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Array based detection techniques with fluorescence signal reading is a powerful tool for multiple targets analysis. However,
when applied fluorescence array for microRNA detection, time-consuming multi-steps surface signal amplification is usually
required due to the low abundance of microRNA in total RNA expressions, which impairs detection efficiency and limits its
application in point of care test (POCT) manner. Herein, DNA cascade reactors (DCRs) functionalized photonic crystal (PC)
array was fabricated for express and sensitive detections of miRNA-21 and miRNA-155. DCRs were assembled by interval
conjugation of self-quenched hairpin DNA probes to single strand DNA nanowire synthesized by rolling circle amplification,
which generated cascade DNA hybridization reactions in response to target miRNA with instant fluorescence recovery signal. PC
array patterns with multi-structure colors further amplified fluorescence with their respective photonic bandgaps (PBGs)
matching with the emission peaks of fluorescence molecules labelled on DCRs. The as-prepared DCRs functionalized PC array
demonstrated express and sensitive simultaneous detections of miRNA-21 and miRNA-155 with hundreds fM detection limits
only in 15 min, and was successfully applied in fast quantifications of low abundance miRNAs from cell lysates and spiked
miRNAs from human serum, which would hold great potential for disease diagnosis and therapeutic effect monitoring with a

POCT manner.
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1 Introduction

MicroRNAs (miRNAs) are small, endogenous non-coding
RNAs with 19-24 nt in length that participate in regulating
gene expression after transcription [1-3], as well as main-
taining cellular physiological processes [4-6]. Multiple
miRNAs work simultaneously and collaboratively in the
gene regulatory network [7] during the occurrence and pro-
gression of cancers and many diseases such as diabetes,
cardiovascular disease and Alzheimer’s disease [8.,9].
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Therefore the joint detections of multiple cancer-specific
miRNAs are of great importance for disease early diagnosis
and therapeutic effect evaluation. Benefiting from the
emerging of various fluorescent dyes and fast advancement
in optical imaging [10], fluorescent labeling of targets or
detection probes has been widely used to produce signal
reading in DNA analysis. Coupling with the cost-effective,
easy operated and miniaturized array based detection tech-
niques, miRNAs detection array substrate with fluorescence
signal reading has emerged as a powerful tool for high-
throughput and multiplex targets analysis with a point of care
test (POCT) manner [11].
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Considering the low abundance of miRNA in total RNA
expressions, various signal amplification strategies have
been coupled with fluorescence substrate to enhance detec-
tion sensitivity. MiREIA assay has been developed which
used substrate pre-immobilized DNA probes to capture tar-
get miRNAs followed by enzymatic reaction for signal am-
plification [12,13]. Polymerase chain reaction (PCR) [14]
and rolling circle amplification (RCA) [15] are commonly
used amplification techniques, and have been coupled with
array based technique by designing hydrogel microposts
fitted in regular qPCR chip [16]. Target triggered none-
nzymatic DNA cascade reactions such as hybridization chain
reaction (HCR) [17,18] and catalytic hairpin assembly
(CHA) [19,20] on substrate resulted the self-assembly of
fluorescent DNA detection strands and corresponding ef-
fective signal amplification effect [21,22]. Though demon-
strating satisfactory detection sensitivity, all the above
mentioned signal amplification strategies require time-con-
suming experiment steps including continuous surface in-
cubation and rinsing, which cost 2—5 h experiment periods
[23], making them not appropriate for POCT application.
Therefore, the development of multiple miRNAs fluores-
cence detection array with high sensitivity and express signal
obtaining capability is of great significance for the early
diagnosis of disease, especially in resource-limited area.

