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e A fluorescence polyethylene glycol
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performed in hydrogel framework
upon target miRNA initiation.

e Fluorescence signal amplification is
achieved via interfacial cation ex-
change in aqueous like environment
of hydrogel.

o Direct detections of miRNA-21 were
achieved from lysate of 10 equivalent
cells and clinical serum samples.
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ABSTRACT

Despite the great success of fluorescence sensing array application in bioanalysis, the photo-quenching
problem accompanied with high surface fluorophore density has become the bottleneck for its further
sensitivity improvement. Herein, a fluorescence polyethylene glycol (PEG) hydrogel array was developed
for highly sensitive microRNA detection based on interfacial cation exchange amplification coupled with
DNA hybridization chain reaction (HCR). The carboxylate PEG hydrogel array was fabricated on glass slide
via photo polymerization and modified with miRNA capture probe, target miRNA binding triggered HCR
in hydrogel with biotin labelled DNA probes to generate numerous DNA polymer chains where bio-
tinylated CdS QDs were subsequently conjugated with a streptavidin bridge. Interfacial cation exchange
amplification was triggered in hydrogel upon the introduction of Ag™ and Rhod-5N, and abundant Cd**
was released from CdS to bind with Rhod-5N for substantial fluorescence enhancement. The aqueous-
like environment of hydrogel eliminated the fluorescence quenching and simplified experiment pro-
cess by performing cation exchange reaction at interface with direct result. The linear range for model
target miRNA-21 was 1fM to 500 pM with a detection limit of 0.835 fM. Taking advantage of the non-
fouling property of PEG hydrogel, direct quantification of miRNA-21 was achieved from crude cancer cell
lysates with a detection limit down to 10 equivalent cells. The expressions of circulating miRNA-21 in
clinical serum samples were also assessed with comparable results from RT-PCR. The developed hydrogel
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array provides a universal platform for highly sensitive fluorescence sensing, and would benefit clinical
non-invasive disease diagnosis.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

MicroRNAs (miRNAs) are endogenous, evolutionally conserved,
noncoding single-stranded RNAs [1], which play crucial role in
regulating many disease processes [2], and have emerged as sig-
nificant disease biomarkers due to their aberrant expressions in
various pathological status [3,4]. Therefore, in vitro miRNAs
detection could signify the early onset of disease [5] and evaluate
therapeutic effect [6].

Due to their short length, low abundance and high similarity
among homogeneous sequence [7], miRNAs detection is chal-
lenging. Gold standard methods such as Northern blotting [8] and
quantitative reverse-transcriptase polymerase chain reaction [9] all
require tedious experiment procedures and have limitations either
in detection sensitivity [10] or false positive signal [11]. The use of
planar substrate based devices for biosensing is a promising
approach [12] for clinical diagnosis due to its portability, flexibility,
and straightforward operations [13,14]. By coupling with fluores-
cence readout, recent innovations in optical biochip devices have
enabled new technological breakthroughs due to the emerging of
organic dyes and fast advancement in optical imaging [12,15—17].
However, the bottleneck for the further sensitivity improvement of
fluorescence biochip is the photo-quenching accompanied with
high fluorophore density on surface [18,19], and the limit of
detection for fluorescence chip based biosensing could hardly get
below pM, especially in complex biological environments [20].

Cation exchange [21,22] is a classical ionic nanocrystal synthesis
approach in which the cations composing an ionic solid can be
exchanged with different cations in facile reaction condition with
rapid rate due to the large surface area and small volume of ionic
solid. Cation exchange-based fluorescence amplification strategies
that use Ag' to trigger abundant cations release from semi-
conductor nanocrystal and subsequently bind to metal responsive
fluorophores for much higher quantum yields [18,23—26]. Since the
fluorophores are present in detection solutions instead of crowd-
edly immobilized on planar substrates, photo-quenching is no
longer a problem [18]. Each cation composing the nanocrystal
contributes to fluorescence generation therefore results in very
high detection sensitivity in biosensing [18,23,25—27] and imaging
[28]. However, the cation exchange amplification reaction only
proceeds in a homogeneous solution, therefore separation and
collection of exchanged cations [23,26,29,30] are required before
fluorescence measurement, which complicates operation and
limits its application in biochip based device. 96-well plates have
been applied to locate cation exchange in an array format [31], but
both the dilution of exchanged cations in each well with relatively
large loading volume and the inefficiency for semiconductor
nanocrystal capture in well plates impaired the assay sensitivity.

