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The simultaneous quantification of multi-miRNAs in single cells reveals cellular heterogeneity, and benefits
the subtypes discrimination of cancer cells . Though micro-droplet techniques enable successful single cell
encapsulation, the isolated and restricted reaction space of microdroplets causes cross-reactions and
inaccuracy for simultaneous multi-miRNAs quantification. Herein, we develop a hydrogel microbead
based strategy for the simultaneous sensitive quantification of miRNA-21, 122 and 222 in single cells.
Single cells are encapsulated and undergo cytolysis in hydrogel microbeads. The three target miRNAs are
retained in the microbead by pre-immobilized capture probes, and activate rolling circle amplification
(RCA) reactions. The RCA products are hybridized with corresponding dye labelled DNA reporters, and

the respective fluorescence intensities are recorded for multi-miRNA quantification. The porous
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Introduction

The quick discrimination of cancer subtypes would benefit the
study of their origins and progression, and improve accuracy in
clinical treatment and prognosis. Multiplex microRNAs (miR-
NAs) regulate the gene network collaboratively to maintain cell
renewal, proliferation, and apoptosis."® Different miRNAs
expression levels are closely related to cellular heterogeneity,”®
which plays an important role in the characterization and
classification of subpopulations,'®** and contributes to cancer
subtypes discrimination.'**® However, intracellular multi-
miRNAs imaging strategies cannot provide quantitative infor-
mation. Conventional quantitative measurements of miRNAs
expression in bulk analysis only study the average gene
expression levels from a large number of cells,**® which covers
cellular heterogeneity.'>*® Therefore, the simultaneous quanti-
fication of multi-miRNAs expression in single cells is very
important for cell subtypes discrimination.

Droplet microfluidic based techniques facilitate single cell
analysis.”** Generating microdroplets using aqueous oil
systems enables the compartmentalization and isolation of
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individual target cells.>*** Labelling specific single cells lysed in
droplets with subsequent droplet breakup and RNA sequencing
has achieved successful genomic profiling with single cell
resolution.”*** However, it requires a high cost and increases
the operation complications.’*** Isothermal enzymatic ampli-
fication®** and DNA cascade hybridization®**** amplification
strategies have been directly performed in the picoliter volume
of water-in-oil droplets. Though they provide a fast miRNA
detection method in a single cell manner, these droplet based
approaches are only suitable for single miRNA quantification.
For multi-miRNA signal amplifications, different oligonucleo-
tides and enzymes for each target miRNA have to be compacted
in single droplets. The crowded encapsulation of reaction
reagents for multi-miRNAs would result in nonspecific ampli-
fications and cross-reactions®® and, thus, impair quantification
accuracy. Furthermore, it’s difficult to remove unreacted DNA
strands from water-in-oil droplets once they are formed,*” which
raises the background signal and limits the detection
sensitivity.

Hydrogel microbeads provide a similar hydrous microenvi-
ronment as water-in-oil droplets. Unlike water-in-oil droplets
with a closed space for the amplification reaction, the porous
structure of hydrogel microbeads provides good permeability
and allows the free diffusion of DNA strands, as well as the easy
removal of unreacted ones to avoid nonspecific cross-reactions.
In addition, hydrogel microbeads demonstrate higher
mechanical stability with convenient functionalization.***°
Here, we design hydrogel microbeads instead of microdroplets
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for single cell encapsulation and achieve the simultaneous
quantification of multi-miRNAs in single cells for liver cancer
cell subpopulation discrimination. A flow-focusing configured
microfluidic chip with two aqueous phase inlets is designed to
generate single cell encapsulated microdroplets. The aqueous
phases contain the liver cancer cell suspension and PEG
hydrogel precursor (PEG-DA)/PEG hydrogel precursor func-
tionalized with miRNAs capture probes (MCPs-PEG-acrylate).
MCPs are assembled by the hybridization of DNA nanowire
and the target miRNA responsive hairpin probe pairs H1/H2.
Two aqueous phase flows meet at the intersection point and
are sheared by the oil phase to generate microdroplets for single
cell encapsulation. 50 seconds of UV exposure polymerizes the
as-obtained microdroplets to hydrogel microbeads, which are
subsequently converted from the oil phase to aqueous solution.
MCPs are immobilized on the scaffolds of the hydrogel
microbeads during photo-polymerization (MCPs-hydrogel
microbeads) (Scheme 1A).

