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Single-cell profiling is key to uncover the cellular heterogeneity and drives deep understanding of cell fate.
In recent years, microfluidics has become an ideal tool for single-cell profiling owing to its benefits of high
throughput and automation. Among various microfluidic platforms, microwell has the advantages of simple
operation and easy integration with in situ analysis ability, making it an ideal technique for single-cell stud-
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ies. Herein, recent advances of single-cell analysis based on microwell array chips are summarized. We first
introduce the design and preparation of different microwell chips. Then microwell-based cell capture and
lysis strategies are discussed. We finally focus on advanced microwell-based analysis of single-cell proteins,
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nucleic acids, and metabolites. The challenges and opportunities for the development of microwell-based
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1. Introduction

Recent advances in single-cell analysis have illustrated that
even cells of the same type showed obvious heterogeneity, in-
cluding fate, morphology, and differential expression of bio-
molecules, due to differences in their microenvironment.*
Traditional bulk analysis masks cellular heterogeneity, lead-
ing to the missing of important biological information.
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single-cell analysis are also presented.

Hence, analysing cells at the single-cell level helps us gain a
more comprehensive cognition of life processes.**

In contrast to bulk assay, single-cell analysis requires ma-
nipulation of a sample volume as small as a picoliter to in-
vestigate individual cells. Early single-cell analysis methods
rely mainly on well plates®® and flow cytometry.”® Among
them, plate-based methods often require manual separation
of individual cells into the plate, which is inefficient and la-
bor-intensive.’ Although flow cytometry enables automated
single-cell sorting, it is bulky, mechanically complex, expen-
sive, and can only be used for cell analysis at fixed time
points.’ In recent years, microfluidics has proven to be an
ideal tool for efficient single-cell studies. Compared with tra-
ditional techniques, microfluidics can limit reaction volumes
from nanoliters to picoliters, enabling highly sensitive analy-
sis. The structure and function of microfluidic chips can be
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optionally changed to meet the needs of single-cell profiling;
the chips mainly include droplet microfluidic chips,"
microvalve-based chips,'>"® and microwell-based chips.™*
Droplet microfluidics typically utilizes oil phase shearing of
the aqueous phase to generate massive droplets within a
short time, enabling separate compartments to reduce cross-
contamination. It is a powerful tool for ultrahigh-throughput
single-cell capture and the droplets enable precise manipula-
tion such as sorting, fusion, and splitting. However, to ensure
that each droplet encapsulates no more than one cell, a
Poisson distribution-based limiting dilution method is re-
quired, which results in a large number of empty droplets.™
Microvalve-based chips utilize pressure-controlled valves to
manipulate the flow/blocking of fluids within microchannels.
Valves can be switched on and off, enabling precise manipu-
lation of fluids in time and space. However, commonly used
valve-based devices are constructed by multi-layer soft lithog-
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raphy, which requires complex structural design and fabrica-
tion."® Microwell-based chips consist of picoliter containers
and use the cell's own gravity to capture individual cells.
They are usually obtained by standard soft lithography and
have the advantages of simple design, easy microfabrication,
and convenient operation. Compared with droplet or micro-
valve chips, microwell-based chips can provide a more stable
microenvironment and have been applied to high-throughput
single-cell culture'” and in situ analysis."®"®

Microwell has been proven to be a very cogent platform
for single-cell research. In this review, we first describe the
design and preparation of microwell-based chips, including
shape design and material selection, and their advantages as
well as limitations. We then discuss the appropriate single-
cell isolation approaches and lysis strategies on the basis of
targets and microwell chips. Finally, advanced single-cell
analyses of proteins, nucleic acids, and metabolites based on
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Fig. 1 Overview of microwell chip-based single-cell analysis.

microwell chips are presented (Fig. 1). We also provide per-
spectives on the challenges and opportunities of microwell-
based single-cell analysis.

2. Microwell array chip preparation
and manipulation of single cells
2.1 Microwell array chip preparation

The selection of microwell chips is critical and depends on
the application. Different analysis methods and targets re-
quire microwells of different materials and/or geometries. In
the following section, we summarize the preparatory work of
microwell array chips, including material selection, shape
and size design, and fabrication.

2.1.1 Material selection. A variety of materials were chosen
for the fabrication of the microwell chips, including silicon,
glass, and polymer. The collaborative innovation of materials
and microfluidics is essential to increase the feasibility of mi-
crofluidic technology in many research fields.*® The selection
of microwell chip material is critical and hinges on the fol-
lowing applications. In cell culture and real-time monitoring
experiments, the material needs to be biocompatible. The
material is supposed to be optically transparent with low au-
tofluorescence when viewed using a microscope. Other fac-
tors influencing material selection include the demand for
integration of microwell arrays with other microfluidics,
preparation method or surface modification.

