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ABSTRACT: Droplet microfluidics-based platform (Drop-seq)
has been shown to be a powerful tool for single cell expression
profiling. Nevertheless, this platform required the simultaneous
encapsulation of single cell and single barcoded bead, the
incidence of which was very low, limiting its efficiency. Spiral
channels were reported to focus the barcoded beads and thus
increased the efficiency, but focusing of cells was not
demonstrated, which could potentially further enhance the
performance. Here, we designed spiral and serpentine channels
to focus both bead and cell solutions and implemented this microfluidic design on Drop-seq. We characterized the effect of cell/
bead concentration on encapsulation results and tested the performance by coencapsulating barcoded beads and human−mouse
cell mixtures followed by sequencing. The results showed ∼300% and ∼40% increase in cell utilization rate compared to the
traditional Drop-seq device and the device focusing beads alone, respectively. This chip design showed great potential for high
efficiency single cell expression profiling.
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Conventional biological assays, such as qPCR and Western
blot, are often performed at the bulk tissue level. Such

assaying strategies assumed the overall tissue as a homoge-
neous entity and gauged the corresponding average values.
Recently, it has been more and more appreciated that the
heterogeneity of individual cells within a tissue has a non-
negligible impact on the analysis of assay results.1,2

Heterogeneous gene structure and gene expression status of
individual cells have been revealed on the single cell level by
whole genome sequencing,3 transcriptome sequencing,4,5 and
epigenetic sequencing.6 Single cell analysis has played a
significant role in discovering unseen biological mechanisms,7

as well as in making informed and personalized treatment plans
in clinics.8

Single-cell transcriptome sequencing (scRNA-seq) gained
great attention in recent years as a method for studying
individual cell transcriptomes on a large scale.9−12 It revealed
in detail the gene expression of whole tissues and elucidated
the genetic and epigenetic mechanisms.13 Compared to
conventional assays performed on bulk tissue level, scRNA-
seq can quantify intrapopulation heterogeneity and dissect the
transcriptional landscape of single cells at high resolution. In

addition, scRNA-seq is important in the evaluation of
genetically heterogeneous tumors, significantly impacting the
battle against cancer.14

A major challenge in the transition from bulk tissue assay to
single cell analysis lies in the techniques for efficient sample
preparation, wherein microfluidics could serve as a powerful
tool. Microfluidics is a technology that provides exquisite flow
control with low sample consumption and dimensions
comparable to single cell sizes. Along with the various available
on-chip operation techniques, these advantages have made
microfluidics an ideal tool for sample preparation in single cell
analysis. Leveraging the advantages that microfluidics pos-
sesses, a few high-throughput single-cell analysis platforms
have been developed.15−18 In 2015, Macosko et al. reported a
high-throughput scRNA-seq method based on droplet micro-
fluidics (Drop-seq),15 which encapsulated a single cell and a
single barcoded bead into nanoliter droplets. The barcode of
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each bead, appearing in the sequencing data, served as the
identifier of individual cells and helped trace the origin of each
read. This smart design offered the opportunity of parallel
scRNA-seq and significantly reduced the bias in PCR
amplification and noise in sequencing data analysis.
Despite the great potential that Drop-seq has shown, this

platform has challenges. The nature of the experiment required
a single cell and a single bead being simultaneously
encapsulated in a single droplet and strictly prohibited
encapsulation of multiple cells and multiple beads. The
encapsulation incidence followed Poisson distribution; to
minimize multiple encapsulation, the cell/bead suspension
needed to be highly diluted. As a result, the encapsulation rate
was reported to be as low as 0.15% under low cell/bead
concentration of 100 μL−1 (ref 15). Suboptimal encapsulation
rate inevitably compromised the efficiency and the throughput
of the platform, which is particularly problematic in experi-
ments where cells of interests are scarce.
Inertial focusing19,20 provides a way to hydrodynamically

