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Abstract: A small indentation embedded in a microchannel creates a surface energy well (SEW)
for a confined droplet due to surface energy release. Inspired by this, we developed a SEW-based
microfluidic platform to realize high spatiotemporal-resolved signal profiling at the single-cell level
applying droplet stimulus on a single chip. The method allows for controlled droplet replacement
within only 3 s with almost 100% exchange efficiency, reliable single-cell patterning of adherent cells
and successive treatment of adherent cells with reagent droplets. Furthermore, the PDGFR/Akt
pathway served as a model system for evaluating the performance of the SEW-based method in
determining the effects of ligand stimulation duration (3 s to 3 min) on receptor phosphorylation.
The novel strategy offers a general platform for probing the temporal dynamics of single cells, as well
for monitoring rapid chemical reactions in various applications.

Keywords: droplet microfluidics; single cells; cell signaling profiling; high spatiotemporal resolution

1. Introduction

Because the majority of important cellular processes involved in proliferation, differen-
tiation and reprogramming are transient in nature, functional temporal analysis with high
temporal resolution is being increasingly sought in research on signaling events involving
networks of diverse biochemical reactions that lead to diverse cellular responses depending
on stimulus duration [1–3]. Furthermore, because cells are highly heterogeneous and
dynamic in response to stimulus perturbation, single-cell analysis would contribute signifi-
cantly to advancing cancer research, since a drug targeted for one tumor cell phenotype
is not necessarily effective against other phenotypes [4–8]. The current, well-established
individual cellular analysis technologies involve dissociation and isolation procedures,
which can be roughly classified as flow/mass cytometry [9–11], and microfluidics-based
techniques [12–14]. However, a drawback of these methods is the inability to probe single-
cell events while retaining the adherent cell phenotype in situ with sufficient temporal or
spatial resolution required for characterizing the fast kinetics of cellular events [15–19].
Hence, robust temporal profiling of single-cell dynamics while retaining cellular spatial
configuration remains challenging for the majority of available techniques.

To overcome these limitations, several technologies have been successfully devel-
oped. These bridge the divide between temporal profiling of single cells with precise
spatial confinement and the phenotype of adherent cells, and achieve flow confinement
within a living cell. Specifically, these technologies can be broadly classified as flow-based
microfluidics comprising individual addressable cell culture chambers [20], digital microflu-
idics with electrode arrays for droplet manipulation [21], nanopipettes with asymmetric
nanopore electrodes for current amplification [22,23], atomic force microscopy (AFM) tips
with microchannels for force flow confinement [24,25] and micropipettes with electrodes for
hydrodynamic flow confinement [15,26]. All of these methods allow for the perturbation
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and analysis of single adherent cells with high temporal resolution and controlled spatial
precision, an important property that is lacking in most analytical systems. Despite the
fact that the new detection strategies based on these platforms enable the acquisition of
detailed information on single cells with high spatial and temporal resolution, the fabri-
cation and assembly of extremely fine probes and auxiliary components for observation
and control remain challenging because of the stringent requirements for the construction
process and operational complexity. Furthermore, with the exception of microfluidics, other
in-situ technologies are not well suited for applications such as extracellular excitation and
imaging analysis, and their throughput is limited by the device complexity, configuration
and end-point detection mode. Therefore, the ability to perform multiple manipulation
procedures on living adherent cells with high spatiotemporal resolution at the single-cell
level remains limited.

An alternative droplet-based microfluidics system embedded with indentations in a
wide and low channel has been previously reported for sequential droplet manipulation,
including trapping and replacement, based on modulating droplet confinement [27,28].
Because the indentations are beneficial for surface energy release and capable of holding
droplets locally, herein they are referred to as “surface energy wells” (SEWs), in analogy
with particle trapping in potential energy wells, which have also been termed Hele-Shaw
cells or anchors in other studies [29,30]. This finding inspired us to explore whether
the SEW structure can be utilized to achieve rapid droplet replacement over living cells
for rapid biochemical reaction monitoring. To date, only one study has been reported
on the application of a SEW-based device on long-term cell culturing and controlled
stimulation, wherein adherent cells were confined within a gelation scaffold to resist the
flush of liquid flow and maintain in situ growth while various reagents were successively
introduced [31]. Although this platform is capable of monitoring cell death dynamics upon
various drug exposure regimes, a low time resolution of several minutes compromised its
quantification performance.

In this study, we extended the SEW-based droplet microfluidics approach to achieve
high spatiotemporal resolution for in situ single-cell signal profiling on a single chip, by
leveraging the SEW structure for droplet manipulation and single-cell patterning. To the
best of our knowledge, this study is the first comprehensive evaluation of the temporal
resolution and exchange efficiency of a chip entailing the SEW structure. Furthermore, in
comparison to the above-mentioned study [31], the SEW chip was designed and optimized
for achieving living adherent single-cell patterning without resorting to hydrogel scaf-
folds, as well as for tracing the rapid dynamics of protein phosphorylation events whose
unfolding is typically in the order of seconds.

