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Orthometric multicolor encoded hybridization
chain reaction amplifiers for multiplexed microRNA
profiling in living cellsT

Wei Wei,?°¢ Yiyi Zhang,? Fan Yang,® Liping Zhou,® Yufan Zhang,®® Yeyu Wang,?*°
Shuangshuang Yang,?® Jinze Li®® and Haifeng Dong (& *@°

Multiplexed microRNA (miRNA) profiling of more than four types in living cells is challenging due to
fluorescent spectral overlap, representing a significant limitation in studying the complex interactions
related to the occurrence and development of diseases. Herein, we report a multiplexed fluorescent
imaging strategy based on an orthometric multicolor encoded hybridization chain reaction amplifier
named multi-HCR. The targeting miRNA can trigger this multi-HCR strategy due to the specific
sequence recognition, and then its self-assembly to amplify the programmability signals. We take the
four-colored chain amplifiers, showing that the multi-HCR can form 15 combinations simultaneously. In
a living process of hypoxia-induced apoptosis and autophagy under complicated mitochondria and
endoplasmic reticulum stress, the multi-HCR demonstrates excellent performance in detecting eight
different miRNA changes. The multi-HCR provides a robust strategy for simultaneously profiling

rsc.li/chemical-science

Introduction

Living cells are the most precise molecular machines, inte-
grating internal gene networks with external cellular behavior in
response to multiple stimuli.* High multiplexing fluorescence
(FL) imaging capability is crucial for studying the interacting
regulatory elements in a biological system's developmental and
pathological processes.> However, performing parallel mapping
of multiple interactions is challenging owing to the emission
spectral overlap.®* MicroRNAs (miRNAs) are novel biomarkers
for multiple diseases, including cancers and neurodegenerative
and cardiovascular diseases.* They are 18-22 nucleotide
endogenous non-coding RNAs that govern the expression of
target genes by recruiting the RNA-induced silencing complex to
the specific sequences at the 3-UTR of target mRNAs and dis-
rupting the stability of mRNA.® The great clinical potential of
miRNAs for recognizing typical disease signatures depends
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multiplexed miRNA biomarkers in studying complicated cellular processes.

mainly upon the ability to parallelly map the expression profile
and concentration changes of multiple miRNAs.>**

Over the past few decades, in situ fluorescent hybridization
has been an indispensable tool for studying genetic regulation
in a morphological context.” Current multiplexed methods,
such as the rolling circle amplification (RCA),*” Exchange-Points
Accumulation in Nanoscale Topography technique (Exchange-
PAINT),? sequential hybridization® and split-probe strategy with
multiplexed fluorescence in situ hybridization (split-FISH),
require serial amplification with enzyme-dependent perfor-
mance, limiting their use to fixed cells. In contrast, enzyme-free
amplification techniques such as hybridization chain reaction
(HCR) and catalyzed hairpin amplification (CHA) are more
suitable for living cell detection. Significantly, the limit of
detection of HCR-based miRNA imaging in living cells can be
down to attomole (aM) levels,"" satisfying the high sensitivity
requirement of intracellular miRNA (picomolar (pM)-femto-
molar (fM) range) analysis.**'> Our group also previously
developed several HCR strategies for miRNA imaging;*
however, owing to the spectral overlap between fluorophores,**
simultaneously mapping more than four different miRNAs in
living cells is challenging.

Herein, we developed an orthometric multicolor encoded
hybridization chain HCR amplifier (multi-HCR) to implement
15 combinations for simultaneously mapping miRNAs in living
cells. The multi-HCR consists of metastable nucleic acid hair-
pins (H) modified with four kinds of fluorophores (Alexa Fluor
(AF) 405, AF488, AF594, and AF647). The fluorescent hairpins
were separately modified on a biodegradable mesoporous silica
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Scheme 1 Schematic presentation of orthometric multi-HCR ampli-
fiers for multiplexed miRNAs profile in living cells.

nanoparticles (DMSN) vector, forming a spherical structure of
DMSN@H. The DMSN vector endows the hairpins with high cell
penetration ability.™ After cellular uptake, the endogenous
glutathione (GSH) decomposes DMSN to release the hairpins.*®
Target miRNAs complementary to the hairpin probes trigger
HCR and self-assemble into encoded tethered fluorescent
amplifiers. Owing to the sequence-specific and ordered-dye
designation, these hairpins can be self-assembled in an ortho-
metric way to simultaneously achieve 15 combinations for
miRNA imaging in a colorectal cancer cell model (Scheme 1).
Excellent performance was realized when imaging eight
different miRNAs under hypoxia-induced mitochondria (Mito)
stress and endoplasmic reticulum (ER) stress cross-talking in
related reactive oxygen species (ROS), apoptosis, and autophagy
pathways.