The earliest materials for microfluidic devices are glass
and silicon wafers. Walt et al. designed a microwell array
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based on optical imaging fibers to enable real-time observa-
tion of the response of living cells to environmental
changes.>" The microwell chip was fabricated by etching tech-
niques combined with fluorescence analysis techniques to al-
low the study of optically detectable events. However, even a
single wafer requires long processing time and expensive
equipment and consumables, not to mention mass produc-
tion. Therefore, a low-cost and easy-to-handle material is
needed to fabricate microfluidic chips. Since Whiteside's re-
search group established soft lithography protocols as a
microfabrication technique in 1998,>* polydimethylsiloxane
(PDMS) has become the most commonly used material. From
the manufacturing point of view, PDMS has the advantages
of high replication fidelity, good mechanical strength, and
easy integration with glass. In addition, PDMS exhibits good
biocompatibility, favourable permeability and low autofluo-
rescence, making it promising for applications in biomedical
engineering. However, PDMS also has disadvantages. It swells
in many common solvents, especially hydrocarbon-based sol-
23 Hydrogels are also frequently used materials for
microwell chips. Since tuning the overall material properties
of the device can be achieved by adjusting the molecular
weight or ratio of monomers, hydrogels offer special advan-
tages.>* Microwells of polyethylene glycol are prepared using
soft lithography and are used for the fusion of single-cell
pairs. The yield of correct cell fusion hybridization is greatly
improved with the help of PEG microwells.>> Microwell chips
based on agarose and polyacrylamide have been developed
for single-cell electrophoresis experiments.”® Meanwhile,

vents.
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microwell arrays based on polyacrylamide were designed to
perform three-dimensional cell cultures.”” Polymers have
attracted much attention in recent years due to their diverse
properties. Many polymers have been used to prepare micro-
well chips, such as polystyrene,”® PMMA,>® epoxy resin,*® and
fluorocarbon polymers.*"

2.1.2 Shape and size design. After selecting the appropri-
ate material according to the experimental needs, it is also
essential to design the shape, size and number of the micro-
well array. The number of microwells can be varied by
adjusting the array size and well density. At the same time,
different sizes can be obtained by changing the template de-
sign and preparation process. However, microwells can be
made into a variety of geometries, with the cross-sectional
shape of circles, squares, triangles, and rectangles.

Circles, squares and triangles are the most commonly
used microwell shapes. Since most cells are spherical in
shape, microwells are usually designed to be circular.** Com-
pared with round microwells, square microwells can generate
higher local cytoskeletal tension at the corners, and the in-
crease in cytoskeletal tension promotes the local assembly of
focal adhesion and stress fibers. Thus, human mesenchymal
stem cells in square wells tend to proliferate in situ and dif-
ferentiate into osteoblasts.*® Gravity-based capture of cells is
common in circular and square microwells, and triangles are
validated to be the optimal shape for hydrodynamics-based
single-cell capture after five different shapes of microwells
were tested in simulations.*” The continuous flow of the
aqueous phase creates a strong backflow in the triangular
microwell, which effectively traps cells. Once cells are cap-
tured, they change flow patterns in the microwells, prevent-
ing other cells from being captured. Thus, triangular wells
prefer to capture single cells, while square or round ones
have more possibility to isolate multiple cells (Fig. 2a). In the
design of the 3D microwell culture device, the concave bot-
tom structure is most commonly used, because such a bot-
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tom is conducive to the growth of individual aggregates in
the microwells.>*”> In conical microwells, cell aggregates of
uniform size tend to form in each microwell.***” Microwells
of different shapes can also be used for coding. Eng et al
provided a broad compositional and geometric tunability of
shape-encoded microwell patterns. Using precisely aligned
hydrogel shapes, they studied the migration patterns of hu-
man mesenchymal stem cells and endothelial cells
(Fig. 2¢).%®

The size of the well is also the key factor during the design
of the microchips. Ideally, the width and height of the well
should match a single particle and not accommodate multi-
ple targets. In hydrodynamics-based single-cell capture chips,
the ratio of the width (W) and length (L) of the triangular
microwell will significantly affect the capture efficiency of
single cells. Microwells with a W/L ratio of 2 are experimen-
tally proven to have better capture capability owing to the en-
hanced recirculation vortex (Fig. 2b).>’ Nevertheless, when
performing 3D microwell-based cell culture, the aspect ratio
(diameter/height) of the microwell determines its perfor-
mance. A high aspect ratio favors long-term cell culture,
while a low aspect ratio with a shallow microwell favors
spheroid formation.*

2.1.3 Fabrication. Depending on the material chosen, an
appropriate microfabrication technique needs to be selected.
Photolithography is one of the most common methods and
has been widely applied to various materials. Conventional li-
thography, which utilizes ultraviolet light to transfer litho-
graphic properties from a mask to a substrate, has been
widely used in the field of micro- and nano-electronic
manufacturing due to its high throughput and high fidelity.**
However, photolithography is less efficient to fabricate chips.
To increase the yield, soft lithography techniques have been
developed. A silicon wafer with the desired pattern is used as
a mold to make PDMS castings.”® In addition, the obtained
PDMS can also be used as templates to make hydrogel
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microwells.**™*® Soft lithography with wide applicability has
become the most commonly used technology at present. It is
suitable for almost all polymers and other materials that can
be produced from polymer precursor solutions.”” Yet, it is
difficult to fabricate microwells with three-dimensional struc-
tures by either traditional lithography or soft lithography.
Wet chemical etching is a favourable alternative to create
structural microwells with controlled curvature. This method
provides more structural control than photolithography.
However, wet etching is more suitable for glass substrate ma-
terials, while photolithography is mostly used for silicon or
other semiconductor materials. Dry etching is another widely
used method in silicon processing to produce clear aniso-
tropically etched structures.*® Laser ablation is also a reliable
technique for creating three-dimensional microwells.*’

2.2 Manipulation of single cells

2.2.1 Single-cell capture. Isolation of single cells is a pre-
requisite for downstream analysis. To ensure cell viability,
single-cell capture methods are expected to be gentle and effi-
cient. Different methods have emerged for microwell-based
single-cell trapping, such as gravity-induced single-cell cap-
ture, hydrodynamic-assisted single-cell isolation and applied-
force-assisted capture.

