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A B S T R A C T   

Numerous biological disciplines rely on high-throughput cell sorting. Flow cytometry, the current gold standard, 
is capable of ultrahigh–throughput cell sorting, but measurements are primarily limited to cell size and surface 
marker. Droplet sorting technology is gaining increasing attention with the ability to provide an individual 
environment for the analysis of single-cell secretion. Although various droplet detecting methods, such as 
fluorescence, absorbance, mass spectrum, imaging analysis, have been developed for droplet sorting, it remains 
challenging to establish high-throughput sorting methods for numerous analytes. We aim to develop a high- 
throughput sorting system based on the glucosamine (GlcN) measurement for the directed evolution of diac
etylchitobiose deacetylase (Dac), the key enzyme for GlcN production. To overcome the limitation that no high- 
throughput sorting system existed for GlcN, we designed a novel bacteria-based biosensor capable of converting 
GlcN to a positively correlated fluorescence signal. Through characterization and optimization, it was possible to 
detect GlcN in droplets for high-throughput droplet sorting. We recovered the best Dac mutant S60I/R157T/ 
F168S after sorting ~0.2 million Dac mutants; its activity was 48.6 ± 1.5 U/mL, which was 1.8-times that of our 
previously discovered Dac mutant R157T (27.2 ± 1.8 U/mL). This result successfully demonstrated the com
bination of high-throughput droplet sorting technology and a bacteria-based biosensor, which could facilitate the 
industrial production of GlcN and serve as a model for similar droplet sorting applications.   

1. Introduction 

Sorting cells of interest are fundamental to synthetic biology, clinical 
research, drug discovery, and other fields (Gach et al., 2017; Heath et al., 
2016; Liu et al., 2022; Sivaramakrishnan et al., 2020; Sun et al., 2020; 
Tavakoli et al., 2019). Currently, the most effective cell sorting tech
nology is commercial flow cytometry, which enables ultrahigh 
throughput cell sorting (Doan et al., 2018; Lance et al., 2016; Lim and 
Abate, 2013). However, since all cells share the same environment, this 
restricts its analysis of cell secretion. This limitation can be circum
vented with droplet microfluidics, which can provide a chemical barrier 
between cells (Joensson and Andersson Svahn, 2012; Wen et al., 2016). 
In the past decade, numerous droplet sorting platforms with enhanced 
throughput and accuracy have been developed (Isozaki et al., 2020; 
Schutz et al., 2019; Xi et al., 2017). 

The key step in performing droplet sorting is generating detectable 
signals in droplets. Various droplet sorting measuring techniques, 

including fluorescence, absorbance, mass spectrum, and imaging anal
ysis, have been developed to date (Anagnostidis et al., 2020; Duncombe 
et al., 2021; Fu et al., 2021; Gielen et al., 2016; Holland-Moritz et al., 
2020; Pan et al., 2019). Imaging analysis is typically used for cell density 
or morphology analysis among these techniques (Anagnostidis et al., 
2020; Watterson et al., 2020). Although the mass spectrum can provide 
comprehensive information about a droplet’s constituents, the droplet 
itself is lost during the analysis process (Smith et al., 2013; Wink et al., 
2018). However, although droplet splitting is a possible solution, sorting 
throughput is still limited due to the time-consuming mass spectrum 
analysis and synchronization of split droplets (Holland-Moritz et al., 
2020). Fluorescence remains the most prevalent droplet sorting signal. 
Since droplet washing is inapplicable, the Förster resonance energy 
transfer (FRET) sensor is one of the best droplet fluorescence sensors. 
With specific nucleic acid hybridization or enzyme cleavage, the FRET 
sensor’s fluorophore and quencher are separated, releasing fluorescent 
signals (Hyman et al., 2021; Liu et al., 2020; Ng et al., 2019). FRET 
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sensors are typically designed for nucleic acids and specific enzymes. 
Generating fluorescent or colorful products is another popular method 
for droplet measurement, but it is not always possible to detect small 
molecules in droplets (Gielen et al., 2016; Qiao et al. 2017, 2022). 