localize particles in certain regions of the channel cross section.
Consequently, particles line up and approach the encapsulation
region one by one, thus reducing the incidence of multiple
encapsulation and improving the encapsulation efficiency.
When particles flow in microfluidic channels, due to the
parabolic velocity profile, they are subjected to lift forces,
namely, shear gradient lift force and wall effect lift force. In
curved channels, the inertia of the fluids generates secondary
swirling flow, named Dean flow, which accelerates the lateral
displacement of the particles and thus facilitates the focusing.
Based on the principle of inertial focusing, spiral channels were
adopted in a reported work to order barcoded beads before
droplet encapsulation,21 leading to Drop-seq with improved
performance. It was reported that cell utilization rate of 20%
was achieved and the throughput was improved.
Despite that, cell focusing was not implemented in the

reported work, likely due to cells’ small size that made focusing
challenging. By focusing cells along with beads, the perform-
ance of Drop-seq could be further improved. To this end, here
we developed a new microfluidic chip which inertially ordered
both beads and cells, aiming for high efficiency single cell
expression profiling. In particular, we incorporated serpentine
channels as well as spiral channels before the droplet
generation region to effectively focus cells and beads. We
investigated the effect of cell/bead concentration on the
focusing results and encapsulation efficiency, and we tested the
utility of this platform by performing single cell mRNA
sequencing of human−mouse cell mixture. The results showed
that our device possessed good performance efficiency even
when operating at a high cell concentration of 300 μL−1 and
high bead concentration of 900 μL−1, and cell utilization rate
of nearly 29% was achieved, which was ∼300% and ∼40%
higher than the traditional Drop-seq device and the device
implemented only bead focusing. Our platform showed great
potential for single cell expression profiling with improved
efficiency.

■ MATERIALS AND METHODS
Bead Preparation. Plain beads without surface functionalization

(CM-300-10 and CM-100-10, Spherotech Inc., USA) with diameters
of 10 and 30 μm were used in lieu of cells and barcoded beads,
respectively, to test encapsulation efficiencies. 10 μm latex beads
functionalized with fluorophore (PN 6602796, Beckman Coulter,
USA) were used to assist visualization. The density of the bead

solution was adjusted to 1.15 g/mL by supplementing OptiPrep
Density Gradient Medium (D1556, Sigma-Aldrich, USA) with 10:3
volume-to-volume ratio to alleviate bead sedimentation.

Barcoded beads (OSKO-2011-10, ChemGenes Corp., USA)
functionalized with primers were used to capture mRNA released
from lysed cells in the Drop-seq experiment. The primers on each
bead consist of a common PCR sequence, an identical cell barcode,
varied unique molecular identifiers (UMIs), and a poly-T tail. Upon
delivery, the beads were gently washed twice with 100% ethanol to
remove free nucleotide sequences, before being washed and
resuspended in TE/TW buffer (TE Buffer pH 8.0, 0.01% Tween).
The suspension was then filtered through a 100 μm filter (BD Falcon,
BD BioSciences, USA) to remove aggregates and the filtrates were
aliquoted into multiple tubes for future use. Beads were stored strictly
between 3.5 and 4 °C. Before each experiment, the beads were
resuspended in lysis buffer containing 200 mM Tris, pH 7.5, 6% Ficoll
PM-400 (17-0300-10, GE Healthcare, Sweden), 0.2% sarcosyl
(L7414, Sigma, USA), and 20 mM EDTA. Dithiothreitol was
supplemented to the lysate prior to droplet generation.

Cell Preparation. Two cell lines (Human HEK293T and Mouse
NIH3T3) were used. Cells were cultured in high-glucose Dulbecco’s
Modified Eagle’s medium (DMEM; Gibco, Fisher Scientific, USA)
supplemented with 10% (v/v) fetal bovine serum (Gibco, Fisher
Scientific, USA) and 1% penicillin−streptomycin antibiotics (In-
vitrogen, USA). Cells were passaged at a confluency of about 75%.