Gravity-induced single-cell capture is the simplest and
most direct method to isolate single cells. Typically, the cell
suspension is placed over the well chip, and after the cells
are settled, the chip is washed to remove any uncaptured
cells (Fig. 3a).”° However, gravity-based single-cell isolation
requires a long time, resulting in inefficient single-cell trap-
ping.”" To ensure that cells are captured individually, the cell
suspension is usually diluted, resulting in a single-cell cap-
ture efficiency of about 10%. In order to improve the single-
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cell occupancy efficiency, Huang et al. designed a truncated
cone-shaped microwell array chip and deposited the cells
into the microwells under the action of centrifugal force, real-
izing the occupancy rate of single cells up to about 90% in a
few seconds (Fig. 3b).”* This approach has been applied to in-
vestigate the dynamic reactions of individual lung cancer
cells to pharmacological treatments.”

Hydrodynamic-assisted single-cell isolation exploits fluid
streamlines within microwells, where cell motion trajectories
follow these streamlines. At the same time, under the action
of gravity, the cells progressively settle, lowering the stream-
line as a result. The generation of strong vortex flow lines in
triangular microwells facilitates the capture of individual
prostate tumor cells in the microwells, which can achieve a
single-cell occupancy of 62%.*> Swennenhuis et al. employed
microwells with pores at the bottom to capture single cells
with the help of negative pressure (Fig. 3c).>* When negative
pressure is applied, fluid can pass through the pores, creat-
ing hydrodynamic forces that drag individual cells toward the
pores in the center of the microwell bottom. Cells are larger
in size than pores, so they remain in the microwell and do
not pass through. When a cell lands on a pore, the flow of
sample through that particular well is stopped, and no other
cells enter the same well, thus achieving a single-cell trap-
ping rate of 67%. In the process of cell capture, target cells
can be screened and captured by external forces, and the
most commonly used external forces include magnetic and
electric fields. Integrating magnetic fields with microfluidic
systems can be applied to capture rare target cells coupled to
magnetic beads. Huang et al. described a microfluidic chip
based on a microwell array with integrated permanent mag-
nets for immunomagnetic single-cell capture (Fig. 3d).>®> With
this method, they achieved high-purity capture of human
acute monocytic leukemia cells and realized a capture

s
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Fig. 3 Single-cell capture strategies in microwell chips. (a) Gravity-induced single-cell seeding. Reproduced with permission.>® Copyright 2019,
Royal Society of Chemistry. (b) Centrifugation-based single-cell capture. Reproduced with permission.>?> Copyright 2015, American Chemical Soci-
ety. (c) Hydrodynamic-assisted single-cell isolation. Reproduced with permission.’* Copyright 2015, Royal Society of Chemistry. (d)
Immunomagnetic single-cell trapping. Reproduced with permission.>® Copyright 2019, Springer Nature Publishing. (e) Dielectrophoresis (DEP)-
trapping approach to perform cell capture. Reproduced with permission.>® Copyright 2020, American Chemical Society.
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efficiency of 62%. Precise separation of captured target cells
from mixed samples is an advantage of this method. How-
ever, the binding of magnetic beads and applied magnetic
field forces may negatively affect cell viability. Electro-
manipulation techniques use the force generated by an elec-
tric field to handle individual cells. Cells are polarized due to
exposure to an electric field, and manipulation of cells is
achieved by moving them to regions of strong electric fields
using dielectrophoretic forces. Using a sub-Poisson method,
dielectrophoresis-trapping-nanowell-transfer (dTNT) method-
ology was achieved with a single-cell capture efficiency of
91.84% (Fig. 3e).>®

