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Drop-Based Microfluidics for Biological Applications

Abstract

Drop-based microfluidic technology has been attracting great attention since the
prevalence of soft-lithography techniques in poly-dimethylsiloxane (PDMS) microfluidic
device fabrication a decade ago. The miniaturized isolated confinement of the droplet
provides an ideal environment to study single cell behaviors in vitro that might otherwise
be buried in the ensemble measurements. The effective confinement of the target and its
secretion, together with the high-throughput processing capability, holds the promise for
efficient target search through large-scale library screening. In fact, in the past seven
years, considerable efforts have been made in developing this platform towards the
applications in biology and great advances in drops have been reported in areas such as
directed evolution, DNA sequencing, drug screening, etc.

This thesis systematically describes our work that has been done in advancing the
biological application of drop-based microfluidics through three major projects that are of
significance in both fundamental research and clinical applications. Encapsulating in vitro
transcription and translation reactions in the 0.5 pL drops enables us to synthesize a
variety of functional RNAs and proteins from the single DNA templates in a drop
environment, which not only provides a novel approach for single DNA molecule

detection, but also paves the way for the high-throughput screening of the artificial
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proteins with drop-based microfluidics. Through successful enrichment of the restriction
enzyme genes from a library consisting its truncated mutants, we demonstrated the high-
throughput sorting capability of microfluidics for target gene screening that is beneficial
for gene therapy applications. Finally, a less-invasive hydrogel synthesis method with
microfluidic drop-maker and pico-injector is described, as a demonstration of
microfluidic platform in the application of controllable synthesis of micro-sized gel
particles as the 3D scaffold of, for example, Mesenchymal stem cells, for the in vitro
study of cell behaviors induced by cell-cell interactions and cell-environment

interactions.
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Chapter 1

Introduction

1.1 Structure of the thesis

This thesis contains three major projects, which are centered on one common
theme of applying drop-based microfluidic technology to address biology related
problems:

4 Detecting single DNA molecules. We propose an IVT2H (in-vitro two-
hybrid)-based detecting strategy on the microfluidic droplet platform to detect
the unlabeled specific single DNA molecules at kHz interrogating rate. With this
strategy, we successfully detected and discerned a range of model DNA
molecules and therefore for the first time demonstrate the capability of drop-
based microfluidics in label-free, PCR-free high-throughput detection of specific
DNA at the single molecule level. (Chapter 3)

. Screening Restriction Endonucleases. We develop a novel strategy in
search of Restriction Endonuclease (RE) genes based on the prokaryotic cell
SOS pathway with fluorescence-activated droplet sorting (FADS) technique.
With this strategy we demonstrated the successful enrichment on the target RE
gene Xbal from a model library consisting of Xbal and its truncated mutant gene
AXbal with a series of library sizes. (Chapter 4)

. Synthesizing alginate gel beads. We develop a microfluidic pico-injection-
based two-step approach to reliably fabricate control-sized alginate microgel
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beads as the in vitro extracellular matrix (ECM) of the stem cells. Mesenchymal
stem cells cultured in these less-invasive gel beads were viable after three days,
indicating good biocompatibility of the gel fabricated with this method, and
therefore a promising candidate as a 3D scaffold for long term in vitro cell

culture and cell behavior studies. (Chapter 5)

1.2 Background introduction

Since the introduction of the poly-dimethylsiloxane (PDMS) soft lithography
technique into the fabrication of microfluidic devices about 15 years ago [1], the studies
on microfluidic devices have been surging up in that it greatly shortened the device
fabrication time, reduced the fabrication complexity and therefore became amenable to
more researchers as a convenient tool to perform various micro-scale experiments. In
addition, the unique fluidic mechanics properties it exhibited also attracted the attention
of physicists, to study the fundamental physics underlying it for a better control on the
operation [2-6]. Among many other labs, our group was one of the pioneers that devoted
extensive efforts to its development. For example (Figure 1.1), we demonstrated the
stable production of highly monodispersed water-in-oil drops with or without cells. The
cells encapsulated in the drops stayed viable and secreted antibodies off line within six
hours [7]. Not just the water-in-oil drops, by modifying the channel surfaces with
selective chemicals, we could also produce oil-in-water drops from several to several
hundred micrometers in diameter [8-11]. By fabricating 3D devices, we could even make
double emulsions and scale up the production rate [12]. Changing the geometry a bit, the

drop-maker device can be applied as the drop-splitter to symmetrically or asymmetrically



break the drops for sampling purposes. Conversely, drops can also be replenished with
aqueous ingredients at any time point via the operation of the pico-injector [13]. The
most prominent feature of the drop-based microfluidics might be the invention and

application of the sorter to detect and sort the target drops with desirable characteristics

[14,15].

Figure 1.1 Representative micrographs of microfluidic devices on operation. (a) Co-flow
encapsulation of yeast cells and the enzymatic substrate in drops on a drop-maker. (b)
Symmetric drop splitter. (¢) Pico-injector. (d) Sorter.

With such a highly-developed controllability and flexibility, drop-based

microfluidic platform is therefore extremely suitable to be applied onto biological studies



for its pico-liter sized confinement that is ideal to include the single cell and its metabolic
secretion together in an isolated microenvironment for interested cellular process
detection or studies that would otherwise be buried in the noises from the environmental
or neighboring cells’ interruptions, and also for its ultrahigh-throughput (~ kHz) drop-
interrogation capability that would enable the screening for the targets on the realistic
large-scale libraries within a reasonable time frame.

In fact, there is already a report on the pioneering work of employing
fluorescence-activated drop-based microfluidic sorting system to sort and direct the
evolution of yeast-secreted enzyme Horseradish Peroxidase on its catalytic activity [14].
Another good example of biological applications of the drop-based microfluidics is the
demonstration of sequencing DNA by monitoring the fluorescence quenching in the
drops resulting from Forster resonance energy transfer (FRET) effect when a pair of
DNA probes possess the perfect matching sequence to the target DNA and thus are
dragged by DNA ligase to a close proximity with each other to trigger the FRET
quenching. The sequence of the target DNA can hence be deducted from the known
sequences of the probes [16]. These biological applications inspired me to work on my

first two projects.



Chapter 2

Materials and Methods

2.1 Microfluidic Device Fabrication

The microfluidic devices were fabricated by patterning channels in PDMS using
conventional soft lithography methods [1]. Briefly, for 10 pm drop-maker, 15 um drop-
maker, 25 pm pico-injector and 25 um sorter that were used in our experiments, SU8-
3010, SU8-3015 and SU8-3025 photoresists (MicroChem Corp.) were spin-coated onto
the 3” silicon wafers respectively and patterned by UV exposure through a
photolithography mask. After baking and development with SU-8 developer (propylene
glycol methyl ether acetate; MicroChem Corp.), the 10 pm, 15 um and 25 um tall
positive masters of the devices were formed on the silicon wafers. Then a 10:1 (w/w)
mixture of Sylgard 184 silicone elastomer and curing agent (Dow Corning Corp),
degassed under vacuum, was poured onto the masters and cured at 65 °C for 2 hours.
Afterwards, the structured PDMS replicas were peeled from the masters and inlet/outlet
ports were punched out of the PDMS with a 0.75 mm-diameter biopsy punch (Harris
Unicore). The PDMS replicas were then washed with isopropanol, dried with pressurized
air, and bonded to 50 x 75 mm glass slides (VWR) using oxygen plasma treatment to
form the devices.

For the pico-injector and sorter, to fabricate the electrodes into the device, a 0.1 M

solution of 3-mercaptotrimethoxysilane (Gelest) in acetonitrile (99.8%; Sigma) was
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flushed through the electrode channels and blown out with pressurized air. A low melting
point solder (Indalloy 19 (52 In, 32.5 Bi, 16.5 Sn) 0.020" diameter wire; Indium Corp.)
was introduced into the electrode channels at 80 °C, followed by an eight-pin terminal
block with male pins (DigiKey) glued with Loctite 352 (Henkel) to the surface of the
device for strain relief. The solid electrodes in the shape of the channels were then
formed when the device was cooled to the room temperature. Electrical contacts were
made with alligator clips connected to a high voltage amplifier (Trek) and the function
generator from the FPGA (field-programmable gate array) card running on the custom
LabView program (National Instruments).

To enable the formation of aqueous-in-oil emulsions, the microfluidic channels
were treated hydrophobic by flushing Aquapel (PPG Industries) into the device channels
and immediately drying with pressurized air. For the drop-maker to be used in in vitro
protein synthesis, a special PDMS-functionalization needs to be applied to avoid the
wetting due to the existence of considerable biomolecule components in our aqueous
phase. Instead of Aquapel, we passivated the drop-maker with a fluorosilane solution (1%
(v/v) of 1H,1H,2H,2H-perfluorooctyl-trichlorosilane (Sigma) in Novec HFE 7500 oil
(3M)) by flushing it into the device and immediately drying the channels with pressurized
air.

To stabilize the drops against coalescence, we used EA surfactant donated by
RainDance Technologies. The surfactant was dissolved in the fluorinated carrier oil HFE

7500 at a concentration of 1.8% (w/w).

