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Abstract: In vitro compartmentalization (IVC) links genotype and phenotype by compartmentalizing individual genes
(including expression system) or cells into a micro-droplet reaction region. Combined with fluorescence-activated cell sorting
(FACS), it can detect and separate single droplets in ultra-high throughput. IVC-FACS screening method has been widely used
in protein engineering, enzyme directed evolution, etc. However, it is difficult to control the homogeneity of droplet size by
mechanical dispersion method in previous studies, which seriously affects the quantitative detection of droplets and reduces
the efficiency and accuracy of this screening method. With the rapid development of microfluidic chip manufacturing
technology, the microfluidic chip-based methods for droplet generation are becoming more efficient and controllable. In this
study, firstly, the water-in-oil (W/O) single-layer droplet generation chip was used to prepare single-layer monodisperse W1/0O
droplets at a high generation frequency, and then the W1/O droplets were reinjected into water-in-oil-in-water (W/O/W)
double-layer droplet generation chip to prepare uniform W1/0/W2 double-layer emulsion droplets. By optimizing the flow
rate and ratio of the oil and water phases, a single-layer micro-droplet can be generated with a diameter range from 15.4 to
23.2 um and remain stable for several days under normal incubation. Then the single-layer droplets were reinjected into the
double emulsion generation chip. By adjusting the flow rate of drop phase, oil phase and water phase, the double-layer
emulsion droplets with a diameter range from 30 to 100 um at a rate of 1 000 droplets/s could be obtained. Escherichia coli
embedded in the double-layer emulsion droplets could be cultured and induced for protein expression. This study lays a
foundation for the establishment of a high-throughput screening method based on the droplet and flow cytometry.

Keywords: In vitro compartmentalization, microfluidic chip, high-throughput, single cell, flow cytometry
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Fig. 1 W1/O/W2 double emulsion droplet generation
flow chart.
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2 PDMS-EEBHBRBEMSH
Fig. 2 PDMS-glass single droplet generation chip.
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Fig. 3 Dolomite double emulsion droplet generation chip.
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Fig. 4 Effect of oil and water flow rate on droplet size.
The same color indicates the same flow rate ratio of oil
phase and water phase.
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Fig. 5 Stability of droplets at different size.
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Fig. 6  Relationship between double-layer emulsion
droplet size and oil-phase flow rate. (A) Oil-phase flow rate
is 10 pL/h. (B) Oil-phase flow rate is 40 uL/h. (C) Oil-phase
flow rate is 100 pL/h.
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Fig. 7 Formation process of double-layer emulsion
droplets containing different internal droplets. (A) When the
flow rate of W2 was greatly reduced, the diameter of the
double emulsion droplets was increased and multiple W/O
droplets were embedded. (B) When the reinjection rate of
single droplets was increased, two single droplets were
simultaneously embedded in double emulsion droplets. (C,
D) When the combination of flow rate was unbalance,
empty droplets were formed.

8 BE (A) MIWE (B) ALBHHRAES
Fig. 8 Fluorescence signal of W/O single-layer droplets
(A) and W/O/W double-layer droplets (B).
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Fig. 9 Stability of double-layer emulsion droplets and
growth of E. coli encapsulated in the droplets. (A) ~30 um
droplet. (B) ~40 um droplet. (C) ~60 pm droplet.

Table 1 Comparison of different double layer emulsion droplets generation methods

Double emulsion generation

Chip Yan et alt™ Li et al™! This study
Homemade PDMS chip Homemade PDMS chip Commercialized glass chip
Droplet size and uniformity 84.2 um (s.d. 1%) 50-200 um 30-100 um (s.d. 1%)

Droplet generation frequency 600 droplets/s -

The outer aqueous phase
1% (W/W) SDS
HFE-7500 containing 2%
(W/W) Pico-Surf

Room temperature for 24 h —

The oil phase

Droplet stability

1 000 droplets/s

Deionized water containing Millipore water containing 5% (V/V) TBS-T solution

Tween 80

Sunflower oil containing 2.5% (W/W) FC40 containing 2% (W/W)
Raindance surfactant

Pico-Surf
37 °C incubation for 48 h

% : 010-64807509
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