Microfluidic Devices. The chip design adopted spiral channels
and serpentine channels following the inlets to focus cells/beads, as
shown in Figure 1a. The microfluidic chip was fabricated with

standard soft lithography and the mold was fabricated using SU-8
photolithography. Polydimethylsiloxane (PDMS; Sylgard 184, Dow
Corning, USA) with 10:1 base-to-curing agent ratio was poured on
the mold and degassed for about 10 min, before it was baked in 80 °C
oven for 40 min to cure. After baking, the PDMS was peeled off from
the wafer and cut with razor blades. Biopsy punches were used to
punch holes for tubing connection. Finally, the PDMS slab was
bonded to glass slide after surface activation with oxygen plasma
(Harrick Plasma, USA) followed by another baking at 80 °C. The
channels were rendered hydrophobic by treating with Aquapel.

The chip design incorporated three inlets, namely, cell, bead, and
carrier oil inlet, and one outlet. The chip had three functional units:
two spiral structures with serpentine channels for cell/bead ordering,

Figure 1. (a) Schematic of the design of the microfluidic chip. Spiral
channels were adopted for bead focusing; due to the small size of
cells, serpentine channels were added to achieve cell focusing. (b)
Schematic showing the droplet generation and bead/cell encapsula-
tion. Focused cell/bead flows led to improved efficiency of bead/cell
encapsulation. (c) Fluorescent (Fl) and phase contrast (Ph)
micrographs showing the position of cells/beads in the microfluidic
channels at various locations as indicated in Figure 1a. The
fluorescent micrograph was exposed relatively longer to visualize the
particle trajectories. Scale bars, 100 μm.
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a droplet generator (Figure 1b), and a serpentine channel for efficient
mixing of generated droplets. The chip had a height of 120 μm
throughout. Cell channel was a 2-loop spiral channel with a width of
80 μm. The innermost layer has a radius of 740 μm, and the interval
between adjacent two loops was 100 μm. The spiral channel was
followed by an asymmetric serpentine channel, with small curvature
radius of 40 and 100 μm and large curvature radius of 93.5 and 150
μm. The bead channel was 5-loop spiral channel with a radius of 760
μm for the innermost layer, 100 μm intervals between adjacent loops,
and 120 μm channel width. The detailed chip dimension can be found
in Figure S1 a and b.
Droplet Generation and Cell/Bead Encapsulation. Cells were

suspended in PBS supplemented with 0.01% BSA (v/v) and beads
were suspended in lysis agent. The bead/cell suspensions were stored
in 1.5 mL centrifuge tubes and connected to the chip via polyethylene
tubing (BB31695-PE/2, Scientific Commodities Inc.). Droplets were
collected in a customized centrifuge tube with inlet and outlet on the
lid. The outlet was connected to a syringe pump, which was set on
withdrawal mode with a typical flow rate of 30 mL/h to maintain the
negative pressure and form droplets stably,22,23 as shown in Figure
S1c. An inverted microscope (IX71, Olympus, Germany), coupled
with a high-speed camera (DP26, Olympus, Germany), and a stereo
microscope (ZEISS Axio Zoom.V16, USA) were used to acquire
images. ImageJ (National Institute of Health, USA) was used to
analyze the acquired images.
As soon as the cell was captured in the droplet, it was rapidly lysed

by the lysis buffer in the bead phase and primers on the barcoded
bead captured mRNAs. The collected droplets were broken by adding
perfluorooctanol (370533-5G, Sigma), and the beads were washed
with large volume of 6× saline sodium citrate buffer (SSC) and
harvested. The mRNAs were reverse transcribed together to form
stable single-cell transcriptomes bonded to beads and then amplified.
Library Construction and Sequencing. Qualified library was

built after the completion of DNA fragmentation and cyclization. We
used dsDNA fragmentase (M0348L, NEB) to interrupt the target
sequence (cDNA) randomly, followed by end-repairing and addition
of adapter primers.24 The fragmented cDNA was amplified with two
specific primers. Subsequently, DNA mix was selected to 300−500 bp
by AMPure XP beads (Beckman). Finally, the DNA was heat
denatured and cyclized into single-strand circular DNA with the aid of
exogenous free single-stranded nucleotide primers. We made a DNA
nanoball using rolling circle amplification25,26 and sequenced the
resultant molecules from each end using a BGISEQ-500 Sequencer
(MGI Tech Co., China). The detailed library construction procedures
can be found in Figure S2 and relevant oligonucleotide sequences can
be found in Table S1.
Analysis of the scRNA-seq Data. With the obtained paired-end