miRNA-21, 122 and 222 are selected as the target miRNAs to
discriminate between the liver cancer cell subpopulations
HepG2, HCCLM3 and MHCC97L, and the normal liver cell
HHL-5. The single cell lysis is performed in the hydrogel
microbead, which guaranteed the same reaction period for the
subsequent signal amplification reaction. The released target
miRNAs are recognized by their corresponding MCPs and

oil

The o @ —

oil

s~ MCP-21-PEG-acrylate
o~ MCP-122-PEG-acrylate
s~ MCP-222-PEG-acrylate

~ o~
S 4 #\ celllysis [\ ' RCA
J P
8Y

RN

MCP-21 intermediate
H1 H2

LY e
Activated MCP-21

L e T
MCP-21

O RCA template .——#reporter-21-TAMRA A\ MCP-1
«& phi29 DNA polymerase miRNA-21

- Single strand
“ DNA region

o] ¥

View Article Online

Chemical Science

retained in the hydrogel microbeads, while nontargeted nucleic
acids and proteins are removed via PBS washing of the hydrogel
microbeads. The recognition of the target miRNAs results in
a structural change of the MCPs with the exposure of a single
strand DNA region to activate rolling circle amplification (RCA)
reactions in the hydrogel microbeads. The target miRNAs are
repeatedly used to react with MCPs and activate RCA reactions.
Fluorophore labeled DNA reporters are hybridized with the RCA
products, thus lighting up the hydrogel microbeads with multi-
color fluorescence (Scheme 1B). The fluorescent intensities are
quantified for the absolute quantification of single-cell multi-
miRNAs, and this achieves successful cellular subpopulations
discrimination via three-dimensional visualization and t-
distributed stochastic neighbor embedding (t-SNE) analysis.

Results and discussion
Fabrication of the hydrogel microbeads

The hydrogel microbeads were synthesized via the photo-
polymerization of microfluidic droplets. To prepare the micro-
droplets, a microfluidic system was set up with a flow focused
patterned microfluidic chip including two aqueous phase inlets
and one oil phase inlet (Fig. S1A and BY), a FLOW-EZ pump and
a microscope (Fig. S1Ct). The PEG hydrogel precursor, con-
taining 10% (v/v) PEG-DA-700, 10% (v/v) of 20 mM PEG-DA-3400

—
UV polymerization
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Scheme 1 Schematic illustration of (A) single-cell encapsulation in microdroplets and the preparation of MCPs—hydrogel microbeads and (B)
cell lysis and miRNAs specific signal amplification in the hydrogel microbeads for single-cell multi-miRNAs quantification.
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aqueous solution and 1% (v/v) photo initiator, was imported
into one aqueous phase inlet. Water flowed into the other
aqueous phase inlet, and hexadecane containing 4% EM90 was
imported into the oil phase inlet. The two aqueous phase flows
met the oil phase flow at the intersection point, and the
aqueous phase mixture was sheared by the oil phase to generate
microdroplets in a high throughput manner (Fig. 1A). The as-
prepared water-in-oil microdroplets were collected at the
outlet of the microfluidic chip. 50 seconds of UV light irradia-
tion induced the free radical polymerization of PEG-DA in the
microdroplets, and resulted in hydrogel microbeads with
a uniform size of 50 pm in diameter (Fig. 1B) and variation
coefficient of 4.95%, indicating a quasi-monodisperse distri-
bution (Fig. S21).** The FTIR spectrum of PEG-DA showed
characteristic peaks for -OH and -CH, stretching vibrations at
3400 cm ' and 2864 cm ', respectively, and characteristic
peaks for -C=0 and -C=C- stretching vibrations at 1728 cm "
and 1636 cm ™', respectively (Fig. 1C, line a). After UV irradia-
tion, the successful polymerization of PEG-DA was confirmed by
the disappearance of -C=C- characteristic peak in the FTIR
spectrum (Fig. 1C, line b).

