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ABSTRACT: Droplet microfluidics with picoinjection provides
significant advantages to multistep reactions and screenings. The T-
junction design for picoinjection is convenient in adding picoliter
reagents into passing droplets to initiate reactions. However, conven-
tional picoinjectors face difficulties in eliminating cross-contamination
between droplets, preventing them from widespread use in sensitive
biological and molecular assays. Here, we introduce stepinjection,
which uses a T-junction with a stepped channel design to elevate the
diffusional buffer zone into the main channel and consequently
increases the pressure difference between droplets and the inlet of the
injection channel. To demonstrate the stepinjector’s ability to perform
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contamination-sensitive enzymatic assays, we inject casein fluorescein isothiocyanate (FITC-casein) into a mixture of savinase and
savinase-free (labeled with a red fluorescent dye) droplets. We observe no cross-contamination using stepinjection but find a severe
cross-talk using an optimal picoinjection design. We envision that the simple, tunable, and reliable stepinjector can be easily
integrated in various droplet processing devices, and facilitate various biomedical and biochemical applications including multiplex

digital PCR, single-cell sequencing, and enzymatic screening.

B INTRODUCTION

Droplet microfluidics is a powerful technique employed for a
myriad of biological applications (e.g., cell culture, enzymatic
assay, antimicrobial susceptibility testing, and molecular
diagnosis)." ™ Compared to conventional bulk experiments
performed using flasks or multiple-well plates, high-throughput
biochemical assays using droplet-based microreactors offer
numerous inherent advantages, such as low sample con-
sumption and large scale parallelization.”” For a majority of
droplet-based multistep biological reactions, however, adding
reagents into droplets in an optimal predefined condition after
droplets generation is highly desired. For dosing reagents into
droplets, picoinjection is developed to directly inject reagents
from a side channel into droplets with the aid of an electric
field;*” droplet coalescence is established to pair and merge
two droplets of different components and volumes.”” In
comparison, picoinjection is feasible, flexible, and controllable
to add reagents into droplets, with variable volumes, ruling out
the complexity and instability of drop pairing and coalescence.
Given the above features, picoinjection has been applied in
multistep enzymatic assays,'’ single-cell sequencing,’" loop-
mediated isothermal amplification (LAMP),"> and cell—cell
interaction assays.13

Unfortunately, a technical barrier that hinders the prevalence
of picoinjection is the cross-contamination between droplets.'*
In detail, when adding the substrate into droplets with a
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conventional picoinjector, the reagent in the droplet is
immediately merged with the substrate at the orifice of the
side channel. This allows the reagent in the droplet to diffuse
into the side channel and contaminate the substrate at the
orifice during picoinjection. The residual reagent left by the
former droplet would be injected into the subsequent droplet,
resulting in cross-contamination between droplets (Figure 1a).
Such contamination severely limits the picoinjector’s usability
and reduces the reliability of experimental results in many
sensitive biological and biocatalytic assays. For example, single-
cell sequencing by using droplet-based barcoding would fail
due to the cross-contamination during injecting cells or nucleic
acid amplification reagents into barcode droplets."> Besides,
injecting fluorogenic substrate into an array of enzyme-
containing droplets for high-throughput enzyme screening
would yield a low efficiency due to increased false-positive
droplets after cross-contamination.'®

Although the risk of interdroplet cross-contamination of
picoinjection persists, only a few studies discussed its adverse
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Figure 1.

Design and working principle of stepinjection. (a) A schematic illustrates the difference between conventional picoinjector (left) and

stepinjector (right) during substrate injection. (b) The time-lapse images taken by a high-speed video camera showing the picoinjection process for
injecting deionized water into a blue food dye droplet using stepinjector. Scale bar is 50 ym. (c) The COMSOL simulation of the fluid velocity
distribution and streamline of type I, type II, type III picoinjectors, and stepinjector.

