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ABSTRACT: The investigation of stereoselective bio-
catalytic transformations at a single-cell level is to date an
unsolved challenge. Here, we report the development of an
integrated microfluidic device which enables the analytical
characterization of enantioselective reactions at nanoliter
scale by combining whole-cell catalyzed on-chip syntheses,
chiral microchip electrophoresis, and label-free detection
of enantiomers by deep UV time-resolved fluorescence.
Using Escherichia coli expressing recombinant Aspergillus
niger epoxide hydrolase as the model enzyme for various
enantioselective reactions, we evaluated the approach for
downscaling the reaction to a few hundred cells. Our work
is thus an important step toward the analysis of single-cell
stereoselective biocatalysis.

Lab-on-a-chip devices offer new possibilities to study and
optimize chemical1 and biochemical2 processes at the

micro- or nanoscale.3 This technology has become especially
useful in bioanalytics4 and diagnostics5 where it can be combined
with direct fluorescence-based readout techniques.6 Chip-based
systems are also fascinating tools to study chemical reactions at
high speed and with minimal sample consumption, as they can
provide seamless integration of different functionalities.7 Even
the integration of reaction and analysis of enantioselective
transformations in a single separation setup are possible.8,9 For
common synthetic organic reactions, however, this can be
challenging, as sophisticated techniques have to be applied to
analyze small molecules in complex reaction mixtures. In this
context, the study of enantioselective catalysis is an especially
demanding task because it requires the challenging differ-
entiation of enantiomers.10

In a proof-of-concept study, we previously reported the
integration of enantioselective biocatalysis and analysis on a
single microchip.9 This was realized by combining a reaction
structure for continuous flow synthesis with a separation channel
for electrophoretic enantio-separation using Aspergillus niger
epoxide hydrolase (ANEH) and mutants catalyzing the hydro-
lytic kinetic resolution of a racemic epoxide. The investigated
reaction worked well with pure enzymes and cell lysates, but the
disruption of cells and purification of proteins poses economical
disadvantages. Indeed, industry usually prefers self-regenerating
whole cells, because these can provide intracellular enzymes with

protection and stability, availability of protein cofactors for
complex redox reactions, and physical coupling of multi-
enzymatic reactions.11

An additional advantage of using whole-cells is their suitability
for high-throughput analysis for applications in synthetic organic
chemistry and biotechnology. This is important when enzymes
do not display a desired trait such as activity, stereoselectivity, or
stability. To address this issue, directed evolution has emerged as
a powerful protein engineering method, whereby enzymes are
improved upon iterative cycles of gene mutagenesis, expression,
and selection.12 In a typical directed evolution experiment,
“libraries” composed of thousands to millions of enzyme variants
arising from single cells are generated. Some water-in-oil
droplet-, vesicle-, or gel-shell bead-based microfluidic platforms
have been developed to improve protein activity, binding, and
stability,13 but devising such systems for engineering stereo-
selectivity is more challenging.14 The ideal screening-based
directed evolution process requires low consumption of reagents,
short screening and analysis time, as well as minimal employment
of cells. Although some progress has been achieved in analyzing
enantioselective reactions using single cells by conventional
fluorescence-activated cell sorting (FACS),15 a prerequisite for
this approach is to label the enantiomeric species differently to
make them distinguishable. Moreover, such surrogates do not
correspond to the “real” substrates used in practical applications.
Herein, we monitor various unlabeled enantiomers using

whole cells as biocatalysts in an integrated reaction on a
microfluidic device. A central aspect of our work is the evaluation
of the minimal amount of cells required for enantioselective
reactions and their analysis with the prospective aim to evaluate
new avenues toward single-cell high-throughput enantioselective
biocatalysis.
Our starting point is based on the previous on-chip model

reaction of 1,2-epoxy-3-phenoxypropane (1) to form the product
3-phenoxy-1,2-propanediol (2) in a hydrolytic kinetic resolution
by ANEH (Scheme 1),9 yielding two diol enantiomers (reaction
stopping ideally at 50% conversion).
After optimizing the reaction conditions in classical reaction

vessels and its analysis by capillary electrophoresis, we transferred
the process to an integrated microfluidic fused-silica chip
containing a flow reactor connected to a downstream electro-
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phoretic functional element with a crossing injection and
separation channel (Figure 1a, in more detail Figure S1 of the
Supporting Information (SI)).