Confining DNA cascade reaction in restricted area sig-
nificantly enhanced reaction efficiency and detection sensi-
tivity [24-26]. Our group have prepared mRNA responsive
DNA cascade reactor (DCR) via DNA self-assembly, which
accelerated continuous DNA hybridization reactions and
achieved sensitive mRNA detection in homogeneous solu-
tion in 15 min [27]. However, when directly applied DCR to
biosensing substrate, the high density of surface accumulated
fluorophore would result fluorescence self-quenching and
therefore impair amplification effect [28,29]. Photonic
crystal (PC) is periodic dielectric materials with photonic
bandgap (PBG) properties which modulate the propagation
of electromagnetic waves [30,31], and light with the same
wavelength as PBG cannot propagate through PC corre-
spondingly generate different structure colors with char-
acteristic reflection spectrum [32]. With the emission peak
overlapped with the characteristic reflection peak of PC, the
fluorescence intensity of surface immobilized fluorophores
could be highly amplified [33]. Taking advantages of the
property that PBG is proportional to the size of PC compo-
nent nanoparticles [34,35], here we demonstrated express
and sensitive multiple miRNAs detection based on DCRs
functionalized PC array with different PBGs. To prepare PC
array, a 4x12 array mold was pre-pasted on silanized glass
substrate with the subsequent blade coating of a mixture of
polyethylene glycol dimethacrylate (PEG-DA-250, MW
250), acrylic acid, photoinitiator and monodispersed silica
spheres. Silica spheres with particle size of 250 nm (PC250)
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and 290 nm (PC290) were chosen as PC component re-
spectively with characteristic reflection peaks at ~575 and
~655 nm. MicroRNA-21 (miRNA-21) and microRNA-155
(miRNA-155), which simultaneously overexpressed in can-
cer patients at early stage [36,37], were chosen as the model
detection targets. To prepare target miRNAs responsive
DCRs for accelerated DNA cascade reactions, HCR probe
pairs H1 and H2 were pre-conjugated on a single strand
DNA nanowire synthesized by rolling circle amplification
(RCA). Hairpin structured H1-21 and HI1-155 were labelled
with fluorescent reporter/corresponding quencher pairs
TAMRA/BHQ1 and Cy5/BHQ3 respectively for fluores-
cence self-quench of DCRs in the absence of target miRNAs.
The as-prepared DCRs responsive to miRNA-21 (DCR-21)
and miRNA-155 (DCR-155) were then covalently im-
mobilized on PC250 and PC290 respectively to complete the
multiple miRNAs express detection array (Scheme 1(a)). In
detection process, miRNA-21 and miRNA-155 triggered
accelerated HCR in DCRs and resulted the instant fluores-
cence recovery of TAMRA and Cy5 respectively with pro-
minent signal amplification from substrate PC250 and
PC290 (Scheme 1(b)). The as-prepared DCRs functionalized
PC array demonstrated express and sensitive detections of
miRNA-21 and miRNA-155 with hundreds fM detection
limits in 15 min, and were successfully applied in fast
quantifications of low abundance miRNAs from cell lysates,
which would hold great potential for disease diagnosis and
therapeutic effect monitoring in a POCT manner.

2 Experimental

2.1 Materials and reagents

Phi29 DNA polymerase, T4 DNA ligase, exonuclease I,
exonuclease III and dNTPs were purchased from New
England Biolabs Ltd. (UK). DNA purification kit was ob-
tained from ComWin Biotech Co., Ltd. (China). Acrylic
acid, N-hydroxysuccinimide (NHS), 1-ethyl-3-[3-dimethy-
laminopropyl]carbodiimide hydrochloride (EDC<HCI), tet-
raethyl orthosilicate (TEOS, 98%) and ammonia solution
(NH,OH, 28%—30% NH; in water) were purchased from
Aladdin Reagent Co., Ltd. (China). 3-Acryloxypropyltri-
chlorosilane was purchased from Gelest, Inc. (Morrisville,
USA). Polyethylene glycol dimethacrylate with molecular
weight of 250, 500 and 700 (PEG-DA-250, PEG-DA-500
and PEG-DA-700) and 2-hydroxy-2-methyl-propiophenone
(photoinitiator) were purchased from Sigma-Aldrich (USA).
The microRNAs were obtained from GenePharma Co., Ltd.
(China). All oligonucleotides were synthesized by Sangon
Biotech Co., Ltd. (China) with high performance liquid
chromatography (HPLC) purification. Sequences of the mi-
croRNAs and oligonucleotides were listed in Table Sl
(Supporting Information online). Serum from healthy in-
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Scheme 1 (a) Schematic illustrations of preparation of DCRs functionalized PC array for multiple miRNAs detection. (b) Instant fluorescence recovery and
amplification of TAMRA and Cy5 in response to miRNA-21 and miRNA-155 on DCR-21 functionalized PC250 array patterns (PC250-DCR-21) and DCR-

155 functionalized PC290 array patterns (PC290-DCR-155) (color online).

dividuals were from Nanjing Jiangning Hospital. All aqu-
eous solutions were prepared using ultrapure water (>18
MQ, Milli-Q, Millipore). Diethy pyrocarbonate (DEPC)
treated water was used in the throughout process for miRNA
involving operations.

