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Cellular heterogeneity represents a fundamental principle of cell biology for which a
readily available single-cell research tool is urgently required. Here, we present a
novel method combining cell-sized well arrays with sequential inkjet printing. Briefly,
K562 cells with phosphate buffer saline buffer were captured at high efficiency
(74.5%) in a cell-sized well as a “primary droplet” and sealed using fluorinated oil.
Then, piezoelectric inkjet printing technology was adapted to precisely inject the cell
lysis buffer and the fluorogenic substrate, fluorescein-di-f3-D-galactopyranoside, as a
“secondary droplet” to penetrate the sealing oil and fuse with the “primary droplet.”
We thereby successfully measured the intracellular ff-galactosidase activity of K562
cells at the single-cell level. Our method allows, for the first time, the ability to simul-
taneously accommodate the high occupancy rate of single cells and sequential addi-
tion of reagents while retaining an open structure. We believe that the feasibility and
flexibility of our method will enhance its use as a universal single-cell research tool as
well as accelerate the adoption of inkjet printing in the study of cellular heterogeneity.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4995294]

I. INTRODUCTION

In traditional cell biology research, cells belonging to the same category are cultured,
treated, and observed in groups. The experimental results thus stand for the average state of the
community. However, over the past few decades, many studies' have shown that cells differ
with respect to size’ or gene expression,” even within isogenic cultures. These differences
between individual cells are termed cellular heterogeneity,* which is regarded as a fundamental
principle of cell biology. Cellular heterogeneity arises from the stochastic expression of genes,
proteins, and metabolites® and may hinder the design of accurate disease models and provide
challenges in medical discovery.® For example, intra-tumor heterogeneity,” a consequence of
imperfect DNA replication during tumor cell division, may induce a bottleneck effect upon
medical treatment, such that resistant sub-clones survive and propagate to reform a heteroge-
neous tumor.”®

In order to study cellular heterogeneity in further detail, there is an urgent need to develop
a practical analysis tool at the single-cell level. Microfluidics has been considered as a potential
tool for single cell analysis with its accurate control of fluid volume at the picoliter scale to
realize low cost and high precision. At present, single-cell microfluidic devices can be divided
into four categories: those that generate droplets-in-oil system,’ cell-sized well arrays,'® certain
complex micro-fabricated devices,'""'? and even bio-printing technology,'? and have been

® Author to whom correspondence should be addressed: yudeyu@semi.ac.cn. Tel.: 86-10-82304979.

1932-1058/2017/11(4)/044106/11/$30.00 11, 044106-1 Published by AIP Publishing.


http://dx.doi.org/10.1063/1.4995294
http://dx.doi.org/10.1063/1.4995294
http://dx.doi.org/10.1063/1.4995294
mailto:yudeyu@semi.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4995294&domain=pdf&date_stamp=2017-07-20

044106-2 Wang et al. Biomicrofluidics 11, 044106 (2017)

successfully applied to some types of single-cell analysis. A detailed comparison of these is
shown in Table I. However, various limitations still restrict their applications.

Microfluidic chips that generate water-in-oil micro-droplets such as T-junctions have been
successfully applied in single-cell culture,'* genome sequencing,'” and enzyme analysis.'®
However, the encapsulation of randomly distributed cells is in accordance with Poisson restric-
tion,!” which cannot achieve uniform or even predominantly single-cell occupancy in drop-
lets.'® Furthermore, cells in the closed micro-channels are also less available for re-treatment
such as the addition of liquid.

In comparison, the manufacturing process of single-cell-sized arrays is simple and the
occupancy of single cells may be as high as 92% (Ref. 19) for overcoming the Poisson restric-
tion principle. However, the volume of a standard cell-sized well is too small to accommodate
sufficient liquid for subsequent experiments such as single-cell reverse transcription polymerase
chain reaction (PCR), which for reliable analysis requires ample dilution (>5 nl/cell) of the cell
suspension.”” Furthermore, for preventing the pL reagent volume in a well from evaporating, an
oil seal is added to the reagent droplet, which leads to difficulties in secondary liquid addition.
To address these problems, Zhu er al.>'** have invented a Microfluidic Droplet Robot to add
reagents to oil-sealed droplets on two-dimensional droplet arrays. However, the liquid addition
step includes contact, which may result in cross-contamination.