2.2.2 Cell lysis in microwells. After single-cell isolation, an
appropriate lysis strategy is crucial for the accuracy of subse-
quent single-cell analysis. Microwell-based cell lysis methods
include chemical lysis, electrolysis, thermal lysis, and freeze-
thaw lysis. Chemical cleavage is a widely used method, which
is accomplished through the utilization of lysis buffer mixed
with surfactants and proteases. These components dissolve
proteins and lipids in the cell membrane to form pores, which
eventually lead to adequate cell lysis. Widely used lysis buffers
include proteinase K, sodium dodecyl sulfate (SDS), and Triton
X-100. Compared with other methods, chemical approach has
simple operation, low cost and high efficiency. However, this
method requires the removal of lysate residues after lysis,
which may cause chemical detergent contamination.’” Electro-
poration creates transient pores in the cell membrane under
the force of an electric field to release genetic material or small
molecules. Under the electric field, while the transcellular
transmembrane potential (TMP) far exceeds the cell penetra-
tion threshold, irreversible mechanical breakdown of the cell
membrane occurs, resulting in complete cell lysis. The electro-
poration method can complete the lysis in milliseconds, with
ultra-high lysis efficiency. At the same time, it can selectively
lyse cell membranes and organelle membranes. However, this
method requires complex chip fabrication processes and pre-
cise electrical signals.”® Thermal lysis is one of the earliest tech-
niques. This approach denatures the proteins on the cell mem-
brane with high temperatures, thereby destroying the cell to
release its contents. Its high efficiency and simplicity make it
widely used in many laboratory settings. Compared with chem-
ical methods, thermal lysis does not pose the risk of detergent
contamination.”® Yet, the applicability of this method is lim-
ited since many intracellular compounds, such as proteins, are
extremely temperature-sensitive.®® Freeze-thaw lysis is similar
to thermal strategy. Fan et al. developed a freeze-thaw lysis-
based method for single-cell transcriptome sequencing. The
method utilizes freeze-thaw lysis, which simplifies the overall
procedure and makes the platform portable and easy to use.®!
Zhao et al. lysed H1975 cells with proteinase K and heat, and
then detected the EGFR exon 21 gene on a microwell chip. No
signal was observed in proteinase K cleaved samples, while a
positive signal was detected in the thermally lysed samples.
The heating temperature for cell lysis was then optimized, and
75 °C was chosen as the optimal temperature for cell treatment
in subsequent experiments.®*

This journal is © The Royal Society of Chemistry 2023
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After the cell lysis is complete, reducing cross-
contamination between wells is a key factor for accurate
single-cell analysis. Microwell-seq was a strategy for sequenc-
ing the transcriptomes of thousands of single cells in open
microwell arrays.®> The method utilized chemical lysis and
self-made barcoded beads to capture single-cell transcripts
for transcriptome analysis. Cell doublets need to be removed
manually under a microscope, which was labour-intensive
and complicated. Seqwell utilized a semipermeable mem-
brane with nanopores to seal microwells.®* After cell lysis,
the semipermeable membrane traps biomacromolecules in
the well, reducing cross-contamination. However, semiperme-
able membranes are unable to retain small molecules from
cell lysates within the wells. Burak et al. presented scFTD-
seq, a single-cell RNA-sequencing platform based on freeze-
thaw lysed cells and slide-sealed microwells.®" This slide-
sealing-based approach reduces cross-contamination between
wells, but still requires manual handling of slides. Then, a
microwell-based single-cell RNA-sequencing platform was de-
veloped by Yuan and Sims.®® After cells and barcoded beads
are captured in pairs, lysis buffer was introduced, and the
microwells were immediately sealed with fluorine oil. This
approach ensures extremely low cross-contamination with
the aid of an automated flow delivery system.

3. Single-cell analysis

Single-cell analysis is the most efficient way to conduct com-
prehensive heterogeneity studies from cellular phenotype to
gene expression. Microwell array chips have become a popu-
lar choice to conduct single-cell studies owing to their advan-
tages of easy fabrication, low cost, and simple operation. In
this section, we summarize recent advances in microwell-
based single-cell analysis, including proteins, nucleic acids,
and metabolites.

3.1 Single-cell protein analysis

Protein analysis plays an essential role in cellular biochemi-
cal process monitoring as well as in clinical diagnostic re-
search. Accurate measurements of single-cell protein are vital
to obtaining a comprehensive view of the cells. The
microwell-based platform isolates single cells and confines
the target to a small volume, resulting in high local concen-
trations and enabling more precise protein detection.
Enzyme-linked immunosorbent assay (ELISA) is one of the
most widely used methods for detecting and quantifying pro-
teins. Traditional ELISA-based methods for hybridoma
screening take a long time and cannot use multiple anti-
bodies in a single screen. To address this issue, a
microengraving-based assay for single-cell secreted factors
was developed. Using antigen-modified slides and microwell
arrays containing single cells, this method enabled the deter-
mination of various secretions from large numbers of single
cells in a semi-quantitative manner (Fig. 4a).°® In order to in-
crease the sensitivity of the platform, a hybridization chain
reaction was added to amplify the signals produced by
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sandwich immunoassays for the simultaneous detection of
three released proteins.®”” However, this method had diffi-
culty detecting low-concentration proteins. To detect low-
abundance proteins in blood, digital ELISA methods were de-
veloped.®® This method loaded beads with specific antibody
modifications into femtoliter-sized microwells, resulting in
single-molecule arrays (SiMoAs). SiMoAs ensured that the
concentration of the fluorescence signal molecule was high
enough for detection. This strategy enabled detection of en-
zyme concentrations as low as one single molecule. Through
the continuous improvement of SiMoAs, researchers have re-
alized the detection of small molecules,*® proteins,”*”* cyto-
kines”® and their simultaneous detection.”? However, this
method was unable to detect multiple low-abundance pro-
teins simultaneously in a single cell. To accomplish
multiplexed protein detection, a beads-on-barcode antibody
microarray (BOBarray) has been developed (Fig. 4b). It gave
each protein a pair of unique identifiers (bead size and fluo-
rescent color) and up to 12 different proteins can be encoded
using four different bead sizes and three different colors. The
chip of 60 pL BOBarray enables the integration of single-cell
capture lysis and subsequent protein detection.”
Microengraving-based assays confine cells to small spaces
and can affect the physiological state of cells. The modifica-
tion and capture of the bead in the SiMoA method have
greater randomness. Single-cell analysis based on these two
platforms is still a two-dimensional culture of cells, which
has difficulty restoring the real microenvironment in vivo.
Therefore, a method integrating three-dimensional cell cul-
ture and cancer cell co-culture was developed to address
these issues (Fig. 4c).”® The platform cultured tumor cells
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with macrophages within the same microwell, supporting
single-cell cultures on a 3D matrix using a high-density
micropillar array. Scatter plots in Fig. 4c show the profile of
MIP-1b protein detection from U87 single cells on pr-PDMS
and plain PDMS. None of the above methods can be used for
cell-to-cell interaction analysis. Then, a hierarchical loading
microwell chip (HL-Chip) was developed.”” The platform en-
abled high-precision dispensing of single cells/beads based
on size differences, achieving 91.8% pairing efficiency of
bead-cell (Fig. 4d). High-throughput secretion of individual T
cells and tumor-T cell interactions were investigated using
this platform.