Unlike planar substrate based biosensing platform, the three-
dimensional (3D) hydrogel provides an aqueous reaction environ-
ment with solution-like reaction kinetics [32,33], as well as in-
creases the loading capacity of probe molecules and resists
nonspecific adsorption [34], therefore has been applied as chip
matrix in biosensing [35]. Taking advantages of the polyethylene
glycol (PEG) hydrogel array, here we first performed interfacial
cation exchange amplification in a biochip manner, which highly
improved the signal intensity of fluorescence biochip and achieved

convenient miRNA detection from crude cell lysates and patients’
serums with impressive sensitivity and selectivity. As shown in
Scheme 1, the carboxylate PEG hydrogel array was first fabricated
on glass substrate via photo initiated polymerization of PEG-DA and
Acryl-PEG-COOH with a photomask, and functionalized with
miRNA capture probe. As a promising biomarker for diagnosis and
prognosis [36,37], miRNA-21 was chosen as the model target,
whose binding initiated hybridization chain reaction (HCR) in PEG
hydrogel with the addition of biotin labelled hairpin DNA strands
(H1-biotin and H2-biotin). The resulting long DNA strands in
hydrogel provided abundant positions for the subsequent binding
of biotinylated CdS QDs (CdS-biotin) in a biotin-streptavidin-biotin
sandwich format. The hydrogel structure with micrometer sized
pores allowed the free diffusions of DNA strands and CdS-biotin, as
well as guaranteed high yield of DNA HCR strands and high binding
efficiency of CdS-biotin. The interfacial cation exchange reaction
was then performed in PEG hydrogel matrix instantaneously upon
the introduction of Ag™ and Rhodamine 5 N (Rhod-5N) dye mixture
solution, which formed Ag,S and released thousands of Cd?* to
coordinate with Rhod-5N and generated strong fluorescence for the
whole PEG hydrogel matrix. The small size of patterned hydrogel
matrix was capable of holding detection solution as low as 10 pL,
which not only provided a solution-like environment to facilitate
cation exchange reaction, but also concentrated the exchanged
Cd** and Rhod-5N to result higher fluorescence. The fluorescence
intensity of the hydrogel matrix demonstrated a linear relationship
versus miRNA-21 from 1 fM to 500 pM with a limit of detection as
0.835 fM, much more sensitive than most substrate based fluores-
cence sensing approaches. Direct quantifications of low abundance
miRNA from crude cell lysates and patients’ serums were achieved
due to the superiority of nonfouling PEG. By diluting the lysate of
HepG-2 cells, the proposed method can detect endogenous miRNA-
21 down to 10 equivalent cells. In addition, analysis of clinical
samples showed a satisfactory result in distinguishing serums of
gastric cancer patients and healthy controls. We anticipate the
presented fluorescence PEG hydrogel would allow rapid and reli-
able clinical profiling of miRNAs, and potentially contribute to non-
invasive disease diagnosis.

2. Materials and methods
2.1. Reagents

3-Acryloxypropyltrichlorosilane was purchased from Gelest, Inc.
(Morrisville, PA). Polyethylene glycol diacrylate (PEG-DA, MW 700)
and 2-hydroxy-2-methyl-propiophenone (photoinitiator) were
purchased from Sigma-Aldrich (St. Louis, MO). Acrylic polyethylene
glycol carboxyl (Acryl-PEG-COOH, MW 3400) and polyethylene
glycol diacrylate (PEG-DA, MW 3400) were purchased from ToYong
Biotech. Inc. (Shanghai, China). 1-ethyl-3-(3-(dimethylamino)pro-
pyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), and mercaptopropionic acid (MPA, 99%) were obtained from
Aladdin Reagent Co., Ltd. (Shanghai, China). Cadmium chloride
(CdCly-2.5H,0) was purchased from Alfa Aesar (Shanghai, China).
EZ-Link Amine-PEG,-Biotin, Streptavidin-Cy3 (SA-Cy3), and Lip-
ofectamine”™ 2000 (Lipo-2000) transfection reagent were pur-
chased from Thermo Fisher Scientific Inc. (Rockford, IL). Rhodamine
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Scheme 1. Schematic illustrations of (A) carboxylate PEG hydrogel array fabrication via photo initiated radical polymerization and (B) interfacial cation exchange fluorescence

amplification in PEG hydrogel array for miRNA detection.

5N (Rhod-5N) was purchased from AAT Bioquest Inc. (Sunnyvale,
CA). DEPC (Diethy pyrocarbonate) treated water was used in the
throughout process of miRNA operation. The synthetic miRNAs
were obtained from GenePharma Co., Ltd. (Shanghai, China), and all
of the DNA oligonucleotides were synthesized and purified by
Sangon Biotech Co., Ltd. (Shanghai, China) with sequences listed in
the following (See Table 1).