Preparation of the miRNA capture probes (MCPs) and
feasibility demonstration of multi-miRNAs signal
amplification

The MCPs were composed by self-assembling equimolar
amounts of three DNA strands, 72 bp DNA nanowire, H1 and
H2. H1 was composed of hairpin structured h1 that recognizes
the target miRNA and an anchoring strand that hybridizes with
DNA nanowire. H2 was composed of hairpin structured h2 that
hybridizes with h1 and an anchoring strand that hybridizes with
the DNA nanowire (Fig. S3Aft). Three different liver tumor-
related miRNAs, miRNA-21, miRNA-122 and miRNA-222, were
taken as the sample targets for the MCPs. The successful
assemblies of the MCPs were confirmed by polyacrylamide gel
electrophoresis (PAGE) analysis. After incubating DNA nano-
wire (Fig. S3B,t lane 1), miRNA-21 responsive H1 (H1-21)
(Fig. S3B,t lane 2), and H2-21 (Fig. S3B,t lane 3) for 2 h,
a new band with lower mobility was observed, accompanied by
the disappearance of the H1-21, H2-21 and DNA nanowire
bands (Fig. S3B,} lane 4), indicating the successful synthesis of
MCP-21. miRNA-122 and miRNA-222 responsive MCP-122 and
MCP-222, respectively, were prepared according to the same
procedure and showed bright bands with a similar mobility as
that of MCP-21 in PAGE (Fig. S3B,T lane 5, 6). To illustrate the
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Fig.1 Bright field microphotographs of (A) water-in-oil microdroplets
(scale bar: 200 um) and (B) hydrogel microbeads (scale bar: 50 um). (C)
FTIR spectrum of PEG-DA (a) before and (b) after photo-
polymerization.
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assembly ratios of H1, H2, and the DNA nanowire in the MCP,
a Cy3 labelled DNA nanowire (DNA nanowire-Cy3) was hybrid-
ized with 6-carboxyfluorescein (FAM) labeled H1-21 (H1-21-
FAM) and Cy5 labeled H2-21 (H2-21-Cy5) to prepare a tri-color
MCP-21. Calculated according to the standard -calibration
curves of DNA nanowire-Cy3, H1-21-FAM, and H2-21-Cy5
(Fig. S3C¥), the amounts of FAM, Cy5 and Cy3 contained in 200
uL tri-color MCP-21 were all 60 pmol, indicating that each MCP
contained one DNA nanowire and a pair of H1/H2.

The target miRNA triggered the catalytic hairpin assembly
(CHA) reaction in MCP by hybridizing with H1 via toehold-
mediated strand displacement and unfolding the hairpin
structure of H1 to form the MCP intermediate. The newly
exposed region in H1 further hybridized with H2 and formed
a H1/H2 duplex structure, therefore activating the MCP by
exposing a single strand DNA region, which acted as a primer
for the subsequent rolling circle amplification (RCA) reaction
(Scheme 1B, activated MCP-21). During the MCP activation
process, the target miRNA was released from H1 and cyclically
applied in continuous MCP activation, which pre-amplified the
signal (Scheme 1B). The feasibility of specific miRNA
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Fig. 2 (A) Schematic illustration and (B) PAGE analysis of CHA reac-
tions corresponding to miRNA-21 (CHA-21), miRNA-122 (CHA-122)
and miRNA-222 (CHA-222) in homogeneous solution, lane 1-5 rep-
resented the target miRNA and the corresponding hl, h2, CHA
product, and the mixture of hl and h2, respectively. (C) Fluorescence
spectra of SQ-MCP-21, SQ-MCP-122, and SQ-MCP-222 in response
to their corresponding miRNAs. (D) Agarose gel electrophoresis
analysis of RCA reactions, lane 1-6 represented MCP-21, MCP-122
and MCP-222, and the corresponding RCA products RCA-21, RCA-122
and RCA-222, respectively.
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recognition and subsequent CHA reaction was first verified in
homogeneous solution with free h1 and h2 DNA probe pairs
(Fig. 2A). After incubating miRNA-21 with the mixture of h1-21
and h2-21, a new band with lower mobility appeared, accom-
panied by the disappearance of the h1-21 and h2-21 bands,
indicating the generation of the CHA reaction product CHA-21.
The miRNA-21 band was still observed in the PAGE image
because it only exists in the intermediate and was released
before the formation of the final product CHA-21 (Fig. 2B, CHA-
21 lane 4). In comparison, the mixture of h1-21 and h2-21 in the
absence of miRNA-21 only showed two distinct bands at their
corresponding positions (Fig. 2B, CHA-21 lane 5). Successful
assemblies of CHA-122 and CHA-222 demonstrated similar
lower mobility bands in the PAGE images (Fig. 2B, CHA-122 lane
4 and CHA-222 lane 4, respectively).

