a useful

technology for more rapid biological engineering without relying on living systems,

having more flexibility over design-build-test cycle [19]. Major applications within

the cell-free synthetic biology field include protein and metabolic engineering.

Several studies have focused on metabolic engineering approaches for optimizing

the production of valuable natural compounds. For instance, n-butanol or isoprenoids

such as limonene and mevalonate have been already produced with high yields using

mixtures of enzyme-enriched E. coli lysates. [20–22]. Furthermore, the use of cell-free

protein synthesis systems for the production of more complex classes of natural prod-

ucts such as Polyketides (PKs) and non-ribosomal peptides (NRPs) is also an active

area of research [23]. For example, E. coli cell-free extracts were recently used for

the expression of two non-ribosomal peptide synthetases that produced diketopiper-

azine [24].

1.2 Microfluidics in biology

Microfluidic devices have been widely used for building robust high-throughput plat-

forms for both industrial and academic biological research. Lower reaction volumes

offer advantages in terms of costs and sample usage when investigating large number of

conditions in parallel. For instance, million of different conditions can be tested using

droplet microfluidics by scaling down reactions to picoliter droplets. These droplets

act as controllable micro reactors with a larger surface to volume ratio, leading to

better reaction kinetics due to faster mixing [25].

Traditional emulsion generation methods, such as direct vortexing of immiscible

fluids, generates highly polydisperse drops. On the contrary, droplet microfluidic

technologies uses customized chips where the mixture of reagent stream(s) (dispersed

phase) with an immiscible phase (continuous phase, generally oil), creates emulsions
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of usually highly mono dispersed droplets (smaller than 1 (%) size difference) [26].

Two commonly used configurations that rely on channel geometry for the control of

mono disperse droplet formation are the T-junction and hydrodynamic flow-focusing.

In the T-junction, both dispersed and continuous phases flow through an orthogonal

arrangement, forming droplets where they meet [27] as shown in Figure 1.2 A. In con-

trast, the flow-focusing technique, consists on the dispersed phase(s) being narrowed

and squeezed by two opposing side channels that contain the continuous phase [3,28]

as shown in Figure 1.2 B. For biological studies, both configurations are currently

used and continuously optimized to meet the needs of each experiment.

A B

Figure 1.2: A. T-junction droplet formation. B. Flow focusing droplet formation.
Figures taken and modified from [3]

Advantages of droplet microfluidic devices in molecular and synthetic biology in-

clude controllable droplet size and composition, limited cross-contamination between

samples, reduced reagent consumption, and less time needed for the experiment.

Single-cell isolation for RNA sequencing and screening is one of the applications of

droplet microfluidics platforms for capturing cell heterogeneity from bulk samples.

An RNA single-cell sequencing platform consists of the co-encapsulation of a single

cell and barcoded bead(s) (magnetic, hydrogel, polystyrene) [29, 30]. An in-droplet

cell lysis and reverse transcription creates the cDNA from the released mRNA, which

is then collected by disrupting the emulsion and sequenced using next generation

sequencing. [29]
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Moreover, in-droplets single cell lysis has also been applied to directed evolution

studies. Kintses et al. [31] developed a microfluidic platform for enzyme directed

evolution screening. This platform encapsulates single cell E. coli libraries in water-

in-oil droplet compartments. In-droplet cell lysis causes the release of the expressed

enzyme for it to react with the co-compartmentalized substrate, releasing a fluorescent

product. Droplets are re-injected and into a fluorescence based sorting device, which

detects if the enzyme-substrate reaction happened or not.

Finally, cell-free reaction systems have also been miniaturized using droplet gen-

erator microfluidic devices for single protein expression [32]. Back in 1998, Tawfit

et al. were the first to introduce ”man-made cell like compartments” that encapsu-

lated transcription-translation reactions in water-in-oil emulsions for studying cellular

compartmentalization [33].

Later on in 2005, Dittrich et al. implemented micro structured devices for gen-

erating such compartments. For the first time, a flow-focusing microfluidic chip

was developed for generating water-in-oil emulsions and in-droplet protein expres-

sion from the encapsulation of S30 cell-free extracts. Components from the cell-free

mixture were equally divided between two incoming streams, one of them contained

RNA polymerase together with green fluorescent protein (GFP) encoding plasmid

DNA, and the other one provided amino acids, nucleosides and energy components.

Droplets were generated at the intersection between both streams and the mineral

oil phase. In-droplet GFP expression was detected as a fluorescent signal after in-

cubation and storage of the emulsion [34]. Courtois et al. later claimed to create

”monoclonal” droplets by encapsulating one molecule of GFP encoding DNA plas-

mid per droplet [35]. Expression levels were low, which is not surprising as cell-free

reactions are typically not efficient with low quantities of template DNA.

Optimization of the initial approaches lead to changes in the design, type of mate-

rials for the microfluidic chip construction, type of continuous phase for the emulsion,
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cell-free system composition and even type of coding DNA used for the in-droplet

expression. [36] [35]. Other optimization strategies focused more on building easier

downstream analysis techniques for the emulsion. For instance, incorporation of flu-

orescence detectors or double emulsion generation devices for droplet sorting. [37,38]

1.3 Beads for DNA immobilization

Protein coated beads have become a useful tool for the detection and isolation of

several type of biomolecules in a covalent or non-covalent manner. In particular,

streptavidin coated beads have been preferred over others due to its strong non-

covalent binding to biotin (Kd on the order of 10-14 mol/L [39]). Some applications

include polymerase amplification reactions and cloning strategies using streptavidin

coated beads as a solid support. For instance, solid phase DNA amplification uses

surface bound DNA primers instead of freely diffused ones [40], where the amplicon

can then be easily isolated from the initial reaction and submitted for downstream

analysis such as solid-phase sequencing [41]. Furthermore, solid-phase gene assem-

bly and DNA cloning has also been described for automated assembly of expression

plasmids or multiplex barcoding and gene synthesis. [29, 42,43].

There are some reports that used streptavidin coated beads in the context of cell-

free expression. Lee et al. proposed in 2012 the use of beads for attaching biotinylated

plasmids for large scale cell-free re-programmable protein expression using a portable

DNA template on beads [44]. Xiao et al. in 2018 reported a microfluidic set-up for

protein expression and purification using linear DNA coated beads in a continuous

flow [45].

As a summary, one of the most promising applications of cell-free systems includes

synthetic biology for metabolic engineering purposes. Additionally, droplet microflu-

idics platforms are potentially useful for screening millions of different conditions.

However, so far cell-free droplet microfluidics have only been used for the expression
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of single proof of concept proteins. Finally, biomolecule binding tools such as strep-

tavidin coated beads have demonstrated to bind both linear genes and plasmid DNA.

These can be used as templates for cell-free single protein expression. Nonetheless,

the combination of these three technologies has not yet been explored.

This thesis aims to build a cell-free microfluidics platform for in-droplet expression

of single or multiple proteins from single beads loaded with a user-defined DNA. This

would allow to potentially generate and screen through millions of synthetic biologi-

cal designs in a single cell-free microfluidics experiment. Some possible applications

for such a platform include genetic circuit design, metabolic engineering or directed

evolution of designer proteins. (Figure 1.3)
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Figure 1.3: Synthetic biological designs: building diversity on beads. version 1, 2 and
3 from enzyme A, B and C

The main thesis objectives were (1) to maximize binding capacity of streptavidin

coated beads for coupling biotinylated protein coding DNA fragments; (2) to optimize

user controlled approaches for concatenation of single and multiple encoding linear

DNA fragments on beads; (3) to evaluate large scale single and multiple cell-free

fluorescent protein expression from built DNA coated beads. (4) to assess and adjust

the µEncapsulator system as a robust cell-free droplet microfluidics platform. (5) to

evaluate in-droplet single and multiple fluorescent protein expression from a single

DNA coated bead per droplet.
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Chapter 2

Results and discussion

2.1 Genes on beads: cell-free protein expression from DNA

coated beads

In this section, I proved cell-free expression of multiple genes directly from DNA

coated beads. For this purpose, I tested the immobilization of DNA on beads, either

through direct binding of DNA fragments or through different assembly methods,

which allowed to orderly couple single and multiple protein-coding DNA on beads. I

then proceed to test DNA coated beads for single and multiple protein expression in

25 µl volumes of PURExpress.