Upon assigning the peaks to the commercial substrate and
product (Figure S2), a microbatch reaction was performed by
pipetting 3.5 μL of 1 (40 μg/mL in phosphate buffered saline
(PBS)) and 3.5 μL of a cell suspension of E. coli BL21-
Gold(DE3) (henceforth termed only as E. coli) expressing
ANEH wild type (WT) (2.5 × 106 cells/μL in PBS) into the
sample inlet microcavity. The reaction mixture was separated by
microchip electrophoresis (MCE) on the same device after a
reaction time of 180 s. Enantiomers 1 and 2 were detected at the
end of the separation channel by laser-induced deep UV-
fluorescence (LIF). Figure 1b shows a typical result, which is in
good agreement with our previous results where the reaction was
performed in a chip with a different layout.9

As shown in Figure 1b, the two enantiomeric pairs of substrate
1 and product 2 are well separated in less than 90 s using highly
sulfated β-cyclodextrin (15 mM) as chiral additive in the
separation buffer (125 mM borate, pH 8.5). To verify that 1
hydrolysis was catalyzed by E. coli cells and not by free enzyme,
the cells were removed. The corresponding supernatants derived
from centrifugation as well as filtrates of the suspensions did not
show any catalytic activity (Figure S6). Furthermore, it was
verified that the monitored reaction was catalyzed by ANEH and
not by native E. coli enzymes applying genetically unmodified
E. coli (Figure S7).
An important aspect in the reaction downsizing is high

detection sensitivity. Although single molecule detection is in
principle possible by using fluorescence, this relies on bright
fluorophores in the visible spectral range. However, the

achievable sensitivity in deep UV-fluorescence detection of
unlabeled compounds is more challenging, especially for the
intended on-the-fly detection during a fast electrophoretic
separation. In contrast to our previous work,9 we now used a
significantly advanced detection setup based on confocal
microscopy, deep UV-fluorescence excitation (266 nm), and
time correlated single photon counting (Figure S3). We
investigated the achievable detection sensitivity and calculated
the limits of detection (LODs) to be∼1 μM for each enantiomer
(signal-to-noise ratio (S/N) of 3; Figures S4 and S5). This is an
improvement by a factor of 24 compared to previous work using
a less performing detection system (Table S1). As the detection
sensitivity is concentration-dependent, the obvious way to follow
substrate conversion with a minimal amount of cells is to shrink
down the reactor volume.
The initial reaction shown in Figure 1b was performed in a

relatively large volume (7 μL) with high cell number (1.0 × 107

cells). To evaluate the minimal amount of cells needed to
monitor conversions, the reaction volume was decreased
stepwise by choosing different parts of the microfluidic channel
network, as exemplified in Figure 2. The reaction time is an

important parameter and was optimized as well. While a longer
reaction time leads to a higher conversion which facilitates the
detection, it was found that with process times above 200 s
sedimentation of the cells can complicate the flow due to
occasional channel blockage. For this reason, a reaction time of
180 s was used as a compromise for the subsequent on-chip
reactions.
To explore a possible downsizing of the reaction volumes, we

performed reactions with 1:1 mixtures of substrate and cells (5.0
× 105 cells/μL) in PBS either in the 7 μL inlet cavity, in the 29 nL
integrated microreactor, or in the 6.2 nL injection channel
(Figure 2). This corresponds to cell numbers of (1.7 ± 0.3) ×
106, 7000 ± 1500, or 1500 ± 300, respectively. Representative
data from MCE-LIF analysis is shown in Figure 2b−d. For all
reaction volumes, the obtained analytical data, the reaction
conversion, and sensitivity values (S/N 55 ± 9 (n = 3) for the
smallest signal (R)-2) are quite similar (Table S2). The reduced

Scheme 1. Enantioselective Model Reaction of 1,2-Epoxy-3-
phenoxypropane (1)Hydrolysis Catalyzed byA. nigerEpoxide
Hydrolase (ANEH) To Form 3-Phenoxy-1,2-propanediol (2)

Figure 1. (a) Schematic drawing of the microfluidic chip with integrated
functionalities: BI, buffer inlet vial; BO, buffer outlet vial; MR,
microreactor vial; SI, sample inlet vial; SO, sample outlet vial.
(b) Electropherogram after on-chip catalytic hydrolysis of 1 by
Escherichia coli expressing ANEH-WT.

Figure 2. (a) Number of E. coli cells expressing ANEH-WT which are
required for optimal performance of (S)-enantioselective whole-cell
catalysis with the same substrate 1 concentrations in different reaction
volumes on the microfluidic chip. (b) Typical electropherograms after
on-chip catalytic hydrolysis by the respective number of cells.
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separation resolution shown in Figure 2d can be explained by an
imperfect injection as the injection channel is filled with
reactants. Since good sensitivities were obtained, we further
reduced cell number by a factor of 4. Respective data using
concentrations down to 1.3 × 105 cells/μL in the smallest
reaction volume are shown in Figure 3. The S/N determined for

the smallest signal ((R)-2) after catalysis with 390 cells is 15 ± 5
(n = 3), which is well above the limit of quantitation (LOQ, S/N
of 9; Table S3). These data show that it is possible to monitor the
enantioselective conversion of a few hundred cells in a nanoliter-
sized reaction channel, even though the activity of ANEH (Table
S4) and its expression in E. coli (Figure S8) are very low. As only a
small portion of this reaction volume is transferred to the
electrophoresis channel, further downsizing of the reaction
volume appears feasible.
After successfully establishing an integrated chip device to