In our case, we are interested in determining the concentration of 
glucosamine (GlcN) in droplets to realize the activity improvement of 
diacetylchitobiose deacetylase (Dac) through directed evolution. As a 
fundamental component of cartilage tissue, GlcN is regarded as an 
essential supplement for osteoarthritis patients (Bruyere et al., 2016; 
Nakamura, 2011). The commercial production of GlcN is based on the 
hydrolysis of chitin or chitosan from crab and shrimp shells, which in
volves the use of strong acid and may trigger allergic reactions in some 
individuals (Liu et al., 2013; Sitanggang et al., 2010). Due to the mild 
conditions and environmental friendliness, the Dac-catalyzed produc
tion of GlcN from N-acetylglucosamine (GlcNAc) is gaining popularity 
(Jiang et al. 2018, 2019). Although numerous attempts have increased 
the activity and expression of Dac, additional progress is necessary to 
increase the economic advantage of enzymatic GlcN production (Huang 
et al., 2021; Mao et al., 2021). Notably, previous studies have deter
mined that directed evolution is a promising method for enhancing Dac 
activity (Gach et al., 2017). By generating numerous Dac mutants and 
selecting the most effective, it is possible to obtain Dac with enhanced 
catalytic efficiency. However, while high-throughput sorting of positive 
Dac mutants is required for this strategy, no relevant method has been 
established for GlcN or Dac. 

In this work, a high-throughput droplet sorting system with a 
bacteria-based biosensor is proposed for the directed evolution of Dac 
(Fig. 1). Firstly, random mutations of the Dac gene were generated using 
error-prone polymerase chain reaction (epPCR) and expressed by Ba
cillus subtilis. After transformation, a single bacterium was encapsulated 
within a droplet and incubated for 24 h to allow Dac expression and 
accumulation. The GN1 bacteria were injected into the incubated 
droplets with the substrate GlcNAc. The Dac catalytic product GlcN 
induced the expression of enhanced green fluorescent protein (eGFP) in 
the GN1 strain. After the second 24 h of incubation to allow the 
expression of eGFP, droplets could be sorted using a high-throughput 
droplet sorter. Following 3 h of high-throughput droplet sorting, we 
screened ~0.2 million mutants and recovered strain M7 as the best. With 
the S60I/R157T/F168S mutation, the activity of this Dac mutant 

increased to 48.6 ± 1.5 U/mL, which was 1.8 times that of our previ
ously discovered Dac mutant R157T (27.2 ± 1.8 U/mL) (Jiang et al., 
2019). Additionally, the kinetic constants of this Dac mutant were 
enhanced. This work was the first to demonstrate high-throughput 
droplet sorting based on GlcN measurement; the strategy could also be 
extended to similar applications. 

2. Material and methods 

2.1. Strain preparation and mutant library construction 

The recombinant plasmid pP43NMK for Dac expression was obtained 
from our previous work (Mao et al., 2021). The mutant Dac genes were 
generated using epPCR (QuickMutation, Beyotime Biotechnology, 
China) and cloned using the Seamless Cloning Kit into the plasmid 
pP43NMK (Beyotime Biotechnology, China). Escherichia coli JM109 was 
utilized for the construction and duplication of plasmids, whereas Ba
cillus subtilis WB600 was the expression host for Dac. 12 h were spent 
cultivating all strain seeds in 2 mL Luria-Bertani (LB) medium at 37 ◦C 
with 220 rpm shaking. For the measurement of Dac activity, 1 mL of 
B. subtilis seed cultures were added to a 50 mL Terrific broth (TB) me
dium at 37 ◦C and shaken at 220 rpm for 72 h. If necessary, appropriate 
antibiotics (100 μg/mL ampicillin, 10 μg/mL for kanamycin, chloro
mycetin, 5 μg/mL) were administered. 