Alternatively, micro-fabricated devices that are manufactured with fine structures for cap-
turing cells in isolated reaction chambers have been successfully applied to real time-PCR (RT-
PCR).>** However, the complex and special design of the structure only meets particular
applications and therefore cannot serve as an open tool for other single-cell experiments.

Finally, bio-printing technology adopts a noncontact nozzle to print living cells in the form
of droplets as “bioink,” which is comprised of cells and medium. The principle of single-cell
printing is similar to that of droplets generated in a micro-channel. Notably, the occupancy of a
single-cell is limited by the Poisson restriction. Even if an optical particle detection mechanism
and a sorting algorithm are used to select droplets that only include an individual cell,** the
blockage of the nozzle resulting from gravity and adhesion of cells in the precursor solution
will reduce printing stability and throughput.*>°

Thus, developing a novel device that overcomes the aforementioned limitations remains an
urgent priority. An ideal single-cell analysis tool should meet the following three conditions
concurrently: (1) high single-cell occupancy rate that reduces the required reagent dosage; (2)
flexibility that allows sequential addition of reagents; and (3) wide applicability with a simple
and open device structure. In the current study, we present a novel type of open-pattern

TABLE I. Comparison of single cell analytic techniques.

Droplet-in-oil Cell-sized Complex
system '+ 18:2 well'?30 devices®'? Bio-printing?*26-34
Poisson distribution Restriction Overcome Overcome Restriction/overcome
Occupancy rate Low High High-medium High-low
of single cells
Throughput High High High-medium Low
Addition of reagents Hard Hard Medium Medium
Manufacture Easy Easy Hard Easy
Equipment cost Low Low Low High
Reagent consumption High Low Medium High
Advantages High-throughput, High-throughput, Superior performance Define location
simple structure high occupancy,
simple structure
Disadvantages Low occupancy, Difficulty in Complex manufacturing Expensive equipment

difficulty in
adding reagents

adding reagents

process, narrow
application

and software, low
throughput
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droplet-in-oil planar array system (ODOAS), which combines cell-sized well arrays with inkjet
printing. Specifically, a cell-sized well array was used to capture single cells, overcoming the
Poisson restriction, each of which, along with phosphate buffer saline (PBS) buffer in the
micro-well as the “primary droplet,” was sealed with oil. Next, we adapted sequential inkjet
printing®’ to fabricate a “secondary droplet” including a surfactant for lysing the cell membrane
and reagents for intracellular detection, which penetrated the oil layer and fused with the
“primary droplet” in the cell-sized well. This reagent addition process is no-contact and the
droplet exists at a pL reagent volume without evaporation.”® Moreover, the flexibility of inkjet
printing for changing reagents allows ODOAS to function as an open tool for other single-cell
experiments. Thus, this is the first presentation of an open single-cell analysis tool that satisfies
the proposed three conditions of “ideal single-cell analysis tools.”

Il. MATERIALS AND METHODS
A. Cells and reagents

The K562 cells used in this study were purchased from China Infrastructure of Cell Line
Resources. The cells were cultured in a humidified incubator (37°C in an atmosphere of 5%
CO,) and RPMI 1640 (Wisent, Canada) medium supplemented with fetal bovine serum (10%,
Gibco, USA) and penicillin-streptomycin (1%, Gibco). We utilized two fluorescent probes.
Hoechst 33342 Solution (Hoechst, Life Technologies, USA) is a cell-permeable DNA probe
that is excited by ultraviolet light and emits blue fluorescence at 460-490 nm. Cells in the well
stained by Hoechst dye can be identified under a fluorescence microscope. Propidium iodide
(PI, Life Technologies, USA) is another nucleic acid probe with a fluorescence excitation maxi-
mum at 535nm and an emission maximum at 617nm that can identify cells with damaged
membranes. An enzymatic assay for intracellular f-gal was carried out using a fluorogenic
p-gal substrate, fluorescein-di-f-D-galactopyranoside (FDG, AAT Bioquest, USA).