2.2 Apparatus

The gel electrophoresis was performed on PowerPac™ basic
electrophoresis analyzer (Bio-Rad, USA) and imaged on
Biorad ChemiDoc XRS facility. Fluorescence spectra were
measured on a FluoroMax-4 spectrofluorometer (HORIBA
Scientific, Japan). Glass slides were cleaned and activated by
oxygen plasma cleaner (PDC-MG, Ming Heng, China). The
static contact angles were measured with a contact angle
system (OCA30, Dataphysic Instruments GmbH, Germany).
Scanning electron microscope (SEM) images were obtained
by Quattro environmental scanning electron microscope
(FEI Company, USA) at 10 kV. TEM images were acquired
by Tecnai G2 F20 X-TWIN transmission electron micro-
scope (FEI Company, USA). Reflection spectra were re-
corded on an UV-3600 UV-Vis-NIR spectrophotometer
(Shimadzu Company, Japan). The photonic crystal array was
scanned with GenePix 4100A microarray scanner (Mole-
cular Devices, USA) and analysed by GenePix Pro 7 soft-
ware to obtain corresponding fluorescence intensities. Real-
time reverse transcription polymerase chain reaction (RT-
PCR) was performed on Applied Biosystems StepOnePlus

Real-Time PCR System (ThermoFisher Scientific, USA).

2.3 Synthesis of monodispersed silica spheres

Monodispersed silica spheres were purchased from NanJing
Nanorainbow Biotechnology Co., Ltd. (China), which syn-
thesized according to Stober process as follows [38—40]:
5mL TEOS was rapidly added into a mixture of 60 mL
ethanol, 25 mL H,0, and 5 mL ammonia, stirred for 2 h
followed ethanol rinsing and centrifugation to get SiO,
spheres with 250 nm in diameter. The size of SiO, spheres
can be casily adjusted by varying the concentration of am-
monia with fixed concentration of TEOS and H,0O.

2.4 Fabrication of PC array

Glass slides (25.4 mmx76.2 mmx1.2 mm) were pretreated
by sequentially sonicated in acetone, isopropyl alcohol and
DI water, with nitrogen dry before silanization. After treated
with oxygen plasma cleaner to activate surface hydroxyl
groups [41], the glass substrates were sealed in a preheated
desiccator with a piece of filter paper pipetted with 100 pL 3-
acryloxypropyltrichlorosilane and 0.5 g MgSO,*7H,0 as
water source for hydrolysis reaction. The desiccator was then
vacuumed and kept in oven at 80 °C overnight [42] to get the
alkene-silanized glass slides. To generate PC array, a PVC
mold with 4x12 array of 3 mm in diameter for each pattern
size was pasted on the silanized glass slide, 100 pL mixture
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solution containing 5% (m/v) monodispersed silica spheres,
2.4 uL PEG-DA-250, 0.6 uL acrylic acid and 0.3 uLL 10%
(v/v) photoinitiator were added on the surface of glass slide,
blade coated all patterns evenly and kept under room tem-
perature without disturbance for 2 d. The as-prepared PC
array slides were placed in dry condition for further use.

2.5 Functionalization of PC array with DCRs

The DCRs for express cascade DNA hybridization reactions
were synthesized by sequentially hybridizing HCR probe
pairs H1, H2 to a single strand DNA nanowire prepared by
RCA [27]. The circular DNA template for RCA was syn-
thesized by annealing 4.2 uL phosphorylated linear DNA
(100 uM) and 4.2 pL ligation DNA (100 uM) at 95 °C for
4 min with slowly cooling to room temperature over 2 h.
1 uL T4 DNA ligase (400 U/uL), 2 uL 10x T4 DNA bufter,
and 8.6 uL ultrapure water were then added to the solution
and the mixed solution was incubated at 22.5 °C for 16 h
followed by enzyme deactivation at 65 °C for 10 min. After
treated with 2.5 pL. exonuclease I (20 U/uL) and 2.5 pL
exonuclease III (100 U/uL) to remove the unreacted linear
DNA and ligation DNA, the obtained circular DNA template
(10 pL) was mixed with 0.5 pL. DNA primer (100 uM) and
annealed at 95 °C for 4 min. The reaction mixture was
cooled down and incubated with Phi29 DNA polymerase
(0.2 U/uL), BSA (0.4 ng/uL), and dNTPs (0.1 mM) at 37 °C
for 5h in 150 pL 1% Phi29 reaction buffer with subsequent
heating to 65 °C for 10 min to denature the Phi29 DNA
polymerase. The as-obtained single strand DNA nanowire
was purified by DNA purification kit and stored in —20 °C.