The GlcN-detecting strain GN1 was constructed as follows. First, 
the GlcN transporter encoded by gamP was restored in a previously 
constructed B. subtills strain BNY0 (B. subtilis 168 △nagP△ 
gamP△gamA△ldh△pta△glcK△pckA△pyk△gamR:lox72, △nagAB: 
Pveg-yqaB, Pveg-glmS) to generate strain BNYP, which lack the main 
catabolic pathway of GlcN6P and thereby can accumulate GlcN6P in the 
cells by assimilating GlcN (Wu et al., 2020). Then, the genetic cassette 
containing eGFP under the control of the GlcN6P-responsive promoter 
Psg2 was constructed. In order to reduce the leaky expression of eGFP, 
the repressor LacI and corresponding operator LacO were added to the 
genetic cassette. Eventually, the eGFP expression cassette was integrated 
into the aprE locus of BNYP, producing strain GN1. 

All the primer synthesis and DNA sequencing were performed by 
Genewiz (Suzhou, China). 

Fig. 1. Schematic illustrating high-throughput droplet sorting for directed evolution of Dac using a bacteria-based biosensor. (A) Construction of a Dac 
mutant library. (B) Single bacterium encapsulation and culture in a droplet. (C) Droplet injection with substrate and GN1 bacteria. (D) High-throughput droplet 
sorting. (E) Positive bacteria recovery and fermentation. (F) Characterization of positive Dac mutant. 
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2.2. Measurement of dac activity 

The activity of Dac was determined using the deacetylation of 
GlcNAc. After 72 h of culturing of Dac-expressing bacteria, the 
fermentation broth was centrifuged at 12,000×g for 2 min, 200 μL of the 
supernatant was collected, and was mixed with 200 μL 100 g/L GlcNAc 
solution (dissolved 50 mM PB, pH = 8.0), which was prewarmed at 
40 ◦C. Then, the solution was incubated at 40 ◦C and shaken at 1000 rpm 
for 2 min; 10 μL of solution was immediately collected and added to 190 
μL of PB solution (pH = 8.0). After 10 s of mixing at 1000 rpm, 5 μL 
solution was added to 100 μL o-Phthalaldehyde (OPA), detecting the 
reagent after 10 s of mixing at 1000 rpm. The OPA reagent consisted of a 
100 mM sodium carbonate buffer (pH = 10.5) with 500 mg/L OPA, 1% 
(v/v) ethanol, and 1 mM dithiothreitol added to it. The absorbance at 
330 nm was determined after the solution was shaken at 1000 rpm using 
a spectrophotometer (Thermo Scientific, Vantaa, Finland). The same 
procedure was followed for the blank reference, except the GlcNAc 
concentration was 0 g/L. The absorbance difference was calculated and 
compared with the stand GlcN curve to determine the concentration of 
produced GlcN. One Dac activity unit corresponds to the production of 1 
μmol GlcN in 1 min. Unless otherwise specified, all chemicals were 
purchased from Sangon Biotech (Shanghai, China). 

2.3. Fabrication of microfluidic devices 

Microfluidic devices included in this work were a droplet generator, 
droplet injector, droplet sorter, and observing chamber, in accordance 
with previous designs (Guo et al., 2018; Liu et al., 2020; Mazutis et al., 
2013; Ng et al., 2015). Briefly, microfluidic devices were fabricated 
using polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning Inc., 
Midland, MI) and bonded by plasma (Baraket et al. 2013, 2016, 2017; 
Lee et al., 2015). The detail of microfluidic device fabrication was 
introduced in Supporting Information (SI) Supplementary 1. 

2.4. Single bacteria encapsulation 

After transformation with the Dac mutant plasmid, B. subtilis was 
cultured in an LB medium containing kanamycin for 6 h. The bacteria 
were then rinsed with fresh TB medium and diluted to OD600 of 0.05 (the 
concentration of B. subtilis was 5 × 106/mL). Since the cell distribution 
in droplets followed Poisson statistics, 10% of droplets (diameter was 
~30 μm) contained a single bacterium, less than 0.5% contained more 
than one bacterium, and the remaining droplets were empty. The bac
teria solution was collected in a 1 mL syringe; the oil phase was HFE 
7500 (3M, USA) containing 2% (v/v) Pico-Surf surfactant (5% in HFE 
7500, Sphere Fluidics). The connection between the syringe and the 
microfluidic device was made using polyethylene tubing with an inner 
diameter of 0.38 mm and an outer diameter of 1.03 mm. The syringes 
were driven by syringe pumps (PHD2000, Harvard, USA), with flow 
rates of 10 μL/min and 4 μL/min for spacing oil and bacteria solution, 
respectively. Before injection, the generated droplets were incubated at 
37 ◦C with 220 rpm shaking for 24 h in an inverted syringe. 