2.2 In Vitro Protein Synthesis (IVPS) Reaction Preparation



All the DNA constructs used in this work were designed and synthesized as
reported [17]. The PURExpress® in vitro synthesis kit (New England Biolabs) was used
for in vitro protein synthesis. The manufacturer-recommended DNA concentration in
single-expression bulk IVPS is 25-1000 ng/25 pl. To ensure the maximal production of
the reporter protein in the multi-protein expressing IVPS, we controlled the amount of the
target DNA slightly less than the reporter DNA. Specifically, reporter DNA was kept at 6
ng/pl while target DNA was diluted to be 3 ng/ul, 0.3 ng/pl, 0.24 ng/ul, 0.15 ng/ul and
0.03 ng/ul for the experiments at A (average DNA molecule number per droplet) = 10, 1,
0.8, 0.5 and 0.1. We prepared the aqueous phase with 20 pl solution A (including
necessary enzymes), 24 pl solution B’ (including small molecules and 300 ng reporter
DNA), 2 ul target DNA and 4 pl Nuclease-free H,O, mixing them well for encapsulation
into 10 um-diameter droplets. For the detection of DNA cro-ncoal, where partner DNA
er-ad was introduced in the IVPS, 2 pl er-ad (3 ng/ul) was added and balanced by
water to reach a total volume of 50 pl. All the reagents were handled on ice before

emulsification to prevent the IVPS initiation in bulk.

2.3 Restriction Endonuclease Screening Preparation

2.3.1 Host cell preparation

ER 2745, an Escherichia coli (E. coli) BL 21 strain that contains a fusion of a
DNA damage-inducing promoter and an indicator gene dinD1::lacZ, was provided by our
collaborator from New England Biolabs (NEB). The strain is deficient in all known
endogenous restriction systems and expresses T7 RNA polymerase under lac control

from a chromosomal location. ER 2745 was transformed with plasmid pLysY on the



pACYC/Chloramphenicol (Cmp) vector that encodes for the inhibitor LysY to reduce the
base level of T7 RNA polymerase expression. ER 2745/pLysY was then transformed
with pTXB1 Xbal (“+” cell) or pTXB1_AXbal (“-” cell) for the model library

construction.

2.3.2 Model gene library design

A model library consisting of the mixture of “+” cells and “-” cells was
constructed to prove the principle of the screening strategy. The quantities of the “+”
cells and the “-” cells were adjusted to the ratios of 1:9, 1:99 and 1:999 respectively for
the single round sorting demonstrations.

The primer psva (5°-TAGGGGAATTGTGAGCGGATAAC-3’) and prey (5°-
GGAATCGGCCCTTGTTTTGATAG-3’) was designed to amplify a fraction of the
target gene (Xbal, 264 bp) and the control gene (AXbal, 208 bp) for enrichment analysis

on the agarose gel electrophoresis results on the sorted samples from droplet experiments.

2.3.3 Cell culture

Host E. coli cells from an overnight culture in LB/Amp+Cmp (Sigma) medium
(Lysogeny Broth medium containing the antibiotics Ampicillin and Chloramphenicol)
were allowed to grow till the ODgoo reached around 0.2 for Isopropyl B-D-1-

thiogalactopyranoside (IPTG; Life Technologies) induction.

2.3.4 Bulk fluorescence measurement



IPTG was added to the cell culture for a final concentration of 0.5 mM to induce
the target gene expression. After 30 min induction, 1 ml cell culture was taken for
sonication after washed into the 0.7 ml sonication buffer (100 mM NaCl (Sigma), 25 mM
TrisHCI (Sigma) and 10 mM B-mercaptoethanol (B-ME; Sigma); pH 8.0) to extract 3-
galactosidase (B-gal). 5 pl of the cell lysate was added to the individual well of a 96-well
plate that was filled with 50 pl of the substrate solution (0.2 mM Fluorescein-Di-f-D-
Galactopyranoside (FDG; Life Technologies)) for LacZ activity assay. Fluorescence (EM

490/AB 514 nm) was measured after a 20-min incubation at 37 °C.

2.3.5 Microfluidic operations

We separated the cell suspension and the inducer before drop-making process
using the co-flow strategy to prevent the induction of the -gal expression in bulk.
Briefly, cells were suspended at the density of 10° cells/ml (for the average of 0.3 cells
per 23 um diameter drop) in the LB solution (34 pg/ml Cmp, 100 pg/ml Amp, 0.001%
Pluronic F127 (Sigma)) for inner channel infusion. Mixture of IPTG (1 mM), FDG (200
uM), N-Lauroylsarcosine sodium salt solution (0.1 %; Sigma), Pluronic F127 (0.001 %),
Cmp (34 pg/ml) and Amp (100 pg/ml) in LB was introduced into the middle channel of
the 10 um drop-maker. Fluorinated oil HFE 7500 with 1.8 % EA surfactant was infused
into the outer channel. To produce the 23 pm diameter drops, the flow rates for the inner,
middle and outer phase are 19, 19 and 20 pl/h respectively.

The emulsion was collected in a 1 ml plastic syringe (BD) and incubated at 37 °C
in dark for 3h to allow sufficient enzymatic reactions before re-injected into a 25-um

sorter, where the evenly spaced drops (20 pl/h) separated by carrier oil HFE 7500 (200



ul/h) were interrogated in single file at the detection window for their fluorescence at the
frequency of ~1.5 kHz. The detected fluorescence signal above the certain threshold
would trigger on the single-ended electric square waves (0.8~1.2 kV,,, 5 cycles of 20
kHz) applied onto the electrodes that were aligned at the sorting junction of the sorter and
therefore deflected the target drops into the collecting channel via the dielectrophoretic
force. The asymmetric design on the downstream of the sorting junction determined the
default trajectory of the drops into the waste channel when the electric field was not
activated [14,15]. Fluorescence signal was acquired and processed by photomultiplier
tube (PMT; Hammamatsu). The feedback loop of the fluorescence detection and electric
wave generation was accomplished through the FPGA card running on a custom

LabView program.

2.3.6 Colony PCR procedure

Collected samples from the microfluidic sorting were washed in Perfluorooctane
solution (20% (v/v) in HFE 7500; Sigma) to break the emulsion. Cells were retrieved in
50 ul nuclease-free water (Life Technologies) for colony PCR, where 1.25 pl of psya (10
uM) and pswa (10 uM), 0.5 pl of ANTPs (10 mM; Life Technologies), 0.25 pl of Phusion
Hot Start DNA polymerase (2 unit/pl; NEB), 5 pl of 5x Phusion buffer (NEB), 2.5 pl of
the cell suspension and 14.25 pl of nuclease-free water were mixed up gently for a 25 ul
reaction to be undergoing a 60-cycle PCR process (initial denaturing: 98 “C 3 min;

denaturing: 98 °C 10 sec; annealing: 59.2 °C 30 sec; extension: 72 °C 1 min).

2.3.7 Gel electrophoresis
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1 pl of DNA amplicons from colony PCR was mixed with 1 pl Gel Loading Dye
(6x; NEB) and 4 pl nuclease-free water for each well on the 1.2 % agarose (Sigma) gel
with Ethidium Bromide (1 mg/ul; Life Technologies). 1 pl of 2-Log DNA Ladder (200
pg/ml; NEB) was mixed with 1 pl Gel Loading Dye (6x) and 4 ul nuclease-free water for
the ladder well. The gel electrophoresis was running in 0.5x TBE buffer (Life

Technologies) containing 0.5 mg/pl Ethidium Bromide at 70 V for 45 min.

2.4 Mesenchymal Stem Cell Gel-Encapsulation Preparation

2.4.1 Alginate solution preparation

Alginate (Protanol LF 20/40; FMC Technologies) was functionalized with RGD
peptide GGGGRGDSP of which 10% was Fluorescein isothiocyanate (FITC)-labeled for
a uniform fluorescence under the confocal microscope (Peptides International) using
standard carbodiimide chemistry as reported [18]. Briefly, for the DS (Degree of
Substitution) 5 modification, 1 g of sodium alginate was dissolved to 1% (w/v) ina 0.1 M
MES (Sigma) and 0.3 M sodium chloride (Sigma) buffer solution at pH 6.5, followed by
the addition of 68.5 mg of sulfo-NHS (Pierce), 121 mg of N-(3-Dimethylaminopropyl)-
N'-ethylcarbodiimide ( EDC) (Sigma) and 28 mg of RGD peptide. The reaction was
allowed to proceed for 20 h before being quenched by the addition of hydroxylamine
(Sigma). The reaction mixtures were then dialyzed against a decreasing concentration of
sodium chloride for 2-3 days to remove salts and any unbound peptide, followed by the
de-coloring step with activated charcoal. Finally the alginate was sterile (0.22 um)
filtered, lyophilized and reconstituted in serum-free DMEM (Dulbecco’s Modified Eagles

Medium; Life Technologies) for ionic crosslinking.
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2.4.2 Stem cell suspension preparation

Clonally derived murine mesenchymal stem cells (mMSCs) (D1s; ATCC) were
cultured in DMEM supplemented with 13 mM HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid; Life Technologies), 2 mM Sodium Pyruvate (Life
Technologies), 10% FBS (Fetal Bovine Serum; Life Technologies) and 1%
penicillin/streptomycin (Life Technologies) in a 37°C, 5% CO, environment. The culture
medium was refreshed every three days. To prepare the single-cell suspension suitable
for infusion into microfluidic devices, the cells were trypsinized (Trypsin; Life
Technologies), centrifuged at 1400 rpm for 5 min, and re-suspended into Dulbecco’s
Phosphate Buffered Saline (dPBS; Life Technologies). The PBS wash was repeated a
second time to remove unbound proteins. Cells were then re-suspended in serum-free

DMEM/HEPES/Sodium Pyruvate for the final concentration of about 2 x 107 per ml.