Results and discussion

HCR orthometric assembly feasibility analysis. Inspired by the
logical combination of FL signals,***® the HCR extension
hairpin chains containing different FL dyes were designed to
programmatically self-assemble and be recognized in an
orthometric combination manner during the HCR reaction
procedure (Fig. S17). To test this hypothesis, a series of tests for
miRNA-155-triggered FL hairpins with similar self-dimer
structures were designed (Fig. S2 and Table S1t). According to
the base complementarity reaction law and the principle of the
classical HCR reaction, the introduction of an initiator strand
(target miRNA) triggers a chain reaction of alternating kinetic
escapes by the two hairpin species corresponding to “polymer-
ization” into a nicked double helix, then amplification of the
initiator recognition event continues until the supply of H1 or
H2 is exhausted, forming DNA polymers,"” as depicted by
transmission electron microscopy (TEM) (Fig. 1a and S37).
Native polyacrylamide gel electrophoresis (native-PAGE)
demonstrated the excellent specificity of the HCR assembly
(Fig. S41). FL analysis using AF488-labeled miR-155 probes
showed its excellent base-mismatch discrimination ability
(Fig. 1b), and it could respond in a target concentration-
dependent manner (Fig. S5f). In principle, using three
fluorescent-dye (AF488, AF594, AF647)-labeled hairpin struc-
tures, it could be orthogonally self-assembled into seven
different encoded amplifiers through the equation of N = C;" +
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Fig. 1 Feasibility analysis of the multi-HCR assembly. (a) Representa-
tive TEM images for HCR self-assembled amplifier. (b) Base-mis-
matched analysis toward the complementary target (miRNA-155, 100
nM). Single-base-mismatched strand (1 mis, 100 nM); two-base-mis-
matched strand (2 mis, 100 nM), three-base-mismatched strand (3
mis, 100 nM), and control (PBS). (c) Fluorescent native-PAGE elec-
trophoresis (2 uM) of three-color multi-HCR encoded amplifiers. (d) FL
emission spectra of self-assembled encoded amplifiers from four
different dye-labeled hairpins in response to target miRNA-155. Each
experiment was repeated three times.

C;*> + C3% N = 7 (Fig. 1c and S6t). Accordingly, four different
fluorescent-dye (AF405, AF488, AF594, AF647)-labeled hairpin
structures could be self-assembled into 15 kinds of encoded
amplifiers (N = C,' + C,> + C;* + C,*; N = 15) with distinct FL
spectra (Fig. 1d, S7, S8 and Table S2t), which holds great
potential for multiplexed miRNA profiling. Although there was
Forster Resonance Energy Transfer (FRET) in the adjacent dyes,
its effect was weak; it could not entirely disappear a color;*
the FRET had a limited effect on the classification ability of the
multi-HCR system (Fig. 1d). This highlights the novelty of the
multi-HCR system in that its multiplexed coding capability
comes from the color combinations, not intensity, which makes
it an easy-to-operate tool for multiple miRNA profiling.

GSH response and target miRNA-triggered multi-HCR in
living cells

As the primary intracellular antioxidant inside cells, GSH plays
a critical role in mammalian cell function. It was reported that
the GSH concentration inside the cells is about 1 x 10°-10 x
107 M, as compared with 2 x 107°-40 x 10~ ° M in blood and
other body fluids.”® What is more, cancer cells have about four-
fold higher GSH than normal cells,* indicating that GSH could
also be used as an effective signal molecule for enhancing the
specificity of tumor detection. On the other hand, to improve
the cellular transfection efficiency of the DNA hairpin pro-
bes,**** we modified the HCR hairpins on biodegradable
DMSN by a disulfide bond,*® forming spherical nucleic acid
structures of DMSN@H, termed multi-HCR (Fig. 2a), which has
been reported to possess high stability, excellent