2.2. Apparatus

The patterned PEG hydrogel array was fabricated using XC210
UVLED system (Aventk, China), and scanned with GenePix 4100A
Microarray Scanner (Molecular Devices, U.S.A.) with corresponding
fluorescence intensities analyzed by GenePix Pro 7 Software. The
static contact angles were measured with a contact angle system
(OCA30, Dataphysic Instruments GmbH, Germany). SEM images
were obtained by Quattro environmental scanning electron mi-
croscope (FEI Company, U.S.A.) at 10 kV. TEM images were acquired
by Tecnai G2 F20 X-TWIN Transmission electron microscope (FEI
Company, U.S.A.). Absorption spectra were recorded from UV-3600
UV—vis—NIR spectrophotometer (Shimadzu, Japan) and 6700
Fourier transform infrared spectrophotometer (Nicolet, U.S.A.).
Fluorescence spectra were collected with FluoroMax-4

Table 1
Synthetic oligonucleotide sequences.

Spectrofluorometer (HORIBA Scientific, Japan). The gel electro-
phoresis was performed on PowerPac™ Basic electrophoresis
analyzer (Bio-Rad, U.S.A.) and imaged on Biorad ChemiDoc XRS
facility (Bio-Rad, U.S.A.). Numbers of cells were determined using
Countess® II FL Automated Cell Counter (Thermo Fisher Scientific,
US.A.).

2.3. Fabrication of carboxylate PEG hydrogel array

Glass substrates were cleaned by sonicating in acetone, ethanol
and deionized (DI) water for 2 min respectively and dried under N».
After treated with a PDC-MG plasma cleaning machine for 15 min
to activate the surface hydroxyl groups, the glass substrates were
incubated in 40mL toluene solution containing 20uL 3-
acryloxypropyltrichlorosilane for 1h under N, atmosphere at
room temperature for surface silanization. After thoroughly rinsed
with fresh toluene and copious DI water, the glass slides were dried
under N3 and cured in an oven for 3 hat 100°C [38].

7.5% (v/v) PEG-DA (MW 700), 22.5% (v/v) of 20 mM PEG-DA
(MW 3400) aqueous solution, 40% (v/v) PEG (MW 200), 15% (v/v)
of 20mM Acryl-PEG-COOH aqueous solution, and 10% (v/v) of
655mM  2-hydroxy-2-methyl-propiophenone (photoinitiator)
ethanol solution were mixed in DI water and pipetted onto the

Name Sequence (5’ to 3')

Capture probe ATCAGACTGATGTTGACAAAGTTCAACATCAGTCTGATAAGCTA-NH,

H1-biotin ATCAGACTGATGTTGACAAAGTTCAACATCAGTCTGATAAGCTA-biotin

H2-biotin biotin-ACTTTGTCAACATCAGTCTGATTAGCTTATCAGACTGATGTTGA
Self-quenched H1 ATCAGACTG/iBHQ2dT/ATGTTGACAAAGTTCAACATC/iCy3dT/AGTCTGATAAGCTA
MiRNA-21 UAG CUU AUC AGA CUG AUG UUG A

MiRNA-141 UAA CAC UGU CUG GUA AAG AUG G

MiRNA-199a ACA GUA GUC UGC ACA UUG GUU A

1-mismatched
3-mismatched
Inhibitor

UAG CUU AUC AGA CCG AUG UUG A
UAG CUA AUC AGA CCG AUG UAG A
UCA ACA UCA GUC UGA UAA GCU A
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silanized glass substrate, a cover slip was subsequently covered on
the precursor solution to create a uniform fluid layer. The glass
substrate was then aligned with a photomask and exposed under
365 nm UV light with 80 mW cm 2 for 1.5 s [39]. After scrupulously
rinsed with DI water to remove unpolymerized precursor, the
prepared carboxylate PEG hydrogel array was kept in DI water or a
highly humid environment until use.

2.4. Synthesis of CdS-biotin

92 mg CdCl,-2.5H,0 was dissolved in 20 mL ultrapure water,
and transferred into a clean three-necked flask with the subsequent
dropwise addition of 86 uL MPA under vigorous stirring. After
adjusted the pH of the mixture solution to 10 with 1M NaOH,
30 mg thioacetamide was dissolved in 20 mL ultrapure water and
slowly dropped into the mixture solution with 30 min stirring at
room temperature and 10 h reflux at 80 °C [40]. The obtained MPA-
capped CdS quantum dot (CdS) was washed with ethanol twice via
centrifugation (14000 rpm, 10 min every time), and re-dispersed in
pure water kept at 4°C.

After activating CdS surface carboxyl groups with 0.12M EDC
and NHS in 0.1 M MES buffer (pH 5.5), it was reacted with 50 mM
amine-PEG,-biotin aqueous solution for 5h. After washed twice
with pure water, the as-obtained biotinylated CdS (CdS-biotin) was
dissolved in water and kept at 4 °C until use.

