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Abstract: A microfluidic device capable of storing picoliter droplets containing single bacteria at constant
volumes has been fabricated in PDMS. Once captured in droplets that remain static in the device, bacteria
express both a red fluorescent protein (MRFP1) and the enzyme, alkaline phosphatase (AP), from a
biscistronic construct. By measuring the fluorescence intensity of both the mRFP1 inside the cells and a
fluorescent product formed as a result of the enzymatic activity outside the cells, gene expression and
enzymatic activity can be simultaneously and continuously monitored. By collecting data from many individual
cells, the distribution of activities in a cell is quantified and the difference in activity between two AP mutants

is measured.

Introduction

Techniques for time-dependent measurement of the enzymatic
activity of single cells are important for the analysis of
populations that are to be resolved at the level of their individual
members, e.g., in the study of gene expression' and phenotypic
variation® or in the screening of protein libraries for in vivo
directed evolution.* Fluorescence detection is frequently used
to determine protein expression' or enzymatic reactions within
cells, e.g., by fluorescence-activated cell sorting (FACS)’ and
microscope-based cytometry.®” This method is suitable if the
molecules to be detected remain in the cells or attached to them.®
However, quantitative assessment of reaction turnover by FACS
is not possible if the products of these processes leave the cells.
Compartmentalizing the cells in emulsified microdroplets that
retain the enzymatic reaction products overcomes this problem
and allows monitoring of the enzymatic turnover of a single
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clone.”'° Encapsulation of cells in double emulsions followed
by FACS has been used in studies of directed evolution,*''~'°
thus successfully linking genotype and phenotype.'® However,
the large size variation as a result of two emulsification steps
makes accurate determination of small changes in signal difficult
or impossible. For a quantitative kinetic assessment of individual
clones in libraries or populations, two advances are required.
First, the droplet size has to be precisely controlled as the
amount of product is measured optically as a concentration.
Formation of droplets in microfluidic systems meets this
criterion,'”"'® and several microfluidic methods have been used
toisolate single cells'®~>* and quantify enzymatic activities.>' >~
Second to analyze the time-dependence in individual clones, it
is necessary to immobilize the compartmentalized cells and
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Figure 1. (A) Plan view of the microfluidic device. The orange dotted lines represent the available paths for droplets to flow from a nozzle to the waste
outlet, controlled by the monolithic microfluidic valve: path-1 when the storage valve is off and the main valve is on, path 2 vice versa. (B) Droplets were
formed in the flow-focusing PDMS microfluidic device. The cells and the solution containing substrate (FDP) and ITPG were combined on-chip before
droplet formation. Typical droplet volume was approximately 20 pL. (C) Schematic vertical structure of the device showing an aqueous droplet stored in a
well. In the upper thick (~5 mm) layer, there are flow channels and storage wells. In the lower thin (~40 um) layer, there is a reservoir sealed by a thin
PDMS membrane. (D) The change in volume of the stored droplets is less than 10% over 20 h in the microfluidic device incorporating the reservoir structure
(filled squares). Water flowed through the reservoir to compensate the water evaporation from droplets into the bulk PDMS. The droplet volume shrank to

less than 1/2 in 3 h in the absence of an in-built reservoir (empty squares).**

continuously follow reaction progress as a function of time to
ensure accurate comparison between clones. FACS cannot
provide the control over indexing clones and lacks the ability
to accurately set the time scale for the initiation of a reaction
and subsequent detection.

We have developed a microfluidic system that can simulta-
neously monitor the time-dependence of protein expression of
monomeric red fluorescent protein (mRFP1)*® and the enzymatic
activity of coexpressed alkaline phosphatase (AP) in compart-
mentalized E. coli cells. To demonstrate the utility of this
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methodology for applications in directed evolution, protein
expression and activity of wild type AP (WT AP) and a active
mutant (R166S AP) were measured and compared.29