To further confirm the activation of MCPs in homogeneous
solution, self-quenched MCPs (SQ-MCPs) were prepared with
FAM and its corresponding quencher, BHQ1, labeled in proxi-
mate positions in H2 (Fig. S4f). The specific recognition of
miRNA-21 activated SQ-MCP-21 with the generation of the H1/
H2 duplex and corresponding strong FAM fluorescence
recovery at 518 nm (Fig. 2C, activated MCP-21). The same
fluorescence recovery was also observed for SQ-MCP-122 and
SQ-MCP-222 (Fig. 2C, Activated-MCP-122 and Activated-MCP-
222).

To verify the RCA reaction following the MCPs activation,
circular-21, 122 and 222 were prepared with linear pre-circular-
21, 122, and 222, respectively (Fig. S51). The as-obtained
circular-21, 122 and 222 were hybridized to exposed single
strand DNA regions in the corresponding activated MCPs
(Scheme 1B, RCA-21/122/222). After the RCA reaction, MCP-21,
MCP-122 and MCP-222 bands all disappeared, with the
appearance of new bands with much lower mobility in agarose
gel electrophoresis, indicating the successful process of the RCA
reactions (Fig. 2D).

Functionalization of hydrogel microbeads with MCPs

To endow the hydrogel microbeads with the capability of
capturing the target miRNAs, DBCO was labelled on DNA
nanowire (DBCO-DNA nanowire), and hybridized with H1, H2
to obtain DBCO-MCP. The as-obtained DBCO-MCP was
conjugated with azide functionalized PEG-acrylate (N;-PEG-
acrylate) via the click reaction to get MCP-PEG-acrylate (Fig. 3A).

N;-PEG-acrylate demonstrated an azide characteristic peak
at 2102 cm™ ' and -C=C-, -C=0- characteristic peaks at
1634 cm ™' and 1723 cm ™" in the FTIR spectrum (Fig. 3B, line a).
The successful conjugation of DBCO-MCP to N;-PEG-acrylate
was confirmed by the disappearance of the Nj characteristic
peak for MCP-PEG-acrylate (Fig. 3B, line c). Mass spectrometry
and PAGE were further performed to verify the conjugation of
MCP with PEG-acrylate. Considering its lower molecular mass,
DBCO-DNA nanowire was used instead of DBCO-MCP. Incu-
bation of DBCO-DNA nanowire with N;-PEG-acrylate increased
the molecular mass by about 2000 in the mass spectrum, which
corresponded with the molecular mass of N;-PEG-acrylate
(Fig. 3C). The as-prepared DNA nanowire-PEG-acrylate also

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (A) Schematic illustration and (B) FTIR characterization of MCP—
PEG-acrylate synthesis (lines (a—c) in (B): N3-PEG-acrylate, DBCO-
MCP and MCP-PEG-acrylate). (C) Mass spectra and (D) PAGE char-
acterizations of DBCO—-DNA nanowire and Nz-PEG-acrylate conju-
gation (lane 1 in (D): DBCO-DNA nanowire, lane 2 in (D): DNA
nanowire—PEG-acrylate). (E) Scanning electronic microscopy image of
MCP-hydrogel microbeads (scale bar: 500 nm).

showed a new band with a higher molecular weight in PAGE
(Fig. 3D, line 2).

The as-prepared MCP-PEG-acrylate was added into the PEG
hydrogel precursor aqueous phase flow, and co-polymerized
with PEG-DA upon UV irradiation to generate MCP functional-
ized hydrogel microbeads (MCP-hydrogel microbeads). The as-
prepared MCP-hydrogel microbeads demonstrated a porous
structure with a pore size of around 500 nm (Fig. 3E), and kept
a stable size of around 50 um over 8 days in different buffers
(Fig. S6t). The sub-micrometer level of the inner cavities in the
hydrogel microbeads ensured the free diffusion of phi29 DNA
polymerase and dNTPs for the RCA reaction which was subse-
quently performed in the hydrogel microbeads.