2.5. Feasibility analysis

HCR in homogeneous solution was validated by PAGE and
fluorescence spectroscopy. For PAGE, 10% native polyacrylamide gel
and loading sample including 7 uL. DNA sample, 1.5 UL 6 x loading
buffer, and 1.5 pL UltraPowerTM dye were respectively prepared.
The gel electrophoresis was run at 100V for 70 min in 1 x TBE
buffer. Cy3 and BHQ2 labelled self-quenched H1 and H2 were used
for fluorescence characterization. After incubating self-quenched
H1 and H2 with miRNA-21 at 37 °C for 2 h, the mixture solution
was measured by fluorescence spectrometer, using the excitation
wavelength of 532 nm with a slit width of 2nm. HCR in the
hydrogel was validated by incubating self-quenched H1 and H2
with same concentration miRNA-21 in the PEG hydrogel pattern
with fluorescence quantification using the microarray scanner with
the excitation channel of 532 nm.

Prior to interfacial cation exchange reaction of CdS QDs, the
feasibility was validated in homogeneous solution. By mixing Ag*
and Rhod-5N with CdS dispersed solution, the fluorescence of the
reaction solution was measured by fluorescence spectrometer with
excitation wavelength of 530 nm and a slit width of 2 nm. 10 pM
cd?*, Pb%*, Zn?*, Ca®*, Mg?*, and Cu?* were mixed with Rhod-5N
to demonstrate the reaction selectivity of cation exchange reaction
in homogeneous solution.

2.6. MiRNA detection in PEG hydrogel array with interfacial cation
exchange

The carboxylate PEG hydrogel array was activated with 10 pL
0.4M EDC and 0.1 M NHS in 25mM MES buffer (pH 5.5), and
incubated with 0.5 uM capture probe in 1 x SPSC buffer (0.75 M
NaCl and 50 mM Na;HPOy4, pH 7.4) overnight at ambient environ-
ment. MiRNA detection experiment was conducted in a humid box.
The capture probe immobilized PEG hydrogel pattern was incu-
bated with target miRNA-21 at desired concentration for 1hat
37 °C, with the subsequent addition of 1:1 mixture of H1-biotin and
H2-biotin (1 uM) and 2 h incubation at 37 °C to allow the hybridi-
zation chain reaction (HCR). After removing the residual reactants
with PBS washing, the PEG hydrogel pattern was continuously

incubated with 0.01 mgml~! streptavidin for 1h, and 10 pM CdS-
biotin for 1 h at room temperature.

After thoroughly washing with PBS containing 0.05% Tween 20,
the CdS-biotin loaded PEG hydrogel pattern was incubated with a
mixture solution of 500 uM Ag™ and 2 uM Rhod-5N in 0.1 M KAc
buffer (pH 7.4) with a total volume of 2 pL for 10 min to allow the
interfacial cation exchange amplification reaction. The PEG hydro-
gel array was subsequently scanned with a microarray scanner for
fluorescence intensity measurement.

3. Results and discussion

3.1. Fabrication of carboxylate PEG hydrogel array and
immobilization of DNA capture probe

The glass substrate was modified with acrylate group through
silanization, coated with precursor mixture of PEG-DA and Acryl-
PEG-COOH, exposed under UV irradiation with a photomask for
the generation of a 8 x 3 carboxylate PEG hydrogel array with 5 mm
in diameter for each hydrogel pattern (Fig. 1A). The contact angle of
glass substrate increased from ~29° to ~55° after silanizaiton, and
decreased to ~17° after the conjugation of hydrophilic PEG hydro-
gel, which corresponded well with literature reported values of
hydrogel (Fig. 1A) [41]. FT-IR spectrum of carboxylate PEG hydrogel
demonstrated main PEG characteristic peaks at 3400 cm™~' for
—OH, 2860 cm ™! for —CHj, 1735 cm ™! for —C=0, 1247 cm ™! for -C-
0, 1101 cm ™! for C—O—C stretching vibrations, and at 948 cm ™! for
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Fig. 1. Characterization of PEG hydrogel array. (A) Photograph of carboxylate hydrogel
array patterned on the silanized glass substrate (scale bar: 5mm) and water droplets
on glass (1), silanized glass substrate (2) and carboxylate PEG hydrogel pattern (3). (B)
FT-IR spectra of carboxylate PEG hydrogel before (a) and after (b) DNA capture probe
immobilization. (C) SEM image of carboxylate PEG hydrogel pattern (scale bar: 10 um).
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—OH deformation vibration (Fig. 1B, line a) [42]. Since the pore size
of hydrogel network is dependent on the molecular weight (MW)
of PEG-DA [41], PEG-DAs with different MW were used to generate
hydrogel with appropriate pore size for HCR. SEM characterization
of carboxylate PEG hydrogel demonstrated inter-connected porous
microstructure with the pore size of about 10 um (Fig. 1C), which
allowed the free diffusions of subsequent reactants such as DNA
probes and CdS-biotin, and guaranteed the reaction efficiency of
HCR in PEG hydrogel.