2.5. Droplet injection of GlcN detecting bacteria 

In order to measure the secreted Dac activity in droplets, GN1 bac
teria, GlcNAc, and isopropyl-β-D-thiogalactoside (IPTG) were incorpo
rated into the injecting solution. First, the GlcN-detecting strain GN1 
was grown in a TB medium for 12 h. The GN1 bacteria were then washed 
with fresh TB medium, and the concentration was adjusted to OD600 was 
11.1. Next, 10% (v/v) GlcNAc solution (100 g/L, pH = 8.0) and 0.2% (v/ 
v) IPTG (1.0 M) were added to the syringe-collected bacteria solution. 
Consequently, the final cell density for GN1 in the injecting solution was 
OD600 of 10.0; the final concentration of GlcNAc was 10 g/L, and the 
final concentration of IPTG was 2.0 mM (2x). To maintain the suspen
sion of GN1 bacteria, a small, sterile magnetic stirrer bar was inserted 

into the syringe and driven by a neodymium magnet. Another syringe 
was used to collect the droplets containing Dac-expressing bacteria that 
had been incubated. Flow rates were set to 8 μL/min, 0.8 μL/min, and 1 
μL/min for the oil phase, detecting bacteria, and incubating Dac- 
expressing bacteria. To realize droplet injection, Arduino UNO gener
ated an electric signal with 2 V amplitude and 10 kHz frequency, which 
was then amplified to 100V by an amplifier (PinTech, Shenzhen). Before 
sorting, the injected droplets were also collected in an inverted-placed 
syringe and incubated at 37 ◦C with 220 rpm shaking for 24 h before 
sorting. 

2.6. Droplet sorting and recovering of positive mutants 

With a flow rate of 0.5 μL/min, the incubated droplets were injected 
into the droplet sorter, resulting in a throughput of 200 droplets/s. The 
spacing oil flow rate was 15 μL/min. The droplet’s fluorescence was 
excited by white LED light with the corresponding filters (Ex/Em: 495/ 
525 nm) in an inverted microscope (DMi-8, Leica); the emission fluo
rescent light was detected by a photomultiplier tube (PMT; H10721, 
Hamamatsu) and analyzed by Arduino DUE. Once the fluorescent signal 
of a droplet exceeded the threshold, Arduino UNO generated an electric 
signal with 5 V amplitude, 10 kHz frequency, and 4 ms duration, which 
was amplified to 800 V by an amplifier. After droplet sorting, the 
collected droplets were placed in a 1.5 mL tube containing 100 μL 
demulsifier 1H,1H,2H,2H-perfluoro-1-octanol (Aladdin), and 100 μL LB 
medium. Mixing the solution and transferring the aqueous phase 
(collected cells) to an LB agar plate containing kanamycin allowed only 
Dac-expressing bacteria to grow on the plate (GN1 only resisted chlo
romycetin). After 12 h of growth at 37 ◦C, single colonies were isolated 
and cultured in TB to measure enzyme activity. 

3. Results and discussion 

3.1. Characterization of GlcN detection by GN1 

To enable the measurement of Dac activity in droplets, we engi
neered the strain GN1 capable of converting GlcN, the product of Dac 
catalysis, into a fluorescent signal for droplet measurement. Strain GN1 
could utilize GlcN to produce glucosamine-6-phosphate (GlcN6P), 
which then triggers the synthesis of eGFP when coupled with IPTG; a 
high concentration of GlcN6P could speed up the eGFP synthesis and 
result in a stronger fluorescence. Meanwhile, nagP, which encodes the 
GlcNAc transporter protein, was deleted from GN1. Therefore, GN1’s 
eGFP expression is only related to GlcN and is unaffected by the sub
strate GlcNAc. 