Quantification of multi-miRNAs in hydrogel microbeads

Hydrogel microbeads functionalized with MCP-21, MCP-122,
and MCP-222 were prepared for multi-miRNA quantification.
To demonstrate the specific activation of MCPs and their even
distribution in hydrogel microbeads, SQ-MCP-21 with the dye
FAM and the corresponding quencher BHQ1 labelled in proxi-
mate positions of H2-21, SQ-MCP-122 with the dye tetrame-
thylrhodamine (TAMRA) and corresponding quencher BHQ2
labelled in proximate positions of H2-122, and SQ-MCP-222
with the dye Cy5 and corresponding quencher BHQ3 labelled
in proximate positions of H2-222, were prepared and co-
immobilized in hydrogel microbeads. The as-obtained multi-
SQ-MCP functionalized hydrogel microbeads were challenged

Chem. Sci., 2022, 13, 2062-2070 | 2065
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with 100 nM of miRNA-21, miRNA-122 and miRNA-222,
respectively. The specific recognition of the miRNA resulted in
the fluorescence recovery of the corresponding dye in the
hydrogel microbeads. They demonstrated the homogeneous
fluorescence distribution of FAM in response to miRNA-21,
TAMRA to miRNA-122 and Cy5 to miRNA-222 without cross-
reactions (Fig. S71).

To apply hydrogel microbeads in multi-miRNAs quantifica-
tion, different concentrations of miRNA-21, miRNA-122 and
miRNA-222 mimic mixtures were imported into one aqueous
flow inlet, while MCP-21-PEG-acrylate, MCP-122-PEG-acrylate,
and MCP-222-PEG-acrylate were mixed with the PEG hydrogel
precursor, and imported into the other aqueous flow inlet of the
microfluidic chip (Fig. 4A). The copy number of miRNAs infused
in each microdroplet was calculated based on the imported
miRNAs concentrations and the volume of a single hydrogel
microdroplet. miRNA-21, miRNA-122 and miRNA-222 were
captured by their corresponding MCP-PEG-acrylate, and trig-
gered CHA reactions in the MCPs. The activated MCPs initiated
RCA reactions in the hydrogel microbeads. Following the RCA
reaction, dye labeled DNA reporter probes, which had the same
sequence as the repeat regions in the circular template (circular-
21, 122 and 222), were hybridized to the single stranded RCA
products (Scheme 1B, fluorescent RCA-21/122/222). TAMRA
labelled DNA reporter-21 (reporter-21-TAMRA), FAM labelled
DNA reporter-122 (reporter-122-FAM), and Cy5 labeled DNA
reporter-222 (reporter-222-Cy5) were hybridized to RCA-21, RCA-
122 and RCA-222, respectively. Z-stacking images of the hydro-
gel microbeads were then collected and integrated at wave-
length ranges of 555 to 605 nm, 500 to 540 nm and 650 to
690 nm, respectively, for multi-miRNAs quantification (Fig. 4B).
The integrated fluorescence intensities of the hydrogel
microbeads at the three different wavelength regions all
increased with their corresponding miRNA concentrations
(Fig. 4B), and demonstrated linear relationships from 5 to
200 000 copy numbers for miRNA-21, miRNA-122, and miRNA-
222 (Fig. 4C-E, left column, multi-miRNA infusion). Compared
with miRNA signal amplification strategies in homogeneous
solution,” the confinement of the detection signal in the
hydrogel microbeads of 50 um diameter effectively enhanced
the signal intensity and improved the detection sensitivity.
miRNA concentrations of lower than 100 fM were not explored,
because the infused miRNAs copy numbers among the different
microbeads would not be even with concentrations below 100
M.

To verify the reaction efficiency for the simultaneous multi-
miRNAs signal amplifications in the hydrogel microbeads,
only miRNA-21 was imported into one aqueous flow inlet, while
only MCP-21-PEG-acrylate was mixed with the PEG hydrogel
precursor and imported into the other aqueous flow inlet of the
microfluidic chip. miRNA-21 demonstrated similar fluores-
cence intensities in only MCP-21 functionalized hydrogel
microbeads (Fig. 4C, right column) compared with that of
multi-MCPs functionalized hydrogel microbeads challenged
with miRNAs mixtures (Fig. 4C, left column). Only MCP-122 or
MCP-222 functionalized hydrogel microbeads also demon-
strated similar fluorescence intensities at corresponding copy
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Fig. 4 (A) Microfluidic chip setup for the preparation of miRNA-21/