The DNA capture probe with amine terminus was immobilized
into carboxylate PEG hydrogel via amidation, and demonstrated
characteristic peaks for amide I and Il bands at 1635 cm™~! for C=0
and 1567 cm™! for C—N stretching vibration respectively in FT-IR
spectrum [42,43], which was accompanied by the decrease of
carboxyl characteristic peak at 1735cm™' (Fig. 1B, line b), con-
firming the covalent conjugation of capture probe in carboxylate
PEG hydrogel. To further verify the loading of DNA capture probe in
PEG hydrogel, JOE dye labelled capture probe with amine terminus
was incubated with carboxylate PEG hydrogel, which showed
strong fluorescence (Fig. S1). Due to its nonfouling property, bare
PEG hydrogel in the absence of Acryl-PEG-COOH showed little
fluorescence after incubated with the same JOE dye labelled cap-
ture probe (Fig. S1).

3.2. Synthesis of CdS-biotin and verification of cation exchange
fluorescence amplification in homogeneous solution

The CdS was synthesized according to a literature reported
approach with MPA as surface stabilizer [40] and demonstrated
average size of 3 nm in diameter (Fig. 2A) with absorption peak at
427 nm in UV—vis spectrum and maximum emission peak at
650 nm in photoluminescence (PL) spectrum (Fig. 2B). Amine-
PEG,-biotin was subsequently conjugated to CdS via amidation, and
increased its hydrodynamic diameter from 4 + 0.3 nm (Fig. S2A) to
7 +£0.5nm (Fig. S2B) from DLS measurements. The zeta potential
for CdS was —17 mV from the surface carboxyl groups, which was
increased to —12 mV for CdS-biotin due to the consumption of
surface carboxyl groups (Fig. S2D). To further confirm the func-
tionalization of biotin on CdS surface, 0.01 mgml~! streptavidin
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Fig. 2. Characterization of CdS and verification of cation exchange reaction in solution.
(A) TEM images of CdS (scale bar: 25 nm). Insert shows the enlarged view of single CdS
(scale bar: 5nm). (B) UV—vis (a) and PL (Aex: 450 nm) (b) spectra of CdS dispersed in
water. (C) Fluorescence spectra of CdS, Rhod-5N before (Ag*+Rhod-5N) and after
cation exchange reaction (CdS + Ag*+Rhod-5N). The concentration of CdS, Rhod-5N
and Ag" were 1.5uM, 2 M and 500 uM respectively. (D) Normalized fluorescence
intensity of Rhod-5N after cation exchange with CdS of different concentrations. Error
bars are standard deviation obtained from three parallel measurements.

was added into the CdS-biotin dispersed solution to trigger the
aggregation of CdS-biotin, and the hydrodynamic diameter of
assembled CdS nanocluster substantially increased to 142 + 0.5 nm
(Fig. S2C) with the zeta potential decreased to —19 mV due to the
negative charge of streptavidin in pH 7.0 reaction solution
(Fig. S2D).

The solution based cation exchange fluorescence amplification
was triggered by mixing 500 uM Ag" and 2 pM Rhod-5N with CdS
dispersed solution, the abundant Cd?* released from CdS bound to
Rhod-5N and immediately generated strong fluorescence under an
excitation wavelength of 530 nm (Fig. 2C). The fluorescence in-
tensity of the maximum emission peak at 576 nm was enhanced
~14 folds compared with that of Rhod-5N and Ag™ mixture in the
absence of CdS (Fig. 2C), and the fluorescence emission from CdS
was negligible under 530 nm excitation (Fig. 2C). The cation ex-
change fluorescence intensity also demonstrated a linear increase
with the increment of CdS concentration (taking into account the
CdS as an ideal sphere with the bulk density of 4.82 gcm~3), and
saturated at about 1.5 uM (Fig. 2D), which confirmed the feasibility
of cation exchange fluorescence amplification in quantitative
detection. To demonstrate reaction selectivity of Rhod-5N to Cd?™,
various metal ions with the same concentration of Cd** were also
mixed with Rhod-5N. Except Pb>* demonstrated 23% fluorescence
response and Zn%* demonstrated 14% in contrast to Cd2*, the rest of
metal ions all showed negligible fluorescence intensities (Fig. S3),
indicating the good selectivity of Rhod-5N to Cd** over most of
interfering cations.