sequencing data, we first converted the data to sam/bam format using
Picard (v 2.9.3). We applied Drop-seq tools v 1.13 (ref 15) to decode
UMI and cell barcode information embedded in the sequences in
order to quantify the transcript abundance. The UMI and cell barcode
encoded in Read 1 (forward strand) sequences are abstracted after
filtering out low-quality sequences. As for Read 2 (reverse strand)
sequences, which were 100 bp mRNA insert sequences, we removed
the sequences with high adapter and poly A contamination and used
STAR (v 2.5.2b) to map the read sequences to a reference for gene
alignment.11 After quantifying the UMI counts for each cell barcode,
we selected cells that have higher number of UMIs (evaluated by
“expected cell numbers” or a single “UMI cut-off”) as valid cells. In
the doublet analysis, the species of the cells were classified if 90% of
transcripts were mapped to either of the two species. Cells that had
both human and mouse transcripts were regarded as a cell doublet,
since it indicated that the primers on the bead simultaneously
captured mRNAs from both a human cell and a mouse cell.
Data Availability. The sequencing raw data reported in this study

have been deposited to CNGB Nucleotide Sequence Archive
(Accession Code: CNP0000223).

■ RESULTS AND DISCUSSION
Chip Design. This chip was aimed to hydrodynamically

focus both cells and beads before droplet generation and
encapsulation to improve the encapsulation efficiency. When
cells/beads are focused, they align as a train of particles with
regular intervals and enter the droplet generating region one by
one, reducing the chance of multiple encapsulation.
The microfluidic device adopted spiral and serpentine

channels to focus the cells/beads. In spiral channels, due to
the viscosity of fluid and velocity imbalance between the
channel center and the near-wall region, secondary flow,
termed Dean flow, was generated, leading to Dean drag force
on the particles. In addition, particles were subjected to lift
force, which was the net force of the inertial lift and wall lift,
caused by shear gradient and wall lift, respectively.27,28 The
balance of drag force and lift force dictated the equilibrium
positions of the particles on the channel cross section.21

Theoretical studies in inertial microfluidics predicted that
particles occupy a single equilibrium position in a curvilinear
channel when27−31

>a D/ 0.07p h

where ap is the diameter of particles and Dh is the hydraulic
diameter. Given that diameters of beads and cells were about
30 and 10 μm, respectively, this requirement could be easily
met since usually channel width is below 120 μm. Therefore, in
theory both cells and beads can be focused in the channels,
though the time it takes to be focused depends on the particle
dynamics and lateral migration speed.
Lateral migration speed v can be estimated by27,28,32

ρ

πμ
=v

U C a

D

2

3
f L p

h

2 3

2

where ρ is the density of the fluid, Uf is the flow velocity of the
fluid, μ is the dynamic viscosity of the fluid, and CL is lift
coefficient, which is a function of the particle position on the
plane of the channel cross section with an average value of 0.5.
It implies that the migration speed scales with a D/p h

3 2: smaller-
sized cells migrate much more slowly and thus take a longer
time to reach the focal positions, which would require longer
channels. For example, assuming the widths of the bead
channel and the cell channel are 120 and 80 μm, respectively,
the migration speed of beads and cells are estimated to be 81.5
and 9.5 μm/s, respectively. To focus cells without employing
extremely long spiral channels, an additional focusing
mechanism would be beneficial. We adopted serpentine
channels33 at the exit of the spiral channel to facilitate cell
focusing, as shown in Figure 1a. In the asymmetrical semicircle
serpentine channel, cells were subjected to viscous drag force
and centrifugal force, but the time it took to reach an
equilibrium position was remarkably reduced.33,34 As cells and
beads line up and approach the droplet generation region, the
proportion of multiple encapsulation in single droplets would
be reduced and simultaneous encapsulation of single bead and
single cell would be increased (Figure 1b).
Our chip design achieved good focusing result. Cells left the