2.1.1 Direct binding of DNA to beads

I first evaluated direct DNA (around 1600 bp) binding capacity per bead on commer-

cially available magnetic and polystyrene beads coated with streptavidin. I designed

biotinylated oligonucleotides for amplifying protein-coding linear DNA by PCR. PCR

amplicons included the T7 promoter, an E. coli ribosomal binding site (RBS), the

protein-coding region, and a T7 terminator.

For evaluating the binding capacity per bead for large DNA fragments, I departed

from suggested protocols which are optimized for the binding of much shorter bi-

otinylated oligonucleotides (Dynabeads, ThermoFisher Scientific, USA)(Streptavidin

Coated Polystyrene Microspheres, Bangs Laboratories, USA). To assess the quantity

of bound DNA, I separated beads by magnet or centrifugation and measured the
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DNA concentration in the supernatant . Based on the amount of beads used, and the

final volume on binding reactions, I estimated the quantity of DNA (pmol) bound on

one bead, which I aimed to improve in order to maximize the amount of DNA that

can be carried into a single droplet by a single bead.

I started binding assays using Dynabeads magnetic beads with a mean diameter

of 2.8µm. I bound different amounts of DNA while keeping constant the quantity of

beads. I also varied the quantity of beads while always providing a constant amount

of DNA.

I noticed that even with a large excess of beads, there was always a relatively

large fraction of DNA that did not bind. For example, 500 ng of DNA (around

1600 bp) would only bind 66-69% even with a five-fold higher amount of beads than

recommended. Conversely, the DNA per bead kept increasing with higher amounts

of provided DNA for binding, Figure 2.1 A.

The goal was to maximize the DNA on each single bead and not the overall amount

of DNA captured. I therefore saturated lower volumes of beads with the provided

DNA (around 1600 bp) as for initial binding experiments. I noticed an almost 10 fold

increase in the DNA bound per bead (pmol). By further increasing the amount of

DNA in solution over the recommended for a given amount of beads, I estimated an

additional 10 fold increase in DNA per bead (pmol) as shown in Figure 2.1 B.

I hypothesize that the binding of large DNA fragments may be limited by steric

impedance to access streptavidin molecules on the bead. Nevertheless, an excess of

DNA quantity during binding reactions showed to partially overcome this limitation

and allowed more higher DNA loading per bead.

Finally, from the different types and sizes of beads tested, I selected polystyrene

beads with a mean diameter of 4.5µm mean diameter for further experiments. Even

though magnetic beads were easier to handle than polystyrene beads, which needed

centrifugation for supernatant removal, their density (1.6-1.9 g/cm3) made them less
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suitable for droplet encapsulation experiments.

2.1.2 DNA assembly on beads

With the purpose of having a tunable control for binding protein-coding DNA on

beads, I tested whether a sequential assembly of DNA fragments directly on beads

was feasible. For this purpose, I evaluated two different approaches: Golden Gate

assembly with BsaI restriction enzyme and T4 ligase, and a recombination based

assembly using Bxb1 serine integrase.

Golden gate assembly was introduced in 1996. Multiple inserts could be assembled

together into vector backbones when using type II restriction endonucleases and T4

DNA ligase, both in a sequential or simultaneous manner. [46, 47]. Golden Gate

assembly takes advantage from the activity of type II S endonucleases which cleave

outside of the recognition sequence. This property has allowed users to freely design

the overhangs generated by the enzyme for accurate DNA fragment assemblies. Other

advantages of Golden-Gate assembly include simultaneous digestion, re-ligation and

the absence of ”scar sequences” after assembly reactions. These properties made
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Golden Gate a suitable method for a more versatile coupling of DNA to beads.

As an alternative to restriction enzymes, recombination based assembly uses in-

tegrases to catalyze the rearrangement of DNA fragments through specific recom-

bination sites called attachment sites. In particular, Large Serine Integrases (LSI)

are reported as a high efficient class of integrases that provide directionality with

smaller recombination sites and without requirements for helper proteins [48]. Serine

recombinases recognize attP and attB sites and catalyze a site-specific recombination

reaction to obtain final attR and attL sites that are not longer recognized by the

enzyme. As site-specific serine recombinases (SRs), the recombination assembly can

be modified for a multiple fragment DNA concatenation [4].

Among several serine integrases that have been already characterized for DNA

integration [49] and cloning [4], Bxb1 serine integrase, initially described by Kim at

al. in 2003 [50] has stood out as a highly efficient serine integrase for one pot or

sequential DNA fragment assembly and cloning [4, 51]. I decided to test Bxb1 serine

integrase as an alternative to the Golden Gate strategy for the coupling protein-coding

DNA fragments to beads.

For Golden Gate assembly reactions, I used commercially available BsaI-HF and

T4 DNA ligase. Conversely, for recombinase based assembly, I purified Bxb1 protein

as explained in the materials and methods section, supplementary Figure B.6, and

used it with suggested reaction buffer conditions [4, 51]. As an inital assessment

of both methods, I concatenated two linear DNA fragments in solution where both

methods worked efficiently as shown in the supplementary Figure B.2.

I tested whether the binding process could be further improved by first attaching

small DNA fragments on beads (39-200 bp) instead of large protein-coding DNA

fragments (1300-1600 bp). Once beads were bound to the small DNA fragments, I

tested the coupling of protein-coding DNA using both Golden Gate and recombination

based DNA assembly methods.
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I designed a short (39 bp) biotinylated DNA fragment with Bsa1 recognition and

cut sites (39 bp) or with attP Bxb1 sites (200 bp total length). Using both short

DNA fragments, I saturated the beads with high pmol amounts of DNA, around 30

fold higher than in previous experiments.

Even though I calculated an increase in DNA binding per bead of almost 5 fold

more, the difference in binding was not as high as I expected from the difference in

DNA size: 1600 bp compared to 39 bp or 200 bp as shown in Figure 2.2. However,

it was clear that saturation of beads with DNA was achieved more easily when using

oligo sized DNA fragments (39 bp).
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Figure 2.2: Short fragment DNA binding on beads compared with binding of large
protein-coding DNA fragments. Bubble sizes represent quantity of DNA (pmol)
bound per bead. Binding reactions were done using Polystyrene beads.

2.1.3 Single protein expression from on-bead DNA assembly

After direct capturing the appropriate short oligonucleotide, I evaluated Golden Gate

and recombination based DNA assembly on beads by concatenating a DNA fragment

encoding the red fluorescent protein mScarlet. I subjected the beads to rigorous
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washing steps before performing ”large scale” (25 µl) expression reactions with PUR-

Express. After six hours incubation at 37◦C, I observed protein expression from the

conditions tested as shown in Figure 2.3.
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Figure 2.3: Comparison of mScarlet expression from DNA bound to beads directly
or from DNA coupled to beads by Golden Gate or Bxb1 recombinase based DNA
assembly

All conditions produced red fluorescent protein, without significant differences be-

tween direct DNA binding or olinucleotide-mediate DNA coupling onto beads. Nev-

ertheless, these results demonstrated that both assembly strategies were feasible and

efficient enough to reach similar protein expression levels when compared to direct

binding. Assembling genes to previously bound short DNA fragments, designed with

different assembly sites, opens up new possibilities for the selective coupling of differ-

ent genes to the same or different beads, compared to only having streptavidin-biotin

DNA selection.
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Multiple protein expression

I assessed whether golden-gate and Bxb1 strategies would allow on-beads DNA con-

catenation for multiple protein expression using cell-free systems. For this purpose, I

sequentially concatenated three different fluorescent protein-coding genes on beads.