influence. The cross-contamination between droplets during
picoinjection was first reported by conducting multiplex
droplet reverse trascription PCR (RT-PCR 14 Afterward,
several studies made an effort to reduce such cross-
contamination, one attempt was to insert a quartz capillary
into the side channel,'” and an alternative method was to
introduce a “K-channel” design to wash away residual
reagents.'” However, to the best of our knowledge, few
existing picoinjection designs demonstrate contamination-free
substrate injection, especially for enzymatic reactions and
nucleic acids amplification testings. Thus, a contamination-free
picoinjector for highly sensitive enzymatic/molecular assays is
highly desired. Herein, we developed stepinjection, a novel
microfluidic method possessing a T-junction with a stepped
channel design, for injecting reagents into droplets without
cross-contamination. The performance of three widely adopted
picoinjectors and a stepinjector were investigated and
compared. We successfully achieved contamination-free
reagent picoliter injection spanning a wide volume range
using the stepinjector. As a proof-of-concept, a contamination-
sensitive enzymatic assay was performed in order to validate
the feasibility of injecting reagents into droplets without cross-
contamination using the stepinjector. The simple, feasible,
contamination-free stepinjector has great potential for various
biological and clinical applications such as single-cell analysis
and precision molecular diagnosis.

B EXPERIMENTAL SECTION

Fabrication and Operation of Microfluidic Devices.
The microfluidic devices were fabricated in Poly(dimethyl-
siloxane) (PDMS) using standard soft lithography with SU-8
photoresist (Microchem, USA)."*?° Fluorinated oil (Droplet
Generation Oil for EvaGreen, Bio-Rad, USA) was used as a
continuous phase for droplet generation and picoinjection. A
high-voltage amplifier (TREK, USA) was used to generate an
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electric field to induce droplet merging. The injected volume
was quantified by measuring droplet radii before and after
picoinjection. All images were analyzed using Image] software
(NIH, USA) unless otherwise mentioned. The fluid simu-
lations were performed using COMSOL Multiphysics
(COMSOL Inc, USA). Detailed experimental procedures
were described in the Supporting Information (Text S1).

B RESULTS AND DISCUSSION

Design and Verification of Stepinjector. To investigate
the determining factors of the cross-contamination during
picoinjection, we fabricated three types of picoinjectors as
previously reported.”'"'**! Figure S1 shows the time-lapse
images of the picoinjection process using type I (Figure S1b),
type 11 (Figure Slc), and type III (Figure S1d) picoinjectors,
recorded by a high-speed video camera. During injection of
deionized water (substrate) into blue food dye droplets, all
three types of picoinjection devices suffered from cross-
contamination (Figure S1). To tackle this key issue, we
introduced the modified picoinjector we termed as stepinjec-
tor, which adopted the two features as previously reported (i.e.,
narrowed side channel and widened main channel). More
importantly, in the optimized stepinjector design we move the
stepped structure to the location between the serially passing
droplet and the orifice of the side channel, in contrast to the
type III picoinjector where the stepped structure was set in the
opposite position (the optimization process of the stepinjector
is described in the Supporting Information (SI) and Figure
S2). This stepped structure provides more space for the
merging of the droplet and the substrate flowing out of the side
channel, thus elevating the diffusional buffer zone of the
droplet farther from the orifice (Figure la right and 1b). For
conventional picoinjectors as demonstrated in Figure la left,
the diffusional zone of the droplet was located just in the
orifice of the side channel, contaminating the substrate as the

https://doi.org/10.1021/acs.analchem.1c02721
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Figure 2. Range of injection volume for picoinjectors and the stepinjector. The volume of the injected substrate can be increased by raising the flow
rate of the substrate. Stepinjector demonstrates a wider injection range, compared to the other three types of picoinjectors.
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Figure 3. Evaluation of cross-contamination for four types of injectors. (a—d) Fluorescence images demonstrate the intensity distribution of the
residual fluorescein at the orifice of type I, type II, type III picoinjectors, and the stepinjector. Scale bar is 100 yum. (e) The integrated gray value of
residual fluorescein at the orifice of the four types of injectors. (f) The intensity profiles of the center-line across the side channel of the four types
of picoinjectors. The peak values shown in the profiles represent the max gray value of residual fluorescein at the orifice of the side channel.

residue diffuses into the side channel. Figure la right
demonstrates that the diffusional zone of the droplet is shifted
to the main channel out of the orifice, delimiting the diffusion
of content in the main channel and reducing the possibility of
contamination (see Text S2 for details in the Supporting
Information).