3.3. Feasibility of HCR in PEG hydrogel

MiRNA-21, which was overexpressed in various human cancers
and has been identified as an universal biomarker [44], was chosen
as the model detection target, and the feasibility of target miRNA-
21 triggered HCR was first verified in homogeneous solution with
free hairpin DNA strands H1 and H2 via polyacrylamide gel elec-
trophoresis (PAGE) analysis (Fig. 3A). After incubating miRNA-21
with the mixture of H1 and H2, the bands representing H1 and
H2 disappeared, while a new ladder shaped band appeared, indi-
cating the successful proceeding of HCR in homogeneous solution.
The molecular mass of DNA strand was increased with the
decreased concentration of miRNA-21 due to the increased hy-
bridization number of H1 and H2 in HCR product for lower amount
trigger, which was in accordance with previous report [45]. Fluo-
rescence spectroscopy was also applied to further confirm HCR in
homogeneous solution. Self-quenched H1 was prepared by label-
ling both fluorescent dye Cy3 and its quencher BHQ2 to H1 probe
with close distance to each other in a hairpin structure, and the 1:1
mixture of self-quenched H1 and H2 only demonstrated weak
fluorescence (Fig. S4, black line). On the contrast, fluorescence at
580 nm was enhanced about 7 folds compared with the signal from
background upon the introduction of 100 nM miRNA-21 due to the
unfolding of self-quenched H1 and the assembly of DNA strands
(Fig. S4, red line). Incubating self-quenched H1 and H2 1:1 mixture
solution with the same concentration of control miRNA of scram-
bled sequence barely showed fluorescence signal increase
compared with background (Fig. S4, blue line), demonstrating the
high selectivity of miRNA-21 triggered HCR.

To verify the feasibility of HCR in PEG hydrogel, 100 nM miRNA-
21 was incubated with capture probe loaded carboxylate PEG
hydrogel with subsequent addition of 1:1 mixture of self-quenched
H1 and H2, which showed obvious fluorescence in the carboxylate
PEG hydrogel pattern (Fig. 3B, miRNA-21(+)). The fluorescence
intensity was about 6.9 folds compared with that of the control
experiment for incubating 1:1 mixture of self-quenched H1 and H2
with capture probe loaded carboxylate PEG hydrogel in the absence
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Fig. 3. Verification of HCR in solution and PEG hydrogel. (A) 10% PAGE analysis images.
Lanes 1, 300-bp DNA ladder markers; lane 2, 1.0 uM H1; lanes 3—7, 1.0 uM mixture of
H1 and H2 in response to various concentrations of miRNA-21 (0, 0.50, 0.25, 0.10 and
0.05 uM). (B) Comparison of fluorescence intensities for 1 uM self-quenched H1 and H2
1:1 mixture solution in the absence and presence of 100 nM miRNA-21. (Insert: cor-
responding fluorescence images). Error bars are standard deviation obtained from
three parallel measurements.

of miRNA-21 (Fig. 3B, miRNA-21(-)), and the fluorescence
enhancement factor was similar to that of HCR reaction in homo-
geneous solution, which indicated the little interference of PEG
hydrogel framework on HCR reaction efficiency.

3.4. MiRNA detection in PEG hydrogel with interfacial cation
exchange fluorescence amplification

The concentrations of H1/H2 probe, Rhod-5N, and Ag™ were
optimized before preforming interfacial cation exchange reaction,
and demonstrated strongest fluorescence intensity with 1 uM H1/
H2 probe (Fig. S5), 2 uM Rhod-5N (Fig. S6) and 500 uM Ag™ (Fig. S7).
Various concentrations of miRNA-21 were incubated with the
capture probe loaded carboxylate PEG hydrogel patterns respec-
tively, and the 1:1 mixture solution of 1uM H1-biotin and H2-
biotin was added subsequently to trigger HCR in PEG hydrogel.
The growth of DNA strands in PEG hydrogel provided abundant
binding positions for subsequent CdS-biotin conjugation via a
streptavidin bridge. Interfacial cation exchange reaction was
directly performed in CdS-biotin conjugated PEG hydrogel by
introducing a mixture solution of 500 uM Ag™ and 2 uM Rhod-5N.
Due to the small size and large surface area of CdS-biotin, the
cation exchange reaction was performed at very rapid rate, and the
abundant released Cd** bind to Rhod-5N to generate fluorescence
with high quantum yield in PEG hydrogel pattern. The fluorescent
PEG hydrogel was immediately scanned with the microarray
scanner for fluorescence quantification, which increased gradually
with miRNA-21 concentration, and demonstrated good reproduc-
ibility between patterns (Fig. 4A). By plotting fluorescence intensity
of the PEG hydrogel pattern versus the logarithm of miRNA-21
concentration, it demonstrated a linear relationship from 1fM to
500 pM with a limit of detection (LOD) of 0.835 fM determined by