Self-quenched hairpinl-21 and hairpinl-155 were de-
signed respectively for target miRNA-21 and miRNA-155.
HI1-21 was synthesized by mixing hairpinl-21 with H1
connector equimolarly reaching a final concentration of
10 uM in phosphate buffer saline (PBS) buffer. The H1
connector was composed of a segment of 24 bases com-
plementary to the 5'-end tail of hairpinl-21 and another
segment of 22 bases complementary to the above prepared
single strand DNA nanowire for the conjugation of hairpinl-
21 to single strand DNA nanowire. H2-21 was composed of a
44 bases hairpin structured segment for hybridization with
hairpinl-21 and a 22 bases segment at 3’-end for conjugation
to the single strand DNA nanowire. 10 uL H1-21 (10 uM)
and 10 uL H2-21 (10 uM) were mixed with 100 uL single
strand DNA nanowire, incubated at 37 °C for 2.5h and
purified by ultrafiltration (100,000 MW cutoff membrane,
Millipore) for three times to obtain DCR-21 with H1-21 and
H2-21 alternatively hybridized on single strand DNA na-
nowire. The concentration of H1-21 was used as con-
centration of DNA self-assembled structure. DCR-155 was
prepared accordingly with hairpinl-155, H1 connector, and
H2-155.
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To immobilize the above prepared DCRs on PC array, the
carboxyl group of acrylic acid in each PC array pattern was
activated by 2.5 pL MES buffer containing 0.4 M EDC and
0.1 M NHS, reacted with 2.5 pL. DCRs (100 nM) with sub-
sequent PBS rinsing to remove the excess DCRs.

2.6 Detection of target miRNAs on DCRs functiona-
lized PC array

To establish the calibration curve for miRNA quantification,
PC250 array pattern was challenged with miRNA-21 of
concentration ranging from 200 fM to 50 nM, while PC290
array pattern was challenged with miRNA-155 with con-
centration ranging from 100 M to 50 nM, respectively. After
15 min incubation followed by PBS rinsing, the resulted
array patterns were scanned with microarray scanner for
fluorescence intensity quantification. General HCRs were
also performed on PC250 array patterns as control experi-
ments, which covalently immobilized amine terminus H2*-
21 probes on PC array patterns to capture target miRNA-21.
After incubation with miRNA-21 and subsequent PBS rin-
sing, 2.5 uL. H1*-21 probes (100 nM) and H2*-21 probes
(100 nM) mixture were added in with 15 min incubation with
subsequent fluorescence intensity quantification with mi-
croarray scanner.

2.7 Polyacrylamide gel electrophoresis (PAGE) analy-
sis

10% Native polyacrylamide gel was prepared using 5x TBE
buffer and loaded with 5 uL DNA sample with 1 pL 6x
loading buffer. The gel electrophoresis was run at 110 V for
80 min in 1x TBE buffer, and subsequently stained with
SYBR™ Gold and scanned with Biorad ChemiDoc XRS
facility (Bio-Rad, USA).

2.8 Cell cultrue

Human cervix carcinoma (HeLa) cells (KeyGEN Biotech,
China) were cultured at 37 °C in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% FBS in a
humidified incubator containing 5% CO, and 95% air. MCF-
7 and MCF-10A breast cancer cells (KeyGEN Biotech,
Nanjing, China) were cultured in RPMI media 1640 sup-
plemented with 10% FBS at 37 °C in a humidified incubator
containing 5% CO, and 95% air. Cell numbers were de-
termined with a Petroff-Hausser cell counter (USA).

2.9 Detection of target miRNAs from cell lysate

Cells were rinsed with PBS for three times and processed by
a commercial miRNA extraction kit after cell counting.
2.5 uL of the as-prepared cell lysate was incubated with PC
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array patterns for expressing signal amplification with sub-
sequent fluorescence quantification by microarray scanner.
The obtained fluorescence intensity for each array pattern
was substituted into the calibration curve to calculate the
corresponding miRNAs concentration in cell lysate which
finally converted to copies per cell.

3 Results and discussion

3.1 Fabrication of PC array with multi-structure colors

To fabricate PC array with multi-structure colors, mono-
dispersed silica spheres with respective particle sizes of 250
and 290 nm were synthesized according to Stober process
[38—40] and confirmed by TEM characterization (Figure S1
(a), Supporting Information online). The glass substrate was
silanized with 3-acryloxypropyltrichlorosilane, which in-
creased contact angle of glass substrate from ~16° to ~70°
(Figure S1(b)). Carboxyl functionalized PC array was then
fabricated by blade coating a mixture of PEG-DA, acrylic
acid, photoinitiator and monodispersed silica spheres on a
4x12 PVC array mold pre-pasted silanized glass substrate
with 3 mm in diameter for each array pattern. The molecular
weight of PEG-DA (250, 500, 700) was optimized by mixing
with 250 nm monodispersed silica spheres to fabricate PC
array respectively. Silica spheres could not assemble into
periodic structure with PEG-DA-700 (Figure S2(a)), in ac-
cordance with the disappearance of reflection peak in re-
flection spectrum (Figure S2(b)). To minimize the influence
of larger molecular mass PEG-DA on the close packing of
silica sphere, PEG-DA-250 was chosen as PC component.
With the slow evaporation of water, silica spheres self-
assembled into face-centered cubic close-packed structure,
while PEG-DA-250 and acrylic acid filled in the space be-