To explain the design principle of stepinjection, we divide
the injection process into the following phases (Figure 1b): (i)
the droplet is approaching the injection zone, and the substrate
bulges into the buffer zone (Figure 1b(i)); (ii) the coalescence
of the droplet and substrate triggered by an electric field
(Figure 1b(ii)); (iii) the substrate is injected into the droplet,
and the diffusion occurs in the buffer zone instead of the orifice
of the side channel (Figure 1b(iii)); (iv) the bridge between
droplet and substrate narrows and breaks, eventually
completing the injection process (Figure 1b(iv)—(v)). We
performed flow simulations for different picoinjectors using
COMSOL software in order to evaluate the cross-contami-
nation during injection. The fluid velocity distribution and
streamline simulation results of four picoinjectors are shown in
Figure lc. The results showed that the normalized fluid
velocities near the orifice of the side channel of type I, II, and
III picoinjectors were considerably higher than that of the
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stepinjector (Figure 1c). Particularly for the stepinjector, the
fast flow (represented as red area) mainly “pushes” the top
region of the droplet, generating a clockwise torque that
facilitates the break-off of the bridge between the droplet and
the substrate. This effect significantly reduces the possibility of
the diffusional transport of the residue into the orifice of the
side channel. The flow simulation results match well with the
experimental observation, as shown in Movie SI.
Characterization of the Stepinjector. One of the
important characteristics of the picoinjector is ease of
controlling the volume of the injected substrate by adjusting
parameters, such as the flow velocities of the emulsion and
substrate. To verify the feasibility of controllable substrate
injection using our stepinjector, we quantified the volume of
the injected substrate by measuring the radii of the droplet
before and after picoinjection. We first set the voltage applied
to the electrodes, the flow velocities of the emulsion, and the
spacing oil as constants and increased the flow velocities of the
substrate to compare the injected volume range of the
picoinjectors and the stepinjector (Figure 2). The results
showed that as the flow rate of the substrate increased, the
volume of the injected substrate also increased from 3.5 to 122
pL for the stepinjector, and type III picoinjector also

https://doi.org/10.1021/acs.analchem.1c02721
Anal. Chem. 2021, 93, 13112-13117
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Figure 4. Enzymatic assays for the comparison between type III picoinjector and the stepinjector. (a and d) Schematics show the process of adding
the fluorogenic substrate into positive droplets of savinase and negative droplets of ROX for enzymatic analysis, which is performed using type III
picoinjector and stepinjector, respectively. (b and e) The fluorescence images of droplets after substrate injection and 20 min incubation. Green
and red droplets only contain savinase and ROX, respectively. Yellow droplets indicate contamination by residual savinase during injection. Scale

bar is 200 gm. (c and f) Scatter plots of the fluorescent intensity distribution of droplets of type III picoinjector and stepinjector.

demonstrated a wide volume range (4.9—87 pL), whereas the
injected substrate volume ranges of the type I and II
picoinjectors were 5.6—28.9 pL and 3.4—29 pL, respectively.
Moreover, we set the flow rate of the substrate as a constant,
increasing the flow rate of the emulsion which increases the
frequency of droplets passing through the picoinjector,
resulting in a sequential decrease in the volume of the injected
substrate (Figure S3a). Besides, the injection volume ratio
(specified as the volume of injected substrate divided by the
original volume of the droplet) of our stepinjector was higher
than the other three types of picoinjectors due to the widened
main channel and the diffusional buffer zone (Figure S3b). A
high injection ratio would be a appealing trait in droplet
chemostats, and the multijunction injection device was also
developed to increase the injection ratio of the nanoliter
droplet as demonstrated by previous reports.”*’ However, it
would be difficult to design a multijunction injection device
with a high injection ratio for picoliter droplets, because the
size limitation of microfabrication. In contrast, the stepinjector
is a simple and reliable approach to achieve a high injection
ratio for picoinjection.