I chose DNA constructs encoding for mNeon, mScarlet, and LSSmOrange fluo-

rescent proteins due to their good expression levels in PURE cell-free experiments,

and their fluorescent excitation and emission wavelengths, which minimized overlap

of signals when having all proteins together in the same reaction [5].

For Golden Gate assembly, I introduced the recognition and restriction sites

with oligonucleotides and 2-steps PCR amplifications as described in the materi-

als and methods section. For Bxb1, I placed the recombination sites directly on the

DNA construct sequence from each fluorescent protein for commercial DNA synthesis

(gBlocks). The overhangs and recombination sites are specified in the materials and

methods section.

I first bound mScarlet encoding DNA on beads, which I then sequentially con-

catenated with mNeon and LssmOrange encoding DNA. Between each concatenation

reaction and at the end of the assembly, I performed several washing steps until mea-

suring close to zero DNA concentration in the supernatant. In this way, I assured

that all DNA coupling steps happened on beads rather than in solution and that all

DNA template for protein expression was from these beads.

As a control reaction, I tested PURExpress for multiple protein expression from

equal DNA concentrations in solution (no beads) with the same three protein con-

structs: mScarlet, mNeon and LSSmOrange. I observed that fluorescence signals

significantly decreased with co-expression. When comparing the same protein ex-

pressed alone and co-expressed, I noticed a signal decay of almost 40% for mScarlet,

80% for mNeon, and 60% for LSSmOrange as shown in supplementary Figure B.1.

As a further control, I read fluorescence at each of the three wavelengths for indi-
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vidually expressed mNeon, mScarlet and LSSmOrange. mNeon and mScarlet could

indeed be measured independently of each other and of LSSmOrange. However, there

was some cross-excitation and emission from mNeon and mScarlet in the LSSmOrange

signal.

I therefore calculated the signal fraction that both mScarlet and mNeon gave to the

overall signal, and I subtract it from the measured LssmOrange signal. The fraction

consisted in the ratio between the fluorescence signal from the single expressed protein

measured at its own excitation and emission wavelengths, and the signal obtained

when measuring the same protein with LssmOrange wavelength conditions. I could

consequently decompose the signals from the co-expression and estimate the corrected

protein concentrations in the mixture.

As I expected from previous results, both concatenation strategies were feasible

for the assembly of more than one DNA fragment on beads. For estimating binding

efficiency for both methods, I compared the co-expression from DNA coated beads

after DNA concatenation with the co-expression from linear protein-coding DNA at

the maximum estimated quantity that could be bound to the beads. This estimate

was based on the calculated pmol quantity initially bound to the beads. Therefore,

the maximum DNA quantity (pmol) that could be assembled will be equal to the

DNA quantity (pmol) that is already bound from the first direct binding step.

As shown in Figure 2.4, large scale co-expression showed interesting results re-

garding the allocation of PURExpress resources for protein expression. For instance,

all three proteins reached similar µM concentration levels when providing the same

pmol quantities of protein-coding DNA as shown in the controls. We can therefore

estimate the proportion of protein-coding DNA present from the co-expression levels

of each fluorescent protein. Based on this, I assessed the success of DNA concatena-

tion. Judging from the co-expression profiles, Golden Gate showed a lower efficiency

compared to Bxb1. By comparison, Bxb1 multiple fragments recombination showed
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less efficiency decay between concatenation steps than Golden Gate DNA assembly.
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Figure 2.4: Multiple protein expression from DNA-coated beads: comparison of lin-
ear DNA in solution versus DNA assembly with Golden Gate or Bxb1 recombinase.
The use of very low volumes (less than 1 µl) for the DNA template of in solution
experiments was reflected in the error bars

In summary, the high efficiency reported for Golden Gate or Bxb1 cloning reac-

tions [50,51] also translated to DNA concatenation on beads. Besides the differences

observed for concatenation efficiency between Golden Gate and Bxb1 strategies, the

overall performance of both methods indicate that they can be used for multiple

protein expression from a flexible assembly of DNA on beads.

2.2 PURExpress microfluidics: in-droplet protein expression

After large scale experiments with linear protein-coding DNA and DNA coated beads

using PURExpress, I moved forward to scale down reactions to picoliter droplets using

droplet microfluidics. For this purpose I adapted The µEncapsulator System from

Dolomite Microfluidics (UK), which was originally designed for the high-throughput

and modular generation of mono dispersed droplets for single cell encapsulation. The

system generates droplets using a flow-focusing method from two reagent streams
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and one carrier fluid. It is composed of two glass-made microfluidic chips: a sample

reservoir chip and a 1-2 Reagent Droplet Generator Chip.

For cell-free encapsulation purposes, the µEncapsulator System offered advantages

over conventional self-made or other commercially available microfluidics systems. For

instance, glass microfluidic chips are chemically inert, bio compatible, easily coatable

and re-usable compared to often used materials such as PDMS or PMMA, which

can have limitations such as reagent absorption, low mechanical stability or unstable

surface [36]. Furthermore, the usage of a sample reservoir chip allows to load low

volume samples of costly reagents (from 5 to 100µl) without loosing a significant

amount when starting the system for droplet encapsulation.

I connected the µEncapsulator with two different set-ups for testing cell-free ex-

pression. The first set-up consisted in three pumps and flow sensors for providing

different flow rates for each reagent-sample streams. For the second set-up, I used

only two pumps, where by dividing the flow with a T-junction, I provided the same

flow rate for the two reagent-sample streams. Both set-ups are illustrated in Figure

2.5. More details regarding tubing diameter, pressure controllers and flow sensors

ranges can be found in the materials and methods section.

Sample 
Reservoir

Droplet 
generation

A Two Pumps set-up
or

B Three Pumps set-up

FS

FS

FS

FS

 

MI

el

 

MI

el

 

MI

el

 

MI

el

 

M
I el

Flow Sensor Valve

T-Junction

Pump 

FC-40 2% 
Pico Surf

Mili-Q Water

Mili-Q Water

Mili-Q Water

Collection of generated 
single emulsion

Fluorophilic 
chip

Figure 2.5: Two and Three pumps set-up used for PURExpress in-drop protein ex-
pression. Chips drawings taken from the µEncapsulator User Manual, Dolomite Mi-
crofluidics (UK)

For the generation of single emulsion droplets I tried two fluorophilic 1-2 Reagent
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Droplet Chips of 30µm and 50µm junction size. These chips are designed to pro-

duce 14 to 65 picoliters droplets with recommended flow rates of 5-7µl/min and

30-50µl/min for the two reagent streams and the oil carrier stream, respectively.

Furthermore, I chose FC-40 2% PicoSurf over Novec 7500 2% PicoSurf (used by

Dolomite for single cell encapsulation) for the carrier fluid. Besides being reported as

a inert oil, suitable for wide range of bio assays, FC-40 is more viscous than Novec

7500, thus is better suited for downstream applications such as FACS [52]. FC-

40 2%PicoSurf did not cause protein expression failures when added to large scale

reactions using PUREexpress.

In this section of the chapter, I tested different strategies for determining whether

The µEncapsulator system could be used as a reliable cell-free microfluidic platform

using both DNA in solution and DNA coated beads as DNA template for in-droplet

protein expression. Eventually, we aimed to build a reproducible high-throughput

platform where each droplet could represent a different protein production condition.

2.2.1 In-droplet protein expression from DNA in solution

For in-droplet protein expression from DNA in solution using the µEncapsulator sys-

tem, I started with the three pumps set-up for adjusting different flows on reagent-

sample streams. Using 50 µm fluorophilic chips, I tested whether I could get protein

expression from two PURExpress-DNA solutions configurations as shown in the sup-

plementary Figure B.3 . For this, it is important to emphasize that PURExpress

protein synthesis kit from NEB (US) is assembled from two solutions: A and B,

where solution B contains the protein machinery for transcription-translation cou-

pled reactions (ribosomes and RNA polymerases).

The first condition consisted of solution A, solution B and RNAase inhibitor as

one stream, whereas the other stream contained DNA diluted in nuclease-free water.