First, the GN1 response was measured on a milliliter scale for stan
dard GlcN: 1 mL of GN1 cultured for 24 h was combined with 1 mL of 
fresh TB medium containing 2.0 mM IPTG (2x IPTG) and various con
centrations of GlcN, ranging from 0 to 10 g/L. After mixing, the con
centration for IPTG was 1.0 mM (1x), and concentrations for GlcN 
ranged from 0 g/L to 5 g/L (similar calculations were omitted below). 
Moreover, a final concentration of 5 g/L GlcNAc was added to the GN1 
solution to confirm that the substrate GlcNAc would not induce fluo
rescence in GN1. After 24 h of incubation, the fluorescence was 
measured using a spectrophotometer (Ex/Em: 495/525 nm, same as 
below), and the results are depicted in Fig. 2A. We found that eGFP 
expressed by GN1 bacteria was positively correlated to GlcN in the range 
of 0–1.5 g/L, which was determined by the intrinsic properties of the 
transcriptional factor GamR, and this range was consistent with that 
(0–10 mM) observed in our previous study (Wu et al., 2020). Mean
while, GlcNAc (with and without GlcN) did not influence GlcN mea
surement. The preceding experiment demonstrated that GN1 could act 
as a GlcN sensor to measure GlcN concentration. 

The next step involved optimizing the substrate GlcNAc concentra
tion. Here, we constructed the strains M1 and M2, which expressed the 
wildtype Dac and R157T Dac mutant, respectively, as the Dac- 
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expressing strains for characterization. In a previous study, we discov
ered the Dac mutant R157T, which was more active than the wildtype 
(Jiang et al., 2019). We also constructed the strain M0, whose plasmid 
lacked the Dac gene for characterization. Similar to the droplet experi
ment, 1 mL of GN1 bacteria were washed with fresh TB medium con
taining 2x IPTG and 2x GlcNAc in concentrations ranging from 2 to 20 
g/L. Then, 1 mL GN1 solution was mixed with 1 mL Dac-expressing 
strains, which were already cultured for 24 h; the mixed solution was 
cultured for another 24 h before fluorescent measurement. As depicted 
in Fig. 2B, the optimal concentration of GlcNAc (after a 1:1 dilution) was 
5 g/L, demonstrating a greater difference between strains M1 and M2. 
Although higher concentration of GlcNAc could induce higher fluores
cence, the difference between M1 and M2 was actually decreased. 
Meanwhile, high concentration of GlcNAc (GlcN) might induce lower 
fluorescence of GN1, since accumulation of GlcNAc was toxic for GN1 
(Wu et al., 2020). Therefore, moderate concentration of GlcNAc was 
more suitable for Dac activity measurement. 

In fact, the substrate GlcNAc was consumed by both enzyme Dac and 
Dac-expressing bacteria in the bacteria mixing solution (SI Supplemen
tary 2), and the Dac-converted GlcN was also consumed by both Dac- 
expressing bacteria and GN1 bacteria (Fig. 2C). Therefore, if the 
expressed Dac showed higher activity, more GlcNAc could be converted 
to GlcN. Then, GN1 bacteria could utilize more GlcN, resulting in greater 
fluorescence. 

3.2. Characterization of GlcN detection by GN1 in droplet 

Similar characterization experiments were also conducted with 
droplets. First, fresh TB containing GlcN at concentrations ranging from 
0 to 3 g/L was prepared and encapsulated separately into droplets. Then, 

