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a b s t r a c t

Single-cell imaging, a powerful analytical method to study single-cell behavior, such as gene expression

and protein profiling, provides an essential basis for modern medical diagnosis. The coding and localiza-

tion function of microfluidic chips has been developed and applied in living single-cell imaging in re-

cent years. Simultaneously, chip-based living single-cell imaging is also limited by complicated trapping

steps, low cell utilization, and difficult high-resolution imaging. To solve these problems, an ultra-thin

temperature-controllable microwell array chip (UTCMA chip) was designed to develop a living single-cell

workstation in this study for continuous on-chip culture and real-time high-resolution imaging of living

single cells. The chip-based on ultra-thin ITO glass is highly matched with an inverted microscope (or

confocal microscope) with a high magnification objective (100 × oil lens), and the temperature of the

chip can be controlled by combining it with a home-made temperature control device. High-throughput

single-cell patterning is realized in one step when the microwell array on the chip uses hydrophilic glass

as the substrate and hydrophobic SU-8 photoresist as the wall. The cell utilization rate, single-cell cap-

ture rate, and microwell occupancy rate are all close to 100% in the microwell array. This method will be

useful in rare single-cell research, extending its application in the biological and medical-related fields,

such as early diagnosis of disease, personalized therapy, and research-based on single-cell analysis.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Real-time imaging of single cells has become an essential an-

alytical method [1,2] for understanding cell biological phenom-

ena [3,4] and cell behavior [5,6]. As an important tool for single-

cell analysis [7], microfluidic chips have made significant advance-

ments in single-cell research, such as single-cell sorting [8,9],

genome sequencing [10,11], proteomic analysis [12], ions analysis

[13], enzyme activity measurement [14], as well as facilitated the

development of single-cell culture [15] and imaging [16].

Chip-based high-throughput single-cell trapping, as the premise

and foundation of single-cell culture and imaging, has made signif-

icant breakthroughs in recent years [17]. The chip used for high-

throughput single-cell trapping is generally combined with the ex-

ternal forces and array microstructures [18,19], such as the mi-

crowells [20,21], microchambers [22,23], and microdams [24,25],

which have been designed to achieve batch capture of single cells.

The most widely used method is the combination of hydrodynamic
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force and array microstructure [20–26], which used the microdam

array to intercept the flowing single-cells [24,25] or microwell ar-

ray to capture the settling single-cells [20,21]. Thereafter, the un-

captured cells are flushed out by the fluid. Although this method

has a high single-cell capture rate, the cell utilization rate is low,

and the pump and pressure control system increase the complex-

ity of single-cell trapping. Other methods, such as the combina-

tion of dielectric force [27], suction force [28], or centrifugal force

[29] with microwell arrays, are also commonly used for single-

cell high-throughput trapping. The application of an external force

shortens the time of capture, but also increases the complexity.

With the development of high-throughput single-cell trapping,

improvements have been made in the application of microarrays

to single-cell on-chip culture [30] and single-cell imaging [31].

To realize single-cell real-time imaging, it is necessary to realize

single-cell culture without a CO2 incubator. Recently, open chips

are easy to operate, but need to rely on a mature CO2 incuba-

tor to maintain a single-cell living environment [29]. Bonded or

closed chips often employ perfusion flow for continuous culture
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Fig. 1. The design and fabrication of the UTCMA chip. (a) The overall design of the

chip. (b) Schematic diagrams of 7 × 7 arrays present on the chip. (c) 10 × 10 mi-

crowells contained in each array of the chip. (d) Schematic close-up of microwells.

A is the cross-section of the chip.

of single cells [32]. This method is suitable for continuous on-

chip culture of single cells without a CO2 incubator, but has op-

erational complexity. Moreover, the closed design is challenging to

be used for the subsequent single-cell operation. Although the ap-

plication of microarrays for single-cell real-time imaging has been

proposed [33], it has not been well applied in recent years due

to the constraints of high-throughput single-cell trapping and the

complexity of incubator-free on-chip culture. The chip for single-

cell high-resolution imaging is mainly limited by the selection of

chip substrate and chip preparation as the thickness of the chip

substrate (0.13-0.17 mm) is strict. Furthermore, the thickness of the

poly (dimethylsiloxane) (PDMS) substrate is difficult to control, and

the ultrathin PDMS substrate is soft, which is not suitable for the

chip substrate. Therefore, altogether simplifying the steps of high-

throughput trapping and on-chip culture of single cells, choosing

a simple and suitable chip preparation method, and improving the

environment of continuous culture of open chips are the keys to

realizing real-time high-resolution imaging of single cells.