(a) (b)

tween silica spheres and polymerized under visible light ir-
radiation to endow carboxyl groups to PC array patterns. The
successful generation of PC array pattern decreased the
contact angle of silanized glass substrate to ~20° (Figure S1
(b)), and the functionalization of carboxyl groups in PC array
pattern was confirmed by FTIR spectrum, which demon-
strated characteristic peaks at 1729 cm ' for C=0 stretching
vibration and 1411 cm™' for -COOH bending vibration in
accompany with Si—O characteristic peak at 1100 cm’'
(Figure 1(a), PC250). The microstructures of PC250 and
PC290 patterns demonstrated face-centered cubic closely
packed periodic structure in SEM images (Figure 1(b)).
According to the light-matter interactions modulation from
the closely packed periodic structure of PC array, the emis-
sion of fluorescent molecule attached on PC would be highly
enhanced when the emission peak matched with PBG of PC.
The PBG wavelength for PC is proportional to the size of
component monodispersed silica spheres according to
Bragg’s equation 4=1.633dn,caec, Where 4 is the PBG wa-
velength, d is the distance between two adjacent nano-
particles, and 7,yer is the average refractive index. To match
PBG wavelength with 580 nm emission peak of TAMRA
that labelled on DCR-21, the size of monodispersed silica
spheres was optimized from 230 to 260 nm (Figures S3(a),
S4(a)), and the correspondingly assembled PC230, PC240,
PC250 and PC260 (Figure 1(b) PC250, Figure S4(b)) de-
monstrated PBGs at 529, 557, 575 and 598 nm, respectively
(Figure S3(b)). PC250, with the perfect overlap of PBG at
575 nm with TAMRA emission peak (Figure 1(c) and Figure
S3(b)), demonstrated the highest enhancement of ~22.5-fold
for TAMRA fluorescence intensity (Figure S3). Therefore,
monodispersed silica spheres with 250 nm in diameter was
chosen to assemble PC pattern for TAMRA fluorescence
enhancement. Considering PBG (1) of 575 nm and silica
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Figure 1 Characterization of PC array. (a) FTIR spectra of silica spheres, PC250, and DCR-21 functionalized PC250 (PC250-DCR-21). (b) SEM images of
PC250 and PC290. Scale bar: 500 nm. (c) PBGs of PC250, PC290 and fluorescence emission spectra of TAMRA, Cy5. (d) Photograph of PC250 and PC290

array patterns on silanized glass substrate (color online).
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particle size (d) of 250 nm, 7,y.,, Was calculated as 1.41
according to Bragg’s equation. With PBG wavelength si-
milar to Cy5 emission peak at 663 nm, the component silica
spheres size of PC pattern was calculated as 290 nm for
highest fluorescence enhancement factor of CyS. PBG of as-
prepared PC290 was measured at 655 nm in reflection
spectrum, which matched well with the emission wavelength
of Cy5 (Figure 1(c)). The as-prepared PC250 and PC290
array patterns showed green and red color respectively under
daylight exposure (Figure 1(d)).

3.2 Functionalization of PC array with DNA cascade
reactors

DCRs were prepared according to our previously reported
approach [27] by assembling hairpin structured HCR probes
HI1/H2 with single strand DNA nanowire synthesized by
RCA. H1 was composed of H1 connector which hybridized
to single strand DNA nanowire and self-quenched hairpinl.
H1-21 was labelled with TAMRA and its corresponding
quencher BHQ1 in proximate locations with closed hairpin
structure to generate TAMRA fluorescence self-quenched
DCR-21, and H1-155 was labelled with Cy5 and its corre-
sponding quencher BHQ3 to generate CyS5 fluorescence self-
quenched DCR-155. The synthesis of DCR-21 was con-
firmed by polyacrylamide gel electrophoresis (PAGE) ana-
lysis (Figure 2(a)). The single strand DNA nanowire
generated via RCA showed a bright band with wide base
distribution around 700 bp (lane 3, Figure 2(a)). After in-
cubating single strand DNA nanowire with H1-21 (lane 1,
Figure 2(a)) and H2-21 (lane 2, Figure 2(a)), both H1-21 and
H2-21 bands were disappeared, accompanied with the ap-
pearance of an extended band with lower mobility (lane 4,
Figure 2(a)), indicating the successful synthesis of DCR-21.
Atom force microscopy (AFM) characterization of DCR-21
demonstrated monodispersed rigid structure with an average
length of 300+50 nm (Figure 2(b)) and height of ~2 nm
(Figure 2(c)). Given that H1 connector and H2-21 conjuga-
tion parts were both 22 bases individually (~7.48 nm), DCR-
21 was calculated to contain 2043 pairs of H1-21/H2-21.
DCR-155 was prepared accordingly with H1-155/H2-155
pairs, and showed bright band with similar base pair number
as DCR-21 in PAGE (lane 5, Figure 2(a)).