2.4.3 Microfluidic operations

All the microfluidic devices, connecting tubing (Fisher Scientific), plastic
syringes (BD), needles (BD), collecting tubes (Eppendorf), pipette tips (VWR) were
sterilized with UV illumination. A flow of 70% ethanol through the tubing, syringes and
needles was applied before each round of experiment to prevent the bacterial
contamination. PhD 2000 syringe pumps (Harvard Apparatus, Inc.) were used to infuse
the fluids into the device.

To produce the cell-encapsulated alginate drops, freshly prepared D1 mMSC

suspension was infused into the inner channel of the 15 pm drop-maker at a flow rate of
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60 pl/h. The 2.5% (w/v) alginate solution was co-flowed in the middle channel at the
flow rate of 60 pl/h to form the cell-alginate mixture at the first junction of the device
before sheered into the droplet at the second junction by the fluorinated oil HFE 7500
that contained EA surfactant in the outer channel with the flow rate of 240 pl/h.

To produce the cell-encapsulated alginate drops, freshly prepared D1 mMSC
suspension was infused into the inner channel of the 15 pm drop-maker at a flow rate of
60 pl/h. The 2.5% (w/v) alginate solution was co-flowed in the middle channel at the
flow rate of 60 pl/h to form the cell-alginate mixture at the first junction of the device
before sheered into the droplet at the second junction by the fluorinated oil HFE 7500

that contained EA surfactant in the outer channel with the flow rate of 240 pl/h.

2.4.4 Gel-cell scaffold exaction from the oil phase

After the gelation process, the collected emulsion was washed with 20% (v/v)
Perfluorooctane (PFO; Sigma) in HFE 7500 solution to remove the oil phase and the cell-
gel pellet was re-suspended in the serum-free DMEM supplemented with HEPES and

Sodium Pyruvate for long-term culture.

2.4.5 Cytotoxicity test on the cells cultured on the synthetic extracellular
matrix (ECM)

Trypan blue based exclusion assay was employed to assess the cell viability
cultured on the in vitro ECM. A 1:1 (v/v) mixture of the cell-gel suspension and the
sterile (0.22 um) filtered trypan blue solution (0.4% trypan blue in 0.81% sodium

chloride and 0.06% dibasic potassium phosphate; Life Technologies) was prepared and
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incubated for 2 min at room temperature for viable/non-viable cell imaging under the
phase contrast microscope. In some imaging, cell membrane dye PKH26 (Sigma) was

employed for a better identification of the cells with regard to the scaffold gel beads.
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Chapter 3
High-Throughput, Label-Free Single Molecule
Detection of Specific DNA with Drop-Based

Microfluidics

3.1 Introduction

Single-molecule level studies on biological processes are crucial in revealing the
information that might otherwise be buried in the ensemble measurements [19]. A large
number of breakthroughs in fundamental research such as DNA folding kinetics [20-22],
protein-DNA interactions [23-25], DNA replication [26-32] and molecular transport
[33,34], have benefited from the development in single molecule techniques. However,
most of the sensitive methodologies used for single-molecule detection of DNA so far,
for example, fluorescence/Forster resonance energy transfer (FRET), fluorescence
correlation spectroscopy (FCS), total internal reflection fluorescence microscopy (TIRF)
and surface-enhanced Raman spectroscopy (SERS), require the labeling of the target
DNA [35,36], which might interfere with the native properties to be detected. For
example, labeling DNA with fluorescent dyes, such as YOYO-1, was recently found to
elongate and twist the intrinsic structure of DNA and change its charge property [37,38].
Therefore, lots of efforts have been made in developing label-free techniques to realize

single molecule detection of DNA.

15



Atomic force microscopy (AFM) is a powerful label-free technique for
manipulating and detecting single DNA molecules, however, it is limited by the scanning
speed, and the scanning probe may cause the perturbation to the target DNA [39-41].
Another extensively investigated label-free detection scheme is based on the conductance
change induced by DNA in the electric circuit composed of semiconductor nanomaterials
when the target DNA is hybridizing to the complementary probe covalently-linked to the
surface of the detector or translocating through a nanopore fabricated in the device [42-
44]. These approaches could achieve a high detecting sensitivity as well as good temporal
resolution that are critical in studying the kinetics of some microsecond-scaled
biomolecular processes [44]. But the costly and complicated device-fabrication steps put
a limit on its application. Although some recent reports introduced a convenient approach
in fabricating glass nanopores embedded in the microfluidic device for single DNA
molecules detection [45,46], it is unable to distinguish and detect the sequence-specific
target; and like all the nanopore-based detection schemes, frequent clogging of the
nanopore poses a big problem in practical applications.

In this report, we propose an IVT2H (in-vitro two-hybrid)-based detecting
strategy on the drop-based microfluidic platform to detect the unlabeled specific single
DNA molecules at kHz interrogating rate. Specifically, the target DNA serves as the
template for the in-vitro protein synthesis (IVPS) of the transcription factor-like protein
(target protein) that will activate the expression of the reporter-a fluorescent protein in the
droplet. Therefore, by detecting the signals from the reporter, we are able to detect the
presence of the specific DNA as sensitively as at the single molecule level. Actually, the

picoliter drops can effectively suppress the volume-proportional background noises from
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impurities and solvent in DNA solution [47,48], while in-vitro transcription and
translation in drop help transmit and amplify the otherwise weak signals from the single
DNA molecules without the need of labeling. With this strategy, we successfully detected
and discerned a range of model DNA molecules utilizing the intermediate protein’s
interaction with the binding site on the reporter gene construct. We further challenged the
system by applying it to the detection of a target DNA, whose protein (target protein) as a
transcription regulator has to interact with another intermediate protein (partner protein)
to activate the transcription and translation of the reporter gene. The success in the
detection at the single molecule level further demonstrates the sensitivity and robustness
of our detecting system and enables a broader range of DNA to be detectable with this

assay.

3.2 Results and Discussion

3.2.1 DNA detection strategy on the drop-based microfluidics

The premise of our drop-based DNA detection strategy is the fact that one DNA
codes for an increased number of its protein through repeated transcription and
translation processes. This provides an initial signal transduction and amplification.
Benefited from the isolated confinement provided by drops, the expressed protein can
continue to trigger, as an activator, the expression of a second gene in the droplet and
therefore lead to a secondary signal transduction and amplification from the target DNA.
And this avalanche signal transduction and amplification process can keep on proceeding
until a detectable signal level is achieved. It is thus crucial to design a tight gene

expression regulation mechanism that could reliably connect the target DNA with the
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reporter protein, via the intermediate protein products and their molecular interactions,
for which we choose adapted transcription regulation machinery from Escherichia coli
o>* promoter activating system realized in the IVPS environment [17].

The gene expression regulation construct designed for signal transduction and
amplification is based on the two-hybrid assay proposed in yeast and bacteria models
[49-52], where the weak promoter-controlled RNA polymerase (RNAP) is unable to
effectively initiate the transcription of the reporter gene unless the hybrid activator pair
has a strong interaction and binds to the upstream activating sequence (UAS) adjacent to
the promoter. In our adapted scheme, the enhancer binding protein PspF that activates the
transcription of the gene under 6”* promoter pspA in E. coli is the prototype of our
synthesized activator. It binds the enhancer UAS with the DNA binding domain (BD) and
activates the transcription with its activating domain (AD) through interacting with the
inactive pspA-bound o°* -RNAP complex (Figure 3.1a). It has been verified in previous
work that replacing BD of PspF and its enhancer with other DNA binding proteins and
the recognition site does not affect the activation qualitatively [17], since BD and AD
function independently. So we fuse our target DNA with the DNA encoding AD of PspF
(ad) to form the hybrid protein as the synthetic activator to realize the DNA detection.
For the proteins that don’t specifically bind to DNA, their DNAs can be detected through
a further modified two-hybrid strategy (Figure 3.1b), where the target DNA x is fused to
the DNA for BD (bd) and its partner DNA y, whose protein has a specific binding to the
target protein is fused to ad. Furthermore, an intermediate RNA with binding sequences
to both X and Y can be introduced for the detection of the DNAs whose protein interacts

with RNA, instead of DNA or proteins. Since most of DNAs of interest in biological
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research have specific binding to other biomolecules for their physiological functions,
this molecular interaction-based DNA detection scheme therefore has vast and practical
applications. Additionally, the reported correlation between the transcription activation
level and the molecular interaction strength in both cell-based and in-vitro two-hybrid
experiments [17,53] enables our drop-based detection approach to quantitatively measure
the molecular interactions in a high-throughput means alongside the DNA sensing, which
has not been reported in conventional single molecule detection techniques.