The specific achievements of this study include the following: (1) A microfluidic chip
comprising dual inlets and a SEW array are controlled by varying only the flow rate of the
carrier oil. (2) Droplet replacement was evaluated as rapidly as 3 s and the content exchange
efficiency reached 100%, indicating that complete termination of the original stimulus can
be achieved with a single droplet replacement. (3) Adherent cells were cultured on the
floor of the chamber under continuous medium perfusion, and single-cell cultures were
achieved by harnessing the hydrodynamic flow variations in the SEW region. (4) The
well-established PDGFR/Akt pathway was chosen as a model system of fast cellular events
to monitor the dynamics of receptor phosphorylation in response to a cell stimulus with
a time resolution of seconds. Therefore, we propose that this method can potentially be
applied as an important new strategy for probing the temporal dynamics of fast cellular
events at the single-cell level in a wide range of applications.

2. Materials and Methods
2.1. Device Fabrication and Assembly

The materials for microfluidic device fabrication included an SU-8 2035 positive
photoresist (Microchem, Westborough, MA, USA), Si wafers (Shuguang, Tianjin, China),
and a polydimethylsiloxane elastomer kit (PDMS, Sylgard 184, Dow Corning). All tubing
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and fittings were acquired from Suzhou CChip. An SU-8 model with two patterns of equal
depth (35 µm high) was prepared employing soft photolithography on a silicon wafer.
Next, a PDMS layer was obtained by casting the PDMS precursor (base to curing agent
weight ratio of 10:1) onto the prepared SU-8 mold, followed by curing for 30 min at 85 ◦C.
Then, the cured PDMS layer was gently peeled off the mold to obtain a PDMS-negative
mode structure, followed by cutting into two parts along the borders, that is, the top and
bottom layers of the chip. The top layer comprised inlets, an outlet and an SEW array, and
the bottom layer contained fluidic channels for aqueous media and oil flow. After creating
the inlets and outlet in the top layer, the cross marks were aligned accordingly and the
two layers were bonded after 90 s of plasma treatment in the high-power mode (Harrick
PDC-002). In the final step, the chip was connected to the pressure pumps by tubing and
fittings for medium perfusion.

2.2. Surface Modification

For the chip to allow for both stable droplet generation and adherent cell growth, two
types of surface treatments were applied on separate sections of the internal microchannels.
(1) For the droplet generation section: to render the internal channel surface hydrophobic,
a dilute solution of 1H1H2H2H-perfluorodecyltrichlorosilane (Sigma-Aldrich) in FC40
oil (3M Fluorinert) (1% v/v, 10 µL) was injected via the inlet to fill the generation section
without entering the downstream trapping chamber. The chip was maintained at 20 ◦C for
approximately 20 min and then rinsed twice with pure FC40 to remove residual chemicals
and deliver a hydrophobic PDMS surface. (2) For the trapping chamber: to further acceler-
ate cell adhesion from the suspension onto the bottom of the chamber, a fibronectin solution
(15 µg/mL, 350 µL) (Solarbio, Beijing, China) was perfused into the trapping chamber via
the outlet without entering the upstream transporting channel [32]. The chip was incubated
overnight at 4 ◦C to allow fibronectin to coat the plasma-treated inner surface. The coating
solution was then removed from the chip via suction and the chip was washed twice with
PBS via the same outlet using a syringe.

2.3. Cell Culture and Viability

The MCF-7 and 4T1 cell lines used in this study were purchased from Beyotime (Shang-
hai, China). All cell culture reagents were purchased from Solarbio Science & Technology
(Beijing, China), including DMEM, fetal bovine serum (FBS), penicillin/streptomycin (P/S),
PBS and Trypsin-EDTA. Hoechst 33342 (Thermo Fisher, Waltham, MA, USA) and fluores-
cein diacetate (FDA, Sigma-Aldrich, St. Louis, MO, USA) were used as the cell staining
reagents The adherent cells were cultured in DMEM containing 100 U/mL P/S supple-
mented with 10% FBS and maintained at 37 ◦C in a humidified incubator containing 5%
CO2. Upon reaching 70–80% confluency, the cells were trypsinized and centrifugated,
and then resuspended in culture medium for cell seeding onto the chip. Similar to the
fibronectin coating operation, the cell suspension (~0.5–1 × 106 cells/mL) was injected
into the trapping chamber via the outlet without entering the upstream channel. The cells
were allowed to settle uniformly and attach slightly for 20 min under static conditions,
followed by continuous perfusion of fresh culture medium to ensure nutrient and air supply
for the cells in the narrow culture chamber. Importantly, the flow rate was maintained
at 1 µL/min for a duration of 2 h. Eventually, the cells were well-attached with visible
microvilli, appearing polygonal in shape. Hoechst 33342 (10 µg/mL) and FDA (5 mg/mL)
solutions were used in combination to asses cell viability. After incubation for 10 min, the
staining solution was removed by gentle washing with fresh growth media and recovered
for fluorescence imaging.