For the second condition, the set-up was inspired on S30 cell-free encapsulations
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reported earlier by Dittrich et al. [34]. I premixed solution A, DNA in nuclease-free

water and RNAase inhibitor as one stream, while the other one contained solution

B alone. In the first condition, transcription-translation processes in theory already

start within the sample reservoir chip, compared to the second condition, where

translation-transcription could only start when droplets are generated.

For both scenarios, I set the flows for keeping the proportion of DNA and reagents

(solution A, solution B, RNAase inhibitor) to reproduce the proportion for large scale

(25 µl) PURExpress reactions. During droplet generation, I collected the emulsion

in a separate tube and then incubated it for 6-8 hrs at 37◦C. Both conditions showed

in-droplet fluorescent protein expression after incubation as shown in the supple-

mentary Figure B.3. Since having the DNA template for expression as a complete

separate stream gave me more control over the DNA stream for further in drop ex-

pression experiments such as DNA coated beads encapsulation, I continued cell-free

encapsulation experiments using condition one.

I then compared two and three pumps set-up for in-droplet protein production

of mNeon fluorescent protein from linear DNA template in solution. For this and

further experiments, I changed to a 30µm fluorophilic droplet chips to generate smaller

droplets and therefore reach higher throughput. As for the 50 µm chip, I set the flow

rates for three pump set-up to keep the recommended proportions used in large scale

PURExpress reactions (7 µl/min cell-free, 3 µl/min DNA). In a simplified two-pump

set-up, I set the flow rate to 10 µl/min which provided both PURExpress and DNA

streams with the same flow of 5 µl/min each.

For a fair comparison with large scale protein expression from 10 ng/µl DNA

template, I provided the required concentration of DNA in solution such that the

final in-droplet DNA concentration was 10 ng/µl for both configurations. Droplets

were imaged on a confocal microscope, and I estimated the best protein concentra-

tion reached in the droplets using an image-processing calibration curve, Figure B.4,
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which I built as described in the materials and methods section. Using the same con-

focal microscope conditions and image analysis parameters, I estimated µM protein

concentration from the maximum fluorescence values of in-droplet protein expression.

After encapsulation and six hours incubation at 37◦C, both conditions expressed

mNeon fluorescent protein as shown in Figure 2.6. Based on estimated protein concen-

trations from both large scale and in-droplet protein expression, in-droplet expression

reached around 20-25% of what was obtained in large scale expression. Nevertheless,

an estimated in-droplet protein concentration of 960 nM and 740 nM was high when

compared to previous reported expression values of around 60nM in encapsulated

S30 cell-free extract [34] or 30-45 mM in commercial RTS100 (E. coli HY kit, Roche

Applied Sciences, DE) [35].
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Figure 2.6: In-droplet PURExpress protein expression of mNeon with different
µEncapsulator flow rate set-up: 7-3 µl/min and 5-5µl/min

This drop in the expression demonstrated that the PURExpress efficiency was

affected when scaling down reactions to picoliter droplets. This effect may be the

result of several stress factors in the microfluidic droplet formation and in-droplet

PURExpress incubation. Protein expression could be affected by the shear stress

from the microfluidic chip geometry and flow rates, or by non-specific adsorption

of biomolecules on the chip surface. Cell damage caused by shear stress has been

studied for microfluidic single cell manipulation [53]. Therefore, cell-free systems
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may be affected by a similar stress factor.

Another potential problem might be the protein expression environment after

droplet encapsulation, where several hours incubation in an oil based picoliter droplet

compartments could allow the diffusion and adsorption of cell-free components through

and on the droplet oil layer. This could lead to a decay in protein expression efficiency.

Changes in the surfactant type and concentration on the oil phase may diminish this

problem.

Between the two different flow rate configurations, there were also differences

to highlight. As also shown in Figure 2.6, the three pumps set-up gave a stronger

variation in the expression levels among generated droplets compared to a more even

protein expression profile when using two pumps set-up. This was expected from

higher flow-rate instability during droplet generation when going down to 3µl/min

flow rates for the DNA stream. This instability could have caused the generation of

a different cell-free to DNA proportion in droplets or could have even lead to cell-free

only and DNA-only droplets.

When using a three pumps set-up, I attempted to maintain a cell-free to DNA

proportion as suggested by the manufacturer, aiming to maximize in-droplet pro-

tein expression. Nonetheless, although PURExpress formulation is reported to only

tolerate up to 20% dilution without an appreciable drop in productivity, using a

two-pump set-up, which represented two-fold dilution of the complete PURExpress

reaction, did not exhibit a significant decay in protein production yields. From es-

timated in-droplet protein concentrations of the highest protein expression in both

configurations, the two pump set-up achieved almost 20% lower concentration than

the three pumps set-up. However, it was clear that when considering the average of

expression in all produced droplets from both set-ups, a simplified single flow rate

for the sample-reagent streams gave a more evenly distributed and more reproducible

outcome than setting different flow rates.
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2.2.2 In-droplet protein expression from DNA coated beads:

single and multiple protein expression

Large scale (25 µl) experiments showed that reliable levels of protein expression could

be reached when using DNA coated beads as DNA template for protein expression.

When scaling down these large scale reactions for high-throughput droplet microflu-

idics, I tested whether I could obtain single and multiple protein expression from a

single DNA coated bead encapsulated in a single droplet. Therefore, if each bead has

a different DNA coating, then DNA beads coating can be further developed such that

each individual droplet could have a different protein expression pattern.

For optimizing in-droplet protein expression from a single bead, I saturated polystyrene

beads with biotynilated protein-coding linear DNA as explained in the previous re-

sults section. After several beads washing steps (necessary for avoiding background

expression), and strong vortexing (necessary for avoiding clogging of beads), I diluted

the beads at a two beads-per-droplet concentration in a 18.8% Optiprep (Sigma-

Aldrich, US) in nuclease-free water solution. Optiprep is an inert density gradient

medium used to adjust the density of the final solution to 1.06 g/ml, that is the

reported density of polystyrene beads. Large scale cell-free reactions with optiprep

diluted beads did not cause any detrimental effects on protein expression.

For beads encapsulation experiments, I chose to use condition one for the reagent-

sample stream distribution: DNA coated beads as one stream and pre-mixed PUR-

Express solutions as the other one. Additionally, based on previous results with DNA

in solution, and for avoiding chip clogging issues when having low flow rates in the

beads stream, I chose to carry out the encapsulation using the simplified two-pumps

set-up instead of three.
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Single protein expression

For proving single bead DNA expression in drops, I bound either mNeon or LSSmOr-

ange enconding DNA to two different batches of beads using biotynilated primers.

After beads binding and washing steps, I mixed the bound beads in a single solu-

tion that I used for single bead droplet encapsulation. Therefore, I could distinguish

whether the encapsulated single DNA coated bead is the template for in-droplet pro-

tein expression or not.

After collecting the single emulsion and incubating it for six hours at 37◦C, I used

a confocal microscope for the detection of fluorescence protein expression as described

in the materials and methods section, such that I could read separately mNeon and

LSSmOrange fluorescence from each droplet.

As shown in Figure 2.7, both fluorescent proteins mNeon and LSSmOrange were

expressed from a single bead per droplet. The distinction between droplets with

mNeon and LSSmOrange reflected the type of DNA coated bead present in each

droplet. Moreover, there were also droplets that, even though they had a bead present,

did not show any fluorescence. This could be due to the generation of droplets

with lower cell-free proportion than others or it could also indicate failures in the

streptavidin coating or DNA binding on individual beads.

Based on image analysis, I estimated the best mNeon protein concentration reached

(720 nM) using the same measuring conditions as previously described for in-droplet

single protein expression from DNA in solution. Although this value might be an

over estimate for including some droplets with more than one bead per droplet in

the average, it did show that expression was similar to DNA in solution when us-

ing two-pump set-up (740 nM). This protein concentration could indicate that the

concentration of DNA per drop is on the ng/µl level.