Due to the proximate locations and alternate arrangement
of HCR probe pairs in DCRs, the single strand DNA nano-
wire accelerated the successive hybridizations of HCR probe
pairs efficiently and resulted the continuous opening of
hairpin structured H1 with intense fluorescence recovery for
fast and sensitive detection. The reaction feasibility of DCRs
to target miRNAs was first verified in homogeneous solu-
tion. DCR-21 and DCR-155 was incubated with their cor-
responding target miRNA with concentrations ranging from
1 pM to 100 nM for 15 min, which demonstrated obvious
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Figure 2 (a) PAGE analysis of DCRs assembly. Lanes 1-5 represent H1-
21, H2-21, single strand DNA nanowire, DCR-21 and DCR-155. (b) AFM
phase image of DCR-21 and (c) cross-section profile of the white line in
(b). Scale bar: 200 nm. (d) Fluorescence intensities at 580 nm for PC250
array pattern and DCR-21-TAMRA functionalized PC250 (PC250-DCR-
21-TAMRA) array pattern. The error bars indicate means+S.D. (n=4) (color
online).

fluorescence recoveries for TAMRA at 580 nm and Cy5 at
663 nm, respectively even at low concentration of 1 pM
(Figure S5 (a, c)). A linear range for the logarithmic value of
miRNA-21 concentration from 10 pM to 5 nM was obtained
with detection limit of 6.36 pM (Figure S5(b)) and a linear
range for the logarithmic value of miRNA-155 concentration
from 20 pM to 20 nM with detection limit of 13.34 pM
(Figure S5(d)). To demonstrate the reaction efficiency in
DCRs, 5 nM miRNA-21 was incubated with 100 nM DCR-
21, and the time-dependent fluorescence recovery of TAM-
RA at 580 nm was measured for 2 h, which showed sub-
stantial fluorescence intensity increase in very short time and
reached signal saturation only in 15 min (Figure S6(a)) with
5.8 folds fluorescence intensity enhancement compared with
that from DCR-21 in the absence of miRNA-21 (Figure S6
(b)). In comparison, traditional HCR was also performed by
mixing 5 nM miRNA-21 with 100 nM H1*-21 and H2*-21,
which took more than 2 h for fluorescence recovery satura-
tion (Figure S6(a)) with only 3 folds of fluorescence intensity
enhancement after 15 min compared with the situation in the
absence of miRNA-21 (Figure S6(b)). DCR confined reac-
tion area by arranging HCR probe pairs along single strand
DNA nanowire alternatively, which increased the collision
frequency between HCR probe pairs and resulted express
signal generation with largely shortened reaction time.

The as-prepared DCRs were covalently immobilized on
carboxylated PC array patterns with Hl terminus amine
functional groups, and demonstrated characteristic peaks for
amide bond at 1643 cm ' for N-H bending vibration, and
1708 cm ' for C=0 stretching vibration in FTIR spectrum, in
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accompany with the decrease of carboxyl stretching vibra-
tion peak at 1411 cm '. Meanwhile, the characteristic peaks
for phosphate backbone of DNA showed up at 1220 cm ! for
P=0 stretching vibration and 770-650 cm” ' for P—C vibra-
tion (Figure 1(a), PC250-DCR-21), confirming the covalent
conjugation of DCRs to PC array pattern. To further confirm
the immobilization of DCRs to PC array pattern, hairpinl-
21-TAMRA was used to compose DCRs instead of self-
quenched haripinl-21, and the as-prepared DCR-21-TAM-
RA was incubated with carboxylated PC250 array pattern,
which showed strong fluorescence at 580 nm compared to
PC250 array pattern in the absence of DCR-21-TAMRA with
negligible fluorescence (Figure 2(d)).