Characterization of the Cross-Contamination of
Different Picoinjectors. We further quantified the cross-
contamination of four picoinjectors using the fluorescein
solution as the emulsion and deionized water as injection
substrate. Before picoinjection, we adopted light shielding
methods to reduce fluorescein quenching, as described in the
Supporting Information (Text S1, Text S3, and Figure S4). As
shown in Figure S1b—d, residual reagents (food dye) can be
observed at the orifice of the side channel after picoinjection.

To evaluate the amount of residual fluorescein contaminating
the injectors, we captured the fluorescence images at the
injection zones during picoinjection. Similar to our results
shown in Figure S1, there were fluorescence residuals at the
orifice of the side channels of three conventional picoinjectors,
and no residuals were observed at the orifice of the
stepinjector, as shown in Figure 3a—d and Movie S2. To
quantify the cross-contamination between the droplets and the
substrate, we calculated integrated fluorescence intensities of
the orifice of the side channels, which were decreased in
sequence (from type I, I, and IIl picoinjectors to the
stepinjector) (Figure 3e), and the intensity profiles of the
center-line across the side channel of four types of injectors
were also recorded and plotted in Figure 3f. The integrated
and maximum (peak values shown in the intensity profiles)
fluorescence intensity could partially represent the volume and
the concentration of the fluorescein residuals, respectively.
Importantly, fluorescein residuals were undetectable using the
stepinjector, indicating that stepinjection substantially elimi-
nated the cross-contamination.

Droplet-Based Enzymatic Assays. To demonstrate
stepinjector’s ability for contamination-free enzymatic assays
using droplet microfluidics, we performed a contamination-
sensitive enzymatic reaction with savinase hydrolysis of FITC-
casein. Savinase is a broad spectrum endoprotease for animal
protein extraction.””** We synthesized a fluorogenic substrate
FITC-casein, which can emit strong green fluorescence in the
GFP channel after hydrolysis catalyzed by savinase. We used
FITC-casein as the injected substrate in the type III
picoinjector and stepinjector to investigate cross-contamina-

https://doi.org/10.1021/acs.analchem.1c02721
Anal. Chem. 2021, 93, 13112-13117
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tion between ROX (carboxy-X-thodamine with red fluores-
cence in the RFP channel) and savinase droplets (Figure 4a,
4d). The ROX and savinase droplets were generated separately
and mixed before being reinjected into the picoinjection
devices to add FITC-casein to each droplet. After injection and
20 min incubation, we imaged the droplet array in both RFP
and GFP channels, and counted the RFP-positive droplets
(red, ROX droplets uncontaminated), GFP-positive droplets
(green, savinase droplets after injecting FITC-casein), and
double positive droplets (brown, ROX droplets contaminated
by residual savinase during picoinjection). As expected, an
extremely small amount of residual savinase at the orifice of the
side channel from the previous droplet will contaminate the
next incoming droplet, resulting in double positive cases. The
results showed that the contamination ratio of type III and
stepinjectors were 50% (359 RFP, 672 GFP, and 359
contaminated droplets) and 0% (867 RFP, 572 GFP, and 0
contaminated droplets), respectively (Figure 4). The results
show that stepinjection minimizes contamination risk,
demonstrating full accessibility for high-performance droplet-
based analysis.

B CONCLUSIONS

In this work, we developed stepinjection, a simple microfluidic
technique for controllable dose of reagents into droplets with a
wide injection volume ratio without contamination. We
introduced the stepped structure in the main channel to shift
the diffusional buffer zone of the droplet out of the orifice and
to provide an extra space for the mixing in the droplet, which
eliminates cross-contamination by suppressing the diffusional
transport into the side channel. Thus, our stepinjector can
perform reliable picoliter injection without cross-contamina-
tion between droplet and substrate, which cannot be achieved
by existing methods (i.e., picoinjection or paired droplets
coalescence devices). This stepinjector has shown high
performance in droplet-based enzymatic assays, demonstrating
considerable potential in the applications of droplet micro-
fluidics. We envision that stepinjection would be a powerful
tool for biological studies, including single-cell sorting,'®
single-cell sequencing,IS enzymatic ;1nalysis,26’27 molecular
diagnosis,'” etc.
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Text S1. Materials and Methods