Additionally, I noticed that even though I did obtain single bead encapsulation

from two beads per droplet dilution, I also observed many droplets without or with
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Figure 2.7: In-droplet PURExpress protein expression from single DNA coated beads
per droplet. Estimation of best µM mNeon expression levels per droplet

more than one bead (duplicates in most of the cases) when using two beads per droplet

dilution. I therefore tested whether diluting the beads to 1.5 beads per droplet or 1

bead per droplet was better for obtaining more single bead encapsulation. With this

two configurations, although I obtained less doublets (or more beads per droplet), I

also noticed a strong decay in the throughput encapsulation, obtaining more empty

droplets than when using two beads per drop. Nonetheless, I chose to continue with

a dilution of 1.5 beads per droplet to avoid most doublets without sacrificing single

bead encapsulation efficiency as much as with a dilution of one bead per droplet.

Multiple protein expression

For evaluating multiple protein expression from a single DNA coated bead per droplet,

I performed Golden Gate concatenation for coupling mScarlet, mNeon and LSSmOr-

ange protein-coding linear DNA as described before for large scale reactions, and as

shown in Figure 2.8 A. Encapsulation and incubation conditions were the same as

used in the previous experiments, except for beads dilution, which in this case I used

1.5 bead per droplet.

As shown in Figure 2.8 B, all three fluorescent proteins were identified from most

of the droplets having one encapsulated bead. This demonstrated that DNA as-

sembly on beads can be combined with in-droplet multiple protein expression. Ow-
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ing to an overall much lower fluorescence, I had to change the confocal microscope

laser strength and gain from the previous set-up imaging conditions. Nevertheless,

this qualitative result mirrors previous quantitative results from large scale experi-

ments, which showed that multiple protein co-expression lowered the expression levels

reached for each individual protein.

1. mScarlet DNA

1. Bsal & T4 Ligase

+ mNeon

2. mScarlet & mNeon DNA 3. mScarlet , mNeon & LSSmOrange DNA

2. Bsal & T4 Ligase

+ LSSmOrange

A

B

Figure 2.8: A. DNA concatenation on beads using golden gate strategy for one
bead per drop encapsulation B. In-droplet multiple protein expression from mScarlet,
mNeon & LSSmOrange from assembled DNA on beads.

2.2.3 Double-emulsion and FACS sorting

Fluorescence activated cell sorting (FACS) technique is usually employed for separat-

ing cell populations based on fluorescence labeling. With a continuous flow, individual

cells are interrogated in a flow cytometer and then sorted into different tubes based

on the fluorescent labeling that they have, which can either be a chemical dye or

fluorescent protein.

High-throughput droplet microfluidics have previously been combined with fluo-

rescent based sorting techniques for single cell droplet cultivation and sequencing [30],

as well as for in-droplet cell-free fluorescent protein production and sorting [32,37,54].

For droplet microfluidics flow cytometry sorting, water-in-oil-in-water emulsion

(MDE) is needed. To this end, several studies have reported chips fabrication in

which both single and double emulsion encapsulation are performed one right after
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the other on the same chip [32,37]. Nevertheless, for cell-free microfluidics in-droplet

protein production, incubation in immediately generated double emulsion droplets

was reported to show lower expression levels when producing green fluorescent protein

(GFP) compared with single emulsion incubation. [37].

The µEncapsulator system has an advantage over previously reported double

emulsion systems. By using an hydrophilic chip instead of a fluorophilic one, al-

ready produced protein in single emulsion droplets can be run again trough the

µEncapsulator system for having a double emulsion, which can then be used for FACS

sorting. This avoids the reported drop in protein production yields from incubation

within double emulsion generated droplets.

With this in mind and as a proof of principle, I generated a double emulsion using

the µEncapsulator system as shown in Figure 2.9 A, and I checked whether it was re-

sistant enough to tolerate FACS sorting using 10 psi pressure. I first performed single

emulsion encapsulation of purified mScarlet fluorescent protein (around 11µM) using

30µm fluorophilic chip and two pumps set-up. After collecting the single emulsion

in a separate tube, I proceed for the double emulsion using a hydrophilic 30µm chip,

followed by FACS sorting as both described in the materials and methods section.

As shown in Figure 2.9 B, FACS technique was feasible for sorting mScarlet

double emulsion droplets. As a preliminary result, this indicates that cell-free in-

droplet produced fluorescent proteins could also be sorted when using FACS and the

µEncapsulator system for double emulsion generation. However, some limitations

of both double emulsion and FACS sorting processes still need to be addressed and

optimized. For instance, not all of the droplets were efficiently double emulsified and

sorted using FACS.

Droplet chip clogging with single emulsion and empty oil droplets found in the

mScarlet sorted tube are some of the issues that need to be addressed for improving

sorting efficiency. Future optimization could increase the flow rate used for single
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Figure 2.9: A. Double emulsion generation using the µEncapsulator System from
single emulsion of purified mScarlet B. FACS sorted double emulsion droplets.

emulsion generation to 40 µl/ml. This may be helpful for generating smaller droplets

that can easily flow through the chip. Additionally, this could also help by allowing

higher pressure ranges for the emulsion stream for a faster double emulsion process.

Furthermore, due to the density of the oil used, FC-40 2% PicoSurf (around 1.8

g/ml), droplets tend to precipitate fast in the sample injection tube. This limited the

scope of the sample collection, leading to perform multiple FACS runs when using

the same double emulsion sample, which started to cause droplet deterioration. To

avoid this, adjusting the density in the double emulsion buffer could slow down the

precipitation of the droplets, avoid losses of fluorescent hits due to precipitation, and

also decrease the time spent on FACS.

Finally, FACS could also be extrapolated for a multiple laser setting. Multiple pro-

tein producing drops could then be questioned and sorted based on an heterogeneous

fluorescent signal emitted from one single droplet.
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Chapter 3

Materials and Methods

3.1 DNA plasmids and gBlocks

All protein coding DNA constructs in plasmids and gBlocks were codon optimized

using COOL, Codon Optimization On-line [55]. All DNA constructs used as plasmid

templates were cloned into pJEx411c vector backbone which is a high expression vec-

tor optimized from an original version provided by ATUM (DNA 2.0). The vector

contains a T7 promoter, consensus E. coli RBS, T7 terminator, and kanamycin re-

sistance. DNA constructs for expressing fluorescent proteins mScarlet-I and mNeon,

and LSSmOrange were already available as plasmid samples: me0052, rg3032, sb0215.

A newly designed Bxb1 DNA construct (sb201) was synthesized as clonal DNA by

Twist Bioscience (US) with an additional 10-His tag.

Linear double-stranded DNA fragments: rgf0049, rgf0047, rgf0048, rgf0046 were

synthesized by Integrated DNA Technologies (IDT, US). These included recombi-

nation sites for Bxb1 DNA assembly reactions. Synthesized DNA fragments were

diluted to a final concentration of 50nM in TE buffer and used as templates for PCR

amplification. DNA constructs are detailed in Table 3.1 and 3.2.

Table 3.1: DNA Plasmids
Plasmids Construct details
me0052 ALS-mScarletI-SpyT-TwinStrep
rg3032 FKBP-mNeon-WW-TwinStrep
sb0215 TwinStrep-LssmOrange-SpyTag
sb0201 Bxb1-His10
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Table 3.2: DNA gBlocks
gBlocks Construct details
rgf0046 dsDNA random sequence-attP
rgf0049 attB -ALS-mScarletI-SpyT-TwinStrep-attP
rgf0047 attB -FKBP-mNeon-WW-TwinStrep-attP
rgf0048 attB -TwinStrep-LssmOrange-SpyTag-attP

3.2 Oligonucleotides

Oligonucleotides for double stranded oligonucleotide annealing or for PCR amplifi-

cation were synthesized by Integrated DNA Technologies (IDT, US). Dried oligonu-

cleotides were diluted to final concentration of 100µM in TE buffer (10mM Tris,

1 mM EDTA) for permanent storage at -20◦C. Apendix A, Table A.1 contains all

oligonucleotide sequences used.