We used venus GFP as the reporter protein for its relatively simple structure
compared to commonly used fluorescence-inducing proteins such as [3-galactosidase (3
gal). The verification of the in-vitro-hybrid-based adapted E. coli 6>* promoter activating
system has been conducted in bulk [17]. And the cell-free single-type-protein synthesis
experiments in drops have also been demonstrated on proteins EGFP, laccase, and [3-gal
[54-56]. Since in our system, multiple functional-related proteins are to be expressed
cascade in one IVPS drop, more details have to be taken into consideration in the
experimental design to optimize the synthesis conditions for a maximal production of the
reporter protein, which is extremely crucial in our single molecule detection experiments.
Among many adjustable factors, the ratio of the DNA amount between the target gene
and the reporter gene is especially critical, in that those two genes are under different
promoters (a weak E. coli 6>* promoter for the reporter gene, and the strong T7 promoter
for the target gene). Because of this difference in transcription efficiency, when
synthesized altogether under a resource-limited condition as in [IVPS, there is a
competition between the two genes for synthesizing resources such as enzymes, ATPs

and small molecules, therefore leading to a possible synthesis bias to the target protein.
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To avoid that, we finely tuned the ratio of the DNA amount between the target gene and

the reporter gene and performed the IVTS in drop within the optimized ratio range.
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Figure 3.1 In-vitro two-hybrid-based detection strategy. (a) One-hybrid transcription
regulation mechanism for DNA (encoding the protein in red) detection using DNA-
protein interaction. Once the DNA binding domain (BD) binds to the upstream activating
sequence (UAS) adjacent to the promoter (pspA) on the reporter gene, it activates the
transcription initiation of the reporter gene by interacting with the promoter-bound E. coli
RNA polymerase (RNAP) via the activation domain (AD), and hence triggers the
translation of the fluorescent reporter gene (venus gfp). (b) Two-hybrid transcription
regulation mechanism for DNA (coding for the protein in red) detection using protein
(red)—protein (grey) interaction. An interacting protein pair X and Y are fused to BD and
AD respectively, forming two hybrid proteins, which work together to activate the
transcription. (¢) Schematic of a drop containing the target DNA (in plasmid), reporter
DNA (linear) and multicomponent IVPS kit. The components in [VPS kit are represented
by the irregular-shaped symbols in the picture.

3.2.2 Target encapsulation and droplet IVPS

Figure 3.2a illustrates the overall operations of the microfluidic drop-based
detection experiment. The mixture of the ice-cold IVPS kit and target DNA was
introduced into the aqueous channel of the 10 pm drop-maker at a flow rate of 60 pl/h,
and the fluorinated carrier oil Novec HFE-7500 with 1.8% (w/w) EA-surfactant was
infused into the oil channel at a flow rate of 250 pl/h. Monodispersed drops of ~0.5 pL
containing the [VPS-DNA mixture were formed at the flow-focusing junction (Length:
10 pm, Width: 10 um, Height: 10 pm) of the microfluidic drop-maker (Figure 3.2b) and
collected into a 1 mL BD Luer-Lok™ syringe (BD Medical) for off-chip incubation. The
number of the DNA molecules encapsulated in one droplet follows the Poisson

distribution

e—2
P(X = k) = le

where P is the probability of having k DNA molecules in a drop when the average DNA

molecule number per droplet is A. The drops with target DNA inside will be containing
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the fluorescent protein venus GFP after a series of cell-free transcription and translation
reactions during the 37 °C incubation. We incubated the emulsion in dark for ~6 hours to
allow for sufficient reactions in drops, after which the emulsion was re-injected into the
10 pm microfluidic detector for fluorescence signal detection (Figure 3.2b). The
emulsion was flowed into the detector at 20 ul/h and spaced out with the fluorinated
carrier oil Novec HFE-7500 (200 pl/h) at the arrow-shaped junction before entering the
detection region where the single-file lined drops were scanned by the 488 nm laser

(Newport) for analysis.

IVPS + DN,

'T‘spaceroil st L ot T /" spacer oil

Figure 3.2 Overview of the DNA detection with drop-based microfluidics. (a)
Schematic of the experimental steps for the microfluidic drop-based DNA detection. Off-
chip operation is denoted in orange. (b) Representative pictures of the post-incubated
emulsion (middle, overlay of the fluorescence image and bright field image), drop-maker
(left) and detector (right). Emulsion flows from left to right in the detector. Channel
depth: 10 pm. Narrowest channel width: 10 pm.
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3.2.3 Detection of the single DNA molecules

* DNA detection via protein-DNA interaction

For its small size (~20 amino acids) and high binding affinity (K4q~pM) [57] to the
consensus DNA binding site, we chose phage A protein Cro as the target protein to
replace the BD of PspF for the demonstration of the assay. As illustrated in Figure 3.1a,
we were to detect the DNA cro-ad that encodes the protein Cro-AD at the single
molecule level in the droplet, based on the interaction of Cro and the consensus binding
site on the reporter gene construct.

To characterize the drop-based detection system, we first measured the
fluorescence from the “empty” drops, in which no target DNA was introduced.
Fluorescence intensity time traces data were recorded and plotted for analysis, as in
Figure 3.3a. Each peak above the baseline level corresponds to a fluorescent droplet
trajectory captured by the detector when it was transiting the detection window, with the
peak width indicating the drop size information. The frequency of the peaks corresponds
to the occurrence of the fluorescent drops at a given flow rate. In the experiment with no
target DNA in the drops, there was a moderate fluorescence level observed in every
droplet, as represented in a 10 ms snapshot of the fluorescence time traces (Figure 3.3a).
This background fluorescence indicates the weak promoter pspA controlled expression
level of the reporter fluorescent protein in the absence of the activator. Its consistent
intensity among drops can serve as the droplet indicator and thus save the extra step of

incorporating indicator fluorescent dyes in the droplet as used in some drop experiments
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[48,55,58]. When an average of 10 DNA molecules (A = 10) were encapsulated into the
drops, a similar uniform fluorescence level over the majority of the drops was observed
in the time traces plot, with a 20 fold increase in amplitude above the background
obtained at L = 0. And a close examination on the histogram of the drop fluorescence at A
= 10 confirms a small peak at the background fluorescence intensity (Figure S.1b),
indicating the existence of a small population of the “empty” drops, which agrees well
with the Poisson distribution (P(x-o, 2=10) = 4.54E-5). A major difference arises in the
single-molecule detection experiments, for example, when the target DNA was diluted to
a concentration of A = 1. The fluorescence intensity is no longer predominated by a single
signature (Figure 3.3c). It is more clearly displayed in the histogram of the drop
fluorescence (Figure 3.3d) where a significant portion of drops (~0.359) are “empty”, in
excellent agreement with Poisson distribution (Px=o,»=1) = 0.37), and thus demonstrates
the successful detection of the single-occupancy drops. Experiments with more diluted
DNA (A <1, data not shown) further verify the system’s capability in detecting single
cro-ad DNA molecules in drops. The fluorescence intensity from the single-DNA drops
can be obtained from the pivot point (most probable occupancy event) in the drop

fluorescence distribution curve (A < 1).
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Figure 3.3 Detection of the DNA cro-ad in drops. Examples of the fluorescence
intensity time traces at different cro-ad concentrations: (a) A =0, (b) A= 10 and (c) A= 1.
Every peak above the baseline corresponds to a droplet. The height and width of the peak
provide the information on the fluorescence and the size of the drop. The frequency of the
peaks can be adjusted by the flow rates of the re-injected emulsion and spacer oil. (d)
Drop fluorescence distribution obtained from the experiment at L = 1. Drops were

identified from the time traces data with the peak analysis algorithm executed on the
FPGA.