Western blotting (WB) is an alternative protein detection
technique applied in cellular and molecular biology. Re-
searchers can distinguish particular proteins from compli-
cated protein mixtures isolated from cells using WB. How-
ever, the average value of cell populations required by
traditional blotting covers the abundant single-cell behavior
in complicated populations. Single-cell western blot (scWB) is
a single-cell protein analysis technique that provides an ap-
proach to further deepen our cognition of cell-to-cell differen-
tiation in protein-related cellular characteristics.”® Specifi-
cally, the scWestern array consisted of thousands of
microwells that are templated on a photosensitive polyacryl-
amide gel and placed on glass microscope slides. The scWB
analysis is divided into six steps (Fig. 5a).”® Although anti-
body probe cross-reactivity and fixation errors continue to be
confusing variables, immunoassays are the accepted standard
for identifying subcellular protein localization in single cells.
To improve selectivity, Herr et al. introduced a subcellular
western blotting technique that enables direct measurement

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Microwell-based single-cell western blot analysis. (a) Working flow of scWestern analysis. Polyacrylamide gels are selected as the material
for the microwells, and individual cells are deposited into the microwells for lysis, electrophoresis, protein photocapturing and antibody detection.
Reproduced with permission.?® Copyright 2014, Springer Nature Publishing. (b) Subcellular scWestern blotting. On the basis of scWestern, two-
dimensional electrophoresis was introduced to separate and detect the cytoplasm (stage 1) from the nucleus (stage 2), realizing subcellular protein
localization in individual cells. Reproduced with permission.”® Copyright 2017, Springer Nature Publishing. (c) In situ single-cell western blot de-
tects protein expression in adherent cells. Fibronectin-coated microwells allow cell cultures to be combined with scWestern, reducing interference
during sample preparation. Reproduced with permission.&° Copyright 2019, Wiley.

of nucleoplasmic protein distribution in single cells, provid-
ing more accurate protein signals in heterogeneous cell popu-
lations (Fig. 5b).”° After isolating single cells in multi-layered
microwells, the researchers sequentially lysed the cell mem-
brane and nuclear membrane and performed western blot-
ting on the lysates, respectively. Six targets have been identi-
fied by subcellular single-cell western blots, including
spliceosome-associated proteins that were released from big
protein and RNA complexes as well as compact-sized proteins
(7 kDa difference). However, cell separation disrupts multiple
proteins when analyzing cell suspensions for proteins. Analy-
sis of adherent cells reduces disturbance and sample loss.
Therefore, in situ scWB was developed for the protein analy-
sis of individual attached cells.®” To reduce the influence dut-
ing cell culture, the microwell was functionalized with fibro-
nectin (Fig. 5c). Following the reattachment, cells were lysed
and western blotting was performed. This platform provided
a solution for single-cell detection of losable proteins.

To analyze the phenotypic relationship between parental
and offspring cells, a translocation and secretion assay
(TransSeA) was established.®' Using TransSeA, researchers
transferred the daughter cells individually to a new plate for
culturing. In addition, single-cell extracellular vesicle (EV)
analysis based on immunological methods has the character-
istics of simple operation and rapid analysis. However, this
class of methods is limited by the proteomic parameters of
EV analysis per cell. Therefore, it is not sufficient to compre-
hensively analyze the heterogeneity of EV secretion. The
method for multiplexed profiling of single-cell EVs is also
necessary. Lu et al. combined spatially patterned antibody
barcodes with microwell chips to achieve multiplex analysis
of EV secretion from more than 1000 single cells. With the
help of barcoded antibodies, multiple EV phenotypes were
detected simultaneously.®” In addition, multiplexed analysis
of single-cell secretion helps to understand the cellular com-
munication more comprehensively.

This journal is © The Royal Society of Chemistry 2023

3.2 Single-cell nucleic acid analysis

Nucleic acid is responsible for the storage, transfer and ex-
pression of genetic information in organisms. Single-cell
nucleic acid analysis has significantly improved our recogni-
tion of cellular heterogeneity.