3.3 MiRNA-21 and miRNA-155 detection on DNA
cascade reactors functionalized PC array

To confirm the express and sensitive detection of miRNAs
on DCRs functionalized PC array, a series concentrations of
miRNA-21 were incubated with DCR-21 functionalized
PC250 array patterns for 15 min before fluorescence mea-
surement of each array pattern with GenePix scanner. MiR-
NA-21 triggered the successive opening of H1-21 with the
isolation of TRAMA and BHQ1 for fluorescence recovery of
TRAMA, which was instantly amplified by PC250 array
pattern (Figure 3(a)). The scanned images of miRNA-21
incubated DCR-21 functionalized PC250 array patterns be-
came brighter with miRNA-21 concentration increase, and
the fluorescence intensity of array pattern at 580 nm de-
monstrated a linear relationship versus the logarithmic value
of miRNRA-21 concentration from 200 fM to 10 nM with
the detection limit of 191.33 fM (Figure 3(a)). The detection
limit of the presented DCRs functionalized PC array was
comparable to most fluorescence biosensing approaches with
signal amplification strategies [9,21,43] with shortest reac-
tion time for express signal acquistion. To demonstrate the
contribution of PC array to fluorescence enhancement, PEG-
DA-250, acrylic acid and photointitiator (10%, v/v) were
mixed in the absence of monodispersed silica spheres and
polymerized on silanized glass substrate with the subsequent
surface immobilization of DCR-21, the as-obtained DCR-21
functionalized glass substrate was challenged with various
concentrations of miRNA-21, which barely showed fluor-
escence below 20 pM (Figure S7(a)). Another control ex-
periment was performed by immobilizing 100 nM H2*-21
with amine functional group to PC250 array patterns for
target miRNA-21 capture. After surface rinsing to remove
nonspecific adsorbed miRNA-21, homogeneous HCR signal
amplification was performed on substrate with a mixture of
100 nM H1*-21 and H2*-21, which barely showed fluores-
cence with miRNA-21 concentration below 10 pM (Figure
S7(b)). To further demonstrate the acceleration effect from
DCR-21, 10 nM miRNA-21 was incubated with PC250 array
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patterns, and the fluorescence recovery of TRAMA from
homogeneous HCR amplification was scanned periodically
for 4 h. 10 nM miRNA-21 only resulted 4.9 folds fluores-
cence signal enhancement after 15 min reaction, and the
signal enhancement factor saturated at 7.6 after 4 h reaction
(Figure 3(b)). In comparison, 10 nM miRNA-21 resulted ~12
folds of signal enhancement on DCR-21 functionalized
PC250 array only within 15 min incubation (Figure 3(b)).
The detection of miRNA-21 demonstrated a linear range
from 20 pM to 10 nM with detection limit of 15.20 pM on
DCR-21 functionalized glass substrate (Figure S7(a)), and a
linear range of 10 pM to 5 nM with detection limit of 8.50
pM for homogeneous HCR on PC250 array (Figure S7(b)).
The DCR-21 functionalized PC250 efficiently pushed down
miRNA-21 detection limit by ~44-fold compared with reg-
ular HCR amplification strategy on PC250 and ~79-fold
compared with DCR-21 functionalized glass slide (Figure 3
(¢)), confirming the impressive capability of DCR functio-
nalized PC array for express and sensitive detection.

To extend the application of DCRs functionalized PC array
for multiple miRNAs detection, DCR-155 was covalently
immobilized on PC290 array patterns, and challenged with
various concentrations of miRNA-155, which also demon-
strated linear increase of Cy5 fluorescence at 663 nm versus
the logarithmic value of miRNA-155 concentrations from
500 fM to 10 nM with detection limit of 265.76 fM (Figure 4
(a, b)). The reaction specificity was further tested by mea-
suring TRAMA fluorescence recovery from DCR-21 func-
tionalized PC250 array patterns and Cy5 fluorescence
recovery from DCR-155 functionalized PC290 array patterns
in response to 10 nM miRNA-21, miRNA-155, nonspecific
miRNA-199a and miRNA-141, and corresponding target
miRNAs with 3-mismatched bases and 1-mismatched base
(3-mismatched miRNA-21 and 1-mismatched miRNA-21
for DCR-21 functionalized PC250 array, and 3-mismatched
miRNA-155 and 1-mismatched miRNA-155 for DCR-155
functionalized PC290 array), which demonstrated obvious
TRAMA and Cy5 fluorescence recoveries for corresponding
target miRNAs with negligible fluorescence recovery for
nonspecific miRNAs and 3-mismatched miRNAs, with
much lower fluorescence recoveries for 1-mismatched
miRNAs compared with those of corresponding target
miRNAs (Figure 4(c)). The good reaction specificity allows
the application of DCRs functionalized PC array for multi-
plexed detection of miRNAs in real samples.