As demonstrated above, for protein Cro-AD that has a high binding affinity to the

consensus sequence on the reporter gene construct, our system can detect its DNA at the
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single molecule level unambiguously. To test the system’s tolerance to weaker binding
affinities, we performed a series of detection experiments on the targets that encode zinc
finger proteins as the synthesized BD. Zinc finger is another small (23-28 amino acids)
DNA-binding protein that is widely used in protein engineering as a preferred scaffold
for creating customized DNA-binding domains with improved binding affinity and
specificity [51,52,59]. It binds to the DNA recognition site through multiple finger-like
motifs coordinated by zinc ions. Via making changes to the original fingers or adding
more fingers, higher affinity or specificity can be obtained in the zinc finger variants. For
example, the reported binding affinity K4 of the wild type zinc finger Zif268 (Zif) to its
wild type binding sequence is in the range of 10-500 pM [60,61], much lower than that of
Cro to its consensus sequence. Correspondingly, our experimental results with zif-ad as
the target DNA showed no discernible difference in fluorescence intensity between the
“empty” drops and the drops containing zif-ad at A = 1 (Figure 3.4a), suggesting that the
transcription of the reporter gene was not effectively activated, due to the weak
interaction between the BD Zif and the cognate sequence. Whereas a variant Zif/NRE
screened by J.-S. Kim and C. O. Pabo [61] is claimed to have a much higher binding
affinity (<1 pM) to its binding site. In our detection experiments with zn-ad (encoding
Zif//NRE-AD), we were able to observe the two populations of “empty” and occupied
drops at A = 1 (Figure 3.4b), indicating the existence of the fluorescence from the target-
containing drops with successful activation on transcription, hence suggests a stronger
interaction of Zif//NRE to its binding site as reported. And the peak point in the occupied
population corresponds to the most probable drops whose fluorescence, in the case of A =

1, indicates the fluorescence from the single DNA-bearing drops. In addition to the
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successful detection of the target DNA at the single molecule level as discussed above,
the stronger protein-DNA interaction from Zif//NRE-UAS,, compared to Zif-UAS,
suggested from our experiments is in good accordance with the measured binding
affinities for those two protein-DNA interaction pairs, which verifies the positive
correlation between the gene expression level and the interaction strength of its
transcription activator and UAS in our drop IVPS-based two-hybrid system. It supports
the similar finding in bacteria-two-hybrid system about the correlation between the
transcription activity and the interaction strength of the activator protein pair [59], and
enables the system to indicate the molecular interactions involved in the regulation
mechanism quantitatively in addition to the DNA detection.

Aforementioned detection experiments were all performed on the single-type
target in an IVPS droplet. In fact, our system could also detect the target in a multiple-
DNA cocktail, as exemplified in Figure 3.4c, where the target DNA cro-ad and control
zif-ad (as to the consensus sequence of Cro) were mixed at 1:10 with a total A of 1. The
population containing the target was identified as the small hump in the drop
fluorescence histogram. It thus encouraged us to try detecting more types of DNA based

on more complicated molecular interactions.
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Figure 3.4 Detection of the single molecule DNA via weak protein-DNA interactions.
Drop fluorescence intensity histograms obtained from the experiments with different
target DNA templates at A = 1: (a) zif-ad, which encodes a protein with the wild type
Zif268 as the DNA binding domain. (b) zr-ad, which encodes a protein with the variant
Zit//NRE as the DNA binding domain. PMT gain was raised to 0.5 for clarity. (c)
Mixture of zif-ad and cro-ad (Motal = 1) with the ratio of 9:1.

* DNA detection via protein-protein interaction
So far, we have successfully detected the single target DNA based on different

protein-DNA interactions in the transcription regulating mechanism. However, not all the
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proteins have a fair binding affinity with UAS to be the activator in the protein-DNA
interaction-based transcription regulation system. To expand the application of the assay,
we challenged our system in detecting the DNA single molecules based on protein-
protein interactions (Figure 3.1b), where the activator BD-X synthesized from the target
DNA in the drop works in concert with a partner protein Y-AD to initiate the
transcription of the reporter gene. If there is enough strength of the specific interaction
between X domain and Y domain, the protein pair will function as one activator to
initiate the expression of the reporter protein, thus leading to the detectable fluorescence
signals from the droplet. As a demonstration, we used the interaction between human
estrogen receptor a (ER) and nuclear receptor co-activator 1 (NCOA1) under the
modulation of the small molecule 173-estradiol (E2) to detect the target DNA bd-ncoal
at the single molecule level.

The partner protein ER-AD was synthesized in IVPS reaction along with the
target protein BD-NCOALI to trigger the synthesis of the reporter protein venus GFP in
the droplet. As discussed above, the amount of the DNA molecules for the partner protein
and reporter protein as well as the modulator molecules were optimized for the maximal
production of the reporter protein within the limited resources in IVPS. Target DNA was
co-encapsulated with the partner DNA (A = 10), E2 (1 uM) and I'VPS kit into the 10 pm-
diameter droplet before the reaction-inducing incubation off-chip. We measured the
fluorescence of the re-injected droplets at ~2 kHz at a series of target DNA
concentrations (Figure 3.5).

At A =10 (Figure 3.5a), the majority of the drops showed a fluorescence signal

above the background level, indicating a predominant DNA-occupancy among the drops.
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The presence of the small population at the background fluorescence level agreed well
with the Poisson distribution. In the experiments of A < 1 (Figure 3.5b-3.5f), the two
populations of the drops became increasingly discernible in the drop fluorescence
histogram, with the lower fluorescence drops gradually outnumbering the higher
fluorescence ones as A decreased, indicating the increase in “empty” drop number and
single-occupancy occurrence. The consistence of the experimental drop distribution with
Poisson distribution verifies the detection of the single bd-ncoal molecule. It not only
demonstrates the robustness and sensitivity of our detecting system in the ability to
incorporate a complex multicomponent in-vitro protein synthesis, but also expands the
range of the detectable DNA by introducing a partner protein to allow for a variety of
molecular interactions to be utilized for the detection. Here we used BD-NCOAI1 as the
target protein; similarly ER-AD can be set as the target protein as well if the optimized
amount of hd-ncoal is fixed. Based on the same principle, proteins that have interactions
with other biomolecules, for example, RNA, can also be the target protein for the
detection of its DNA, where RNA can be tailored as a bridge between the activator pair
to initiate the expression of the reporter protein.

In the bd-ncoal detection experiments, we noticed a subtle A-dependent (A < 1)
left-shift trend of the fluorescence intensity in both the single-occupancy and the “empty”
drops in the drop fluorescence histogram. In other words, at the single molecule level, as
the target DNA concentration decreased, the fluorescence level from “empty” drops and
the drops containing the single target DNA molecule both decreased in a subtle way.
However, no similar changes were observed in the A > 1 experiments. The constant

fluorescence level in the A > 1 experiments can be explained as the [IVPS reached its
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plateau for the synthesis reactions incorporated and therefore any increase in the target
DNA amount would not bring in the increase in the production of the reporter protein.
But interpretation to the intensity shift at the single molecule level is not that
straightforward. Since the fluorescence was from the fluorescent protein that has a large
molecular weight compared to the small fluorophore molecules, the chances of the
fluorophore exchange between drops due to the concentration gradient observed in
experiments with fluorescent dyes [56,62,63] are slim. Nevertheless, this subtle shift of
both signal and background levels in the diluted DNA experiments does not affect our

ability in detecting the single DNA molecule.
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Figure 3.5 Detection of the DNA bd-ncoal in drops. Drop fluorescence intensity
histograms at different bd-ncoal concentrations: (a) A= 10, (b)A=1,(c)A=0.8, (d) A=
0.5, (e) A=0.1. (f) is a zoom-in of (e) on the low y-value region for a clear view on the
high-intensity population. The gene encoding the partner protein ER-AD was kept at A =
10, and E2 was kept at 1 uM in all the bd-ncoal detecting experiments.

3.3 Conclusion

For the first time we demonstrate the capability of drop-based microfluidics in
label-free, PCR-free high-throughput detection of specific DNA at the single molecule
level. The system detects target DNA through monitoring the interaction of its protein
with other biomolecules in a pico-liter droplet. Since the detection is based on its inherent
physiological functions, there are no concerns of the potential damage or block to the
properties of interest due to the labeling of the target DNA. On the contrary, the detection
strategy we proposed here can shed light on the molecular interactions monitored in the
droplet alongside the DNA sensing, as discussed above. Benefited from the development
in the in-vitro protein synthesis techniques, the assays in our detecting experiments are
robust and highly reproducible, enabling the reliable detection of DNA in an intricate

dynamic biological environment without being significantly affected by any perturbation
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from the system’s complexity. It therefore provides more access to studying the
fundamental biology that requires the isolation of the target gene from its ensemble [19].
Moreover, the advantageous features in the reaction volume and throughput of the drop-
based microfluidic platform confer this detection technique great sensitivity (single
molecule level) and ultrahigh-throughput (kHz) simultaneously, which especially benefits
the screening and sorting of the target from a large library as in the protein engineering
and drug screening field (unpublished data). For example, we could use this system to
detect p53 mutations in the cancer cell. Most of its mutations happen in the BD region
that would consequently cause a failure in recognizing the DNA binding sequence and

thus the inability in activating the DNA repair pathway to eliminate mutagenesis in cells.
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Chapter 4
SOS Pathway-Based Fluorescence-Activated Drop
Sorting System for Ultrahigh-Throughput Screening of

Restriction Endonucleases

4.1 Introduction

Restriction Endonuclease (RE) is an enzyme that can recognize a particular DNA
sequence and cleave DNA specifically into fragments with double-stranded breaks
(DSBs). Its sequence-specific cleaving ability has enabled it a highly useful gene-editing
tool since its first isolation and characterization in 1970s [64-66]. Apart from creating
recombinant DNA in conjunction with DNA ligase, RE also has applications in gene
analysis, for example, characterizing gene mutations through analysis on the cleaved
fragment length [67,68]. With the increase in its availability and specificity, RE is now
being extensively studied as a promising agent for targeted gene disruption in the gene
therapy for various virus diseases, such as HIV and HPV [69-73].