Fabrication of microfluidic device. The mold of the microfluidic device was fabricated
using the standard soft lithography with SU-8 2025 photoresist (Microchem, USA).!? After
SU-8 mold development, the height of the channel was measured by a Bruker Dektak XT
Profilometer, and the channel height is ~28 um. Poly(dimethyl-siloxane) (PDMS) with a
ratiol0:1 (w/w) was poured on the mold and cured at 60 °C for 3h. After curing, the PDMS
slabs were peeled off and punched holes for all inlets and outlets. The PDMS slabs were
bonded to glass substrates (Citotest, China) following the oxygen plasma treatment. Finally,
the microfluidic channels were treated with Aquapel (PGW Auto Glass, USA) for

hydrophobic surface modification.

Microfluidic device optimization. The microfluidic devices were designed with

1



AutoCAD software (Autodesk), and the CAD files for these microfluidic devices are provided
in supporting data (type I, II, III, and stepinjector). For optimizing the stepinjector's structure,
we set three types of channel height of the step, including 10pm, 20pm, and 30um, as shown
in Figure S2 a, b, c. All three designs can avoid cross-contamination, but we found difficulties
to inject a small volume reagent into the passing droplets. As shown in Figure S2d, we further
set the step a dozen micrometers before the orifice of the injection channel, and found that
this structure owns the largest injection volume among these four configurations for

contamination-free injection.

Operation of picoinjection. Fluorinated oil (Droplet Generation Oil for EvaGreen,
Bio-Rad, USA) was used as a continuous phase, and ~40 pL droplets were generated using a
flow-focusing droplet generator. Generated droplets were collected and stored in PTFE (Zeus,
USA) tubing. The electrode channels of the picoinjector were filled with 4 M NaCl solution.?
Flows of emulsion, spacing oil, and injection substrate were pumped into the picoinjection
device by syringe pumps (Pump 11 PicoPlus Elite, Harvard Apparatus, USA). A high-voltage
amplifier (TREK, USA) was adopted to generate an electric field to inducing droplet merging.
The controller program for picoinjection was written in LabVIEW (National Instruments,
USA). We previously set up a compact optical system based on Olympus IX81 inverted
microscope for high-speed microscopic imaging according to established protocols.* And the
process of picoinjection was recorded using a high-speed camera (SC2, Edgertronic, USA).

The electrode was energized with 30 kHz, 200~300 V square-wave pulses.

Quantification of injected volume. Droplets were generated with deionized water and
then re-injected into picoinjection devices. The injected substrate was a food dye solution of
3% brilliant blue in water (Duofuyuan Industrial Co., Ltd, Tianjin, China). To adjust the
injected volume, we set the flow rate of emulsion and spacing oil as constant and tested the
flow rate of the substrate in the range of 3 pL/h to 50 pL/h. Next, we set the flow rate of the
substrate as constant and increase the flow rate of emulsion from 60 pL/h to 350 pL/h with
the flow rate of spacing oil set to 2 to 4 times that of the emulsion to increase the droplet
injection frequency for adjusting the injected volume. The injected volume was quantified by

measuring droplet radii before and after picoinjection. The images were analyzed using



Imagel] software (NIH, USA). Over 60 droplets were measured in each experiment.

Fluid simulations of four picoinjectors. The fluid simulations were performed using
COMSOL Multiphysics 5.6 (COMSOL Inc., USA) based on the single-phase laminar flow
model. Four 3D stationary models were designed by Solidworks 2018 (Dassault Systémes,
France) according to the dimensions of the injection zone of three picoinjectors (type I, 11, III)
and the Stepinjector, and subsequently used for simulations. Pure water was set as simulation

fluid.