B. Cell-size array design and fabrication

The cell-size arrays were fabricated with p-type (100) single silicon wafers using photoli-
thography. First, positive photoresist AZ 6130 (thickness 5 um) was spin-coated onto the silicon
wafer for subsequent lithography using a photolithography mask. Round holes (1600) were
designed over a 40 x40 array on a 1.5cm x 1.5cm wafer spaced with a 150-um distance
between the centers of each hole (20-um in diameter). Under the protection of the photoresist,
a cell-sized well array (18-um in deepness) was formed using reactive-ion etching. Finally, the
remaining photoresist was removed with acetone. The manufactured cell-sized array was chemi-
cally cleaned by sequential immersion in acetone, ethanol, and deionized (DI) water for 15 min
each and then used for experiments.

C. Single-cell capture process

Prior to the capture experiment, cells were centrifuged at 800 rpm for 3 min. The culture
medium was removed and phosphate buffer saline (PBS) was added to re-suspend cells at a
concentration of 25004500 cells/ml. Then, the cells were pre-stained with Hoechst 33342 for
30 min to obtain a clear identification of the cells in the capture-well. Figure 1 shows the oper-
ating process of single-cell capture by gravity. A cleaned cell-sized array wafer was attached
onto the bottom of a culture dish. PBS (2ml) was added to the dish to flood the wafer. The
dish was then placed into a vacuum chamber to evacuate the small volume of gas in the wells
[Fig. 1(a)], after which 1 ml K562 cell suspension liquid was transferred to the dish [Fig. 1(b)].
After sealing with tape, the dish was centrifuged at 2500 rpm for 2min to force the cells into
the wells; owing to the size of the well, only a single cell could be inserted into each well [Fig.
1(c)]. Then, PBS was used to wash the residual cells out of the wells [Fig. 1(d)]) and the wafer
was dipped into FC-40 oil (FC-40 Fluorinated (TM) Electronic Liquid, 3 M, USA). Using silica
gel as a liquid scraping blade [Fig. 1(e)], the residual PBS reagent between the wells was
scraped off. The FC-40 oil sealed the small reagent volume in each well.



044106-4 Wang et al. Biomicrofluidics 11, 044106 (2017)

Cell-sized well array
e Cell Centrifugation
R g

PBS buffer Sealing oil
() (b) (c) (d) (e)

FIG. 1. Schematic representation of single-cell capture by the cell-sized well array wafer. (a) The cell-sized array wafer
was attached on the bottom of a culture dish containing PBS buffer. The air in the well was removed with a vacuumizer.
(b) Cell suspension solution (PBS as solvent) was added to the dish. (c) Cells were centrifuged into the wells. (d) Residual
cells were washed out of the wafer. (e) The wafer was dipped into the oil. The residual PBS buffer between wells was then
scraped off using silica gel; single cells in droplets in the wells were isolated by the oil.

D. Inkjet print technology

We built an inkjet-based printing system?’ that is an improvement upon the basic Jetlab®
inkjet platform (MicroFab). A single cell with PBS buffer, as a “primary droplet,” was isolated
and sealed in a well using FC-40 fluorinated oil. Then the wafer was topped with a spacer made
using double-sided adhesive tape (3 M) to provide a square-shaped wall and create a tablet-like
20mm X 20mm chamber for the enzymatic assay, and taken out of the dish. An FC-40 oil layer
with 150-um thickness, which was the same as that of the double-sided adhesive tape, was used
to prevent the evaporation of the “primary droplet.” As the next step, inkjet print technology was
applied to dispense the reagents for cell lysis and intracellular material detection to each well, as
a “secondary droplet.” During this step, the “secondary droplet” penetrates the oil layer and fuses
with the “primary droplet.” After the dispensing process, a glass coverslip was placed as a cover
on the top of the wafer. The nozzle orifice diameter used for this process was 50 um. Figures
2(a) and 2(b) show the working scheme and Fig. 2(c) is an image of the actual working state.
Movie S1 (supplementary material) shows the intuitive printing process.