Results and Discussion

Droplet formation by flow-focusing'’° (Figure 1B) generated

compartmentalized cells together with a substrate of the reaction
and an inducer of protein expression. The components were
rapidly mixed by chaotic advection by incorporating a winding
channel (mixer) after the flow-focusing nozzle (Figure 1A).3!
Once formed, the droplets (~20 pL, diameter ~ 30 um) are
led through flow channels controlled by monolithic valves,*
stored into wells,>® where they remain fixed throughout the
experiment (Figure 1C). The device was built in multilayered
PDMS**** to incorporate microfluidic valves and wells (diam-
eter &~ 50 um, 4000 in total) in which the droplets were arrayed
to allow automated readout of the fluorescence corresponding
to protein expression and product formation (Figure 1A).
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Figure 2. (A) A bright-field image of droplets stored in square wells. (B) Compartmentalized cells coexpress the two target proteins, AP and mRFP1, under
the control of two identical promoters. AP hydrolyzes the substrate (FDP) to yield fluorescent products. All experiments were carried out at 30 °C. (C)
Fluorescence image showing mRFP1 expression. The bright spots are cells expressing mRFP1 while encapsulated in microdroplets. (D) Fluorescence image
showing the accumulation of fluorescent product uniformly distributed within the droplets. (E) Stitched micrographs showing droplets in the storage area in
bright-field, red and green fluorescent images, respectively, taken 20 h after droplet formations.

Relatively wide shallow rectangular channels (typical width 100
x 30 um) flattened the droplets in flow; however, once a droplet
arrived at a deeper well, it adopted a more spherical shape,
reducing its surface area and thus its surface energy. Therefore,
a droplet that partially occupied both the flow channel and the
well experienced a gradient in surface energy, with the resulting
force acting to drive and trap the droplet inside the well as shown
in Figure 1C.

Droplet shrinkage due to the water diffusion into the PDMS
matrix has been previously observed in microfluidic devices.*>-
It would jeopardize quantitative measurements of droplet
contents.”” This complication was avoided by incorporating a
reservoir underneath the layer of the wells to continuously
supply water to stored droplet, thereby keeping the water content
of the droplets constant over longer periods (green square in
Figure 1A).%* In our experiments, we found that the evaporation
rate of the droplets is balanced by the diffusion of water from
the reservoir when the latter contains pure water. Figure 1D
shows that in the absence of a reservoir, droplets shrank rapidly
and disappeared completely in approximately 6 h. However, in
the presence of a reservoir filled with water underneath the well,
the droplet volume is effectively constant (within 10%) over
20 h. The ability to store droplets and maintain their volume
allowed us to quantitatively monitor protein expression and
enzyme activity in droplets over extended periods. The microf-
luidic device can be used repeatedly if cleaned appropriately
after each experiment.

Cells harboring a plasmid for the coexpression of AP and
mRFP1 were encapsulated in microdroplets with a fluorogenic
substrate (fluorescein diphosphate, FDP) and an inducer of
protein expression (isopropyl 5-D-thiogalactopyranoside, IPTG)
(Figure 1B). After droplet formation and deposition in the wells
(Figure 2A), gene expression occurred in the presence of IPTG
(Figure 2B). The fluorescence arising from mRFP1 expression
remained localized in the cells (Figure 2C,E), while the
fluorescent product of the alkaline phosphatase reaction spread
throughout the droplets (Figures 2D,E). The mRFP1 (red
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emission) and fluorescein product (green emission) were
simultaneously monitored over time using an EM-CCD camera
coupled to an epifluorescence microscope (see Experimental
Section). The system is also equipped with a motorized stage
and carousel to allow accumulation of data for 4000 droplets
at 20 min intervals for more than 20 h.

The time course of mRFP1 expression in individual droplets
shows the onset of protein expression around 2 h after droplet
formation.” The amount of mRFP1 increases for the next few
hours before leveling out after 10 h (Figure 3A,C), possibly
due to the depletion of nutrient or accumulation products of
cellular metabolism.*® The fluorescence of mRFP1 was mea-
sured from the total photon flux of all red foci above the droplet
background. Intensities were correlated to mRFP1 concentrations
by measuring a calibration curve using droplets with known
mRFP1 concentrations (Supporting Information, SI, Figure S1).
The time lag between droplet formation and observations of
mRFP1 reflected the time required for the synthesis and
maturation of the protein fluorophore.?® The total number of
mRFP1 copies lies between 0.45—2.30 million per droplet which
is consistent with published data.’