GN1 bacteria with an OD600 of 10.0 and 2x IPTG were injected into these 
droplets. Therefore, after droplet injection, the concentration of GlcN 
was ranged from 0 to 1.5 g/L, where the induced fluorescence in GN1 
was positively correlated (Fig. 2A). Here, the concentration of GN1 
bacteria was identical to that of Dac-expressing bacteria after droplet 
incubation for 24 h (SI Supplementary 3). Therefore, in the droplet 
sorting experiment, the ratio of Dac-expressing bacteria to GN1 bacteria 
was intended to be 1:1. The injecting strategy demonstrated three ben
efits. Firstly, incubation allows Dac-expressing bacteria to accumulate 
sufficient Dac molecules to catalyze GlcNAc. Secondly, since both Dac- 
expressing bacteria and GN1 bacteria could utilize GlcN, injecting a 
similar number of GN1 bacteria could maintain comparable strength 
between Dac-expressing bacteria and GN1 bacteria. Thirdly, injecting 
multiple bacteria (GN1 bacteria) into droplets containing multiple 
bacteria (Dac-expressing bacteria) showed higher efficiency than single 
bacterium injection. In the current workflow, 10% droplets contained 
Dac-expressing bacteria before and after injection. However, compared 
with injecting single GN1 bacterium into the droplet containing single 
Dac-expressing bacterium, considering 10% single cell rate for both 
droplet encapsulation and injection operations, the success rate was only 
1% (10% * 10%). 

After 24 h of incubation, these droplets were injected into the 
observation chamber to capture fluorescent images. Fig. 3A displays the 
calculated and plotted average fluorescent intensities of various drop
lets. There was a positive correlation between fluorescent intensity and 
GlcN concentration. To validate Dac synthesis and catalysis in droplets, 
M0, M1, and M2 strains were encapsulated in droplets with single 
bacterium, incubated for 24 h, and injected with GN1 bacteria and 
GlcNAc. To further verify the optimal concentration of GlcNAc in 
droplets, different final concentrations of GlcNAc were tried. The 

Fig. 2. Characterization of GN1 response and eGFP production schematic. (A) GN1 response against different GlcN concentrations with and without GlcNAc. (B) 
GN1 response against different GlcNAc concentrations and Dac-expressing strains. (C) Schematic figure of the competitive utilization of GlcNAc and GlcN in the 
production of eGFP. 
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droplet results demonstrated that GlcNAc with the final concentration of 
5 g/L was suitable for GlcN measurement (SI Supplementary 4). As 
illustrated in Fig. 3B, the fluorescent signals for strains M0, M1, and M2 
were 886.9 ± 79.4, 1396.7 ± 133.0, and 1820.5 ± 192.9, respectively. 
These results demonstrated the accuracy of the proposed GlcN detection 

in droplets for distinguishing Dac with distinct activities. Therefore, the 
proposed GlcN biosensor and workflow were suitable for high- 
throughput droplet sorting of Dac mutants. 

Fig. 3. Characterization of the GN1 response in droplets. (A) GN1 response to various GlcN concentrations in droplets. (B) GN1 response to various Dac- 
expressing strains with 5 g/L GlcNAc. 

Fig. 4. Threshold setting and enzyme activity measurement. (A) Threshold setting for droplet sorting. (B) Enzyme activity of sorted mutants cultured for 
3–6 days. 
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3.3. High-throughput droplet sorting for directed evolution of dac 

The Dac mutant library was constructed using epPCR, with the 
positive Dac mutant R157T from our previous study serving as the 
template. As depicted in Fig. 1, single bacteria containing random Dac 
mutants were encapsulated in droplets, incubated, injected with GlcN 
detecting solution, and incubated again before droplet sorting. Then, the 
incubated droplets were re-injected into the droplet sorting device for 
high-throughput sorting. Droplet sorting procedure followed the stan
dard protocol and was described in Section 2.6 (Mazutis et al., 2013). 
Based on the fluorescence readouts by PMT, high-throughput droplet 
sorting was performed with high accuracy (SI Supplementary 5). The 
threshold was set as the 0.1% highest signal of all droplets (Fig. 4A). 
Considering the single cell encapsulation rate was 10% when we 
generated droplets, 90% of droplets did not contain Dac-expressing 
bacteria. Therefore, this threshold was actually set to collect the top 
1% Dac-expressing bacteria based on the Dac activity. 