The conventional approach of searching for new REs is based on the restriction-
modification (R-M) system where potential RE genes are predicted through data mining
techniques from established sequence database according to their cognate
methyltransferase genes which are recognizable by bioinformatics methods because of
the conserved motif elements, and in most cases, reside close to RE genes. The predicted

putative RE genes are therefore not available until being verified through biochemical
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characterization [74]. The traditional labor-intensive biochemical characterization
method, however, is having a hard time in catching up with the explosive increase in
putative RE database that benefited from the development in DNA sequencing
technology and real time methyltransferase detection technique [75,76]. Moreover, not all
the RE genes originate from the R-M system where a methyltransferase gene is adjacent,
for example, Pad and Pmel. Therefore, more efficient RE generating methods are in great
demand.

In recent years, artificial REs that consist of a DNA binding domain and a
cleaving domain, such as zinc finger nucleases (ZFNs) [77-83] and transcription
activator-like effectors (TALEs) [84-91], have attracted great attention as possible
substitutes for natural REs. Their modular structure provides a feasible means to generate
more REs through rational designs on each modular domain. However, the context-
dependence on neighboring residues and target DNA puts an obstacle in obtaining high
binding-specificity ZFNs [92,93]. As for TALEs, the relatively large size appeared to be
a challenge in its assembly [85,89,91]. The newly discovered CRISPR/Cas9 system [94-
106], recognizing the target DNA sequence through complementarity of base-pairs with
its guide RNA molecules, seems like a most promising gene editing tool with the
convenience, in theory, of targeting any specific DNA sequence with a high flexibility
and simplicity in design and assembly. Yet more experimental data on the successful
application of this system to the target are needed to characterize and validate the
proposed systems.

To facilitate the verification and therefore the development of the advantageous

natural or artificial REs, we present a novel strategy developed for ultrahigh-throughput
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RE gene screening using fluorescence-activated droplet sorting (FADS) technique based
on the prokaryotic cell SOS pathway. With this strategy we demonstrated the successful
enrichment on the target RE gene Xbal from a model library consisting of Xbal and its
truncated mutant gene AXbal with a series of library sizes. The kilo-Hertz interrogating
rate enables this technique promising in efficiently screening RE genes from, for
example, the putative RE library predicted from the R-M systems, or from the
CRISPR/Cas systems and other artificial RE libraries that are being studied. Moreover, it
can also be applied to large-sized metagenomic libraries constructed from environment
samples that have a high possibility of containing new REs with novel features such as

better stability, high pH or high temperature tolerance.

4.2 Results and Discussion

4.2.1 RE screening scheme

Figure 4.1a illustrates the overall operating steps for RE screening on the drop-
based microfluidic platform. The Escherichia coli (E. coli) cells are encapsulated in the
medium together with fluorogenic substrate Fluorescein-Di-f-D-Galactopyranoside
(FDG) and Isopropyl B-D-1-thiogalactopyranoside (IPTG) to form a droplet of 23 um in
diameter. Following the off-chip incubation at 37 °C for a few hours, the emulsion is then
injected back into a microfluidic chip for fluorescence signal detection and target sorting.
The drops containing the cell with RE gene will be fluorescent when they pass by the
detection window illuminated with excitation laser. The biology mechanism underlying
the fluorescence is described in Figure 4.1b. Briefly, RE is expressed under T7 promoter

on the plasmid vector pTXB1 upon the addition of IPTG that initiates the transcription
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through the lac operon. The attack of REs leads to the double stranded breaks (DSBs) on
the genome of the host cell, which activates a series of gene expressions in DNA repair
pathways, including the overexpression of B-galactosidase (B-gal) whose gene is fused to
the downstream of the damage sensing promoter dinD1 in the SOS pathway. The
excessively expressed -gal helps hydrolyze FDG and thus produces the fluorescent

molecule fluorescein.

Encapsulating cells Sorting out the fluorescent
and FDG in the drops emulsion off-chip drops

b.
= o ¥ \sos —
O = ﬁ O PR REY -
; 1 A e
Plasmid with E. coli Expressed REs causing Excessive B —gal
Restriction chromosome double-stranded breaks expression via SOS DNA
E:T){'J':;TGSRE) gene (DSBs) in the genome repair pathway

Figure 4.1 Restriction Enzyme (RE) screening scheme. (a) Overview of the operation
steps for RE screening on the microfluidic platform, which includes encapsulation of the
host cells and fluorogenic substrate, off-chip incubation and detection and sorting on the
re-injected emulsion. (b) Biological mechanism that enables the RE gene detectable on
the microfluidic platform.
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4.2.2 Verification of the RE screening scheme in bulk and in drops

This SOS-pathway based RE gene detection strategy was first verified in the bulk
experiment where the “+” cells (ER 2745-pLysY-pTXB1 Xbal), after sonication
exaction of the indicator protein -gal, were loaded into the microtitre plate filled with
FDG and IPTG. The time-course measurement on the green fluorescence intensity was
performed in a 96-well microplate reader at 37 °C for 5 hours. The fluorescence intensity
kept increasing with time whereas the control measurements on the “-” cells (ER 2745-
pLysY-pTXB1 AXbal) with the truncated RE gene showed no significant changes in the
intensity (Figure 4.2a).

The fluorescence detection of the drops on the microfluidic platform showed
similar results (Figure 4.2b), where drops containing “+” cells gave a distinguishable

¢

fluorescence signal compared to the empty drops or “-” cell-loaded drops. The difference
in the signal intensity between the “+” cell drops and “-” cell drops was still discernible
in the experiments where the two types of cells were mixed up and co-encapsulated in the
drops. Noted that in the droplet detection results, the high background fluorescence from
the “leaky” control of the lac operon in this host cell strain was displayed more clearly
than in the bulk measurements, because the fluorescence histogram of individual drops
was able to show the distribution of the “empty” drops (no cells included) when the cell
density was diluted to be less than one copy per droplet on average, which was buried in
the bulk measurements. The close locations between the two peaks in the distribution
curves from the experiments with “+” cells incorporated indicated that the signal to noise

ratio in this system was not ideal, which could be further improved by refining the host

cell construct for a lower background expression level of the indicator protein. For
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example, another derivative strain ER 2746 from NEB possesses similar activities but
with a lower leaky expression of B-gal. It therefore can be used as a substitute if we don’t
aim for a higher than 37 °C reacting temperature. The improvement on the host cell
system can also be considered on the selection of other DNA damage promoters or

protein indicators.
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Figure 4.2 Fluorescence measurements on the RE-containing cells and the control cells.
(a) Time-sequence fluorescence measurements on the Xbal-containing (“+”) cells and
AXbal-containing (“-) cells in the plate-reader where fluorogenic substrate Fluorescein-
Di-B-D-Galactopyranoside (FDG) and inducer Isopropyl B-D-1-thiogalactopyranoside
(IPTG) were included in the well. The chamber was maintained at 37 °C during the
measurements. The green arrow indicates the off-chip incubation time in the droplet
experiments, which is a trade-off between the fluorescence induction and FDG’s stability.
(b) Fluorescence measurements on the drops with no cells, pure “+” cells, pure “-” cells,
and a mixture of “+” and “-” cells after 3 hours’ incubation at 37 °C in dark. The average
cell number per drop was kept at 0.3 in all the experiments. Red circles in the plots where
“+” cells were involved indicate the population of cell-containing drops in the drop
fluorescence distribution.

4.2.3 Single round of sorting on model library
Based on the detection results, we performed the RE gene sorting experiments on

the model library consisting of “+” cells that were transformed with Xbal gene, and ““-”
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cells that were transformed with AXbal gene. For libraries with initial size' of 1:10, 1:100
and 1:1000, the target Xbal genes were all successfully enriched in the sorted samples, as
examined from the agarose gel electrophoresis results (Figure 4.3). Xbal and its mutant
gene AXbal were amplified through colony PCR from the sorted samples. The size
difference between the two genes allows us to determine their relative amount by
comparing the gel band brightness.

For the library with the initial size of 1:10, we got an enriched ratio of 1:4 in the
sorted sample, which gave an enrichment of 2.5 folds. Similarly, the enrichment for the
library with the initial size of 1:100 was 33.3, and the same enrichment value was
obtained for the library with the initial size of 1:1000. The low enrichment for the 1:10
library might be attributed to the lower sorting gate, which allowed the entrance of the “-”
cell drops that possessed a background fluorescence from the basal expression of f-gal in
the host cell into the sorted channel. Therefore, the optimal enrichment level from the
single round of sorting can be achieved through a fine tune of the sorting gate and input
cell density.”

The similar enrichment levels in the library of 1:100 and 1:1000 obtained from
our experiments are consistent with the theoretical calculation given by Y. Zheng [107],
who provided a theoretical enrichment prediction based on Poisson distribution for his
droplet directed evolution experiment, where the RE genes were sorted by the adaptor-
specific PCR (Figure S.2). However, the calculation only takes account of the co-

encapsulation effect from Poisson distribution as the false positive contributor. But in our

! Initial size means the ratio of the number of "+" cells to that of "-" cells when
the cells were mixed and encapsulated in the drops.