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 GSH-activated and miRNA target-triggered multi-HCR bar-
code. (a) Assembly process diagram for multi-HCR. (b) Representative
TEM of DMSN@H after 24 h treatment in different conditions. (c)
Representative CLSM images of the multi-HCR-treated Hct116 cells
with or without GSH inhibitor, BSO. The 3D FL intensity surface
profiling pictures were acquired by ImageJ software (version 1.52i,
USA). (d) Representative CLSM images and (e) mean FL intensity of the
multi-HCR-treated cells at different incubation times. Each experi-
ment was repeated three times.

biocompatibility, and high cell entry ability.>* The loading effi-
ciency for the hairpins was calculated to be 48%. The TEM
results in Fig. 2b show that under the stimulation of 10 mM
GSH, the DMSN vectors were degraded and the hairpins were
released from the DMSN vectors, and the co-existing H1 and H2
were self-assembled into spherical DNA gel amplifiers in the
presence of target miRNA, confirming that the DMSN@H was
activated in a GSH-responsive manner. The Cell-Counting-Kit-8
(CCK-8) test verified good biosafety for living colon cancer cells
(Het116) (Fig. S9t), which is very important for nanoparticle
probes to be used in living cell imaging. Confocal laser scanning
microscopy (CLSM) analysis confirmed that the DMSN@H had
no FL (purple box) unless it had entered the cells (Fig. 2c).
Notably, when the Hct116 cells were pretreated with GSH
inhibitor r-buthionine sulfoximine (BSO),** the mean FL
intensity decreased dramatically (~5.4 fold), further verifying
the GSH-mediated release of hairpins probes, which provided
endogenous GSH-activatable and spatially controllable miRNA
imaging. Moreover, the FL intensity was observed to increase
with the reaction time, and it reached a plateau after 24 h
incubation with the cells (Fig. 2d and e). The AF488-labeled
DMSN®@H barcodes toward miRNA-155 were put in pH 7.2,
PH 6.0, and pH 5.0 cell culture mediums for 4 h. The size and FL
intensity were measured, as shown in Fig. S10;7 the results show
that the sizes and FL were stable under different pH. These
results strongly confirmed the GSH-responsive and target
miRNA-triggered self-assembly-encoded process of DMSN@H
barcodes in living tumor cells.

The encoding ability of multi-HCR amplifiers in living cells

We further tested the intracellular encoding ability of the multi-
HCR system. As illustrated in Fig. 3a, the intracellular

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Multi-HCR encoded in living cells. (a) Illustration of the multi-
HCR barcode encoded in living cells. (b) Representative CLSM images
for the four-color DMSN@H simultaneously encoded in living cells. (c)
Gaussian curve analysis of the adjacent FL dots in the green box of (b).
(d) Representative images and FL curves of the 15 kinds of barcodes.
Each experiment was repeated three times.

DMSN®@H decomposed in response to endogenous GSH and
released the hairpins loaded with different color dyes. The
presence of the target miRNA initiated the cross-opening of two
specific DNA hairpins, yielding double helices that are analo-
gous to alternating copolymers, and different colored dyes were
enclosed into the barcode for classification. As shown in Fig. 3b,
DMSN@H (Table S31) was mixed and treated with the living
Hct116 cells for intracellular miRNA-155 imaging. The encoding
composition could be acquired by CLSM sequencing scanning
the four FL channels with an appropriate exciting laser and
emission filter. In Fig. 3c, Gaussian curve analysis of the full
width at half maximum (FWHM) of two adjacent dots in the
green box of Fig. 3b showed that the multi-HCR barcodes could
be well distinguished using the CLSM system. The 15 different
kinds of amplifiers with distinct emission characteristics were
detected synchronously. The dot analysis shown in Fig. 3d
verified that the multi-HCR approach is a simple way to
distinguish miRNA types based on the encoded color compo-
sition but not based on the intensity. These demonstrated the
excellent encoding ability of multi-HCR for in situ multiplexed
miRNA analysis.