E. Intracellular enzymatic assay

ODOAS platform functionality was demonstrated by measuring the intracellular f-gal
activity of the trapped single K562 cells. The fluorogenic substrate FDG was stored at —18 °C
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FIG. 2. Schematic representation of nozzle printing of the “secondary droplet” for penetrating the oil layer. (a) Sealing oil
is surrounded by the chamber. The inkjet nozzle prints the reagents as a secondary droplet, which penetrates the oil layer to
precisely cover the micro-well and fuse with the “primary droplet.” The device then then packaged via a coverslip like a
sandwich. Image (b) shows the side view of the printing process. (c) Bright-field image showing the actual working state.
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as a 20mM stock solution in Dimethyl sulfoxide (DMSO). Prior to the enzymatic assay, the
solution was diluted with PBS reagent to a 200 uM working solution. The lysis reagent com-
prised PBS buffer containing 0.2% TritonX-100 as a surfactant. The reagent printed as a
“secondary droplet” consisted of FDG, Triton X-100, and PBS, added as 1 volume working
solution with 1 volume lysis reagent.

lll. RESULTS AND DISCUSSION
A. Cell-sized well array for high single-cell capture efficiency

Following the sequential operations of cell capture as shown in Fig. 1, the K562 cells pre-
stained with Hoechst dye were identified in wells. Based on the available, cell-sized space in
each well (20-um diameter; 18-um deep) [Figs. 3(a) and 3(b)], only a single cell could have
been trapped in each well. Therefore, each bright spot in the fluorescence images represented
an individual cell [Fig. 3(c)]. We counted the number of bright spots using the ImageJ software
(National Institutes of Health, USA). Dividing the total number of wells by the number of
bright spots, we could obtain single-cell occupancy of approximately 74.5% (Fig. S1, supple-
mentary material). The bright-field images in Figs. 3(d) and 3(e) show the cells in the individ-
ual wells.

B. Inkjet printing technology

Using the cell-sized array, single cells were captured in wells and sealed by the oil.
However, subsequent treatments for biological analysis are difficult for several reasons. For
example, measurement of the intracellular f-gal activity of K562 cells, as performed in the cur-
rent study, requires isolating the f-gal enzyme in one droplet for one cell. Yet, the space of

FIG. 3. Scanning electron microscope (SEM) image of the cell-sized well array (a) and cross-sectional view (b) of a single
well. Fluorescence and bright-field images of cells captured in the micro-well array. (c) The bright spots represent cells in
the wells. Image (d) and (e) show bright-field images of single cells in individual micro-wells. Owing to the space limita-
tion of cell-sized well, only one cell can be trapped. Image (e) shows the cell with a well integrative morphology.
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each well is too small to contain sufficient reagents for subsequent experiments. The principle
of the cell-sized array, to overcome the Poisson restriction, is that the space of the well is simi-
lar to the volume of a single cell. By expanding the dimensions of the well, more than one cell
would likely be captured in each well and the single-cell occupancy rate would decrease.'
Moreover, a cell lysing process should be performed after isolation to prevent cross-
contamination. However, no method yet exists for solving these issues.

In our previous work, we invented a double-inkjet printing technique that utilized piezo-
electric inkjet printing equipment to first generate oil droplets of specified volumes on a planar
substrate and then precisely deliver the water droplets into the oil droplets by jet action.”® Our
group then proposed a sequential inkjet printing model that was successfully applied to enzyme
inhibition assays.”’ These developments solved two fundamental problems: reducing the evapo-
ration of reagent droplets during array fabrication and multistep pL-scale droplet printing with-
out cross-contamination. Therefore, in this study we combined the cell-sized array with sequen-
tial inkjet printing technology and ultimately solved the contradiction between the cell-sized
well and reagent required. Briefly, the sequential inkjet printing model was developed to dis-
pense a “secondary droplet” for cell lysing and intracellular material detection. The principle of
the inkjet printing for droplet-in-oil formation is schematically illustrated in Fig. 2.