The significant differences in expression rates of mRFP1
between droplets are primarily due to different numbers of cells
in droplets as a consequence of Poissonian encapsulation of
cells.>**° This interpretation is supported by the observation of
distinct groups of droplets that provide three regularly spaced
and well-defined peaks in the histogram of mRFP1 production
(Figure 3B), which correspond to the initial occupancies of zero,
one, or two cells per droplet. The number of droplets belonging
to each peak fits the expectation of Poisson analysis (inset of
Figure 3B). As an initial detection of E. coli in bright field
images was difficult with the optical setup used, the probability
of droplet population having no cell*! (n = 0) was inserted into
a Poisson distribution function, f = A"+¢™*/n! where n describes
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Figure 3. (A) Kinetics of mRFP1 production in cells bearing a plasmid
coexpressing WT AP and mRFP1. Each time trace represents expression
of mRFPI in a different droplet. (B) Histogram showing the number of
droplets plotted against mRFP1 production. The three peaks correspond to
the initial number of cells encapsulated per droplet. A total of 239 droplets
were analyzed: 64 droplets contained initially one cell, 3 droplets two cells,
and 172 droplets were empty. Gaussian envelopes for the first and second
peak were drawn to guide the eye. The values presented next to each peak
are averages of mRFPI production in each group of droplets. The inset
represents the fraction of droplets and the initial number of cells therein,
based on mRFP1 fluorescence (light gray: expression after encapsulation,
dark gray: control experiment with mRFP1 expression before encapsulation).
The populations observed coincide exactly with the values predicted by
the Poisson analysis (black circles and squares). (C) Time course of mRFP1
production in cells bearing a plasmid coexpressing R166S AP and mRFP1.
These can be clustered into three groups as was done for the coexpression
of WT AP and mRFP1.

the initial number of cells in a droplet, then the average cell
number (1) was obtained. It gives a whole distribution (f) of
droplet population as a function of the initial number of cells.
In addition, the distribution of droplet populations with different
numbers of cells derived in a control experiment, in which cells
had expressed mRFP1 before encapsulation and thus were
immediately detectable, was shown to follow a similar Poisson
distribution (inset of Figure 3B).

There is significant intra group variation (0.45—1.55 millions
copies of mRFP1 per droplet) in the group that started with
one cell (Figure 3B). Several explanations for this observation
can be advanced,*? including variations in the copy number of
plasmid DNA and differences in expression levels among a
population of cells. In addition, compartmentalized cells were
dividing on the time scale of the experiment, so differences in

(42) Avery, S. V. Nat. Rev. Microbiol. 2006, 4, 577-587.
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individual cell growth and division rates could also contribute
to the observed divergence. This is supported by the observation
of cell occupancies of 3—7 cells per droplet after 20 h.

The time courses for fluorescein formation in droplets are
shown in Figure 4A. The fluorescein concentration started
to increase approximately 4 h after droplet formations, i.e.,
2 h after the onset of mRFP1 formation. This may reflect
the necessity of periplasmic export for AP, where it meets
the negatively charged substrate that cannot readily enter the
cytoplasm.*® The fluorescein production rate rapidly increased
after 4 h and was maintained for next the 5—7 h, falling again
after around 10 h, which is presumably due to the inhibition
of enzyme activity by the accumulation of phosphate products
or product leaking out of the droplets.® The enzymatic rates
observed in individual droplets fall into three distinct groups
as observed for mRFP1 expression, again reflecting the
number of cells initially compartmentalized (Figure 4B). The
average production rate of droplets assigned as containing
two cells (3.69 uM/hour) is twice that of the group containing
one cell (1.83 uM/hour).

The microfluidic platform was used to differentiate the activities
of WT AP from its mutant R166S AP. The maximum average
production rate of fluorescein is 1.83 uM/hour at 8.6 h for WT
AP and 1.04 uM/h after 10.3 h for R166S AP. The differences in
the time lag and the production rate are due to the lower activity
of the mutant. The activities of purified WT and R166S AP (k../
Ky differ by up to 300-fold,?>** but the product formation is
limited by substrate diffusion into the periplasm**** and differing
inhibition by phosphate** leading to smaller observed differences
in cell-based assays. Figure 4D shows an enzymatic whole-cell
activity assay in a microtiter plate that matches the average value
measured in microdroplets, although it sums up the activities of
millions of individual cells. Interestingly, the droplet-based experi-
ments on the WT AP and the R166S mutant show significant
differences in heterogeneity of individual compartmentalized cells.
The fluorescein production shows a 3—7 h spread in lag times for
the R166S mutant, whereas the WT AP fluorescein production is
more narrowly distributed (Figure 4A,C). Simultaneous measure-
ments of the fluorescence intensity of both mRFP1 and the product
of enzyme reaction in droplets allows normalization of enzymatic
activities using mRFP1 as an internal standard.