Cross-contamination quantification with fluorescein. We used 20 mM fluorescein
solution to visualize cross-contamination during picoinjection. We also attempted to
undermine fluorescein quenching during droplet re-injection (Figure S4): i) using the black
PTFE tubing (Hongfluoro Insulation Material Co., Ltd, Dongguan, China) to collect droplets;
ii) sticking black tapes on the glass slide of the picoinjection device. We used 2% prolong live
antifade (Invitrogen, USA) in water as an injection substrate. We recorded the process of
droplet injection with a high-speed camera (SC2, Edgertronic, USA) and analyzed images

extracted from high-speed movies using ImagelJ software (NIH, USA).

Savinase analysis with picoinjection. To testify the performance of Stepinjector, the
protease enzyme of savinase (Novozymes, Beijing, China) was used for high-throughput
droplet enzymatic analysis. FITC-casein, the fluorogenic substrate of savinase, was
synthesized as previously described.>® Two types of droplets (~40 um diameter) were
generated with Img/mL savinase solution (in PBS, pH 7.2) and 4 uM
5-Carboxy-X-rhodamine (ROX, Accurate Biology, Changsha, China) in 100 mM NaCl
solution, respectively. Generated droplets were collected together in Teflon tubing, and were
then re-injected into the picoinjectors. The picoinejction parameters using type III and
Stepinjector were as follows: emulsion (50 pL/h), spacing oil (350 uL/h), FITC-casein (40
uL/h), and voltage (300V). After picoinjection, droplets were collected in PCR tubing and
incubated at room temperature. Droplet arrays were imaged with an inverted microscope
(Nikon Ti-E, Japan). Brightfield (BF), green fluorescent field (GFP), and red fluorescent field
(RFP) were captured for each view. The images were analyzed using ImagelJ software (NIH,

USA).



Text S2. Cross-contamination of droplets during picoinjection.

To date, only a few studies reported the cross-contamination between droplets during
picoinjection; however, reducing cross-contamination is indispensable for many essential
biological experiments. For instance, minimum cross-contamination of the enzyme would
severely affect the results in droplet-based enzymatic assays. To investigate the determining
factors of the cross-contamination during picoinjection, we fabricated three types of
picoinjectors previously reported.”!° Figure S1 shows the time-lapse images of utilizing type
I (Figure S1b), type II (Figure Slc), and type III (Figure S1d) picoinjectors to inject the
deionized water (substrate) into blue food dye droplets. As observed in the last slides of the
time-lapse images (Figure S1b, ¢, and d), residual food dye remains in the orifice of all these
three types of picoinjection devices. But the amount of residual dye varies in different types
of picoinjectors. The corresponding mechanisms can be explained as follows. Compared with
type I, type II increases the velocity of the substrate flowing out of the side channel by
narrowing the orifice of the side channel. The faster convection of the substrate during
picoinjection will reduce the time for the residue to diffuse back to the side channel. The
competition between the convection of the substrate into the droplet and the diffusion that
forms the residue in the orifice of side channel can be described by the Peclet number
(Pe).''12 The Pe number is a dimensionless parameter that defines the ratio of convection

effect to the diffusion effect (Eq. 1):

=— (1
where U, d, and D are the flow velocity of the substrate (m/s), the characteristic dimension
(m), and the diffusion coefficient (m?/s), respectively. Thus, type II picoinjector can suppress
the diffusion effect to reduce the among of residue in the side channel by enhancing
convection velocity U and the Pe number (Figure Slc). Compared with type II, type III
picoinjector further increases the width of the main channel and the droplet radius to
modulate the Laplace pressure (Ap) across the droplet interface. The Laplace pressure can be

calculated as (Eq. 2):
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where y is the water/oil surface tension (N/m), R; and R: are the two orthogonal radii of
curvature (m) of the water/oil surfaces, respectively (Figure S1 e,f). Type III picoinjector
enlarges the radius of the droplet to decrease the Laplace pressure Ap, which causes an
increasing pressure difference between the side channel and the injecting droplets. The
increasing pressure difference will limit the diffusion of the substrate back to the side channel
and thus reduces the cross-contamination (Figure S1d). Therefore, two features of the
picoinjector that reduce the cross-contamination include: i) narrowed orifice of the side
channel and ii) widened main channel. However, there is still a few residuals that remain in
the orifice of type III picoinjector. Thus, a picoinjector that eliminates the cross-contamination
is still highly desired.