1. Droplet penetration into the oil layer

The key to successfully print the “secondary droplets” to penetrate the oil layer, like colli-
sions between immiscible drops,®>° is to match parameters on the Weber and Reynolds number
of the water-oil system. To investigate this correlation, a test was performed based on a p-type
(100) single silicon wafer without a well array as substrate with the DI water droplets printed
using a 30—um nozzle to observe droplet dynamics via our inkjet-printing visualizing platform.*’
By tuning the parameters of pulse width and amplitude, different Weber numbers of droplets
could be obtained.””** We utilized three kinds of oil, FC-40 fluorosilicon oil, mineral oil
(M8410, Sigma-Aldrich, USA), and silicon oil (AR20, Sigma-Aldrich), which have a good bio-
logical compatibility, to explore the influence of the Reynolds numbers of oil to obtain a reliable
printing process. Moreover, considering the energy conversion; i.e., the kinetic energy of the
droplet that is transferred to the liquid flow, the thickness of the oil layer constitutes another
important variable. For each test, the thickness of the oil layer was adjusted by adding different
volumes of oil into a 2cm x 2cm chamber.

We could define a few classical parameters associated with this topic. The Weber and
Reynolds numbers, We and Re, are, respectively, defined as the ratio of inertia forces to surface
tension or viscous forces: We = pUD?/o and Re = pUD/yu. In these equations, U is the impact
velocity of the drop. u, g, and p are, respectively, the dynamic viscosity, the surface tension,
and the density of the liquid. Generally, kinematic viscosity (1) is used to represent viscous
force, vp=u/p. The dimensionless film thickness, H*, is defined as the ratio of the oil film
thickness (/) to the water drop diameter (D). The subscripts “w” and “0” represent “water” and
“0il.” Therefore, the physical property of the water droplet is defined as We,, = p,,U,.D,,*/a,, and
that of oil is Re, =p,U,.D, /1, = U,D,/vy. The inherent and measuring parameters for this test
are listed in Table II. Parameter characterization methods for droplets are shown in Fig. S2
(supplementary material).

We observe three droplet dynamics for the water-oil system with a specific Weber and
Reynolds number, non-coverage, complete-coverage, and partial-coverage [Movie S2 (supple-
mentary material)], whose boundaries are expressed by the oil film thickness (4) shown in Fig.
4(a). For the condition under We, =6.06 and Re,=60.2, the non-coverage region is
h<H=125 um, where the water droplet penetrates the oil layer and then adheres onto the
wafer, whereas the oil just slowly packages the droplet resulting in evaporation. As the height
of the FC-40 oil layer increases, 125 um <h < 275 um, representing complete-coverage; in this
range, the oil layer can rapidly seal the droplet upon penetration. However, h > 275 um repre-
sents a partial-coverage region where numerous small drops float on the oil layer surface that
are separated from the host droplet. The appearance of these three different regions can be
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TABLE II. Inherent and measured parameters for analyzing the dynamics of droplet penetration. Water droplets:
pw=0.998 g/cm?, g,, = 0.072 Nm™".