Oligonucleotides aro0024 and aro0025 from Table A.1 were annealed before bind-

ing on beads. For annealing reaction, 50µl reaction was built by adding 10µl of 100µM

aro0024, 10µl of 100µM of aro0025, 5µl of 10X NEB2 buffer (New England Biolabs,

NEB, US), and filled up with 35µl of nuclease-free water. The reaction was incubated

in the thermal cycler using the following program: denaturation step at 95◦C for two

minutes and cooling-down until 25◦C over 45 minutes.

3.3 PCR amplification

PCR amplification reactions for direct linear DNA binding on beads and fragment

amplification for cell-free expression were performed using me0052, rg3032 and sb0215

as plasmid DNA templates and rgo0119 as forward primer and various reverse primers

depending on the application. 100 µl amplification reactions were set up using Phu-

sion High-Fidelity PCR Master Mix with GC Buffer (NEB, US). All reactions were

incubated in the thermal cycler following a standard PCR protocol as described in

Table A.2.
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PCR amplification reactions for on-bead golden gate were performed using me0052,

rg3032 and sb0215 as plasmid DNA templates and rgo0119, aro013, aro014, aro015,

aro016, aro017, aro018 as forward and reverse primers. Ten reactions of 100 µl each

were set up for each amplification using Phusion High-Fidelity PCR Master Mix with

GC Buffer (NEB, US), and pooled afterwards. All reactions were incubated in the

thermal cycler following a double step PCR protocol as stated in Table A.3.

PCR amplification reactions for on-bead Bxb1 recombination were performed

using rgf0046, rgf0049, rgf0047, rgf0048 as gBlocks DNA templates and rgo0119,

rgo0121, rgo0144 and rgo0145 as forward and reverse primers. Ten reactions of 100

µl each were set up for each amplification using Phusion High-Fidelity PCR Master

Mix with GC Buffer (NEB, US), and pooled afterwards. All reactions were incubated

in the thermal cycler following a double step PCR protocol as stated in Table A.4.

3.4 DNA binding on polystyrene streptavidin coated beads

Polystyrene streptavidin coated micro spheres with a 4.95µm mean diameter were

purchased from Bangs Laboratories (US). All aliquots used for binding experiments

were first washed and centrifuged 3 minutes at 14500 rpm three times in fresh 100µl 1X

binding-washing buffer: 20mM Tris-HCl, 1M NaCl, 1mM EDTA, 0.0005% TritonX-

100. Beads were resuspended in 10 to 50µl binding-washing buffer containing the

DNA to be attached, in quantities ranging from 5 to 300 pmol. All reactions were

incubated at room temperature for 3 hours or overnight under continuous mixing

using a Monoshake Microplate Mixer at maximum speed (2000 rpm). After DNA

binding reactions, beads were centrifuged for 3 minutes at 14500 rpm for removing the

supernatant with unbound DNA. Bound DNA on beads was estimated by measuring

the supernatant DNA concentration using a Nano-drop instrument (ThermoFisher

Scientific, US).

Beads were washed with 1X binding-washing buffer several times until the super-
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natant concentration was close to zero. Beads were further washed (at least three

steps in total) with nuclease-free water and diluted to the final desired volume with

18% OptiPrep (Sigma-Aldrich, US) for droplet encapsulation experiments. Low bind-

ing tubes (Eppendorf, DE) were preferably used for washing steps.

3.5 On-beads Golden Gate DNA assembly

Linear DNA with one end BsaI restriction site, located after the T7 terminator of

the DNA construct, was bound to streptavidin beads as described in the previous

section 3.4. DNA coated beads were resuspended in nuclease-free water and used for

golden-gate reaction. 35µl Golden Gate reactions were performed in 1X T4 ligase

buffer (NEB, US), 1000 units of T4 DNA Ligase (NEB, US), and 30 units of BsaI-HF

V2 (NEB, US). Reaction volumes were scaled up or down depending on the beads

and DNA volumes needed for the concatenation. PCR-amplified linear DNA with a

BsaI restriction site that generated a complementary overhang, as specified in Table

3.3, was added with a pmol proportion of 1:2, DNA provided for beads binding: DNA

provided for Golden Gate assembly. When the provided DNA for beads binding was

too high, the proportion was kept of 1:1, DNA provided for beads binding: DNA

provided for Golden Gate assembly.

Reactions were cycled 30 times between 5 minutes incubation at 37◦C and 5 min-

utes incubation at 16◦C without deactivation step (Golden Gate, NEB [56]). After

concatenation, beads were washed several times with binding-washing buffer, washed

and resuspended in nuclease-free water for either another step of Golden Gate con-

catenation or for PUREexpress reaction.

As an example of Golden Gate concatenation: 10 µl of Polystyrene beads were

taken to bind 1.20 pmol of mScarlet encoding DNA as described in section 3.4. After

several washing steps, the beads were diluted in water and 2.4 pmol of the DNA

fragment to be concatenated, in this case mNeon encoding DNA, was added to a final
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Golden Gate reaction volume of 35µl.

Table 3.3: BsaI cut and recognition sites for Golden Gate DNA assembly on beads
5’GGTCTCCNNNN3’ DNA constructs 5’NNNNCGAGACC3’
Does not apply dsDNA oligonucleotide 5’ACCGCGAGACC3’
5’GGTCTCCACCG3’ ALS-mScarletI-SpyT-TwinStrep 5’TGCCCGAGACC3’
5’GGTCTCCTGCC3’ FKBP-mNeon-WW-TwinStrep 5’GCAACGAGACC3’
5’GGTCTCCGCAA3’ TwinStrep-LssmOrange-SpyTag 5’ACTACGAGACC3’

3.6 On-beads Bxb1 DNA assembly

Linear DNA with one end recombination site, located after the T7 terminator of the

DNA construct, was bound to streptavidin beads as described in the previous section

3.4. DNA coated beads were resuspended in nuclease-free water and used for Bxb1

recombinase reactions. 35µl Recombinase reactions were performed in a pH 8 buffered

solution with 10mM Tris-HCl, 100mM KCl, 10mM EDTA and Bxb1 (7.7 pmol of Bxb1

were added per 0.14 pmol of estimated DNA directly bound on beads). Reaction

volumes were scaled up or down depending on the beads and DNA volumes needed

for the concatenation. Bxb1 was added such that the final salt concentration did not

exceed 150mM. PCR-amplified linear DNA with corresponding recombinase sites, as

specified in Table 3.4, was added with in a pmol proportion of 1:2, DNA provided for

beads binding: DNA provided for recombinase assembly. When the provided DNA

for beads binding was too high, the proportion was kept of 1:1, DNA provided for

beads binding: DNA provided for recombination based assembly. Attachment (att)

sites DNA sequences attB -attB’, and attP -attP’ are specified in Table A.5.

Reactions were incubated for 3 hours at 30◦C without a deactivation step. After

concatenation, beads were washed several times with binding-washing buffer, washed

and resuspended in nuclease-free water for either another cycle of Bxb1 concatenation

or for PUREexpress reaction.
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The example provided in section 3.5 (Golden Gate concatenation) serves also as

an example for Bxb1 concatenation.

Table 3.4: Recombination sites specification for Bxb1 based DNA assembly on beads
[4]

attB -NN-attB’ DNA attP -NN-attP’
Does not apply dsDNA random sequence 5’attP -GT-attP’3’
5’attB -GT-attB’3’ ALS-mScarletI-SpyT-TwinStrep 5’attP -CT-attP’3’
5’attB -CT-attB’3’ FKBP-mNeon-WW-TwinStrep 5’attP -CA-attP’3’
5’attB -CA-attB’3’ TwinStrep-LssmOrange-SpyTag 5’attP -CC-attP’3’

3.7 Bxb1 protein production and purification

E. coli BL21 transformed with Bxb1-encoding plasmid was grown for 16 hours at

37◦C in 50ml of 2XYT supplemented with 1% glucose as a starting culture. One

liter of 2XYT supplemented with 1% glucose was inoculated with 50 ml of starting

culture and incubated at 37◦C until reaching an O.D600 of 0.5. Isopropyl β-D-1-

thiogalactopyranoside (IPTG) (1 M) was added to a final concentration of 0.5mM for

induction of protein expression. The cell culture was incubated for 20 hours at 18◦C

and 225 rpm. Cells pellets were harvested by 8000 rpm centrifugation, washed with

PBS buffer, and and stored dried at -80◦C until protein purification.