The variation between cells in protein expression level may
make it difficult to distinguish two mutants simply by monitoring
fluorescein production. Normalizing the fluorescein production
rates to the mRFP1 expression rate observed in any particular
droplet enables a correction that allows access to the specific
enzyme activity. This normalization removes the variance
introduced by different copy numbers of plasmid DNA, different
global expression levels or different numbers of cells in droplets.
However, the distribution of droplet populations after normal-
ization still shows variations, which can be described by a
Gaussian fit (Figure 5A). These variations can be ascribed to
fluctuations of the relative expression level of AP and mRFP1
despite both being expressed from the same plasmid. Mutant
and wild-type enzyme can be distinguished, but there is a
considerable overlap (~50% of the respective populations).*
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Figure 4. (A) Fluorescein concentration due to enzymatic activities of WT AP coexpressed with mRFP1 over time. Each series of symbols represents
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fluorescein production rate of WT AP. Gaussian envelopes for the first and second peak were drawn to guide the eye. The values presented next to each peak
are averages of the fluorescein production rate in each group of droplets. The inset represents the population of droplets against the initial number of cells
therein. The bars in light gray are the fraction of droplets belonging to the each peak in the histogram. The circular spots represent fractions predicted by
the Poisson distribution based on the same number of empty droplets. (C) Fluorescein concentration arising from enzymatic turnover of R166S AP, coexpressed
with mRFP1 over time. (D) The comparison of the time courses of fluorescein production of WT AP and R166S, both coexpressing mRFP1, measured in
the microfluidic system and compared to an analogous experiment in a conventional microtiter plate reader.
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in blue). Lines on each set of symbols are drawn with the linear least-squares fit.

By constructing a plot correlating mRFP1 and fluorescein mRFP1. A number of salient features in Figure SA distinguish
production rate (Figure 5B), populations of WT and R166S AP WT and mutant. The width of the curve for the R166S AP is
become more clearly distinguishable. The linearity of each series smaller than for the WT AP.*® In the case of the WT AP (red
implies that mRFP1 expression is correlated with fluorescein bars), ~16% of cells are outliers that do not follow the normal
production and hence AP expression.*’ distribution and exceed the most populated activity of wild-

The distribution of droplets expressing R166S AP (blue bars type, i.e., more fluorescein was produced than would be
in Figure 5A) is shifted to a lower fluorescein production rate expected, spanning a concentration range between 30—45 uM
consistent with lower activity in cell-based assays, despite of fluorescein per million molecules of mRFP1. As mRFP1

similar expression levels measured by mRFP1 production @47) Fusi - i of interest with i . B o

. . . usions of the protein of interest with fluorescent reporter proteins
(Figure 3_A’C)' The wild-type AP expressed 1n.cells produced can be used to relate protein concentration and catalytic activity (see
fluorescein ~2x faster than R166S AP for a given amount of ref 52). However, a purified fusion protein of AP and mRFP1 is 10-

fold less active in k./Ky compared to WT AP, and export and
expression levels of the fusion protein may differ in cell-based assays,

(46) The two-tail p-value for the null hypothesis that these two distributions where it appears less active (SI Figure S2).
have the same mean is <0.01. Therefore, the difference observed (48) The standard deviation of the curves are 2.9 and 4.1 (uM per million
between the WT and mutant populations is statistically relevant. molecules of mRFP1) for R166S and WT, respectively.
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coexpressed with WT AP and R166S AP are produced at similar
levels, these outliers are presumed to derive from clones in
which the regulation of protein production from the pDuet vector
was biased toward the second reading frame, and the variance
represents imbalances between AP and mRFP1 expression that
limits the normalization.

Experimental Section

Device Fabrication. The microfluidic circuit was designed with
AutoCad (AutoDesk) and high resolution photo masks were fabricated
on transparencies (Circuit Graphics, Essex, UK). Negative photoresist
(SU8—2025, SU8—2007 Microchem Inc.,) was used to fabricate the
flow channel, wells and valve-reservoir channel, and positive photo-
resist (AZ-9260, AZ Electronic Material) was employed to build the
valve channel which performed better with a rounded shape.*®

A commercially available liquid PDMS kit (Sylgard184, Dow
Corning) containing the prepolymer and a cross-linker, was used
in the recommended weight ratio of 10:1. The microfluidic device
was made out of two masters. The first master contained the flow
channel, the valve channel and the well channel. The second master
contained the control channel and the reservoir. The weight ratio
for a thick (5 mm) PDMS slab was 5:1 and 20:1 for the thin PDMS
layer (~40 um). Thus, each layer had an excess of one of the
components. The mixed, degassed liquid PDMS (at a 5:1 ratio)
was poured onto the first master and cured at 75 °C for 25 min.
The resulting transparent, flexible silicone rubber was peeled off,
leaving relief features from the master imprinted onto the PDMS
slab. Injection holes were punched through the slab to insert tubes
that carried the fluid inlets. In order to fabricate the control channel
and the reservoir in the device, a thin PDMS layer was added onto
the face of the PDMS slab before covering it with a glass substrate.
The thin layer was formed by spinning at a 20:1 ratio of liquid
PDMS on the second master. The wafer was cured at 85 °C for 5
min. When assembling the thick PDMS slab onto the thin PDMS
layer, precise optical alignment was required to put the valve
channel above the control channel, and ensure the positioning of
the reservoir underneath the well.