Experiment A B C D E
Oil film Fluorinated oil Fluorinated oil Fluorinated oil Silicon oil Mineral oil
po (g/em?) 1.86 1.86 1.86 1.01 0.85
Lo (cps) 4.1 4.1 4.1 20 26
Vg (cst) 2.2 22 2.2 19.8 30.6
Dy, (um) 40.28 43.41 44.58 40.28 40.28
U,, (m/s) 3.29 3.83 4.96 3.29 3.29
Wey, 6.06 8.84 15.23 6.06 6.06
Re, 60.2 75.6 100.50 6.69 4.33
h (um) 275 325 375 175 150
H* 6.82 7.49 8.41 4.34 3.72

explained in terms of energy conversion. When the droplet impacts the oil film, the kinetic
energy of the droplet is transferred to that of the oil to cause flux at the radial direction and dif-
ferent features of the collision plane will be formed.”’° At the non-coverage area, dramatic
fluctuation of the oil level leads to difficult oscillation back to completely coat the water drop-
let. For a thicker oil layer, in a complete-coverage region, a thicker oil layer would consume
more kinetic energy of the droplet and the velocity of the oil stream in the radial direction
would be smaller than those of a thin oil layer. Therefore, the oil can quickly cover the pene-
trated droplets without evaporation. However, for partial-coverage, the oil surface may oscillate
back too quickly to shear the water droplet as there is a deformation of drops.*®*°

We then changed the We,, and Re, to explore the variation trend of oil film thickness (/)
in greater depth. At first, with the same We, =6.06, oil with different dynamic viscosity,
Re,=4.33 and 6.69, the thickness that distinguished non-coverage and complete-coverage was
unchanged [Fig. 4(a), black line]. Because the intensely impact cause the thin oil film dramatic

600 |-
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= ~——— Mineral oil
g- [ ]
= Fluorinated/ Silicon/ Mineral oil
5 400 |- / / N ®  (We,-15.23, Re,=100.5, h=375)
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FIG. 4. (a) Effect of the Weber and Reynolds number on the result of droplet penetration. The black spots represent the
experimental date points at a definite thickness of oil layer. The lines in the map represent a change of droplet penetrating
dynamic with special We,, and Re,,. The black solid line is a public split line for FC-40, silicon oil, and mineral oil to distin-
guish the un-coverage and the complete-coverage region at the condition of We,, = 6.06. The red, green, and orange color
solid lines are the split line complete-coverage and the partial coverage region separately contains FC-40, silicon oil, and
mineral oil at We,, = 6.06. The red broken line stand of split line complete-coverage and partial-coverage region just for
FC-40 oil with different We,,. (b) The variations of the dimensionless film thickness H* to the Reynolds number Re,. The
inset images are bright-field images show the actual working states at We,, = 6.06 and Re, = 60.2 separately for partial-
coverage, whose height of oil is 350-um, up the curve, and complete- coverage, 125-um down the curve. The red circle
points out the small drops floating on the oil surface.
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fluctuation as usual even with bigger dynamic viscosity. In comparison, the height for distin-
guishing the complete-coverage and partial-coverage decreases as the Re, is reduced [Fig. 4(a),
red, green, and orange color solid lines]. As in the previous analysis, the case of partial-
coverage results from oil surface droplet shearing. The smaller Reynolds number means that
viscous force has a more important impact on droplet penetration of the oil layer. A larger vis-
cous force leads to more difficulty in causing an oil stream and finally a smaller oscillation of
the oil film, which results in a lower height of the boundary that distinguishes the complete-
coverage from partial-coverage. Consequently, FC-40 oil with the smallest kinematic viscosity
possesses the largest range for complete-coverage, which is beneficial for practical application.
Second, FC-40 oil is used independently, changing the Weber number of the droplet. The
height for distinguishing the complete-coverage from partial-coverage increases as the We,, and
Re, increases [Fig. 4(a), red solid and broken lines]. In this test, increasing the We,, indicates
that the inertia force is also increasing, such that the droplet has more kinetic energy to pene-
trate the oil layer. With respect to Re,, it is easier to understand this physical process. For the
same oil, the viscosity remaining unchanged while the Re, increasing indicates that the inertia
force has a greater impact on this system, which in turn leads to a bigger impact on the oscilla-
tion to increase the height of the oil film that distinguishes complete-coverage from partial-
coverage.