The cell pellet (14.76 g) was diluted in freshly made lysis buffer containing 27.5mM

Tris-HCl pH 7.4, 0.55M NaCl, 44mM Imidazole, 11% Glycerol, 5 tablets of ComPete

Protease inhibitor EDTA-free (Sigma-Aldrich, US), 2.5 µl Benzonase (380 U/µl) and

0.25 ml TCEP (1M). After disolving the pellet, 4 ml of Bugbuster, 1 spatula of

lysozyme, and 1µl of Benzonase were added. The final solution was incubated for

20-40 minutes rotating for complete chemical lysis.

The cell lysate was spun down and clarified lysate was filtered and collected for

protein purification by affinity capture using a HisTrap HP column (GE, US) and a

binding buffer consisting of 25mM Tris-HCl pH 7.4, 0.5M NaCl, 40mM Imidazole,
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10% Glycerol, and 1 mM TCEP. Purified protein was eluted from the column using

an immidazol gradient into an elution buffer of 20mM Tris-HCl, 2mM EDTA, 1mM

TCEP, 1 M NaCl at pH 8, and dyalized overnight in 20mM Tris-HCl, 2mM EDTA,

1mM DTT, 1 M NaCl at pH 8. Bxb1 protein was concentrated and stored in a

final buffer of 8.5 mM Tris-HCl, 0.9 mM EDTA, 0.4 mM DTT, 425.5 mM NaCl, and

50% glycerol with a final protein concentration of 0.6 mg/ml. HisTrap purification

was enough to reach good levels of purity for Bxb1 usage as shown in the collected

fractions from the column, Figure A.1.

3.8 µl scale PURExpress protein expression and detection

25µl reactions were set up following the PURExpress protocol (In Vitro Protein Syn-

thesis Kit, NEB, US) in black low-volume 384-well polystyrene plates (Corning, US).

Both linear DNA in solution and DNA bound to beads were used as templates for

large scale protein expression at a final DNA concentration ranging from 10 ng/µl to

40 ng/µl.

DNA coated beads were resuspended in 7µl of nuclease-free water before being

added to the cell-free reaction. Reactions in plates were covered with plastic seal and

incubated for 6-8 hours at 37◦C. Protein expression was measured based on the RFU

signal from the expressed fluorescent proteins. RFU measurements were performed on

a TECAN M1000 microplate reader with optimal excitation and emission wavelengths

chosen for each expressed fluorescent protein as indicated in Table 3.5. Top and

bottom fluorescence readings with signal gain of 60, 80, and 100, were recorded from

each well.

3.9 Single emulsion generation

A fluorophilic droplet generation chip (30µm or 50µm), reservoir chip, and 1.5 ml

collection tube were placed in the µencapsulator base. FEP 0.25 ID and FEP 0.8
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Table 3.5: Fluorescent protein excitation and emission wavelengths λ [5]
Fluorescent protein Excitation λ Emission λ
mScarlet-I 569 593
mNeon 506 517
LssmOrange 437 572

OD tubing was used for the connection between pumps and µencapsulator together

with regulation flow regulation valves and/or T-junction. Chips, tubing and the

µencapsulator setup were purchased in Dolomite Microfluidics (UK).

For single droplet generation, the P-pump from Dolomite with 30-1000 µl/min

flow sensor was used for pumping the carrier fluid (FC-40 with 2% PicoSurf filtered

over 0.22 µm) with a flow rate of 30 µl/min or 50 µl/min for 30µm chip and 50µm

chip, respectively. The P-pump with 1-50µl/min flow sensor and/or a Elveflow 2 bar

OB1 MK3 pressure regulator with 2-80 µl/min and 1-4µ/min flow sensors were used

for pumping filtered Mili-Q water for the two reagent streams (PURExpress, DNA in

solution or DNA coated beads). Pumps were connected either to an air compressor or

to a pressure controlled air supply. The Flow Control Centre Advanced software from

Dolomite and the Elveflow smart interface software were used for flow and pressure

control. The type of fluid (FC-40 2% PicoSurf and water) was specified manually in

the Dolomite software for correct flow sensor measurements.

Lines were purged before connection with the µencapsulator with 2000 mbar in

each pump. Before sample loading, an initial leaking test was performed, followed

by a droplet generation test with filtered Mili-Q water loaded in the reservoir chip.

Droplet generation was monitored with a 4X microscope and the Flow Control Cen-

tre Advanced software from Dolomite (The µEncapsulator Manual, Dolomite, UK).

If needed, tubing and pressure settings were adjusted until mostly mono dispersed

droplets were generated with water. PURExpress reaction and DNA solution or beads

were then loaded in the reservoir chip. Reagent stream valves were opened and the
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target flow value was set in the program. Only after the reagent streams arrived at

the droplet generation junction, the carrier flow regulation valve was opened and the

carrier flow was set in the software. At the end of the encapsulation, valves were closed

and then the flow was stopped for both reagent and carrier lines. In the case that

the droplet generation chip got clogged during droplet generation, the µEncapsulator

was opened and the droplet generation chip was flushed through each channel using

a 1ml syringe with filtered Mili-Q water, dried with pressurized air, and reconnected

for droplet generation. During encapsulation, single emulsion droplets were collected

in a 1.5 ml collection tube. For cell-free-DNA encapsulation, reagent-sample distri-

bution was loaded into the reservoir chip depending on the experiment (see results

section). Encapsulation proceeded as described above, and collected single emulsion

droplets were incubated at 37◦C for 6-8 hours. After each encapsulation experiment,

all the chips were washed with a 1ml syrynge first with filtered SDS 1%, the with

filtered Mili-Q water, and finally with filtered isopropanol. The chips were dried with

pressurized air for storage. All pumps, flow sensors and tubing lines were washed

regularly using the same chip-washing reagents in the same order at 2000 mbar (the

final isopropanol step was occasionally complemented or replaced by acetone). The

pumps, flow sensors and tubing lines were dried after the washing steps by flowing

air at 2000 mbar for some minutes.

3.10 Double emulsion generation

The hydrophilic 30µm droplet generation chip, reservoir chip, and 1.5 ml collection

tube were placed in the µencapsulator base (all components from Dolomite Microflu-

idics, UK). FEP 0.25 ID tubing with regulation valves was used for the connection

between pumps and µencapsulator. The 2 bar OB1 MK3 Pressure Controller from

Elveflow was used for pumping filtered Mili-Q water and TBS-T buffer (0.5% Tween).

The OB1 was connected to a pressure controlled air supply and controlled by the
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Elveflow smart interface software. Lines were purged at 2000 mbar pressure be-

fore connection with the µencapsulator. Mili-Q water was used for pumping reagent

streams and TBS-T buffer was used as the carrier fluid. Double emulsion generation

was monitored with a 4X microscope (Dolomite, UK) and the Flow Control Centre

Advanced software (Dolomite, UK). The previously generated single emulsion was

left to settle for 10 to 30 minutes in the collection tube, collected, and loaded into

one chamber of the reservoir chip compartment. FC-40 2% PicoSurf was loaded in

the other compartment. If the final volume from both reagents was less than 100 µl

(the capacity of the reservoir chip), the volume was topped up with Mili-Q filtered

water.