extrapolating the concentration from the signal equal to blank
signal plus 3SD of the blank signal (Fig. 4B), which equaled to
8.35zmol in 10 pL of loading volume for each hydrogel pattern. The
LOD of the presented fluorescence hydrogel array was much
improved compared with most fluorescence biosensing approaches
with signal amplification strategies [46—49]. CdS QDs rather than
CdS nanocluster were used in interfacial cation exchange due to
their higher binding affinity with DNA strands incorporated in PEG
hydrogel and the free diffusions of exchanged cations in PEG
hydrogel. Taking into account the total volume of hydrogel pattern
was 3.14 mm?>, the densities of DNA strands after HCR in hydrogel
pattern were estimated for different miRNA concentrations from
1fM to 500 pM, which indicated each DNA strand occupied a
sphere space with radius from 1 to 80 um. Considering the common
length of DNA cascade reaction product was below micrometer
range [50] as well as the rigid structure of DNA strands, here the
biotin functionalized DNA strands would have little crosslink upon
streptavidin addition and provide sufficient space for subsequent
CdS binding. To further demonstrate the superiority of 3D hydrogel
platform, interfacial cation exchange reaction was also performed
on a planar substrate immobilized with miRNA-21 capture probe.
After HCR and cation exchange reaction, the solution from the
planar substrate was collected and measured by fluorescence
spectrometer, which barely demonstrated fluorescence difference
between 1 pM miRNA-21 and blank solution (Fig. S8), indicating a
much higher LOD than the interfacial cation exchange reaction
preformed in 3D hydrogel.

To demonstrate the superiority of coupling interfacial cation
exchange reaction with HCR, HCR amplification was performed
alone in PEG hydrogel for miRNA-21 detection, and the result was
quantified by conjugating Cy3 labelled streptavidin to biotinylated
HCR products, and the lower linear range was achieved as 100 pM
(Fig. S9). Cation exchange fluorescence amplification was also
performed alone in PEG hydrogel by incubating various concen-
trations of miRNA-21 captured PEG hydrogel patterns with H2-
biotin and subsequently conjugating CdS-biotin via a streptavidin
bridge, which extended the lower linear range to 1 pM (Fig. S9). The
interfacial cation exchange reaction in DNA strands conjugated PEG
hydrogel further extended the lower detection range to 1 fM, which
was 5 orders of magnitude lower compared with HCR amplification
alone and 3 orders of magnitude lower compared with cation ex-
change amplification alone (Fig. 4C). The impressive biosensing
performance of the presented approach was attributed to the
synergetic contribution of HCR in PEG hydrogel with corresponding
CdS-biotin accumulation and highly efficient cation exchange
fluorescence amplification.

The PEG hydrogel array patterns were also incubated with 1 pM
miRNA-199a, miRNA-141, and noncomplementary miRNAs with 3
mismatched bases and 1 mismatched base, and all of the
noncomplementary miRNAs barely showed fluorescence intensity
difference compared with the background fluorescence in the
absence of miRNA-21 (Fig. 4D). The outstanding capability of base
mismatch discrimination allows the potential application of PEG
hydrogel array in real samples analysis.

3.5. MiRNA detection in crude cell lysates

Due to the outstanding biosensing performance of fluorescence
PEG hydrogel array, it was applied to determine the level of
endogenous target miRNA-21 in crude cell lysates. The lysates from
10* hepatocellular carcinoma cells (HepG-2) were serially diluted
and incubated with PEG hydrogel array, which demonstrated
decreased fluorescence after cation exchange amplification with
the equivalent numbers of HepG-2 cell decrease (Fig. 5A). The LOD
was calculated as low as 10 equivalent cells, which was lower than
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Fig. 4. MiRNA detection with fluorescence PEG hydrogel array based on interfacial cation exchange amplification. (A) Fluorescence images of PEG hydrogel array with various
concentrations of miRNA-21 ranging from 1fM to 500 pM. (B) The linear relationship of fluorescence intensity versus logarithm of miRNA-21 concentration. (C) Comparison of
hydrogel patterns fluorescence intensities for HCR amplification (blue columns), cation exchange (CX) amplification (red columns) and HCR-CX combination amplification (green
columns) with miRNA-21 concentrations of 1M, 10 fM, 1 pM, 100 pM and 10 nM. (D) Selectivity investigation of interfacial cation exchange amplification to 1 pM miRNA-21 and
noncomplementary miRNAs. (Insert: corresponding fluorescence images). Error bars are standard deviation obtained from three parallel measurements. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

literature reported values [51—53], implying the capability of PEG
hydrogel array in direct quantifying miRNA from lysates of small
number cells.