According to our experimental results, the Reynolds numbers play a key role for successful
droplet penetration. We then defined dimensionless film thickness, H*, as the ratio of the film
thickness (4), which distinguishes the complete-coverage from partial-coverage, to the water
drop diameter (D). Figure 4(b) is a plot of H* vs Re, and it is linear. Higher up the curve rep-
resents the partial-coverage region whereas lower down the curve represents the region of
complete-coverage. As the Reynolds numbers get larger, the complete-coverage range increases
as well. Although limited to the accuracy of our measurement, to address the difficulty of accu-
rately controlling the height of the oil layer, the correlation between H* and Re, clearly pro-
vides a guide to improve the printing success rate when the operator needs to adopt different
specimens. For example, we use the 50-um nozzle to print the bio-medium of intracellular
enzymatic assay for obtaining bigger volume of one droplet which can increase the Weber and
Reynolds numbers.

2. Droplet fusion

A droplet fusion experiment was carried out to investigate the fusion between the “primary
droplet” in the well and the printed “secondary droplet.” An Alexa Fluor 488 solution was first
isolated in the well and sealed using the FC-40 oil layer as the “primary droplet.” Next, the noz-
zle printed the water droplet. Figure 5 shows the experimental result. From the bright-field images
[Fig. 5(a)], the water droplet was able to cover the well. Some wells without secondary droplets
were used as the references. From the corresponding fluorescence images [Fig. 5(b)], the large
droplet emitted green fluorescence with an intensity weaker than that of the references. This indi-
cates that the large water droplet fused with the Alexa Fluor 488 solution in the well and that the
dye solution diffused into the large water droplet. From this droplet fusion experiment, we consid-
ered that the “secondary droplet” could fuse with the “primary droplet” in the cell-sized well,
demonstrating the successful addition of reagents to micro-droplets in the oil.

3. Single cell lysis in an individual droplet

K562 cells with PBS were sealed by the FC-40 oil in the wells as the “primary droplet.”
For lysing the cell in the well, we printed the lysis reagent (PBS containing 0.2% TritonX-100
surfactant and PI dye) as the “secondary droplet.” For clearly displaying the experimental phe-
nomenon, we printed the reagent droplets at intervals. Figure 5(c) shows the bright-field image.
In the fluorescence image [Fig. 5(d)], the bright spots represent single cells in the well, which
are circled by blue rings whereas the empty wells are circled by green rings. After a 10-min
incubation at room temperature (approximately 20 °C), the cell membrane was destroyed by the
surfactant and the nucleic acids were stained by PI as shown Fig. 5(e). Fluorescent microscopy
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FIG. 5. Fusion between a “primary droplet” and a “secondary droplet.” Image (a) clearly shows the wells with or without a
“secondary droplet.” In the fluorescence (b) image, the green fluorescence signal emitted from the Alexa Fluor 488 dye is
smaller for the well with a secondary droplet compared to that without the large droplet. The reason is that the secondary
droplet, DI water, coalesces with the small volume of solution containing the Alexa Fluor 488 dye in the well and then dilutes
the dye to decrease the fluorescence intensity. Bright-field (c) and fluorescence (d) and (e) images show the experimental phe-
nomenon of a single-cell lysed in a micro-well. Image (c) shows the wells with or without a “secondary droplet” containing
lysis reagent. Bright spots in the fluorescence image (d) represent K562 cells that were pre-stained by Hoechst dye. The wells
both with a cell and covering lysis droplet are circled in blue. In comparison, wells without cells are circled by green.
Following excitation, the cells with cytomembranes disrupted by the surfactant emitted red light, circled by blue in (e).

showed that all but one of the cells treated by the lysis reagent emitted red fluorescence, with
the latter potentially not having finished the lysing process. From these results, we concluded
that our printing method could efficiently lyse a single cell in a cell-sized well.