Multiplexed miRNA profiling under hypoxia-induced Mito/ER
stress and apoptosis/autophagy processes

Finally, we attempted to simultaneously detect multiple miR-
NAs that vary during hypoxia-induced Mito/ER stress processes

Chem. Sci., 2023, 14, 5503-5509 | 5505
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and apoptosis/autophagy responses. Hypoxia can induce Mito
and ER stress, leading to apoptosis and autophagy in living
cells. As critical regulators, miRNA expression alters in response
to the hypoxia to influence downstream cellular functions
involved in apoptosis and autophagy.”® Hypoxia adaptation is
essential for cancer cell progression; however, little research has
investigated the changes in multiplexed miRNA profiles in
hypoxia-induced Mito/ER stress and apoptosis/autophagy. First,
hypoxia-induced Mito-ER stress and apoptosis/autophagy
experiments were performed to prove the elaborate cell
behavior alterations in the hypoxic microenvironment
(Fig. S117). Then, we attempted to simultaneously monitor
eight reported hypoxic-responsive miRNAs in living cancer cells
using the orthogonal multi-HCR strategy (Fig. 4a and Table
S4t1). Different multi-HCR chains for eight types of miRNAs
involved in these processes*® were designed to map multiplexed
miRNAs (Fig. S12, S13 and Table S5t). The orthogonal FL assay
(Fig. 4b) and native-PAGE electrophoresis (Fig. S141) showed
good specific recognition. Then, the DMSN@H mixture was
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incubated with Het116 cells in normal and hypoxic conditions.
As expected, CLSM images with different distinct emission dots
were obtained, indicating a successful GSH response and target
miRNA-triggered self-assembly of amplifiers in living Hct116
cells (Fig. 4c and S157). The decoded dots presented in Fig. S16T
strongly demonstrated the ability to image multiplexed miR-
NAs. Compared with the cells in normal conditions, changes in
the FL intensities of most of the amplifiers were observed in
hypoxic conditions. The FL intensity assigned to miRNA-211,
miRNA-346, and miRNA-210 separately increased 2.1, 2.65,
3.52 times, respectively, while the intensity for miRNA-153,
miRNA-455, miRNA-141, miRNA-181 separately decreased by
3.2, 1.43, 1.29, 1.40 times, respectively. Only the miRNA-30c-2
had no statistically significant change. The FL intensity
change trends were consistent with the quantitative reverse
transcriptase polymerase chain reaction (qPCR) results (Fig. 4d)
and previous reports.***%?” These results confirmed the robust
performance of the designed multi-HCR for multiplexed miRNA
profiling in developmental and pathological processes.
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Fig. 4 Multiplexed miRNA profiling under hypoxia-induced Mito/ER stress and apoptosis/autophagy processes. (a) Schematic presentation of
the hypoxia-induced miRNAs alteration. (b) Normalized heatmap for the specific test of the eight hypoxia-induced miRNAs. (c) Representative
CLSM images for simultaneously profiling eight miRNAs using multi-HCR amplifiers. (d) Representative decoding and calculation process for the
eight miRNAs in living cells (e) comparison of miRNA profiles tested by multi-HCR and gPCR methods. Each experiment was repeated three

times.
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Experimental

Synthesis of 80 nm biodegradable mesoporous silicon nano-
vector (DMSN)

The DMSN was synthesized using cetyl-
trimethylammoniumtosylate (CTAT) as a template and tet-
raethyl orthosilicate (TEOS) with bis[3-(triethoxysilyl)propyl]
tetrasulfide (BTESPT) as biodegradable silica sources.?*”?* 0.6 g
of CTAT, 0.15 g of triethanolamine (TEA), and 40 mL of ddH,0
were stirred at 80 °C for 30 min. Then, a solution of 1.0 g of
BTESPT and 4.0 g of TEOS was added dropwise to the solution.
The resulting mixture was stirred at 1000 rpm at 70 °C for 2 h.
The products were collected by centrifugation at 10 000 rpm for
20 min, washed with anhydrous ethanol, and refluxed in the
anhydrous ethanol solution for 24 h. Finally, the DMSN was
washed, collected, and dried for further use.

Synthesis of multi-HCR barcodes (DMSN@H)

The DMSN was modified with thiol groups (-SH) as follows:*
10 mg of DMSN was ultrasonically dispersed into 2 mL of
anhydrous ethanol containing 0.03 g of CTAT, 0.008 g of TEA,
0.1 g of TEOS, and 0.1 g of METES. The mixture was stirred at
1000 rpm for 30 min at room temperature, then centrifuged and
the sediment was washed three times using anhydrous ethanol.
10 uL of different HCR hairpins (100 uM) were separately mixed
with 90 pL of Tris-HCl buffer (pH 7.4, 10 mM MgCl,), and
heated at 95 °C for 5 min, then kept at 37 °C for 2 h to stabilize
the hairpin structure. 100 pL of DMSN-SH (10 mg mL ') was
mixed with the above HCR hairpin buffer under gently shaken
for 24 h at room temperature. Finally, the obtained DMSN@H
was washed and resuspended in 1 mL of PBS buffer and kept at
4 °C for further use.