In this study, an ultra-thin temperature-controllable microwell

array chip (UTCMA chip) was designed to develop a living single-

cell workstation that successfully realized continuous real-time

high-resolution observation of single-cell behavior. One-step high-

throughput single-cell patterning was achieved in the microwell

array using a hydrophilic glass bottom plate and hydrophobic SU-8

photoresist wall. The cell utilization rate, single-cell capture rate,

and microwell occupancy rate were close to 100% in the microwell

array. Moreover, the open design of the chip provides the possibil-

ity of single-cell-related manipulation.

To achieve continuous real-time high-resolution imaging of liv-

ing single cells outside the CO2 incubator, a living single-cell work-

station was designed and built in this study (Fig. S1 in Support-

ing information). This workstation is mainly composed of imag-

ing equipment, a UTCMA chip, a home-made temperature control

device, an aseptic operating space, an atmosphere supply device,

to provide conditions for high-throughput single-cell trapping, the

continuous on-chip culture outside the CO2 incubator, and high-

resolution imaging. At the same time, the workstation had suffi-

cient space for the construction of the microoperation system.

The overall design of the chip is shown in Fig. 1a. Ultra-thin

ITO glass was used as the bottom plate of the chip, ensuring con-

stant temperature for single cells in the chip culture even when

the chip was absent from the CO2 incubator for an extended pe-

riod. Simultaneously, the chip substrate is highly matched with

a high-magnification (100× oil lens) inverted fluorescence micro-

scope or fluorescence confocal microscope, which can be used for

real-time high-resolution imaging of single cells and tracking the

genetic material, protein, metabolites. The microwell array of the

chip (Fig. 1b) uses hydrophilic glass as the bottom plate and hy-

drophobic SU-8 photoresist as the wall, which can realize one-step

high-throughput single-cell patterning by controlling the number

of seeding cells according to its own gravity and hydrophilicity.

Compared with other single-cell trapping methods, this method

does not require an additional pump and pressure control sys-

tem, external force and chip modification, or the washing of excess

cells on the chip. It reduces the damage to cells caused by exter-

nal forces and ensures the activity of cells to the greatest extent.

Moreover, this method greatly simplifies the steps of single-cell

high-throughput patterning, with the added advantage of easy op-

eration and high reproducibility. Thus, this method is very friendly

to researchers without experienced operations, promoting the pop-

ularization of chips for single-cell research. Furthermore, each of

the microwells is digitally encoded in the array (Figs. 1c and d)

so that single cells could be accurately located. The same single

cell could be quickly found in the microwell when multiple im-

ages were taken at different time points, which solves the problem

that the same single cell could not be found due to cell division or

migration when cells were cultured on the plane.

After the fabrication of the chip bottom plate with the mi-

crowell array, the surface ITO film still exists, which indicates that

the chip fabrication process has little effect on the ITO layer. The

double-sided conductive copper foil (Fig. S2 in Supporting informa-

tion) pasted on one of the opposite edges of the chip bottom plate

solved the problem of electric field inhomogeneity when the volt-

age was directly applied to the ITO glass in a point shape, which

resulted in uneven heating of the ITO glass. A home-made tem-

perature control device was used to apply the voltage to the cop-

per foil (Fig. S3 in Supporting information). The voltage was ap-

plied to the chip bottom plate in a linear manner, and the chip

bottom plate was heated evenly, thus successfully controlling the

temperature of the chip. Finally, PDMS strips were made to cre-

ate a fence on the bottom plate of the chip. The chip adopts an

open design to avoid the problem that the bonded chip, which of-

ten adds complexity when single-cell operations. Also, sufficient

space conditions are provided for the operation of single cells in

living cell workstations, such as for electrochemical detection of

single cells using electrodes, intracellular delivery of single cells by

nanopipettes, and the selection of single cells.

The UTCMA chip will have broad application prospects in

single-cell research. Moreover, the chip fabrication process is sim-

ple (Fig. S4 in Supporting information), increasing its likelihood

for commercialization. The chip can be used as the substrate of

matrix-assisted laser desorption/ionization mass spectrometry to

realize rapid single-cell detection. It can also be made into a Petri

dish based on the UTCMA glass substrate to achieve continuous

real-time imaging of a single cell. In addition, the ITO film and cop-

per foil of the chip can also be redesigned to produce an ultra-thin

microwell array glass bottom plate for Petri dishes, which can be

combined with a commercial cell workstation to observe single-

cell behavior. Overall, this method is a powerful tool for research

at the single-cell level.