3.2.1 Single-cell nucleic acid electrophoresis analysis. DNA
damage is an important risk factor for cancer, aging and ge-
netic diseases. Comet assay is a technique based on electro-
phoresis to detect DNA strand damage. The principle of
comet assay is that DNA fragments migrate farther than un-
damaged DNA in agarose gel electrophoresis. The method
can effectively detect and quantitatively analyse the degree of
DNA nick damage in single and double strands in cells. Com-
bining traditional comet experiments with agarose micro-
wells, a simple high-throughput single-cell DNA damage anal-
ysis platform was developed.®® Single cells entered the
microwell array by gravity, and the morphology of their DNA
damage was visualized by gel electrophoresis. After obtaining
the images, comets would be recognized by identification
software and labelled with blue crosses as shown in Fig. 6a.
Significant levels of single-stranded DNA damage were ob-
served when five industrially relevant engineered nanoparti-
cles were exposed to TK6 suspension cells and H9T3 adher-
ent cell lines.’® Li et al combined cell culture with the
following in situ analysis of chemotherapeutic agents for cyto-
toxicity and genotoxicity (Fig. 6b).*® The modified comet as-
say was applied to detect the formation and cytotoxicity of in-
terchain crosslinks (ICLs). Subsequently, a comet chip was
shown to perform electrophoresis of HepG2 spheroids and
was named as SpheroidChip.®® This strategy has been experi-
mentally proven to be capable of detecting cell damage and
repair. However, none of these methods can achieve
ultrahigh-throughput single-cell damage detection. By chang-
ing the microwells to microchannels, a novel comet chip for
ultrahigh-throughput single-cell gDNA analysis was exploited.
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The platform is fabricated with agarose containing 100 par-
allel channels. To match cell size, the height and width of
the channel were designed to be 20 pm. The method can
measure over 10000 single cells simultaneously on a small
chip, achieving 100 times that of conventional through-
put.®” Due to the complicated form of comets, each one
must be examined separately. This means extensive and po-
tential bias will appear when detecting each comet. To
solve these problems, HaloChip was developed.®® Cells were
neatly embedded in a thin layer of agarose gel, followed by
DNA treatment. DNA fragments from the damage diffused
out of the nucleus, forming a circular halo. Single-cell DNA
damage can be accurately detected based on the shape and
size of the circles. At the same time, the chip can also be
used for the assessment of nucleic acid damage repair. In
X-ray-induced damage repair experiments, LNCaP was ob-
served to possess stronger repair ability than HeLa cells
and MG-63 cells. The HaloChip is considered as a variant
of the comet chip experiment.

a PCR in microwell

0
Microfluidic PCR chamber

Viral marker gene

3.2.2 Single-cell nucleic acid amplification analysis. The
amount of nucleic acid in a single cell is very low, typically 6-
7 pg. Direct detection of this rare amount of nucleic acid is
challenging. Therefore, accurate and efficient nucleic acid
amplification is essential for single-cell nucleic acid analysis.
Polymerase chain reaction (PCR) is one of the most widely
used nucleic acid amplification techniques and is typically
used to amplify one or more primer-labeled fragments in a
nucleic acid template. In microwell chip-assisted PCR, the
ability of specific cell detection® and single-cell mutation
point detection® has been significantly improved with high
sensitivity. Digital PCR (dPCR) is a new option for nucleic
acid detection and quantitative analysis, which can achieve
absolute quantitative and rare allele detection by dividing
samples into many separate and parallel PCR reactions. A mi-
crofluidic digital PCR method has been developed for the
linking analysis of a single bacterium with virus.’® Microbial
cells were collected from the environment and individually
trapped into microwell arrays. Then PCR was performed to
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Fig. 7 Microwell-based single-cell nucleic acid amplification analysis. (a) Microwell-based digital PCR for detection of single bacteria for viruses.
Possible genuine host-virus associations were detectable by this assay. Reproduced with permission.°® Copyright 2011, The American Association
for the Advancement of Science. (b) Schematic of microwell displacement amplification system. The pretreatment process includes cell lysis, de-
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amplify the small subunit (SSU) ribosomal RNA using com-
mon primers (Fig. 7a). This method needed no culturing of a
host or virus and provided a way to examine virus-bacteria
interactions in various settings.

Typically, different temperatures are involved in PCR cy-
cling, whereas isothermal amplification can be carried out at
a constant temperature. In microfluidic chips, single-cell
nucleic acid amplification analysis using isothermal amplifi-
cation instead of PCR can significantly reduce the complexity
of the system. Multiple displacement amplification (MDA) is
one of the most commonly applied isothermal amplification
strategies. To reduce amplification bias, the microwell dis-
placement amplification system (MIDAS) performs single-cell
MDA in a tiny volume down to 12 nL (Fig. 7b).”" Compared
with MDA results in a test tube, MIDAS had a markedly re-
duced level of amplification bias.

Enzyme-based amplification methods all involve multiple
primers and non-specific extensions, which greatly limit the
accuracy of ultra-low copy nucleic acid detection in single
cells. To address this issue, a bead array analysis method
based on an enzyme-free amplification was developed. This
method used the cascaded DNA circuits of hybrid chain reac-
tion (HCR) and catalytic hairpin assembly (CHA) for signal
amplification and successfully identified single-base mutant
miRNAs with good specificity in the presence of high concen-
trations of interfering nucleic acids (Fig. 7c).”®> Any aptamer
or probe sequence was compatible with the programmable
DNA circuits, which would significantly lower the costs and
boost accuracy as well as throughput.