2.4. Single-Cell Immunocytochemistry

The cell immunocytochemistry reagents included: (1) fixing solution: 4% paraformalde-
hyde (Solarbio, No.P1110); (2) blocking buffer: 10% (v/v) normal goat serum (Solarbio,
No.SL038) and 0.3% (v/v) TritonX-100 (Sigma-Aldrich, No.T8787) diluted in PBS; (3) pri-
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mary antibody for Akt (Thr308): Phospho-Akt (Thr308) Rabbit mAb (CTS, No.13038T);
(4) primary antibody for Akt (Ser473): Anti-Akt1 (Phospho-Ser473) rabbit polyclonal anti-
body (BBI, No.D155022); (5) second antibody staining solution (second-Ab): Alexa Fluor
555-conjugated Goat anti-rabbit IgG (BBI, No.D110070); (6) ligand solution: recombinant
human platelet-derived growth factor-BB (PDGF-BB) (BBI, No.C600154).

Before stimulation, cells were pre-cultured with AKT inhibitor VIII in complete
medium (2 µM, Beyotime, SF2784) for 1 h. The immunocytochemistry procedure involved
ligand stimulation, fixation, permeabilization, blocking, staining and washing. Specifically,
ligand and fixing solutions were applied in the form of droplets, while the other liquids
were injected sequentially with continuous flow. Unless otherwise stated, droplet opera-
tions and immunocytochemistry incubations were performed inside a bench incubator. The
general procedure was as follows: (1) Single cells pre-inhibited with AKT inhibitor were
stimulated by transported droplets of ligand solution (10 ng/mL in serum-free DMEM);
stimulus duration was varied depending on the experiment. (2) Immediately after stimu-
lation, the ligand droplets were replaced by fixing solution droplets to fix the single cells,
followed by incubation for 10 min. (3) The fixing droplets were then flushed away with
blocking buffer, followed by incubation for 1 h. (4) The blocked cells were stained with pri-
mary antibodies by perfusing primary antibody Thr308 solution (1:800 dilution) followed
by incubation overnight at 4 ◦C. (5) The unbound primary antibodies were removed by
injecting PBS. (6) The primary antibodies were stained by secondary IgG555 antibodies by
injecting secondary antibody solution (1:200 dilution) and incubating for 2 h. Finally, the
cells were rinsed twice with PBS.

2.5. Experimental Setup

The entire microfluidic device functioned within a Dolomite microfluidic system
(Royston, UK), which was equipped with: (1) a high-speed digital microscope (Meros,
3200531) for capturing high-speed droplet production and replacement with a frame rate of
~4100 fps and an exposure time of 0.05 ms; (2) flow control center software (Basic, Dolomite)
for accurate and simultaneous control of Dolomite modules; (3) pressure pumps (Mitos
p-pump) with a wide flow rate range (from several nL/min to 1 mL/min) and a precise
pressure controller (from 0 to 10 bar) connected to flow sensors to allow for highly stable
pulseless liquid flow and instant responses. In addition, the bench incubator (WH-SCI-01,
Suzhou Wenhao, Suzhou, China) used for cell loading and culturing was connected to
the Dolomite system for continuous infusion and in situ observation. Microscopy images
were acquired using an inverted fluorescence microscope (IX73, Olympus, Tokyo, Japan),
and the grey values of the fluorescence images were processed and determined using
ImageJ software.