C. Intracellular enzymatic assay at the single-cell level

We next applied ODOAS to measure the intracellular f-gal activity at a single-cell level.
Diluted K562 cells were stained with Hoechst dye and introduced into the single-cell capture
system. Then, the nozzle printed the reaction droplet (approximately 200 pL) as a “secondary
droplet” that contained FDG (100 uM) and TritonX-100 (0.1%), with PBS as a solvent. During
the droplet-array generation process, the microchip was maintained at a relatively low tempera-
ture (4°C) to minimize the enzyme reaction prior to incubation. We then transferred the enzy-
matic assay to the room temperature environment and located the cell. We obtained a final
array of single-cell packed droplets in oil; the bright-field and fluorescence images are shown in
Fig. 6(a). The time of duration between the moment of transfer and completion of cell location
was <10min. During this time, the surfactant also disrupted the cell membrane to release the
intracellular f-gal to catalyze the FDG substrate.

We collected fluorescence images over the course of a 10-min period using a color CCD
camera and extracted the mean fluorescence intensity of each well-point using the Imagel soft-
ware. The values are plotted in Fig. 6(c). Figure 6(b) shows the fluorescence images only over
the course of a 20 min period. This demonstrated that (1) no increase in fluorescence intensity
was observed in empty wells (denoted as 4, 9, 10, 12, and 17). Leakage of fluorescein to the
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FIG. 6. Single cell enzymatic assay of K562 cells using ODOAS. Bright-field and fluorescence images (a) determined the
presence of a cell in an enzymatic detection solution. We generated 19 droplets using our sequential-inkjet printing technol-
ogy. Of these, five wells (4, 9, 10, 12, and 17) without cells are circled in blue. The trapped cells were lysed inside the wells
in the presence of FDG. (b) Post-lysis fluorescence images of the wells were acquired using a green emission filter
(515nm) to monitor the presence of the fluorescent product (fluorescein) from FDG hydrolysis by intracellular $-gal. (c)
Kinetics of the average fluorescence intensity from the wells containing a cell.

outside of the droplet was not observed. This result indicated that the intracellular materials
from single cells were efficiently isolated. No cross contamination was detected between two
wells. Thus, the droplet-in-oil system generated by our inkjet technology is stable. (2) As
shown in Figs. 6(b) and 6(c), the fluorescence intensity increased as the time for catalytic reac-
tion was extended. At the same time points, signal values arising from different wells also dif-
fer. The slope of the plot for each individual cell was also distinct, which may be attributed to
the cellular heterogeneity. A similar phenomenon has also been reported in previous studies.*'
Therefore, our method allowed highly sensitive measurement of intracellular f-gal activity in
the lysates of single cells.

IV. CONCLUSIONS

We have developed an open-pattern droplet-in-oil planar array system based on inkjet
printing technology for single cell research. Using this system, we successfully measured the
intracellular f-gal activity in single K562 cells and revealed the inter-cellular heterogeneity.
Compared to other single cell analysis tools, ODOAS concurrently satisfies the requirements of
high occupancy rate of single cells, sequential addition of reagents, and open structure.
Specifically, (1) using cell-sized wells to capture individual cells could achieve high occupancy
rates of single cells for overcoming the Poisson restriction principle. (2) Inkjet printing was
used to sequentially add liquid to the wells. An individual cell with PBS buffer was isolated in
a single well and sealed with oil. Lysing reagent or intracellular material detection reagent was
then printed to penetrate the oil layer and fuse with the liquid in the well. (3) As an ODOAS
providing reliable multistep droplet printing of different reagents, our method exhibits an
expanded range of applications without changes to the device structure. In our previous studies,
we had successfully applied inkjet printing technology to real-time PCR and enzyme inhibition
assays.”’?® In the current study, we expand the application range to single-cell intracellular
material measurement. In future studies, we will apply ODOAS to RT-PCR at the single-cell
level for circulating tumor cell screening. Furthermore, we illustrate the correlation between sta-
ble printing arrangement and the Reynolds number of an oil layer, which can guide other opera-
tors when adopting this method. We believe that our ODOAS will likely constitute new and
effective biotechnology for single cell research.
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SUPPLEMENTARY MATERIAL

See supplementary material for the statistical data of single-cell occupancy rate and the
videos for the dynamic process of sequential inkjet printing.
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