After 3 h of droplet sorting, ~2 million droplets were screened and 
sorted, while 10% of these droplets contained Dac-expressing bacteria. 
The sorted bacteria were extracted from the collected droplets and 
plated on LB agar for a 12-h culture. Individual colonies were isolated 
and inoculated into a TB medium for 3–6 days of fermentation. Among 
all mutants, many mutants (M3 to M12) exhibited higher Dac activities 
than M2, and the results were shown in Fig. 4B. Among these mutants, 
M7 had the highest activity (48.6 ± 1.5 U/mL) at 96 h of fermentation, 
which was 1.8 times that of M2 (27.2 ± 1.8 U/mL). 

3.4. Characterization of improved dac mutants 

Since strain M7 displayed the highest Dac activity among all positive 

mutants, the kinetic constants of strains M2 and M7 were measured to 
validate the positive mutation of Dac. The kinetic constants km and Vmax 
of M2 and M7 were determined based on the nonlinear fitting of cata
lytic velocities against different concentrations of the substrate GlcNAc 
by collecting the supernatant of M2 and M7 culture solutions on Day 4. 
The GlcNAc concentrations ranged from 0.5 g/L to 50 g/L. As shown in 
Fig. 5A and B, Vmax for strain M7 (755.9 ± 24.0 μM/s) was double that of 
strain M2 (368.8 ± 19.2 μM/s), which was consistent with the enhanced 
Dac activity of strain M7. 

The mutant sites of the M7 strain were identified to analyze the 
underlying principle for enhanced enzyme activity using DNA 
sequencing. Compared to the strain M2 (R157T), M7 contained two 
additional mutant sites, S60I and F168S. According to the protein 
docking simulation, mutant S60I was far from the catalytic pocket of 
GlcNAc, whereas mutant F168S was close to the catalytic pocket (Fig. 5C 
and D); therefore, we hypothesized that mutant F168S was the primary 
contributor to Dac activity enhancement. Due to the presence of a 
phenyl group and the hydrophobic nature of F168, we hypothesized that 
the proximity between the phenyl group of F168 and the carboxyl group 
of GlcNAc prevented the entrance of substrate GlcNAc. By substituting 
hydrophilic S168 for hydrophobic F168, the phenyl group was con
verted to a hydroxymethyl group, which may facilitate the entrance and 
decomposition of GlcNAc. 

4. Conclusion 

In summary, a high-throughput droplet sorting system based on GlcN 
concentration was developed for the directed evolution of Dac, which 
could produce GlcN by catalyzing GlcNAc. A bacteria-based biosensor 
designed to convert GlcN to a fluorescent signal with a positive 

Fig. 5. Characterization of the positive mutant M7. (A–B) Nonlinear fitting for strain M2 (A) and M7 (B) kinetic constant measurements. (C–D) Docking of the 
strain M2 (C, R157T) and M7 (D, S60I/R157T/F168S). 
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correlation. Validation of GlcN detection by GN1 was conducted in both 
96-well plates and droplets. Several mutants were recovered by gener
ating random mutations of Dac and performing high-throughput droplet 
sorting, with the highest Dac activity reaching 48.6 ± 1.5 U/mL (M7), 
which was 1.8-times the original Dac mutant R157T (M2). Meanwhile, 
the Vmax for M7 was also doubled compared to M2. These results suc
cessfully demonstrated high-throughput droplet sorting for the directed 
evolution of Dac, which is incredibly useful for promoting the industrial 
production of GlcN via environmentally friendly enzymatic catalysis. 
However, the current fluorescent response of GlcN via GN1 bacteria was 
not very accurate; many sorted Dac-expressing bacteria exhibited 
similar or slightly lower Dac activities compared with M2. The possible 
reasons could be cell heterogeneity between GN1 bacteria and droplet 
injection instability (the number of injected GN1 bacteria followed 
Poisson distribution). 

Although the proposed biosensor and sorting system was demon
strated for GlcN measurement, it is straightforward to convert the 
measurements to other metabolic products by adapting the biosensor. In 
reality, designing a fluorescent reaction in a droplet to detect a specific 
product can be challenging due to the ultralow volume and limited 
operating methods of droplets. However, the system developed in this 
work demonstrated a successful combination of droplet microfluidics 
and a bacteria-based biosensor for high-throughput sorting. Moreover, 
the proposed system and its extension have broad applications in syn
thetic biology and other fields. 
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