3. Results and Discussion
3.1. Chip Design for Single-Cell Stimulus

The SEW-based microfluidic platform described herein was designed to perform
droplet manipulation for in situ profiling of single-cell signaling with high spatiotemporal
resolution by controlling the oil flow rate. Figure 1 shows a detailed schematic of the
implementation principle and images of the device and droplet manipulation. The device
comprised of a bottom layer with microchannels and a top layer with an SEW array
(Figure 1a). For function partitioning, the device assembly included a generation section
with a flow-focusing junction, delivery section with a widened channel and a trapping
chamber with SEW structures. With regard to the SEW structure, the adjustment in the
height confinement of droplets enables their trapping in the chamber due to surface energy
release [24]. For a spherical droplet of constant volume, the surface energy is minimal and
increases as the droplet is squashed into a flattened shape because of the droplet’s surface
energy modulation forced by the reduction of the channel’s height. The flattened droplet
will then be temporarily trapped by an indentation (a portion in the channel with a larger
height) located downstream in the wide and thin channel. Therefore, the indentation can be
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named the surface energy well (SEW). Furthermore, droplet manipulation within the SEW
includes replacement, parking and passing modes, depending on the hydrodynamic drag
force of the carrier oil’s flow rate, which is proportional to its mean velocity. Figure 1b shows
the replacement mode functioning under an appropriate carrier oil flow rate voil (v1 < voil
< v2): droplet A is first trapped by an SEW until droplet B appears, collides with droplet A
and replaces it; the process is then repeated with droplet C replacing droplet B. On the other
hand, droplets under the SEWs undergo parking (voil < v1) or passing (voil > v2) modes
(Figure S2). It should be noted that the replacement mode enables high temporal and spatial
resolution, which has not been addressed in previous studies. A single substitution of one
droplet by another in the carrier oil under the SEWs is extremely rapid, allowing for the
instantaneous action of distinct reagent droplets on the same SEW region. Therefore, a series
of stimulus droplets can be trapped for a very short time over individual adherent cells
located in the corresponding position of an SEW and sequentially replaced with termination
droplets to achieve rapid immunocytochemistry at the single-cell level (Figure 1c). The
SEW configuration is depicted in Figure 1c: the channel height (H) and indentation depth
(h) were set to 35 µm, being considerably smaller than the channel width (W = 1.8 mm) and
length (L = 3 mm). A confined droplet with a volume larger than V1 and V2 (Figure S3)
adopts radius R, which is larger than the height of 35 µm. Furthermore, 200 µm center-
to-center spacing between two SEWs allowed for the simultaneous observation of single
cells. These dimensions were designed considering both droplet volume and oil velocity to
avoid sacrificing cell proliferation for high spatiotemporal resolved droplet manipulation.

The complete device shown in Figure 1d was fabricated by the successive application of
SU-8 monolayer photolithography, PDMS casting and plasma-assisted bonding. To further
render the surface of the generation section hydrophobic and promote cell adherence in
the trapping chamber, fluoroalkylsilane and fibronectin were injected and aspirated via
the inlet and outlet to modify the upstream and downstream regions, respectively. During
droplet operation (Figure 1b), the device operates within a Dolomite microfluidic system
equipped with a high-speed digital microscope and flow control center software (Figure 1e).
A bench incubator fitted to the Dolomite system (Figure 1f) provides a suitable environment
for cell growth. Furthermore, the carrier oil composition must be optimized with regard to
the oil and surfactant type and content to realize stable droplet formation, droplet fusion
resistance, biocompatibility and to prevent the oil from acting on adherent cells [33,34].
Herein, HFE 7500 oil containing 2% surfactant was adopted. The experiment commenced
with the generation of monodisperse aqueous droplets in carrier oil, followed by their
delivery downstream with the oil flow, and finally, their arrival in the trapping chamber to
be trapped by the SEW array (Figure 1g).
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Figure 1. (a) Chip design: schematic top view of the microfluidic chip showing the layout of the
bottom and top plasma-bonded layers, featuring dual inlets for two-phase flow. The bottom layer
comprises the generation section with a flow-focusing junction and a trapping chamber. The top
layer is composed of an SEW array, outlet, aqueous liquid and oil inlets for droplet generation and
flow rate control. (b) Replacement mode: schematic side view of droplets being trapped under the
SEW structure due to reduced surface energy. With an increase in the oil flow rate, the trapped
droplet (reagent A) is replaced by the oncoming droplet (reagent B), and the sequence is repeated
to replace droplet B with droplet C. (c) Side-view schematic showing adherent single cells cultured
on the bottom layer under the SEWs. The cells were probed for protein phosphorylation with high
spatiotemporal control: the ligand droplet (blue) becomes trapped by the SEW, thereby covering
the cells for several seconds, followed by replacement by the termination droplet (red). (d) Image
of the assembled chip filled with red ink. (e) Dolomite equipment comprising pressure pumps for
microfluidic chip operation and a high-speed digital microscope for observation. (f) Bench incubator
used for loading cells onto the microfluidic chip and incubation. (g) Sequential high-speed microscope
images of red ink droplets being generated, delivered to the trapping chamber and trapped (left to
right). Scale bars: 200 µm.