122/222 infused multi-MCP functionalized hydrogel microbeads (B)
Fluorescence images of multi-MCPs functionalized hydrogel
microbeads in response to miRNA-21, miRNA-122 and miRNA-222
mixtures with various concentrations ranging from 100 fM to 50 nM for
each miRNA (scale bar: 10 um). Linear relationship of fluorescence
intensity versus logarithm copy numbers of (C) miRNA-21, (D) miRNA-
122 and (E) miRNA-222 for multi-MCPs functionalized hydrogel
microbeads in response to mMiRNA-21, miRNA-122, miRNA-222
mixtures (red, left column) and single MCP functionalized hydrogel
microbeads in response to the corresponding single miRNA (black,
right column). (F) Single MCP functionalized hydrogel microbeads in
response to MiRNA-21, miRNA-122 and miRNA-222 and the corre-
sponding target miRNA with one mismatched base and three mis-
matched bases. Columns 1-6 represent blank, 1 nM miRNA-21,
mMiRNA-122 and miRNA-222, 1-mismatched corresponding miRNA
and 3-mismatched corresponding miRNA. The error bars were
collected from 15 hydrogel microbeads from 3 different experiments
and indicated as means + S.D.

numbers of miRNA-122 and miRNA-222, respectively (Fig. 4D, E,
right column), compared with multi-MCPs functionalized
hydrogel microbeads (Fig. 4D, E, left column). These results
indicated few cross-reactions for the simultaneous signal
amplifications for different miRNAs in the hydrogel
microbeads.

The reaction specificity of multi-MCPs functionalized
hydrogel microbeads was further verified by infusing miRNA-
21, miRNA-122, miRNA-222, and synthetic miRNA-21 mimics

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with 1-mismatched base (miRNA-21-M1) and 3-mismatched
bases (miRNA-21-M3) to MCP-21 functionalized hydrogel
microbeads. After signal amplification, MCP-21 functionalized
hydrogel microbeads demonstrated much stronger TAMRA
fluorescence in response to miRNA-21 compared with other
nonspecific miRNAs, miRNA-21-M1 and miRNA-21-M3
(Fig. S8, MCP-21-hydrogel microbeads; Fig. 4F, MCP-21-
hydrogel microbeads). Similarly, MCP-122 functionalized
hydrogel microbeads showed much stronger FAM fluorescence
to miRNA-122 (Fig. S8, MCP-122-hydrogel microbeads; Fig. 4F,
MCP-122-hydrogel microbeads), and MCP-222 functionalized
hydrogel microbeads showed much stronger Cy5 fluorescence
to miRNA-222 (Fig. S8, MCP-222 hydrogel microbeads; Fig. 4F,
MCP-222-hydrogel microbeads).

Single-cell multi-miRNAs quantification in MCPs
functionalized hydrogel microbeads and liver cancer cell
subtypes discrimination

Multi-miRNAs expression analysis in a single cell indicates
cellular heterogeneity, and provides a significant reference for
cancer subtypes discrimination.”* Multi-MCPs functionalized
hydrogel microbeads were able to amplify multiple miRNAs
signals simultaneously in a single microbead, and barely
demonstrated nonspecific cross-reactions. HepG2, HCCLM3
and MHCC97L, three liver cancer cell lines, and HHL-5,
a normal liver cell line, were chosen as the sample cell lines
for liver cell subtypes discrimination. A cell suspension of
a certain cell line was imported into one aqueous phase inlet of
the microfluidic chip, while another aqueous phase inlet was
imported with MCP-21-PEG-acrylate, MCP-122-PEG-acrylate,
MCP-222-PEG-acrylate and the hydrogel precursor (Fig. 5A).
After UV exposure, a single cell was isolated in a hydrogel
microbead with an encapsulation efficiency of around 10%
(Fig. 5B). The hydrogel microbeads were then treated with cell
lysis buffer of sodium dodecyl sulfate (SDS) and proteinase K to
release intracellular miRNAs. The released intracellular miRNA-
21, miRNA-122 and miRNA-222 were retained in the hydrogel
microbeads and repeatedly reacted with MCP-21, MCP-122, and
MCP-222, respectively. To verify the leakage of miRNAs from the
MCP functionalized microbeads, FAM labeled miRNA-21
mimics (miRNA-21-FAM) and MCP-21 were mixed in hydrogel
microdroplets. After UV polymerization and 37 °C incubation,
the supernatant demonstrated a similar FAM fluorescence
intensity to that of blank hydrogel microbeads without miRNA-
21-FAM encapsulation. In contrast, FAM fluorescence was
clearly observed from the supernatant of miRNA-21-FAM
encapsulated  unfunctionalized  hydrogel = microbeads
(Fig. S9AY). The corresponding RT-PCR results also confirmed
little leakage of miRNA-21-FAM from the MCP-21 functional-
ized microbeads and obvious release from the unfunctionalized
hydrogel microbeads (Fig. S9BT). To verify the diffusion of
miRNA among the microbeads, we mixed the above prepared
miRNA-21-FAM encapsulated MCP-21-microbeads with Cy5
labelled MCP-21 (MCP-21-Cy5) functionalized hydrogel
(MCP-21-Cy5  microbeads). = MCP-21-Cy5-
microbeads barely showed FAM fluorescence, indicating no