With all valves open, flows were initiated in three steps in the following order:

(1) the single emulsion stream with pressure set to 200 mbar. (2) Once the single

emulsion arrived to the droplet generation junction, the TBS-T (0.5% Tween) carrier

fluid pressure was set to 150 mbar. (3) Once the TBS-T fluid reached the droplet

junction, the FC-40 2% PicoSurf stream pressure was set to 100-150 mbar. The

single emulsion stream pressure was slowly increased (in 25-50 mbar increments) to

a maximum of 350 mbar. In the cases that single emulsion droplets clogged the

chip at its entrance, the single emulsion pressure was increased to up to 500 mbar,

or the µEncapsulator was opened and the double emulsion chip was flushed in each

channel using a 1ml syringe with filtered Mili-Q water, then dried with pressurized

air and reconnected. The double emulsion generation was left running overnight and

the resulting emulsion was collected in a 1.5 ml tube. Double emulsion generation

was stopped by closing all valves for both reagent and carrier streams, after which

flows were stopped in the software. The washing procedure for all chips, pumps, flow

sensors, and lines was the same as described previously in the section 3.9.
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3.11 Confocal microscope set-up and calibration curve

Single emulsion droplets were loaded into Hollow Rectangle Capillaries ID 0.05 x

0.50mm (CM Scientific) or Countess Cell Counting Chamber Slides (ThermoFisher

Scientific, US), and images were taken on a CLSM LSM710 upright confocal micro-

scope with 10X objective lens. Table 3.6 gives the adjusted laser conditions used

for detecting each fluorescent protein in the confocal microscope. All images were

taken both using transmitted light and the fluorescence laser. Images were analyzed

with a MATLAB script kindly provided by Daniela Garcia (UPF, Barcelona, Spain).

This script reported arbitrary fluorescent units (A.U) from the fluorescent droplets in

each taken picture. Protein concentrations were estimated using a calibration curve

prepared under the same conditions and on the same microscope.

Table 3.6: Confocal microscopy laser conditions for image recording [5]
Fluorescent protein Laser Laser line Recorded range
mScarlet-I DPSS 561-10 561 589-740 nm
mNeon Argon 488 515-564
LssmOrange Diode 440-16 440 536-706

For the calibration curve, mNeon purified protein was diluted at several concen-

trations and each dilution was then encapsulated in single emulsion droplets with

The µEncapsulator system. Images from encapsulated mNeon dilutions were taken

following the same conditions described above. Images were analyzed with the MAT-

LAB script kindly provided by Daniela Garcia (UPF, Barcelona, Spain). This script

reported arbitrary fluorescent units from the fluorescent droplets in each picture. I

linked each picture median A.U value to each protein dilution concentration for con-

structing the calibration curve, Figure B.5 .
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3.12 FACS sorting

Double emulsion carrier fluid (TBS-T) was exchanged to 150 mM NaCl as suggested

by [32] for preventing water-in-air droplet formation during FACS sorting. The BD

Influx cell sorter (BD Biosciences, US) was used with a 561 nm excitation laser and

593 nm emission. Double emulsion droplets were sorted through a 200µm nozzle

using 10 psi pressure. Collected sorted droplets were identified using a fluorescence

microscope.
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Chapter 4

Concluding Remarks

I here demonstrated that multiple proteins can be expressed from DNA templates

captured on a single micrometer-sized bead within a miniaturized 14 pL cell-free

expression reaction. The combination of beads, cell-free reaction and microfluidic

droplets offers a possible route towards generating millions of cell-free reactions with

diverse DNA programs between drops while, simultaneously, maximizing the amount

of DNA that is driving protein expression in each drop. Up to µM expression levels

were reached for single proteins in fully defined cell-free expression droplets. More

importantly, the ability to express multiple fluorescent proteins in a single picol-

iter volume from a single bead indicates the potential of developing this technology

towards the design of more complex biological systems such as genetic circuits or

metabolic pathways.

Furthermore, the use of micro beads for binding DNA templates gives the user

more control over the microfluidic platform. Easier DNA isolation, more DNA molecules

per droplet and faster downstream DNA recovery are some of the advantages of DNA

coated beads over single molecule dilution.

4.1 Future Research Work

This work should be further optimized for a reliable screening of diverse droplet

conditions. One challenge may be to reach high expression levels not only with well-

expressing fluorescent proteins, but also with larger proteins, which still remain diffi-
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cult targets for cell-free synthetic biology. Furthermore, double emulsion and (FACS)

droplet sorting protocols need improvement. More methods need to be devised for

generating genetic diversity on beads to screen droplet diversity for the successful

designs of circuits, pathways or proteins.

The perhaps most immediate test for the platform will be the construction of

single-protein-encoding DNA libraries on beads, which we plan to use for the discovery

of novel nanobody proteins [57].
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APPENDICES

A DNA Sequences

Table A.1: DNA Oligonucleotides
Oligonucleotide ID DNA Sequence
rgo0119 5’ TEG-Biotin-ccttccgcgaaattaatacgactcac 3’
rgo0120 5’ TEG-Biotin-cgatggtagtgtggggactcc 3’
rgo0121 5’ cgatggtagtgtggggactcc 3’
aro023 5’ TEG-Biotin-tgcattcgtggatccgtatggaaccgcgagaccacggtt 3’
aro024 5’ aaccgtggtctcgcggttccatacggatccacgaatgca 3’
rgo0144 5’ gcatttagaataaattttgtgtcgc 3’
rgo0145 5’ gggtgtcgcccttagg 3’
aro013 5’ aacaatggtctccaccgcccttccgcgaaattaatacga 5’
aro014 5’ aactttggtctcgggcagcgatggtagtgtggggac 3’
aro015 5’ aacaatggtctcctgcccccttccgcgaaattaatacga 3’
aro016 5’ aactttggtctcgttgcgcgatggtagtgtggggac 3’
aro017 5’ aacaatggtctccgcaacccttccgcgaaattaatacga 3’
aro018 5’ aactttggtctcgtagtgcgatggtagtgtggggac 3’

Table A.2: PCR conditions linear DNA amplification for beads direct binding rgo0119
and rgo0120-121

Step Temperature Time
Initial denaturation 98◦C 30 sec

98◦C 10 sec
30 cycles 66◦C 5-15 sec

72◦C 55 sec
Final extension 72◦C 5 min
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Table A.3: PCR conditions linear DNA amplification for on-bead golden gate rgo0119
and aro13-18

Step Temperature Time
Initial denaturation 98◦C 30 sec

98◦C 10 sec
5 cycles 63◦C 15 sec

72◦C 55 sec
22 cycles 98◦C 10 sec

72◦C 55 sec
Final extension 72◦C 5 min

Table A.4: PCR conditions linear DNA amplification for on-bead Bxb1 rgo0144-145
Step Temperature Time
Initial denaturation 98◦C 30 sec

98◦C 10 sec
25 cycles 60◦C 20 sec

72◦C 55 sec
Final extension 72◦C 5 min

Table A.5: att Bxb1 recombinase sites: attP, attP’, attB, attB’ DNA sequences [4]
att Bxb1 recombinase sites DNA Sequence
attP GTGGTTTGTCTGGTCAACCACCGCG
attP’ CTCAGTGGTGTACGGTACAAACCCA
attB CCGGCTTGTCGACGACGGCG
attB’ CTCCGTCGTCAGGATCATCC
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B Appendix B: supplementary data
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Figure B.1: Fluorescence changes in mScarlet, mNeon, LSSmOrange when single
expressed and co-expressed in PURExpress reactions.
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Figure B.2: Assembly of linear DNA in solution using Golden Gate and Bxb1 strate-
gies.
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Figure B.3: mScarlet in-droplet protein expression under two different PURExpress-
DNA solutions configuration.
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Figure B.4: µM mNeon, LSSmOrange, and mScarlet vs fluorescent FRU calibration
curve
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Figure B.5: µM mNeon in-droplet vs Intensity A.U calibration curve
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Figure B.6: Bxb1 protein purification fractions after His-Trap column, Bxb1 MW:
58134.82 kDa. Collected fractions for protein concentration were C2-C9