3.2. Trapping and Release Performance of the Chip

The dual-inlet configuration enables the simultaneous production of monodisperse
droplets with a specific volume, and droplet manipulation through delivery velocity control,
both of which are dependent on the oil flow rate. Consequently, the complexity of device
operation is reduced. However, a new challenge arises: ensuring a constant volume of
upstream droplets when the oil flow rate is changed to manipulate the downstream droplets.
Therefore, a feasible solution is provided by synchronously increasing or decreasing the oil
and aqueous flow rates within a certain range. As shown in Figure 2a, the droplet diameter
is positively correlated with the liquid velocity at a specific oil velocity. Figure 2b shows
generated droplets with diameters of 85, 95, 120 and 150 µm as examples, demonstrating
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that a roughly constant droplet volume can be achieved by simultaneously adjusting the
oil and liquid velocity.
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Figure 2. (a) The droplet diameter can be kept constant by changing the flow rates of the two phases
simultaneously within a certain range, an important prerequisite for the dual-inlet design of the chip.
(b) High-speed microscopy images of droplets with specific diameters generated by applying varying
oil and liquid (red ink) flow rate combinations. Scale bars: 200 µm. (c) Circular SEW test: droplets
of equal size are pre-trapped by the circular SEWs at a low oil flow rate (t1). As the oil flow rate
gradually increases (t2~t5), the trapped droplets are sequentially released, starting from the smallest
SEW (10 µm radius), and finally from the largest SEW (50 µm radius). Scale bars: 100 µm. (d) The
same test was performed using hexagonal SEWs of varying sizes. It was clear that the critical oil rate
required for droplet release from the hexagonal SEWs was greater than that from the circular SEWs.
Scale bars: 100 µm.

To further determine the optimal oil velocity for cell profiling, SEWs with distinct
shapes were adopted to evaluate the corresponding hydrodynamic droplet capture force.
Specifically, circular and hexagonal indentations of varying radii were selected as charac-
terization parameters for analyzing droplet trapping and release. As shown in Figure 2c,
the droplets were maintained at a volume of roughly 0.8 nL by manipulating the oil and
aqueous flow velocities (vaqueous = 2 µL/min, voil = 2.15 µL/min). Initially, the droplets
are instantly captured by all of the circular SEWs and remain in place due to the low oil
flow rate. As the carrier oil velocity gradually increases to 7.4 µL/min, the droplets are suc-
cessively released from SEWs of increasing radius. In addition, the same droplet trapping
and release test was performed using hexagonal SEWs with circumradii of 35 and 50 µm.
Figure 2d shows that for hexagonal SEWs, the critical release velocity and fluctuations in
the release are considerably higher than for the circular holes, which hampers fast and
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accurate control of droplet replacement. Taking into account both the oil velocity and fluid
shear, the circular SEW with a radius of 50 µm was finally chosen for profiling single-cell
signaling to achieve both rapid and stable droplet replacement.

3.3. High-Spatiotemporal Replacement Performance

The developed SEW-based platform is capable of realizing droplet replacement with
both high temporal resolution and high content replacement efficiency, which are lacking
in most analysis platforms. Herein, we selected the replacement duration time and content
exchange ratio as characterization parameters to demonstrate the high spatiotemporal
control achieved with the SEW structure. Colored inks were used to aid in the visualization
of the rapid process, captured using a high-speed microscope. Figure 3a (top row) shows
rapid reagent replacement at a low oil flow rate (voil = 2.5 µL/min): the black ink droplet is
pre-trapped by an SEW, and the colorless PBS droplet is transported by the carrier oil. At
frame 46, the PBS droplet makes contact with the black droplet, gradually forcing it out
of the SEW until it completely dislodges it at frame 50; finally, the PBS droplet remains
parked on the SEW site while the black droplet flows away. Based on a frame rate of 24 fps,
one droplet replacement was calculated to be complete within 0.2 s. Furthermore, rapid
reagent replacement under a high oil flow rate (voil = 5.3 µL/min) is shown in Figure 3a
(bottom row), applying a frame rate of 96 fps (Figure S4): the red ink droplet replaces
the original black ink droplet from under an SEW site and parks there, with a temporal
resolution of only 0.04 s. The replacement duration was recorded for varying oil flow
rates at 10 positions and a column scatter plot was generated (Figure 3b). Furthermore,
the replacement time was determined for a single SEW structure, whereby the dark blue
droplet shown in Figure 3c was replaced by the light blue one, which was calculated to
be 1.25 s. In all of these cases, the spatial resolution of reagents was the coverage area of
a single sub-nanoliter droplet. Therefore, the spatiotemporal resolution of this platform
depends on the carrier oil velocity and droplet volume, and it is sufficiently high to enable
the rapid single-cell profiling of most transient cellular processes.