The device was then baked again at 85 °C for 30 min to enhance
adhesion between two PDMS layers. While baking, the excess of
cross-linker diffused from the thick layer into the thin layer.*
Further curing caused the two layers to form cross-linked elastomer
at the interface. Injection holes were punched with the lure stub
adapters to insert tubing. The device was sealed against a glass
substrate after plasma oxidation.>® Finally, CYTOP (Asahi glass
company) was applied to coat the flow channels to prevent water
from sticking to the PDMS device.**

Device Operation. Aqueous droplets were formed in fluorinated
oil (FC-40, 3M) at the nozzle of the device. The oil was mixed with
surfactants and 16% w/w tridecafluoro octanol (Sigma-Aldrich) to
prevent the coalescence of droplets.’’ The reservoir constructed
underneath the wells supplied water to droplets through the PDMS
membrane via an osmotic pressure gradient,* maintaining the volume
of stored droplets. Water flowed through the reservoir during the droplet
incubation period when gene expression in cells was induced at 30
°C. The volume of the stored droplets changed by less than 10% of
their initial volume during the reaction time of 20 h (Figure 1D).
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Cell Preparation. A single colony of E. coli BL21(DE3) freshly
transformed with the plasmid for coexpression of mRFP1 and
alkaline phosphatase was used to inoculate 2.0 mL of tryptone broth
(10.0 g Peptone from casein (Merck) and 5.0 g NaCl/L)** containing
kanamycin (30 ug/mL). The culture was grown for 2 h at 37 °C.
Then, 1.0 mL of the cell culture was filtered (Minisart 5 um,
Sartorius) and diluted to a final A°® of 0.04 with tryptone broth
containing kanamycin (30 ug/mL) and 25% Percoll (v/v, Sigma-
Aldrich). This mixture was loaded in a syringe (Gastight, Hamilton)
and injected into the microfluidic device. Before droplet formation,
this cell suspension was mixed prior to entering a flow focusing
geometry (Figure 1B) in a 1:1 ratio with Solution A (tryptone broth
supplemented with 200 mM MOPS buffer pH 7.6; 30 ug/mL of
kanamycin; 0.5 mM IPTG and 100 M of fluorescein diphosphate).
As a control experiment, 100 4L of the cell suspension was
combined with 100 uL of Solution A. This mixture was incubated
at 30 °C in a sealed 96-well plate for 20 h, and the changes in
fluorescence at 530 nm were recorded (Figure 4D).

Data Acquisition and Analysis. The fluorescence images were
obtained using an inverted microscope (IX71, Olympus) operated
in epifluorescence mode using a mercury lamp (U-LHI00HG,
Olympus) for wide-field illumination. The sample was illuminated
and the image collected using the same objective (UPLSAPO 40
X 2, Olympus). The fluorescence emission was separated from the
illumination using fluorescence mirror sets (U-MF2, U-MWIG3,
Olympus). The two colors of fluorescence were acquired sequen-
tially using an automated mirror changer (IX2-RFACA-1-5,
Olympus). To image large areas of the device, the device was
mounted to a motorized stage (H117 ProScan II, Prior Scientific)
that moved the device in a predefined pattern. The sample was only
illuminated during the acquisition, by means of a computer-
controlled shutter in the illumination arm (SmartShutter, Sutter Inc.)
to minimize photobleaching. The emission image was acquired
using an EM-CCD camera (Xion+, Andor Technologies) and saved
to the computer hard disk for offline analysis. Time course
measurements were performed using bespoke software written in
LabView (National Instruments). Image analysis was performed
using Bespoke software written in LabView. To measure the
concentration of fluorescein, regions of interest were defined within
the droplet, and the mean intensity was calculated. The fluorescence
intensity of mRFP1 was calculated as the integral of the measured
fluorescence across the entire droplet, after background subtraction.

Conclusions

By using the microfluidic system described in this work, it was
possible to maintain thousands of droplets in a constant environ-
ment that allows quantitative measurements of each droplet and
enabled the concurrent study of the kinetics of protein expression
and enzymatic activity in individual cells. The ability to simulta-
neously monitor these properties provides an analytical tool for
the assessment of members of a library in a directed evolution
experiment or allows interrogation of the heterogeneity of cells
generated from an identically prepared ensemble.
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