spiral channel with a relatively wide range of lateral positions.
As they entered the serpentine channel, they were further
focused at a position close to the outer wall with reasonably
consistent spacing (Figure 1c). Beads were also well-aligned
with only the spiral channels, owing to their larger size.
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Dependence of the Focusing Performance on Cell/
Bead Concentration. The cell and bead concentrations are
the most immediate factors that affect the downstream
encapsulation performance. Higher concentration leads to a
higher encapsulation rate, but with a trade-off of higher
incidence of multiple encapsulation. To identify the optimal
concentrations, we first characterized the effect of cell/bead
concentrations on the focusing performance.
We closely examined the distribution of cells/beads’ lateral

position and spacing in the region before the droplet generator,
as defined in Figure 2a, and varied the cell/bead concen-

trations. We tested three cell concentrations, namely, 350, 650,
and 900 μL−1. With the current chip design and flow
condition, cells were focused at lateral positions of about 30
μm with full width at half-maximum (fwhm) of about 16 μm in
all three cell concentrations (Figure 2b and Figure S3a). A
similar observation was acquired for beads under the tested
concentrations, namely, 450, 800, and 1100 μL−1: beads were
mainly aligned at lateral positions of 40 μm with fwhm of 27
μm in all concentration conditions (Figure 2b and Figure S3b).
The observed weak dependence between lateral focusing and
cell/bead concentration was likely because in the tested
concentrations, the interaction between cell/bead was weak
and the dynamics of individual cell/bead was relatively
independent.
Cell/bead spacing was anticipated to decrease while the cell/

bead concentration was increased as the fluids would become
more crowded. Indeed, while we increased cell concentration
from 350 μL−1 to 900 μL−1, the spacing between adjacent cells
decreased from 140.9 ± 39.6 μm to 49.8 ± 18.1 μm (Figure
2c). Empirically, cell spacing less than 50 μm posed risks of
generating multiple encapsulations. At cell concentration of
350 μL−1, more than 98% of the cells were spaced more than
70 μm away from adjacent cells. As for the beads, while the
concentration was increased from 450 to 1100 μL−1, the
spacing decreased from 136.0 ± 35.1 μm to 77.7 ± 22.0 μm
(Figure 2d). These results verified the capability of this chip

design in cell and bead focusing and offered a reference for the
following encapsulation experiments.

Encapsulation of Cell and Bead Separately. To achieve
efficient cell/bead coencapsulation, it was necessary to
encapsulate cell/bead separately with good efficiency. There-
fore, we investigated the incidence of single cell/bead and
multiple cell/bead encapsulation at varied concentrations
(Figure 3).

As expected, the fractions of both single cell and multiple
cell encapsulation increased as we increased the cell
concentration. As shown in Figure 3b, when the cell
concentration was 320 μL−1, the fraction of single and
multiple encapsulation was 10.68 ± 0.48% and 0.36 ±
0.07%, respectively. As we increased the cell concentration to
700 μL−1, the fraction of single cell encapsulation was almost
doubled, namely, 20.77 ± 1.07%, while the fraction of multiple
cell encapsulation showed a 3-fold increase, with a value of
1.15 ± 0.20%. As we increased the concentration further,
though the fraction of single cell encapsulation increased at a
relatively constant pace, the incidence of multiple encapsula-
tion increased rapidly. At 900 μL−1, the fraction of multiple
encapsulation had reached 4.06 ± 0.75%, with almost a 4-fold
increase compared to that at 700 μL−1. Given this observed
trade-off between single and multiple encapsulation, it was
beneficial to keep the cell concentration lower than 700 μL−1.
Similar observation was obtained in the experiments with

beads. The fraction of single bead encapsulation increased at a
relatively consistent rate as we increased the concentration, but
the fraction of multiple encapsulation started to increase
quickly at 900 μL−1, where the fraction of single and multiple
encapsulation was 24.88 ± 0.92% and 1.22 ± 0.27%,
respectively, as shown in Figure 3d. The detailed experimental

Figure 2. Hydrodynamic focusing of cells and beads. (a) Schematic
showing the definition of lateral positions and spacing of cells/beads.
(b) Distribution of lateral positions of cells at a concentration of 350
μL−1 and beads at a concentration of 450 μL−1. (c) Distribution of
spacings between adjacent cells at different cell concentrations as
indicated. (d) Distribution of spacings between adjacent beads at
different bead concentrations as indicated.