> We used A = 0.3 in all of our RE screening experiments (see A meaning in
Chapter 3).
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droplet experiments, the fluorescence from the “-” cell drops might also contribute to the
false positive hits in the sorted sample, especially in the low-gate sorting. Apart from
that, the cells were suspected to keep dividing in the drops during the signal-inducing oft-
chip incubation, and the different dividing rates for “+” and “-” cells due to different
DNA inserts might further explain the disparity between the predicted enrichment values

and our experimental values.
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Figure 4.3 Single-round sorting results for different initial library sizes: 1:10, 1:100 and
1:1000. The sorting gate selected in each individual screening is indicated in the red line.
The quantification of the enrichment was performed with ImageJ (NIH).

42



4.3 Conclusion

As discussed above, through the successful enrichment of the target RE genes
from a constructed model library, we proved the principle of the SOS pathway-based
microfluidic sorting strategy for RE gene screening. By optimizing the system through,
for example, carefully designing the average cell number per droplet and specifically
selecting the sorting gate for each round, it is promising to find the hit RE genes
efficiently with this approach in the real libraries after multiple rounds of sorting. In fact,
the reports on successfully selecting horseradish peroxidase variants with enhanced
catalytic activity [14] and identifying xylose isomerase genes that contributes to high
xylose consumption from the genomic library [108] through multiple rounds of sorting on
a similar drop-based microfluidic platform raise much hope for the practicality of this
approach.

It is the first time the prokaryotic DNA repair mechanism has been integrated into
ultrahigh-throughput microfluidic system to realize the signal transduction from the target
genotype to the detectable phenotype with efficient signal detection and processing,
which is especially beneficial for large library screening that usually requires multiple
rounds of sorting. In our screening scheme, the overexpression of the reporter gene 3-gal
was induced by the DSBs on the host genome as a result of the attack by REs. Therefore,
this system, after the necessary adjustment, can also be used to screen for other enzymes
or molecules that can cause the DSBs in the host genome. Furthermore, by incorporating
the in vitro transcription and translation reagents into the drop-based microfluidic sorting

system, we can even expand our screening scope from being based on this particular
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dinD1 repair pathway to other intrinsic cellular pathways, which will be of great

significance in both protein engineering and biomedical applications.
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Chapter 5
Microfluidic Pico-injection Technique for Controllable
Fabrication of Less-Invasive Alginate Gel Beads as the

Three-Dimensional Extracellular Matrix for In-Vitro

Stem Cell Niche

5.1 Introduction

Stem cell niche, a highly specialized and dynamic microenvironment where stem
cells reside, has been recognized for its essential regulating role through its components
in stem cells’ survival, self-renewal, differentiation and communication with the
surrounding tissue [109-114]. As its major component, extracellular matrix (ECM) not
only provides necessary mechanical and adhesive support to the cells, but also regulates
various cell behaviors through facilitating the transmission of biochemical cues [112,115-
119]. Therefore, systematic studies on the interactions between the stem cell and its niche
are of great significance in understanding the mechanisms underlying the intricate stem
cell behaviors [120-125] and advancing the development of tissue engineering techniques
for effective cell therapies [126-132].

To apply reductionist approaches on stem cell niche studies, researchers have
been extensively investigating on the methodology for synthesizing in-vitro ECM

scaffolds that imitate the physiological environment [133-140]. Among many promising
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ECM materials, alginate hydrogel has been widely studied because of its good
biocompatibility as a natural ECM secreted from some bacteria and algae, and unique
structural properties that are amenable to various chemical functionalization [141-152].
Alginate is the linear polysaccharide composed of repeating monomer units: 3-D-
mannuronic acid (M) and a-L-guluronic acid (G). Exposure to the divalent cation such as
Ca’" initiates the gelation process that crosslinks G blocks and forms the 3-D hydrated
gel network. The considerable amount of hydroxyl and carboxyl sites on the polymer
chain enables convenient chemical modifications to the hydrogel for desirable, for
example, mechanical property and biodegradability. For the objective of stem cell niche
studies where the cells need to be cultured in the scaffold for enough length of time for
observations, for example, on the proliferation and differentiation behaviors, it is ideal to
minimize the size of the synthesized ECMs to avoid the diffusion barrier for nutrients,
oxygen and biochemical cues. However, the previously reported alginate microgel
synthesis approaches are either limited by the large pore size and potential adverse effect
on the cell behaviors due to the change of pH condition as in the internal gelation
strategies [153-160], or have a low productivity and controllability as in some external
gelation methods [161-168].

To provide a high-throughput, controllable method to synthesize minimum-
invasive alginate microgel scaffolds, we develop a microfluidic two-step strategy based
on pico-injector technique, where drop-making process and gelation process are
separated apart. Unlike the co-flow technique utilized in typical microfluidic alginate gel
bead synthesis approaches, the micron-sized pico-injector nozzle effectively limits the

contact area of the precursor solution and the cross-linker fluid, and therefore greatly
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suppresses the occurring of the clogging due to the fast crosslinking in the ionic gelation
process, thus making the synthesis of alginate gel beads more controllable, reliable and
efficient on the microfluidic high-throughput platform. Moreover, no additional
chemicals or pH condition changes are involved in our two-step approach; therefore, the
synthesized alginate gel beads are expected to be less invasive in the long-term cell

culture for behavior studies on these stem cells.

5.2 Results and Discussion

5.2.1 Two-step gel synthesis process

Figure 5.1 describes the two-step synthesis process, with the drop-maker (Figure
5.1a) producing aqueous alginate drops, followed by the pico-injector (Figure 5.1b)
serving as the gelation platform. The narrow size of the injecting nozzle reduces the
possibility of clogging at the interface of the precursor and cross-linker fluids, whereas
the evenly spaced single-file flow of the alginate drops allows a tight control of the cross-
linker addition for an improved uniformity on the gel bead structure. The incorporation of
the sinusoidal design in the downstream of the T-junction enables an efficient mixing of
the calcium ions and alginate polymers in the droplet from advection, and the subsequent
serpentine channel allows for the sufficient gelation before the drops cream in the
collection tube. Typical drop-making process is demonstrated in Figure 5.1c, where
encapsulated mouse Mesenchymal stem cells (mMSCs) are highlighted with the red
arrows. Figure 5.1d is the time-sequence snapshots from a pico-injecting process
captured by the fast camera (Phantom V7.3; VisionResearch). The entire cross-linker-

adding process was completed within 1.25 millisecond, which gives a kilo Hertz
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production rate. By controlling the cell density infused into the drop-maker, we can
control the cell number in each droplet. Through adjusting the flow rates in the pico-
injecting process, we can control the ratio of the cross-linker and precursor in each gel
bead to obtain controllable mechanical structure. And because of the clean gelation
process, the pico-injector devices could usually be reused for multiple rounds, which

greatly reduced the operation cost in time and money.
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Figure 5.1 Two-step synthesis of alginate gel beads with microfluidic devices. (a)
Schematic of the drop-maker device: Alginate solution and mouse Mesenchymal stem
cells (mMSCs) were co-flowed into the aqueous channel from left to right. Fluorinated
oil HFE 7500 with EA surfactant was flowed into the oil channel and sheered the
aqueous fluid into ~25 um drops at the junction downstream of the serpentine resistant
channel. (b) Schematic of the pico-injector device: Alginate drops were injected into the
inner channel and spaced out by the carrier oil HFE 7500 before flowing right to the T-
shaped pico-injecting nozzle. The characteristic design downstream to the injecting
junction (highlighted in the red circle) is intended for improved mixing and sufficient
gelation on chip. (c¢) Snapshot of the movie of cell encapsulation into alginate drops. The
encapsulated mMSCs were highlighted with the red arrows in the picture. (d) Time-
sequence snapshots from a pico-injecting movie. In the representative snapshots, the cell-
laden alginate drop was injected with calcium chloride from the perpendicular pico-
injecting channel for gelation initiation. The fusion of the injecting cross-linker solution
into the alginate aqueous drop was accomplished upon the activation of the electric field
applied at the injecting area. The injection step was finished within 1.25 msec.
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5.2.2 Gelling parameter optimization

With this two-step approach, we first synthesized empty alginate gel beads to
obtain the optimum gelation conditions. We found that both the calcium concentration
and its injected rate affected the gelation process. For the final concentration of 1%
alginate, a majority of the stable gel beads that could keep the integrity after being
washed out of the carrier oil into the cell medium were obtained only after the
concentration of the calcium chloride was above 100 mM in the injecting channel (20
mM in the droplet), as indicated in Figure 5.2a. And the injecting rate of the calcium
chloride had a great effect on the homogeneity of the meshwork in the gel bead. For a
fixed calcium concentration, the increased injecting rate to the alginate drop resulted in
an increased homogeneity in the spatial distribution of the crosslinking (Figure 5.2b).
However, the increase in the injecting rate lead to the gel size increase, and in a confined
channel, resulting in an anisotropic polar shape. For a trade-off between the internal
homogeneity and the isotropic shape, we chose a calcium concentration of 20 mM in

drops injected at a 20% rate (v/v) of the final droplet volume.
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Figure 5.2 Optimization of the gelation conditions. (a) Fluorescence micrographs of gel
beads formed from different Ca®" concentrations. The displayed values are the
concentrations in the pico-injecting channel. (b) Fluorescence micrographs of gel beads
formed with different Ca®" injecting rates. The ratios are the volume ratio of the injecting
fluid to the injected alginate drop. CaCl, concentrations are the expected concentration in
the injected drop. A fraction of alginate polymers were pre-functionalized with green
fluorophore FITC for easy identification. The gel beads in (a) and (b) were both washed
from the carrier oil into the cell culture medium before imaging.