Human lung carcinoma A549 cells (Cell line name: A549-

mCherry) (Fig. S5 in Supporting information) were selected in this

study as most of the single cells could express a red fluorescent

protein, thereby simplifying observation based on the bright field

mode, whereas the fluorescence mode was used in imaging pro-

cessing under the inverted fluorescence microscope.

Cells at a certain concentration were planked and cultured on

the microwell array (Figs. 2a-c) of the UTCMA chip. After 24 h

of culture, single cells tended to grow in the microwells, whereas
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Fig. 2. The schematic diagram of one-step patterning, on-chip culture, and high-

resolution imaging of living single cells. (a) Culture medium added to the chip. (b)

An appropriate amount of cell suspension is dropped into the medium on the chip.

(c) One-step patterning of living single cells. (d) The chip is connected to a home-

made temperature control device in a living cell workstation. (e) Continuous real-

time high-resolution imaging of single cells.

fewer cells grew outside the microwell (Fig. S6 in Supporting in-

formation). As the bottom plate of the microwell was made of

glass, and the wall was made of SU-8 photoresist, single cells were

more inclined to grow on glass related to their hydrophilicity. At

the same time, this phenomenon was closely related to the num-

ber of planked cells. As the number of the planked cells increased,

the occupancy rate of microwells and the cell utilization rate also

gradually increased (Fig. S7 in Supporting information). When the

volume of the cell suspension was ~20 μL (at a concentration of

106/mL), single-cell high-throughput patterning could be realized

in one step on the microwell array. The cell utilization rate, single-

cell capture rate, and microwell occupancy rate were all close to

100%. When the number of planked cells was far lower, single cells

still grew in the microwells, but there were no single cells in some

microwells, which led to a decrease in the occupancy rate of the

microwells.

When the number of planked cells far exceeded the number of

microwells, the cells grew outside the microwells. Therefore, it is

necessary to control the number of planked cells to ensure single-

cell culture and observation. With the prolongation of culture time

in the incubator, it was found that single cells in the microwells

divided and formed a cell community centered on the microw-

ells. Interestingly, there was communication between the different

communities, as well as observing a phenomenon of community

convergence. In addition, it was found that a small number of sin-

gle cells or single-cell communities migrated short distances dur-

ing the culture process relative to their initial position or function

on the chip. After several days of continuous culture, the single

cells were still in good condition (Fig. 3), indicating that the pre-

pared chips could be used for long-term culture of single cells.

Taken together, these findings provide technical support for on-

chip culture, observation, and operation of single cells outside the

incubator.

After single-cell patterning, the chip with a single cell was

placed in the living cell workstation and connected to the temper-

ature control device (Fig. 2d). Continuous real-time high-resolution

imaging was performed for 3 h using a 100× oil lens (Fig. 2e). The

results showed that the nucleus and cytoplasm of single cells in

the microwell could be clearly observed in the bright field mode

(Fig. 4), which enables tracking the changes in cell substances, such

Fig. 3. One-step patterning and on-chip culture of single cells over time in a

UTCMA chip. Images are obtained under bright field mode (a, c, e) and TRITC fluo-

rescence mode (b, d, f). All images have the same scale.

Fig. 4. High-resolution imaging of single cell in a microwell. Images were obtained

under bright field mode (a) and TRITC fluorescence mode (b). Both images have the

same scale.

as genes, proteins, lipids, and metabolites at the single-cell level.

After initial observation, the culture time of single cells in the mi-

crowells was extended with good overall survival (Fig. S8 in Sup-

porting information). The single cells incubated in the chip were

stained by trypan blue (Fig. S9 in Supporting information), which

shows the single cells have good cell activity. Therefore, it can

be shown that the microenvironment of the live single-cell work-

station is suitable for the continuous culture and real-time high-

resolution imaging of single cells outside the CO2 incubator.

In summary, a set of living single-cell workstation based on

UTCMA chip was built in this study, to highlight the successful on-

chip culture and real-time high-resolution imaging of living sin-

gle cells. The microwell array on the chip used hydrophilic glass

as the bottom plate and hydrophobic SU-8 photoresist as the wall.

Single-cell high-throughput patterning was completed in one step.

The cell utilization rate, single-cell capture rate, and microwell oc-

cupancy rate were close to 100%. This method can be used for real-

time high-resolution tracking of changes in ions, DNA, proteins,

and metabolites in rare living single cells. The open design of the

chip provides space conditions for various single-cell operations,

including in situ electrochemical detections of single cells by elec-

trodes, and intracellular delivery of single cells by nanopipettes.

Therefore, this method will have important applications in single-
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cell based disease diagnosis, antibody discovery, and drug screen-

ing.
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