microbeads

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Schematic illustration of single-cell mixing with multi-
MCPs—PEG-acrylate and PEG-DA in microdroplets. (B) Bright field
image of single cells encapsulated in MCPs functionalized hydrogel
microbeads (scale bar: 50 pm). Box chart of (C) miRNA-21, (D) miRNA-
122 and (E) miRNA-222 copy numbers in single cells for HepGz2,
HCCLM3 and MHCCO97L liver cancer cell lines, and the HHL-5 normal
liver cell line. (F) Three dimensional scatter profile of miRNA-21,
mMiRNA-122, miRNA-222 per cell for the HepG2, HCCLM3, MHCCO97L,
and HHL-5 cell lines. Each dot in (C—F) indicates the miRNA copy
number calculated from single a cell encapsulated in a hydrogel
microbead.

diffusion of miRNA among the microbeads (Fig. S9Cf).
Furthermore, TAMRA labeled miRNA-155 mimics (miRNA-155-
TAMRA) were infused with MCPs in microdroplets to simulate
the leakage of non-target miRNAs. After UV polymerization and
centrifugation, the supernatant was collected and concentrated
for measurement of the TAMRA fluorescence. Calculated from
the standard calibration curve of miRNA-155-TAMRA, the
amount of miRNA-155 in the supernatant was close to the
originally infused amount in hydrogel microbeads, thus indi-
cating that non-targeted miRNAs were not retained in the MCPs
functionalized hydrogel microbeads (Fig. S107).

Considering the high expression levels of characteristic
miRNAs for the selected cell types, cells encapsulated in the
hydrogel microbeads showed obvious signals for at least one
certain kind of fluorescence after cell lysis and signal amplifi-
cation, which distinguished them from empty hydrogel
microbeads without cell encapsulation (Fig. S117}). Fluorescence
signals for TAMRA, FAM and Cy5 were collected from 100 single
cells encapsulated hydrogel microbeads after performing RCA
reactions in the hydrogel microbeads with subsequent dye
labeled DNA reporters binding, and substituted into miRNA-21
(Fig. 4C, left column), miRNA-122 (Fig. 4D, left column),

miRNA-222 (Fig. 4E, left column) linear relationships,
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respectively, to calculate the corresponding miRNA copy
numbers in single cells (Fig. 5C-E). The copy numbers of
intracellular miRNA-21, miRNA-122, miRNA-222 were also
verified with the lysis solution of 10° cells by RT-PCR for the four
different liver cell lines (Fig. S12 and S13A-Cf). The copy
numbers of miRNA-21 (Fig. 5C), miRNA-122 (Fig. 5D), and
miRNA-222 (Fig. 5E) determined from single cells encapsulated
in hydrogel microbeads were consistent with those measured
from an average of 10° cells by RT-PCR (Fig. S13D-Ff).
Considering the cellular heterogeneity in the same cell line,
standard variations calculated from single cells encapsulated in
microbeads were much larger than those obtained from RT-
PCR. Results from RT-PCR confirmed the accuracy of single-
cell multi-miRNAs quantifications from hydrogel microbeads.

All three miRNAs showed different expressions among the
different cell lines. Compared with normal HHL-5 liver cells, the
liver cancer cell lines HepG2, HCCLM3 and MHCCY97L all
demonstrated upregulated miRNA-21 and miRNA-222 expres-
sions and downregulated miRNA-122 expression (Fig. 5C-E).
More significantly, miRNA-21, miRNA-122 and miRNA-222
expression levels all demonstrated considerable heterogeneity
among individual cells even in the same cell line. This intra-line
heterogeneity makes it impossible to discriminate between liver
cancer cell subtypes by measuring the expression level for only
one kind of miRNA.