3.2.3 Single-cell sequencing. Sequencing-based single-cell
omics analysis has achieved remarkable success in revealing
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cellular subtype classification and heterogeneity. Single-cell
genomic analysis can illustrate heterogeneity at genetic level.
The advantages of simple processing, good structure, and
convenient operation of microwell array chip make it an ideal
tool for high-throughput single-cell sequencing. Single-cell
genomes were amplified and sequenced by the aforemen-
tioned MIDAS.”" Using MIDAS, researchers achieved high-
throughput detection of single copy number changes in a sin-
gle neuron.

Single-cell transcriptome analysis reflects the expression
of genes under certain conditions, which is closely related to
cell differentiation and variation. Fan et al. performed pairing
of single cells with barcoded beads in microwells, allowing
downstream operations.”® Barcode information was added to
the ¢cDNA for post target single-cell transcriptional profiling
and single-molecule analysis. Yet this unsealed microwell-
based platform suffers from inaccurate single-cell informa-
tion due to the molecular diffusion among wells. To reduce
cross-contamination, several sealing strategies were applied
to microwell-based single-cell sequencing. The Seq-well®*
platform used a semi-permeable polycarbonate membrane to
seal the microwells, obtaining high-quality single-cell resolu-
tion sequencing data (Fig. 8a). This membrane allowed small
molecules to pass through while preventing the passage of
mRNA-like macromolecules, critically avoiding cross-contami-
nation. However, the complex chemical modification of the
well array and the exacting attachment impeded its broad
application.

In addition to semi-permeable membranes, oils are also
used for microwell sealing. Bose et al. fabricated a microwell
array in a thin PDMS layer on top of a glass slide with a

b Perfluorinated oil sealed microwell array

| PDMS slab I
L ¢ Microwell array
]

[glass slide
Perfluorinated oil W
2w

Beads with captured mRNA
~
sdmoesomvwe

@ Load beads 100%

QLo EONONS

@ Inject oil containing
lysis aggregates

e e eV i
[o7s o 0o e

Occupancy Ratio
2 @
g2 8
2 2

a
8
=

N
S
=

0%
Cell  Barcoded bead ~Pairing

Fig. 8 Microwell-based single-cell sequencing. (a) Seq-well: a platform using a semi-permeable polycarbonate membrane to seal the microwells.
The application of semi-permeable membranes has greatly reduced the cross-contamination between microwells. Reproduced with permission.®*
Copyright 2017, Springer Nature Publishing. (b) An oil-sealing microwell chip for single-cell RNA sequencing. Oil seal technology advances the au-
tomation of high-throughput single-cell sequencing platforms based on microwells. Reproduced with permission.®* Copyright 2015, BioMed Cen-
tral Ltd. (c) Well-paired-seq: using dual wells to realize efficient cell/bead co-loading. Reproduced with permission.’” Copyright 2022, Wiley.
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microfluidic flow channel above.”* To ensure the array
sealing, oil with lysis buffer was quickly injected into the flow
channel to replace the liquid. Cell lysis and mRNA capture
were performed in the well under oil seal conditions
(Fig. 8b). This method can be used for unbiased RNA se-
quencing of a single cell, but the throughput was relatively
low. Thus, a large amount of cells can be sequenced when
the platform is improved to be automated.”> However, this
design restricts buffer exchange and demands integrated
temperature, which has an influence on usability and porta-
bility. Therefore, a convenient, low-cost platform for high-
throughput scRNA-seq is attractive. Microwell-seq used aga-
rose as material to fabricate well chips, reducing the cost of
single-cell sequencing.®® Using this strategy, researchers suc-
cessfully mapped mammalian adult adrenal gland hierarchy
across a species and mouse cell atlas. The absence of temper-
ature controllers and pumps also made Microwell-seq easier
to use in individual laboratories. Subsequently, the process
was accelerated with costs reduced through system optimiza-
tion of TagMan qPCR in Microwell-seq, which was known as
Microwell-seq 2.0.%°

In the above-mentioned methods, to ensure the accuracy
of cell sequencing data and reduce doublets, the capture of
cells is based on Poisson distribution, which means that the
pairing rate of cells and barcode beads is quite low. Well-
paired-seq utilized dual-microwell chips to achieve an ex-
tremely high cell/bead pairing ratio (Fig. 8c).”” This chip
consisted of a flow channel and dual wells, and the dual well
included a bead trap and a cell trap. When laminar fluid
passed through the flow channel, the velocity at which the
beads located below the main flow capture the fluid in the
well was significantly reduced. The cell trap below the bead
trap had a lower flow rate, which allowed for more efficient
capture of single cells and a higher pairing rate with the
barcoded bead. Cell lysis was performed in a confined space
by mixing lysis reagents in mineral oil, effectively reducing
cross-contamination among wells. Transcript expression of
peripheral blood mononuclear cells (PBMCs) and drug-
treated cells was profiled through Well-paired-seq, revealing
the heterogeneity of single cells.