An important prerequisite for achieving high temporal resolution is ensuring a high
reagent replacement efficiency, ideally with 100% content exchange ratio; this was evaluated
based on the residual quantity of fluorescent dyes after droplet replacement. Figure 3d
shows the sequential replacement of fluorescent droplets under a 2 × 2 SEW array: red
fluorescent droplets (ROX, 50 µg/mL) were initially trapped by the SEWs, and then replaced
with green (FN-488, 30 µg/mL), followed by blue (7-Hydroxycoumarin, 25 mg/mL) and
finally non-fluorescent (PBS, 1×) droplets under an oil flow rate of 4.2 µL/min. Bright-
field and fluorescence images were recorded after each droplet replacement and ImageJ
software was used to split the fluorescence channels and determine their corresponding
gray values. Figure 3e shows the change in fluorescence with droplet replacement. Two
aspects of this histogram are worth noting: (1) At the beginning, the fluorescence image of
the ROX droplets exhibited low values in both the blue and green channels. (2) Finally, the
fluorescence image of the PBS droplet was obtained under UV excitation and the gray values
in all three channels were zero. Hence, the integrated analysis results implied that the gray
values of the two channels other than the dye fluorescence channel were neither residual
nor background fluorescence, but originated from the intrinsic luminescence spectrum of
each fluorescent dye. Accordingly, it can be concluded that single-drop reagent replacement
displaces nearly 100% of the original solution under the SEW structure. Notably, such a
complete exchange prevents cross contamination from successive stimulation exchanges,
and upon replacement with a termination reagent, allows for immediate and complete
termination. This feature is crucial for achieving high-time-resolution when monitoring
transient biochemical processes, in addition to profiling cell signaling networks.
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Figure 3. (a) Time lapse images of one SEW during the replacement of two aqueous droplets, black to
colorless, under a lower oil flow rate (top), and black to red under a higher flow rate (bottom). (b) Column
scatter plot of the replacement times at 10 positions under varying oil flow rates. (c) Time lapse images of
droplet replacement (dark blue by light blue) for a single SEW structure. (d) Sequential replacement of
differently colored droplets under an SEWs array (2 × 2). The top and bottom rows are the bright-field
and corresponding fluorescence images, respectively. At the appropriate oil flow rate, ROX droplets are
initially trapped under the SEWs, followed by successive replacement with FN-488, 7-Hydroxycoumarin
and finally PBS droplets. (e) Statistical distribution of the mean gray values of the fluorescence images for
three channels, split up and determined using ImageJ software. Scale bars: 100 µm.

3.4. Single Cell Patterning on the Chip

Another crucial step in the high spatiotemporal analysis of cells is obtaining both
favorable growth of adherent cells and single-cell patterns that correspond to SEW locations.
To achieve this, the cell suspension was loaded into the chamber, followed by the continuous
perfusion of fresh culture medium at an extremely slow flow rate to establish a long-
term culture of adherent cells in the narrow chamber (Figure S5). After culturing for a
period of time, the cells sedimented uniformly and their attachment was promoted by
the fibronectin coating (Figure 4a—1). Next, PBS was continuously perfused at a higher
flow rate to wash the chamber lightly by removing the residual suspension, and to detach
loosely attached cells outside the SEW regions (Figure 4a—2), thereby realizing single-cell
patterning corresponding to the SEWs array (Figure 4a—3). The fundamental principle
behind the formation of single-cell patterns entails the dissimilar vertical restrictions on
transverse liquid flow, arising from the height difference in the narrow channel, which
alters the flow velocity in the trapping chamber (Figure 4a). As a result, compared to the
SEW region where the channel height was 70 µm, the higher velocity in the region with a
height of 35 µm exerts a higher hydrodynamic drag force against the adherent cells, leading
to cell detachment. In this study, cell loading and long-term cultivation were performed
using a bench incubator with accessibility to medium perfusion and in situ observation.
MCF-7 cells with a seeding density ranging from 0.5 × 106 to 1 × 106 cells/mL (100 µL)
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were loaded (Figure 4b—t1) and allowed to adhere loosely on the bottom of the chamber
under a culture medium perfusion rate of 1 µL/min (Figure 4b—t2) to ensure appropriate
cell density and cell adhesion strength on the inner surface. After culturing for 3 h, the
PBS flow rate was increased to ~10–20 µL/min to obtain a single cell array (Figure 4b—t3)
that corresponded to the SEW array. Culturing was continued for an additional hour to
strengthen cell adherence.
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Figure 4. (a) Schematic diagram of cell loading, sedimentation, adherence to the bottom of the
chamber and growth. Due to the oil flow velocity distribution, with an increasing flow rate of culture
medium, single cells are successfully patterned according to the SEW array. (b) The bright-field
pictures showed the adherence growth of MCF-7 cells on the fibronectin-modified surface. t1: cell
suspension was cultured in the chamber under continuous medium flow. t2: cells uniformly adhered
to the bottom under continuous medium flow at a relatively lower rate for 2 h. t3: after the culture
medium flow rate was increased, single cells appeared in an arrangement corresponding to the cells
marked by the dashed blue circles in t2. Scale bars: 100 µm. (c) Schematic diagram for staining
single cells by loading various staining droplets; the cells can be viewed directly using a microscope.
(d) The bright-field and fluorescence images of MCF-7 and 4T1 cell arrays were observed under a
10× objective lens, scale bar: 100 µm, while the merged images (marked by the dashed blue circles in
the first column) were observed under larger magnification (20× objective), scale bars: 50 µm. These
results provided early information on single cell morphology and viability. Bright droplet = staining
solution, blue = cell nuclei (stained by Hoechst) and green = live cells (stained by FDA).
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Moreover, to probe the analytical capabilities of the droplet-based method, droplets
of cell viability reagents were generated (Figure 4c—5), subsequently trapped by the SEW
structures, thereby covering the cells, and then incubated for a certain duration for cell staining
(Figure 4c—6), followed by droplet release and fluorescence detection (Figure 4c—7). As shown
in Figure 4d, the bright-field photos in the first column indicated that the Hoechst and FDA
droplets were trapped by the SEWs on the roof of the chamber, while covering the MCF-7
cells on the bottom. The blue and green fluorescence images, observed under a 20× objective
lens, indicated successful nuclear staining and single cell viability of MCF-7. The combined
pictures in the right-most column observed under a 40× objective lens, indicated that the
single adherent cells maintained their morphological integrity and cell viability for subsequent
proliferation. Moreover, to demonstrate the versatility of the new method, 4T1 cells were
analyzed in the same manner. The images in Figure 4d show similar single cell patterning
under the SEWs with no significant impact on the cell viability. Notably, the successful cell
staining using droplets confirmed the feasibility and validity of treating adherent cells with
droplets because the SEW structure enables droplet manipulation (Figure S6).