Multiplexed fluorescence assay in liquid solution

To assess the feasibility of detecting orthorhombic HCR hair-
pins assembled for 15 kinds of color compositions, different
colors of hairpins were equally mixed at a total concentration of
120 nM and incubated with the target miRNA-155 (120 nM) at
37 °C for 4 h. For the specificity assay of the eight HCR hairpin
pairs targeting eight kinds of miRNAs, 100 pL of total hairpins
(120 nM) was incubated with 100 pL of targeting miRNAs (120
nM) at 37 °C for 4 h. The fluorescence intensity was measured
on a Hitachi F-4500 fluorescence spectrometer (Tokyo, Japan).
The AF405, AF488, AF595, and AF647 were excited at 402 nm,
488 nm, 594 nm, and 633 nm, and emissions peaks were
recorded at 419 nm, 610 nm, and 665 nm, respectively.

Cell culture

For 0.2% O, incubation (hypoxia group), 1 x 10* Het116 cells
were cultured in an AnaerPack™-Anaero box (2.5 L). For 5% O,
treatment, the cells were settled in an AnaerPack™-MicroAero
(2.5 L). Other operations were similar to those in a normoxic
environment (normal group).*® All the cells were incubated in
DMEM containing 10% FBS and 1% penicillin/streptomycin at
37 °C in a humidified atmosphere containing 5% CO,.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CLSM imaging and analysis

Briefly, before incubating with the multi-HCR nanoparticles,
1 x 10* Het116 cells were cultured under normal (21% O,)
and hypoxic (0.2% O,) environments for 48 h. Then they were
treated with the multi-HCR barcodes at a total concentration
of 100 ug mL™" (or 240 nM total HCR probes) per confocal
dish of cells for 24 h at 37 °C under normal (21% O,) and
hypoxic (0.2% O,) environments. The resulting cells were
washed twice using PBS, and fresh DMEM (1 mL) was added.
The scanning was in sequencing mode: AF405 was excited
with a 405 nm laser line and detected with a 430-450 nm
band-pass filter. AF488 was excited at 488 nm, with emission
collected at 510-530 nm. AF594 and AF647 were excited with
561 nm and 633 nm lasers, respectively, then 590-620 nm
and 650-700 nm filters were used for FL detection. Finally,
the acquired FL barcodes were analyzed using Image] soft-
ware (version 1.52i, USA), and a positive color composition
was confirmed by subtracting three times the background
fluorescence intensity.*

Statistical analysis

All of the results have been acquired by performing at least three
independent experiments. All data are expressed in this
manuscript as mean =+ SD. A two-tailed Student's ¢-test was used
to analyze the differences between the two groups. Asterisks
indicate significant differences (*p < 0.05, **p < 0.01, ***p <
0.001). The analysis was performed using Origin 2018 software
(OriginLab Inc., USA).

Conclusions

Multiplexed in situ analysis of interacting molecules in living cells
is of great importance for revealing cell physiopathology, clinical
diagnostic applications, and biosensing. We report an encoded
multi-HCR amplifier based on orthogonal amplification cascades
with hybridization chain reactions. It comprises different colored
metastable hairpins separately modified on mesoporous silica
nanoparticles. After cellular uptake, the GSH-responsive hairpins
are released and target miRNA-triggered orthogonal amplifica-
tion, enabling self-assembly of 15 fluorescent HCR amplifiers for
miRNA profiling. Excellent performance is achieved when
imaging eight target miRNAs in hypoxia-induced Mito/ER stress
and apoptosis and autophagy. The multi-HCR provides a robust
tool for simultaneously profiling multiplexed biomarkers, facili-
tating a deeper understanding of interacting regulatory elements
in developmental and pathological processes. It should be noted
that connecting the barcoded nucleic acid chains with antibodies
can easily extend the strategy to the high-throughput detection of
protein biomarkers in living cells.
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