Linking single-cell omics signatures with imaging infor-
mative features may help to unravel the molecular mecha-
nisms driving the growth of cell subsets. Microwell chip-
based assays have evolved to enable integrated analysis of
single-cell omics sequencing data with multiple phenotypic
information. SCOPE-seq used a barcoded bead containing a
second barcode to link live-cell images with single-cell tran-
scriptome sequencing data.®® After co-loading cells with
barcode beads into the microwell chip, the second barcode
in each well can be optically decoded. Thus, images obtained
by microscopy from individual cells can be directly linked to
genome-wide expression profiles. However, this method had
limited throughput, low mRNA capture efficiency, and re-
quired complex procedures to link the two barcodes. In
SCOPE-seq 2, the introduction of error-correcting codes ad-
dressed these issues well and also improved the throughput
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and linking accuracy.”® Zhang et al. used specific coordinate
oligonucleotides to encode the position of each well, which
were identified together with mRNA during library prepara-
tion.”” These coordinate oligonucleotides allowed each cell
barcode to be traced back to its origin well, thus linking it to
the optical data collected for that cell. In contrast to SCOPE-
seq, this strategy did not require complex optical decoding.
In addition, microwell chip-based sequencing and imaging
linking analysis have enabled photophysiological analysis of
microalgae'® and integration of the phenotype and tran-
scriptome of patient-derived tumor organoids.**

3.3 Single-cell metabolite analysis

Significant changes in cellular metabolic characteristics are
also manifestations of cellular heterogeneity. The detection
of single-cell metabolites is of great significance for the diag-
nosis of cancer and the comprehensive understanding of key
processes such as embryonic development.

Mass spectrometry is one of the common methods for
single-cell metabolite analysis due to its ability to perform ac-
curate and sensitive detection of large numbers of chemical
molecules. Zhang's group proposed a single-cell metabolite
quantification method combining microwell arrays and drop-
let microextraction mass spectrometry.'®> Microwells were
able to confine single cells in a certain space and avoided the
random diffusion of target molecules during the micro-
extraction process, which greatly improves the precision and
accuracy of detection. The glucose phosphate calibration
curve measured by this method varied linearly from aM to fM
range. Liu's team designed and fabricated a microwell array-
based chip combined with matrix-assisted laser desorption/
ionization mass spectrometry (MALDI-MS).'%* Using this plat-
form, they detected eight phospholipids from one single cell
and characterized the structures by MS/MS spectroscopy.

The oxygen consumption rate (OCR) of a cell is related to
the metabolism of the cell directly. The distribution of single-
cell OCR is an important parameter of metabolic heterogene-
ity. Lidstrom et al. designed a glass microwell array contain-
ing immobilized luminescence sensors to quantitatively mea-
sure oxygen consumption by individual cells at fM per min
resolution.'® However, this method needed to embed a large
number of micro-oxygen sensor arrays in the microwell chip,
which made the preparation process of this chip very compli-
cated. To address this issue, Wang et al. combined photo-
acoustic microscopy with a microwell array chip to measure
OCR.' This method separated single cells by microwells
and then combined photoacoustic imaging to measure the
change of hemoglobin oxygen in each microwell, realizing
label-free metabolic detection of tumor cells.'%®

4. Conclusions and future outlook

In this review, we have discussed the design and fabrication
of microwell-based chips and their applications in single-cell
nucleic acid, protein, and small molecule analysis. Micro-
fluidics, including droplet, microwell and other technologies,
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has been proved to be a powerful tool for single-cell analysis.
These technologies have their own features. A huge amount
of droplets can be produced in a short time to achieve
ultrahigh-throughput single-cell encapsulation. During the
process of producing droplets, a large number of droplets
without cells are generated due to the Poisson distribution.
These empty droplets can be screened by sorting techniques
or combined with methods such as inertial focusing to ob-
tain droplets with high single-cell rates. Meanwhile, droplet
operations, including sorting, fusion and splitting, realize the
precise control of high-throughput single droplets. Therefore,
droplet technology has become the most commercialized
platform. In contrast, microwell-based chips can achieve
high-throughput single-cell isolation with hyper-Poisson dis-
tribution through simple size design. Microwell chips have
various structures with flexible operations; for instance, roof-
less microwell chips permit direct sample loading without a
pump. Using a modified glass slide as the roof enables
microwell chip secretion capture and detection. In addition,
the fixed spatial location of each well can be used to connect
multiple discrete measurements, so the microwell platform is
easy to integrate with methods such as single-cell culture and
in situ analysis. The ability to link single-cell omics features
with cellular phenotypic features, especially time-varying phe-
notypic changes, with the help of microwell chips can pro-
vide insight into the molecular basis of cellular function.
However, the overall throughput capability of microwells is
limited by chip size, supporting less precision in environ-
mental control than valve-based systems. Furthermore, multi-
omics analysis is one of the future directions of single-cell
profiling, so it is crucial to accurately capture and detect mul-
tiple targets in single cells. Although microwells can be
sealed through adding a roof, such as a glass slide or a semi-
permeable membrane, it is difficult to achieve complete iso-
lation among microwells. Therefore, cross-contamination be-
tween microwells remains a tough problem. As microwell
technologies continue to mature, these obstacles will be over-
come associated with deeper understanding of single-cell bi-
ology. Overall, we envision that the microwell platform will
provide multi-dimensional analysis methods for oncology,
immunology and drug screening.
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