Taking advantage of the capability of hydrogel microbeads
for the absolute quantification of multi-miRNAs, joint analysis
of miRNA-21, miRNA-122 and miRNA-222 expressions in indi-
vidual cells were investigated. According to the miRNA-21, 122
and 222 copy numbers expressed in each individual cell,
described in Fig. 5C-E, respectively, three dimensional scatter
diagrams of single cell multi-miRNAs expression distributions
were pictured (Fig. 5F). An obvious aggregation tendency within
liver cancer cell subtypes was observed (Fig. 5F). T-distributed
stochastic neighbor embedding (t-SNE) analysis was further
applied to visualize the high-dimension miRNA expression
data, and demonstrated cell type specific clusterings (Fig. S147).

To further apply this approach in sub-populations discrim-
ination for a mixture of the different cell lines, the liver cell lines
HepG2, HCCLM3, MHCC97L and HHL-5 cells were equally
premixed and imported into one aqueous phase inlet of the
microfluidic chip to generate single cells encapsulated hydrogel
microbeads (Fig. 6A). After cell lysis and intra-bead signal
amplification, fluorescence signals for TAMRA, FAM and Cy5
were collected from 200 single cells encapsulated hydrogel
microbeads and converted to the corresponding miRNAs copy
numbers according to the miRNA-21 (Fig. 4C, left column),
miRNA-122 (Fig. 4D, left column) and miRNA-222 (Fig. 4E, left
column) calibration curves. The data spots were presented in
a 3D scatter profile (Fig. 6B) and t-SNE distribution profile
(Fig. 6C) according to the miRNA-21, 122, and 222 copy
numbers for each microbead, and demonstrated obvious self-
organized clustering into four groups with similar spot
numbers for each group. Different learning rate (Ir) and
perplexity values were applied in the t-SNE analysis algorithm to
optimize the presentation visualizations (Fig. S151) and the best
cell subpopulation clusterings were obtained with Ir = 850 and

2068 | Chem. Sci, 2022, 13, 2062-2070

View Article Online

Edge Article
A 4 —_——— ~
« cell lines, 10" ! "\{‘, -4% .‘{:

© mixture
XIS

o
~

7 — ) HCCLM3 |
e $2MCPs- . I
PEG-acrylate ; ke 4
‘. PEG-DA [oi \MHcCorL :{C 7
B 265_ c
» 20]
15
N
< 10
[
E 05
0. )
s §
MiRNA-21/ 10° E CSNE
Fig. 6 (A) Schematic illustration of generating single cells encapsu-

lated hydrogel microbeads with pre-mixed liver cell lines. (B) 3D
scatter profiles and corresponding (C) t-SNE clustering analysis of
mMIiRNA-21, miRNA-122 and miRNA-222 per cell for the liver cell lines
mixture. Each dot in (B), (C) represents a single cell encapsulated in
a hydrogel microbead.

perplexity = 40 (Fig. 6C). According to the three dimensional
scatter profiles for the four cell lines (Fig. 5F), the red, green,
blue, and violet circle enclosed groups were ascribed to HepG2,
HCCLM3, MHCC97L and HHL-5 cells, respectively (Fig. 6B and
C). These results confirmed the capability of the developed
approach in cell sub-populations discrimination from mixtures
of different cell lines.

Conclusions

In summary, we developed a hydrogel microbead based strategy
for single cell isolation and intercellular multiple miRNAs
quantification, and successfully applied this strategy for cancer
cell subtypes discrimination. The liver cancer cells HepG2,
HCCLM3 and MHCC-97L, and normal liver cell HHL-5 were
chosen as the sample cell subpopulations, and liver cancer
related miRNAs, miRNA-21, 122 and 222, were selected as the
detection targets. Sensitive absolute quantifications of multi-
miRNAs in single cells were achieved by performing cascade
DNA hybridizations including CHA, RCA, and dye labeled DNA
strand hybridization in hydrogel microbeads. The permeable
structure of the hydrogel microbeads guaranteed high efficiency
for signal amplification reactions with few nonspecific cross-
reactions. All three miRNAs not only showed different expres-
sions among the different cell lines, but also demonstrated
considerable cellular heterogeneity in the same cell line.
HepG2, HCCLM3, MHCC-97L, and HHL-5 showed obvious
clustering in the three dimensional scatter plot and t-
distributed stochastic neighbour embedding (t-SNE) analysis.
Self-organized clusterings were also demonstrated from
a mixture of the four cell lines. This strategy provides a conve-
nient and promising identification method for cell subtypes,
which is meaningful to the study of cancer origins and
progression.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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