Figure 3. Encapsulation of bead/cell separately at different bead/cell
concentrations. (a) Micrograph showing droplets with encapsulated
cells when the cells were flowed at a concentration of 700 μL−1. (b)
Fraction of droplets encapsulated with single or multiple cells at
different cell concentrations. (c) Micrograph showing droplets with
encapsulated beads when beads were flowed at a concentration of 900
μL−1. (d) Fraction of droplets encapsulated with single or multiple
beads at different cell concentrations. Scale bars, 200 μm. Data
represents mean ± standard deviation with n = 3.
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data can be found in Supporting Information Tables S2 and
S3.
Coencapsulation of Beads and Cells. We loaded both

bead and cell suspensions into the device and tested the cell/
bead coencapsulation performance. Based on the observation
in the experiments of separate encapsulation, we adopted a
bead concentration of 900 μL−1, under which condition 25% of
the overall droplets were single encapsulation and the
incidence of multiple incidence was only 1.2%. To minimize
the presence of cell doublets, we used a relatively low cell
concentration of 300 μL−1, which would still give a reasonable
fraction of separate encapsulation of about 10% (see Figure
3b) and a low doublet fraction of about 0.3%. The resultant
coencapsulation rate should be 25% × 10% = 2.5% assuming
the encapsulation of cells and beads are independent incidence.
We aimed to compare the performance of our device with

that of Drop-seq device and the device which only focused
beads (ref 21). Since detailed characterization of the
encapsulation performance of the Drop-seq device was not
available in the literature and the documentation of Drop-seq
protocols was easily accessible, we performed experiments
using the Drop-seq device. Performance of the other device
was based on its published data.
We defined effective encapsulation as the simultaneous

encapsulation of one cell and one bead and false encapsulation
as simultaneous encapsulation of one cell and multiple beads,
multiple cells and one bead, and multiple cells and multiple
beads. The percentage of effective encapsulation in the overall
generated droplets reflects the coencapsulation efficiency. In
our device, which incorporated double focusing channels, 2.93
± 0.29% of the droplets were effective droplets, which was
about 2-fold the fraction of 1.63 ± 0.19% in the Drop-seq
device with no focusing channels, as shown in Figure 4a-c. The
fraction of false encapsulation in our device, which was 0.24 ±
0.08%, was also almost one-third of that in Drop-seq, which
was 0.65 ± 0.095%. These results suggested that our device
could significantly improve the performance of Drop-seq. It
was noticed that the percentage of effective encapsulation was
also close to the aforementioned estimation of 2.5%.
In the reported work using a single focusing channel, with a

cell concentration of 250 μL−1 and a bead concentration of
1000 μL−1, the fraction of effective encapsulation among
effective and false encapsulation combined was 95%. In our
case, the value was 92.4%, which was close but slightly lower,
presumably because of the slightly different cell and bead
concentrations used and fluid driving mechanism.
Cell utilization rate and throughput were adopted as two

additional metrics to characterize the performance. Cell
utilization rate, defined as the percentage of effective
encapsulated cells in the total cells dispensed into the device,
reflected the cell capturing efficiency. Throughput was defined
as the number of effective encapsulations generated per
minute. Not surprisingly, our device showed significantly
improved cell utilization rate and throughput compared to
Drop-seq, as shown in Figure 4d. The cell utilization rate was
28.65 ± 3.54% in our case, which was roughly a 4-fold increase
of the 7.05 ± 0.49% in Drop-seq. Throughput was improved
from the 126.9 ± 8.6 min−1 in Drop-seq to the 519.0 ± 58
min−1 in our device.
The reported cell utilization rate and throughput using single

focusing channel (defined as cell yield) was 20% and 2700
min−1 at cell concentration of 250 μL−1 and bead
concentration of 1000 μL−1. Our device outperformed the

device using a single focusing channel in terms of cell
utilization with a 40% increase, which suggested that while the
cells were ordered, the encapsulation efficiency was improved
and fewer cells were wasted. As for throughput, since we used
negative pressure for fluids dispensing and the volume flow
rates were much smaller, our device showed a disadvantage,
with a throughput five times lower than the reported value.
Nevertheless, more than 5000 effective encapsulations were
collected in 10 min runs.