5.2.3 Encapsulation of Mouse Mesenchymal stem cells in gel beads

We then incorporated mMSCs into the gel beads by encapsulating them in the
alginate drops. For necessary cell adherence, alginate polymers were modified with the
cell-binding peptide arginine-glycine-aspartate (RGD). For easy optical identification, a
fraction of RGD peptides were also functionalized with green fluorophore Fluorescein
isothiocyanate (FITC). Figure 5.3a (top left) shows the fluorescence image captured right
after the gel beads were formed. The beads that contained the cells are indicated in red
circles. The examination on the Trypan blue-stained cells in the phase contrast
microscopic images showed more than 90% viability of the gel-encapsulated cells, as
represented in the top right picture in Figure 5.3a. Similar cell encapsulation experiment
was also performed with the red membrane dye PKH26-stained cells and the fluorescence
images were taken right after the gel beads formation. As clearly displayed in Figure 5.3a
(bottom), quite a number of cells were encapsulated in the ~40 pm alginate gel scaffold,
with the existence of both single- and double-occupancy. The observation that cells

tended to reside at the edge of the gel bead might be associated with non-uniform
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crosslinking within the gel beads, which is possibly the effect of the diffusion barrier
formed by the fast crosslinking at the contact area of the alginate droplet and the injected
fluid so that it obstructed the diffusion of more calcium ions into the drop. Similar
heterogeneity has been observed in other external gelation approaches too
[161,162,166,167], and integrating sodium chloride into the cross-linker calcium chloride
was reported to be able to effectively improve the homogeneity [169], possibly the result
of the competition between the two ions. Nevertheless, the cells were successfully

trapped in the 3D micro scaffold.

5.2.4 Viability analysis on the mMSCs cultured in the gel

We cultured these gel beads in the cell medium to test the biocompatibility of the
ECM synthesized with our microfluidic pico-injector-based method. On Day 3, a fraction
of the beads were stained with Trypan blue and examined under confocal microscope and
phase contrast microscope for cell viability characterization. We got a nearly 86% of
viability in all the trapped cells examined.” Some cells even exhibited a suspected
proliferation in the microscopic image (Figure 5.3b), where a group of cells were
observed physically associated with each other in the immediate vicinity of the gel bead.
As a comparison, a parallel experiment was performed on the gel beads synthesized from
the internal gelation method where alginate polymers were encapsulated with calcium
carbonate nanoparticles into the aqueous droplets surrounded by the 0.3% (v/v) acetic

acid-incorporated oil phase. The viability assay showed no live cells present in the

? These are the cells that were not stained with PKH26; The viability was 25% for
cells stained with PKH26.
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sampling gel beads on Day 3 (Figure 5.3¢c). Although more data on the longer-term
culture are needed to elucidate the biocompatibility of the pico-injector approach by
taking account of its effect on the cell proliferation and differentiation, the results we
presented here at least suggested that our pico-injector approach is promising as a less-

invasive 3D ECM synthesis method compared to the mild internal gelation means.
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b. Day 3

c. Parallel results from the internal gelation method (Day 3).
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Figure 5.3 Cell viability measurement on the encapsulated mouse Mesenchymal stem
cells. (a) Representative fluorescence (top left) and phase contrast (top right) micrographs
of the cell-laden gel beads right after the gelation process. Red circles highlight the gel
beads with the cells seeding on them. Trypan blue-based exclusion assay showed no dead
cells in the examined field. The bottom picture is the superimposed fluorescence
micrographs from the red and green channels, to show a clear view of the cells’ location
in the gel. (b) Fluorescence (left; superimposed from red and green channels) and phase
contrast (right) micrographs of the live cells based on Trypan blue assay after 3 days’
culture in the gel beads. Cells were stained with the red membrane dye PKH26 for easy
identification. (c) Fluorescence (left) and phase contrast (right) micrographs of the cell-
laden gel beads produced from the internal gelation method. Trypan blue assay was
performed on Day 3. Red circles highlight the gel beads with the cells seeding on them.

5.3 Conclusion

We have successfully synthesized alginate gel beads on a pico-injector-based
microfluidic platform that can reliably produce uniform gel beads down to 30 pm in size,
nearly the lower limit as ECM for mammalian cells. By regulating the input cell density
in the drop-maker and the flow rates in the pico-injector, we can have a better control on
the encapsulated cell number and the gel composition. The distinctive high-throughput
processing ability of the microfluidic platform ensures the efficiency in gel bead
production. More importantly, the short-term cell viability assay suggests the mild
invasiveness of this acid-free gelation approach on the D1 mouse Mesenchymal stem
cells that seeded inside the synthesized 3D scaffolds, which is especially critical for stem
cell niche studies that usually require the integrity of the cells for directed proliferation
and differentiation under the regulation of the specific signaling.

For the long-term cell culture in gel beads, the targeted delivery of the specific
nutrients and biochemical cues can be realized by employing a secondary pico-injection.
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Moreover, the reiterative pico-injecting process can also be utilized to produce multi-core
single cell-laden gel beads encapsulated within one common aqueous droplet and
therefore sharing closer communications less interruptedly, which could hopefully
facilitate the study of, for example, cell-cell interaction in a relatively isolated

microenvironment.
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Chapter 6

Conclusions

All the three projects described in this thesis share the same goal, which is to
employ the highly sophisticated microfluidic platform to address biology-related
problems, either to probe the fascinating fundamental questions (Chapter 5), or to seek
the useful practical applications (Chapter 3, 4).

For the work in Chapter 3 and 4, where microfluidic drops were employed as the
mobile carrier test tube, it exhibited the outstanding encapsulation ability in ‘locking’ the
target and its metabolic product in a picon-size confinement. The target can be an active
bacterial cell, or a mammalian cell with intricate metabolic activities going inside. Since
cellular reactions are extremely crucial in determining macro-scale cell behaviors,
studying these activities in the droplet could possibly enhance our understanding on the
mechanisms underlying various fascinating or confusing cell behaviors.

Although the drop dimension, ~20-50 um in diameter, seems more matching the
cellular level studies, the single DNA detection work illustrated in Chapter 3 indicates
that the droplet, by incorporating the efficient in vitro transcription/translation (IVTT)
reactions, can also serve as an ultrafast and highly sensitive tool for studies at the
molecular level. As the essential building blocks for a series of complex metabolic
processes, enzymatic reactions at the molecular level are always the aim of the sensitive
detection technologies. Accurate and hopefully real-time detecting on the products or

byproducts of the dynamic metabolic activities will guide us to a thorough understanding
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of the cell behavior, and the potential in manipulating the participating biomolecules will
confer us the capability in directing those enzymatic activities to function in our
favorable way, for example, towards some particular clinical goal, both of which seem
not impossible to be realized on the microfluidic platform with its continuing

advancement.

60



Appendix

Supplementary Figures
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Figure S.1 Drop fluorescence intensity histogram from cro-ad detecting experiments:
(@) A=0, (b) A =10. The red circle in (b) highlights the population with background
fluorescence.
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Calculation of theoretical enrichment

A Poisson distribution is assumed to describe the
distribution of DNA templates in aqueous droplets.
This implies that all droplets are of equal volumes.
The probability that a droplet has » = 0,1,2 or more
DNA templates can be calculated by:

e—kln
fin,2) = T

where A is the ratio between the number of DNA
templates and the number of droplets in the emulsion.

We assume that all the DNA templates in the same
droplet containing at least one RE gene are selected, i.e.
100% selection efficiency. Thus the number of RE genes
after selection is:

Nre =Nzlﬂn,l)-§(;:) P =py ek

where N is the total number of droplets in the emulsion
and p is the percentage abundance of the RE gene in the
starting library. The number of ‘carryover’ genes, which
refer to those non-RE templates residing in the same
droplets with an endonuclease gene, is:

Neo =N z_| f(n,).)-;(;:) -p"-(l —p)"_k-(n—k)

The final ratio between the selected RE gene and the
‘carryover’ gene, if we assume no bias in the PCR
amplification, is:

Nye
NCO

r—=

The theoretical enrichment is approximately:
r

EFE=——0———
p/(1—p)

62



100 —
i ——1:1 library
| —— 1:10 library
. — 1:100 library
M 1:1000 library
10 -
— :
'3
L I L} I L l L] l 1 l 1
0.0 0.5 1.0 1.6 2.0 2.5 3.0

Figure S.2 Theoretical calculation for single-round sorting enrichment from Y. Zheng
[107]. (a) Schematic of Yu’s drop experiment where the calculation was based on. (b)
Calculations given in Yu’s paper. (c) Enrichment prediction curves for different A values
generated from the calculations in (b).
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