For the stepinjection, in addition to shifting the diffusional buffer zone out of the orifice, a
further decrease of Laplace pressure in stepinjector occurs compared with the type III
picoinjector. The width of the main channel of stepinjector is larger than type III picoinjector,
causing an increase in the radius of curvature of the right water/oil surface of the droplet.
According to Eq. (2), the pressure difference between the side channel and the injecting
droplet is slightly enlarged, which then suppress the diffusion effect and reduce the risk of
cross-contamination (Figure 1). Three features were responsible for eliminating
cross-contamination in stepinjector: i) narrowed orifice of the side channel, ii) stepped
structure designed in the position between the droplet channel and the orifice of the side
channel, and iii) shifting diffusional buffer zone of the droplet out of the orifice. In our
stepinjector, the cross-contamination would be eliminated by adopting all three above

features.

Text S3. Strategies to avoid fluorescent droplet quenching.

During the experiment of cross-contamination analysis, when fluorescein droplets were
re-injected into the picoinjection device, severe quenching of fluorescein droplets was
observed (Figure S4a). In order to analyze the cross-contamination of the picoinjection

devices more accurately, two strategies were introduced to avoid the quenching of fluorescein



droplets. First, we utilized black PTFE tubing to prevent the quenching. When the fluorescein
droplets are re-injected into the picoinjection device, the fluorescein droplets in the Teflon
tubing were continuously exposed to the strong excitation light, as shown in Figure S4b,
which would cause severe fluorescent quenching. The opacity of black PTFE tubing would
avoid the above-mentioned excitation light exposure (Figure S4c). Secondly, we put a piece
of black taping on the glass substrate at the inlet of emulsion on the picoinjection device
(Figure S4d, e). For the picoinjection device, there were a hundred microns between the
emulsion inlet and the spacing oil junction. Fluorescein droplets moving alongside this
channel also suffered from strong exposure to the excitation light, resulting in the fluorescent
quenching of droplets. The black taping at the inlet of emulsion could mitigate the fluorescent
quenching effect. By introducing the black Teflon tube and black taping, the fluorescent
quenching of the droplets was greatly reduced (Figure S4f), leading to droplets with nearly

uniform fluorescence intensities, which is conducive to subsequent analysis.
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FIGURE S1. Cross-contamination between droplets during picoinjection. (a) A schematic
shows the process of cross-contamination between droplets after adding the substrate by
picoinjection. (b-d) The time-lapse microphotographs of type I, type II, and type III
picoinjectors demonstrate the process of cross-contamination by injecting deionized water

into food dye droplets. Scale bar is 50 um. (e-f) Orthogonal radii of the droplets during



picoinjection. (e) and (f) demonstrate type II and type III picoinjector, and R1 and R2 are the

two orthogonal radii of curvature (m) of the water/oil surfaces, respectively.
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Figure S2. Different configurations for optimizing stepinjector's structure. (a) Stepinjector
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Stepinjector with 30um step and with a gap before injection channel.
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FIGURE S3. Controllable stepinjection with a wide injection volume. (a) The volume of
injected substrate decreases with increasing droplet injection frequencies. (b) Comparison of
the maximum injection ratio (the volume of injected substrate divided by that of the droplet)

in the four types of picoinjectors.
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FIGURE S4. Device preparation for avoiding fluorescent droplets quenching. (a) A
microscopic image demonstrated the droplets with a strong fluorescent quenching in the
picoinjection device. (b) The Teflon tubing that contained the fluorescein droplets suffered
severe exposure to the excitation light. (c) Photo of the pico-injection device with black
Teflon tubing. (d) Photo of the picoinjection chip with black taping. (e) Microphotographs of
the picoinjection device with black taping. (f) Droplets without fluorescent quenching in the

picoinjection device.