scRNA-seq with Human and Mouse Cell Mixture. To
validate the utility of this microfluidic platform, we used cell
mixtures from two cell lines, namely, human HEK293T and
mouse NIH3T3, and performed cell/bead coencapsulation and
downstream expression profiling, using our device as well as
the Drop-seq device for comparison. Cell suspensions were
loaded at a concentration of 300 μL−1 and barcoded beads at
900 μL−1. Upon encapsulation, cells were lysed and mRNA
were captured by the barcoded beads. Droplets were collected
into a tube for 25 min and then coalesced, and the mRNAs
captured on the barcoded beads were subsequently reverse
transcribed and amplified, before the constructed library was
sequenced. On average, 8047 UMIs per human cell and 5146
UMIs per mouse cell were detected, which was consistent with
the reported values and validated the sequencing results
(Figure S4).
Following the similar practice as Drop-seq, we evaluated the

incidence of doublets from the sequenced data, as shown in

Figure 4. Coencapsulation of beads and cells using the designed chip
and traditional Drop-seq chip. (a) Micrographs showing the bead and
cell locations near the encapsulation region using the designed chip
with focusing channels and traditional Drop-seq device without
focusing channels. Upper: the designed chip with focusing channels;
lower: Drop-seq devices without focusing channels. Scale bars, 100
μm. (b) Micrograph showing the resultant droplets. Circled droplets
represent effective encapsulations, where a single cell and a single
bead were simultaneously encapsulated. Scale bar, 100 μm. (c)
Fractions of effective encapsulation and false encapsulations using the
indicated devices. False encapsulation was defined as encapsulation of
one bead and multiple cells, one cell and multiple beads, or multiple
cells and multiple beads. (d) Cell utilization rate and throughput
using the indicated devices. Cell utilization rate was defined as the
fraction of the total infused cells that were effectively encapsulated.
Throughput was defined as the amount of effective encapsulations
generated per minute. Data represents mean ± standard deviation
with n = 3. ***, P < 0.001.
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Figure 5a and b. In the collected sample, transcripts from 8760
± 951 single cell encapsulations were recovered from the
sequencing data, which was significantly higher than using the
Drop-seq device, the data from which recovered only 1313 ±
430 single cell encapsulations (Figure 5c). The percentage of
doublets in the sequencing data was 5.22 ± 0.90%, which was
also significantly lower than the 18.63 ± 0.68% in the data
using the Drop-seq device (Figure 5c). These results suggested
that our device design greatly improved the performance of
single cell capture and library preparation. The doublet fraction
could be further reduced by lowering the cell concentration.
We tested the cell concentration of 150 μL−1 while
maintaining other conditions; a doublet fraction of 1.7% was
achieved (Figure S5). It was noticed that the reported doublet
fraction using the device with single focusing channel was 2.2%
at the cell concentration of 250 μL−1, which was comparable to
the performance of our device in this regard.

■ CONCLUSION
In this work, we presented a microfluidic design with improved
performance for single-cell expression profiling. We adopted
spiral and serpentine channels to focus beads and cells,
resulting in ordered beads and cells flows, which reduced the
incidence of multiple encapsulation and increased cell
utilization rate. Results showed that the newly designed device
improved the cell utilization rate by 4-fold compared to Drop-
seq device; compared to the device that focused beads alone,
the cell utilization rate was enhanced by 40%. Sequencing
results also confirmed the performance improvement com-
pared to Drop-seq. This platform displayed great potential for
the application of single cell analysis where samples are scarce.
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