3.5. Single Cell Immunocytochemistry on the Chip

Having established that the SEW-based microfluidics system allows for droplet replace-
ment with high spatiotemporal resolution and adherent cell staining with reagent droplets, we
chose the well-characterized PDGFR/PI3K/Akt pathway as a model system to evaluate the
performance of the SEW-based method for investigating fast cell signaling events [35–37]. The
diagram in Figure 5a illustrates signal transduction in the PDGFR/PI3K/Akt pathway: when
the ligand (PDGF) binds to the receptor (PDGFR), the tyrosine of the latter is phosphorylated,
serving as a binding site for phosphoinositide 3-kinase (PI-3K). PtdIns(3,4,5)P3 (PIP3) is then
generated in response to PI-3K activation, recruiting Akt to the plasma membrane and leading
to Akt phosphorylation; these processes have emerged as key regulators of downstream
cellular processes [38]. In this experiment, two Akt serine phosphorylation sites involving
Ser473 and Thr308 were probed both in MCF-7 and 4T1 cells to evaluate the time-dependent
effects of cellular stimuli [39].

Because Akt inhibition can block Akt activation in a concentration-dependent man-
ner [21], at the beginning of on-chip cell preparation, the culture medium was supplemented
with 2 µM AKT inhibitor VIII for 3 h to temporarily block the PI3K/Akt pathways in tumor
cells. Subsequently, phosphorylation of these inhibited cells was determined as described
in the Section 2.5 and schematically depicted in Figure 5b. It is worth mentioning that
stimulation and termination in the first two steps were performed using droplets to treat
localized cells after trapping, while the subsequent steps entailed solution perfusion. First,
under HFE oil (0.8 µL/min) and PDGF-BB solution (0.5 µL/min) flow, the ligand droplets
were generated and transported to the chamber at a relatively low speed and then parked
there separately for 0, 3 s, 5 s, 10 s and 3 min, then immediately replaced by fixation
droplets formed from HFE and formalin flow at rates of 2.2 µL/min and 1.7 µL/min
followed by 10 min of incubation. Subsequently, blocking solution (BSA), primary antibody
for phospho-Akt (Thr308) and secondary antibody (IgG-Alexa Fluor 555) were sequentially
perfused into the chamber for immunocytochemistry reagent exchange, rinsing with PBS
at each interval. Finally, the influence of stimulation time on the phosphorylation level was
determined based on the fluorescence of individual cells.
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Figure 5. Intracellular protein phosphorylation in the PDGFR/PI3K/Akt pathway induced by PDGF-
BB stimulation. (a) Schematic diagram illustrating the signal transduction pathway. (b) Schematic
diagram depicting single-cell treatment with the ligand and sequential immunocytochemistry steps
for probing protein phosphorylation. (c) 4T1 single cells were stimulated with PDGF-BB droplets
for varying time periods, followed by replacement with fixing droplets. Representative pictures of
the 4T1 cells under a SEW after the procedure: bright-field row: single cells remained intact and
adherent; Hoechst row: blue fluorescence was used for cell localization and validation; Alexa-555
row: the obtained red fluorescence intensities correspond to phosphorylation levels. (d) MCF-7 single
cells were subjected to the same immunocytochemistry steps. (e) The fluorescence intensities of five
single cells measured at each stimulus duration; the mean values are connected with a dashed line.
Scale bars: 50 µm.