3.4 Simultaneous detection of miRNA-21 and miRNA-
155 from cell lysates

Due to the impressive biosensing performance of DCRs
functionalized PC array, it was applied to determine the
expression level of miRNA-21 and miRNA-155 from cell
lysates. MiRNA-21 inhibitor and miRNA-155 inhibitor were
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Figure 4 (a) Fluorescence images of DCR-155 functionalized PC290 (PC290-DCR-155) with various concentration of miRNA-155 ranging from 100 fM
to 50 nM. (b) Linear relationship of fluorescence intensity versus logarithm of miRNA-155 concentration. (c) Specificity and cross-reaction investigation of
DCR-21 functionalized PC250 array (PC250-DCR-21) and PC290-DCR-155 in response to 10 nM miRNA-21, miRNA-155, noncomplementary miRNA-141
and miRNA-199a, and corresponding target miRNAs with 3-mismatched bases and 1-mismatched base. The error bars indicate means+S.D. (n=4) (color

online).

transfected into human cervix carcinoma (HeLa) cells re-
spectively to modulate intracellular miRNAs expressions,
and the lysates from 10° treated HeLa cells were incubated
with DCR-21 functionalized PC250 and DCR-155 functio-
nalized PC290 array patterns for miRNA-21 and miRNA-
155 detection. Meanwhile, RT-PCR was employed to vali-
date the transfection accuracy by means of miRNA-21 and
miRNA-155 calibration curves with a linear range of 20 fM—
2nM (Figure S8). Compared with the fluorescence from
untreated HeLa cell lysates, miRNA-21 inhibitor transfected
HeLa cell lysates demonstrated lower TAMRA fluorescence
from DCR-21 functionalized PC250 array patterns, while the
Cy5 fluorescence from DCR-155 functionalized PC290 ar-
ray patterns showed negligible changes. MiRNA-155 in-
hibitor transfected HeLa cell lysates demonstrated lower Cy5
fluorescence from DCR-155 functionalized PC290 array
patterns, while the TAMRA fluorescence from DCR-21
functionalized PC250 array patterns showed negligible

changes (Figure 5(a)). Both miRNA-21 and miRNA-155
expression levels were evaluated from DCRs functionalized
PC array according to calibration curves from Figures 3(a), 4
(b), and converted to the copy number of miRNAs per cell,
which basically agreed with those measured by RT-PCR
(Figure 5(b), Figure S9(a)). The lysates from 10° cells of
MCEF-7 cells and MCF-10A cells were also analyzed with
DCRs functionalized PC array (Figure S9(b)), and converted
to copy number of miRNA-21 and miRNA-155 per cell,
which were in full agreement with those measured by RT-
PCR (Figure 5(c), Figure S9(c)). The tendency of target
microRNAs expression difference in MCF-7, MCF-10A and
HeLa cells was in good accordance with previously reported
measurements [29,44], indicating the high detection accu-
racy of DCRs functionalized PC array in cell lysates analy-
sis.

Recovery experiments were further applied to analyse the
concentration of target miRNAs spiked in human serum.
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Figure 5 (a) Fluorescence intensities of TAMRA from DCR-21 functionalized PC250 array patterns (PC250-DCR-21) and Cy5 from DCR-155 functio-
nalized PC290 array patterns (PC290-DCR-155) for HeLa cells, miRNA-21 inhibitor treated HeLa cells (miRNA-21(—)), and miRNA-155 inhibitor treated
HeLa cells (miRNA-155(—)) (inset: corresponding fluorescence images). Average miRNA-21 and miRNA-155 copy number per cell for HeLa cells, miRNA-
21 inhibitor treated HeLa cells (miRNA-21(—)), miRNA-155 inhibitor treated HeLa cells (miRNA-155(—)) (b) and MCF-7, MCF-10A cells determined with
DCRs functionalized PC array and RT-PCR (c). (d) Recovery rate of diverse concentrations of miRNAs spiked in 10x diluted human serum (color online).

Various amounts of miRNA-21 and miRNA-155 were spiked
into 10x diluted serum from healthy individuals with term-
inal concentration of 1 pM, 10 pM, 100 pM, and 1 nM, and
analysed with DCRs functionalized PC array, which showed
less than 10% of relative standard deviation (RSD) and more
than 90% of recovery rate (Figure 5(d)), indicating the po-
tential application of DCRs functionalized PC array in
clinical analysis and diagnosis.

4 Conclusions

In summary, we developed a DCRs functionalized PC array
for express and sensitive detection of miRNA-21 and miR-
NA-155 with detection limits of 191.33 and 265.76 fM, re-
spectively. DCRs with confined structure accelerated the
signal amplification process of cascade DNA hybridization
reactions from over hours to 15 min, and the substrate PC
array patterns further amplified fluorescence intensity with
respective PBGs matching with the emission peaks of
fluorescent molecules labelled on DCRs. MiRNA-21 and
miRNA-155 from cell lysates and spiked miRNAs from
human serum were determined, and the results were con-
sistent well with those obtained from RT-PCR. The method
provides a universal platform for express and sensitive
miRNAs sensing with a POCT manner, thus has promising
potential in clinical diagnosis and therapeutic effect evalua-
tion.
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