To further evaluate the reliability of miRNA detection in cell
lysates, miRNA-21 mimic and inhibitor were transfected into hu-
man cervix carcinoma cells (HelLa) to modulate intracellular
miRNA-21 expressions, and the lysates from 2 x 10° treated HeLa
cells were incubated with fluorescence PEG hydrogel array for
miRNA-21 detection. Meanwhile, RT-PCR was employed to validate
the transfection accuracy by means of a miRNA-21 calibration curve
with a linear range of 100 fM—1 nM (Fig. S10). Compared with the
fluorescence from untreated HeLa cell lysates, miRNA-21 mimic
transfected HeLa cell lysates demonstrated stronger fluorescence in
PEG hydrogel array, while the miRNA-21 inhibitor transfected HeLa
cell lysates showed lower fluorescence (Fig. S11A). The corre-
sponding miRNA-21 expression levels in treated Hela cells were
determined from the calibration curve in Fig. 4B and exhibited as
relative expression levels in Fig. 5B, which were coincided well with
the results from RT-PCR analysis (Fig. S11B). The lysates from
108 cells of different cancer cell lines including HepG-2, HeLa and
breast cancer cells (MCF-7) were further analyzed with fluores-
cence PEG hydrogel array (Fig. S12A), and miRNA-21 concentration
from different cell lysates were determined according to the cali-
bration curve in Fig. 4B and convert to the copy number of miRNA-
21 per cell, which were in full agreement with those measured by
RT-PCR (Fig. 5C, Fig. S12B). The tendency of miRNA-21 expression

difference in HepG-2, MCF-7 and HelLa cells were also well corre-
sponded with previously reported measurements [51,54], indi-
cating the high detection accuracy of fluorescence PEG hydrogel
array in cell lysates analysis.

3.6. Circulating miRNA detection in serum

With its overexpression in various cancer cells and secreted in
exosomes, microvesicles and RNA-binding-proteins, miRNA-21 is
also an important circulating miRNA and served as a disease
biomarker in non-invasive cancer diagnosis [55,56]. To further
explore the application of the fluorescence PEG hydrogel array in
clinical sample analysis, it was also applied to detect circulating
miRNA-21 from serum samples of gastric cancer patients and
healthy donors. The fluorescence intensity from PEG hydrogel
pattern incubated with gastric cancer patients' serum sample was
obviously higher than that from healthy donors' (Fig. S13A, red
columns), confirming the up-regulated expression level of miRNA-
21. To verify the assay accuracy, circulating miRNAs were also
extracted from gastric cancer patients' and healthy donors’ serum
samples and incubated with the PEG hydrogel patterns, which
demonstrated similar fluorescence intensities as that of serum
samples directly incubated hydrogel patterns (Fig. S13A, black
columns). The concentrations of miRNA-21 for different serum
samples were calculated according to the calibration curve in
Fig. 4B, which were well corresponded with the miRNA
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Fig. 5. MiRNA-21 detection from cancer cell lysates and human serums. (A) PEG
hydrogel fluorescence intensity according to HepG-2 cell lysates with equivalent cell
numbers from 10 to 10% (Insert: corresponding fluorescence images). (B) Relative
expression levels of miRNA-21 in untreated (control), miRNA-21 mimic (miRNA(+))
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was taken as a calibrator (set to 1) to calculate the relative expression levels in un-
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PCR. (D) Quantification of circulating miRNA-21 in serums of healthy donors and
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quantification results from RT-PCR (Fig. 5D, Fig. S13B) and literature
reported values [44,55,57]. The nonfouling property of PEG
hydrogel contributed to the direct quantification of circulating
miRNA from serum samples, which would hold great potential for
non-invasive cancer diagnosis.

4. Conclusions

In summary, we developed a highly sensitive miRNA sensing
array based on interfacial cation exchange fluorescence amplifica-
tion combined with HCR in PEG hydrogel. The impressive bio-
sensing performance with LOD down to 0.835 fM resulted from the
abundant CdS loading positions provided by HCR and high quan-
tum yield of cation exchange fluorescence amplification, which was
performed in hydrogel environment thus eliminating quenching
problem from fluorescent planar substrate. Endogenous miRNA-21
from cell lysates and circulating miRNA-21 from cancer patients
and healthy donors were determined, and the results were
consistent well with those obtained from RT-PCR. The method
provides a universal platform for non-invasive miRNA sensing with
high sensitivity, thus has promising potential in clinical diagnosis
and therapeutic effect evaluation.
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