follow enantioselective bioconversions by a countable number of
cells, we applied the setup to study the on-chip reaction using
ANEH-LW202 (Figure S9), an (S)-selective enzyme mutant
previously engineered by directed evolution.16 This variant
enabled a biotransformation with significantly improved
enantiomeric excess (ee = 95%) and enhanced selectivity factor
(E ≈ 100 in favor of (S)-2).16 ANEH-LW202 was expressed in
E. coli, and the cells were applied together with substrate 1 onto
the microfluidic chip for 180 s as described above followed by
MCE separation (Figure S9), resulting in an ee-value for (S)-2 of
93% and an E-value of 71 (Table 1). There were no differences in

ee-values (95 vs 93%), but the E-values (71 vs ∼100) differed
between the previous and current setup. To investigate if the
difference was due to the new setup, we lysed the cells and
performed the reaction with 1 (Figure S10). This resulted in a
slightly higher E-value of 81 (ee-value of 95%), indicating that the
selectivity is not affected but only conversion, possibly due to a
lower reaction time or limited substrate diffusion by the cell
membrane.18

To explore the versatility of the chip system, we analyzed
various substrates that, e.g., serve as precursors of therapeutic
agents:19 2-[(3-methylphenoxy)methyl]oxirane] (3a), glycidyl-
4-methoxyphenyl-ether (3b), 4-chlorophenyl-glycidyl-ether
(3c), and [(4-fluorophenoxy)methyl]oxirane] (3d) (Scheme 2

and Figure S11). E. coli expressing ANEH-WT displays no or low
enantioselectivity of 3a, 3b, 3c and 3d (ee = −0.3−36% and E =
0−2.5), whereas ANEH-LW202 shows high enantioselectivity
with ee-values of 81−95% and E-values of 12−95, respectively
(Table 2). The E-values for 3a and 3b of 0 and 1.5 for ANEH-

WT as well as 12 and 41 for ANEH-LW202 were lower
compared to 4 and 6 for ANEH-WT as well as 31 and 60 for
ANEH-LW202 in the previous system, respectively.16 As
mentioned above, the differences in E-values possibly arise
from the short reaction times (180 s). As for 3c and 3d, these are
the first examples of such biotransformations.
A main challenge in this study is the rather low fluorescence of

the small aromatic analytes compared to bright fluorescent dyes
commonly used in bioanalytics and single-cell studies. A
significant step to circumvent this problem would be the use of
more sensitive detection techniques for small molecules likemass
spectrometry, which shows considerably higher detection
performance compared to deep UV-fluorescence detection.20

To monitor enantioselective catalysis at single cell or single
particle level, it would be necessary to use confined picoliter sized
reaction containers such as droplets21 or isolated microcavities22

which have recently been introduced for biochemical single-cell
studies.
In conclusion, we analyzed various enantioselective reactions

using only a few to several hundred cells with unaltered true
enantiomeric substrates (not surrogates) in a minimized volume
of 6.2 nL with an integrated and versatile chip device. Taking into
account that the analyzed volume is only 50 pL, the study of
single-cell catalysis appears to be within reach. In future work, we
envision the usage of reaction volumes in picoliter dimension
combined with next-generation protein expression systems to
reach the goal of analyzing enantioselective reactions at the
single-cell level for applications in high-throughput directed
evolution and biocatalysis.

Figure 3. Low nanoliter scale enantioselective biocatalysis on the
microfluidic chip. Electrophoretic data for on-chip (S)-enantioselective
whole-cell catalysis with (a) 1500 and (b) 390 E. coli cells using a
reaction volume of 6.2 nL; (c) enlargement of signal (S)-2 and (R)-2
from diagram (b).

Table 1. Calculated ee- and E-Values17 for Product 2 Formed
upon Hydrolysis of Substrate 1 by Lysates and Whole Cells of
E. coli Expressing ANEH-WT or LW202 on the Microfluidic
Chipa

ee/% E

E. coli WT LW202 WT LW202

lysate 16 ± 8 95 ± 1 1.9 ± 0.4 81 ± 16
whole cell 13 ± 4 93 ± 1 1.7 ± 0.2 71 ± 15

aThe values represent averages with standard deviation (n = 3).

Scheme 2. Enantioselective Hydrolysis of Oxiranylmethoxy
Derivates

Table 2. Calculated ee- and E-Values for Products 4 Formed
upon Hydrolysis of Substrates 3 by E. coli Cells Expressing
ANEH-WT or LW202 on the Microfluidic Chipa

ee/% E

R WT LW202 WT LW202

4ab 3-CH3C6H4 −0.3 ± 0.7 81 ± 5 − 12 ± 4
4bb 4-OCH3C6H4 9 ± 1 93 ± 2 1.5 ± 0.1 41 ± 14
4cc 4-ClC6H4 36 ± 12 92 ± 1 2.5 ± 0.7 40 ± 7
4dc 4-FC6H4 26 ± 3 95 ± 2 2.1 ± 0.2 95 ± 54

aThe values represent averages with standard deviation (n = 3). bThe
catalytic hydrolyses of 3a and 3b are (S)-selective.16a,c cAbsolute
configurations of 4c and 4d not determined.19
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