As expected, the individual cells in the control group without PDGF-BB stimulus
did not exhibit receptor phosphorylation, as evidenced by the Hoechst(+) and Alex-55(−)
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fluorescence intensities shown in Figure 5c. Increasing the stimulation time to 3 s resulted
in the phosphorylation of PDGFR being triggered on the cell membrane, resulting in low
phosphorylation levels, as indicated by the weak red fluorescence in the second column
of Figure 5c. With a prolonged stimulation of 5 s, the red fluorescence of individual cells
was significantly enhanced, indicating a higher abundance of phosphorylated states. With
prolonged stimulation to 10 s, the red fluorescence of individual cells continued to be en-
hanced, indicating a sustained increase in phosphorylation level. In a long-term control
trial, the red fluorescence of single cells stimulated for 3 min did not change significantly
compared to that at 5 s, indicating that complete phosphorylation was achieved at approx-
imately 5 s; the response at the bulk or average level was detected using flow cytometry
(Figure S7). In addition, to prove the versatility of the SEW-based platform, MCF-7 cells
underwent the same protocol, with the exception of the Anti-Akt primary antibody for
Ser473 recognition, and similar phosphorylation results were obtained after 3 s, 5 s, 10 s
and 3 min of stimulus, as shown in Figure 5d. Figure 5e shows the fluorescence intensities
of the secondary antibody for five single cells measured at each stimulus duration, and
the mean values are connected with a dashed line. These results suggest that receptor
phosphorylation of PDGFR may be triggered within 3 s of ligand stimulation with PDGF-BB
and completed within only 10 s of stimulus time. Gaining insights into single-cell responses
to transient stimuli has not been feasible using traditional methods. Specifically, the result of
cell phosphorylation being completed within only 10 s of stimulus time is also found within
the previous literature report [23]. However, the initiation time of receptor phosphorylation
of PDGFR in a stimulated cell is as fast as 3 s, which to our knowledge is the first time
that this has been observed. Moreover, to evaluate the effects of the shear stress during
droplet replacement on the signaling pathway [40], Akt phosphorylation of MCF-7 cells was
also observed under ‘extreme’ conditions, whereby culture medium droplets containing
the inhibitor were trapped and replaced across single cells 240 times during 1 min. Figure
S8 shows that the phosphorylation response of cells treated in this manner did not differ
significantly from that of undisturbed cells, which further suggests that the SEW-based
strategy did not alter the signaling pathway. We propose that the SEW-based platform may
be an important new technique for probing temporal dynamics of fast cellular events at a
single-cell level for a wide range of applications.

4. Conclusions

In conclusion, with the aim of realizing droplet trapping and replacement using an
SEW structure, we have successfully constructed a multifunction droplet-based microfluidic
platform that allows for droplet manipulation, single cell patterning and high spatiotem-
poral resolved profiling of signaling in a single chip. The SEWs located on the roof of
the chamber not only enable droplet replacement with high spatiotemporal resolution,
but also near-complete exchange of reagent droplets. Furthermore, single-cell patterning
was reliably obtained on the floor of the chamber by harnessing the hydrodynamic flow
differences in the SEW region. Moreover, the ability to treat cells using trapped droplets as
described for the designed platform, would facilitate subsequent single-cell analysis accord-
ing to the immunohistochemistry protocol. Considering such advantages, the SEW-based
device was applied to analyze the phosphorylation states of PDGFR and the downstream
signaling protein Akt, and evaluate the effects of time-dependent stimuli on tumor cells.
The present study provides a general platform for investigating the temporal dynamics of
signal profiling at the single-cell level, based on adherent cell manipulation. Furthermore,
the new strategy also has significant potential for rapid chemical reaction monitoring for a
wide range of applications.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/chemosensors10120521/s1, Supplementary figures includ-
ing chip dimensions, passing and parking modes, critical volume, time resolution calculated using
varying frame rates, cell culture in droplets, cell staining with droplets, flow cytometry results and
the control test results involving continuous replacement.

https://www.mdpi.com/article/10.3390/chemosensors10120521/s1
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