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A novel DNA hydrogel-amplified versatile fluorescence platform com-
bined with hybridization chain reaction (HCR) and DNA walking muiltiple
amplification was developed for ultrasensitive detection of miRNA. The
DNA hydrogel was loaded with large amounts of SYBR Green (SG)
| dyes or CdTe quantum dots (QDs) to assemble versatile signal probes.

Specific, rapid, and ultrasensitive detection of cancer prognostic
miRNAs is very important for successful clinical implementation."
The current miRNA detection methods mainly include fluores-
cence,” electrochemical,? electrochemiluminescence (ECL),* and
fluorescent assays that have the advantages of simplicity, fast
analysis, cost-effectiveness and high sensitivity.> As a highly
fluorescent DNA probe, SG I is specifically bound to double-
stranded (ds) DNA at high ratios to assemble cascade fluorescent
nanotags for enhancement of recognition events® in bioanalysis.
QDs have achieved great success in biolabeling and bio-
imaging”® due to their excellent optical properties, such as
broader excitation spectra, higher quantum yields, and stronger
anti-photobleaching ability.

In order to improve miRNA determination sensitivity, many
signal amplification strategies have been developed, including
duplex-specific nuclease’ (DSN) signal amplification, rolling circle
amplification’® (RCA), cycling amplification and hybridization
chain reaction"""*(HCR). Among them, HCR, as an enzyme-free
process amplification strategy, has been extensively developed and
it shows great promise for detecting various nucleic acid analytes,"®
However, some of the proposed assays possess some drawbacks
such as high background noise and label-requirement, which
would lower the reliability of miRNA detection.*

DNA hydrogel, often as a network of polymer chains, is
constructed by crosslinking nucleic acid-tethered polymer chains.
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Versatile fluorescence detection of microRNA
based on novel DNA hydrogel-amplified signal
probes coupled with DNA walker amplificationf
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DNA hydrogel has garnered increasing attention in sensing and
medical fields owing to its loading capacity, mechanical stability,
biodegradability, high biocompatibility and stimuli-responsive
behaviour.">'®

Herein, a versatile fluorescence strategy based on DNA hydrogel
and DNA walking multiple signal amplification is developed for
ultrasensitive detection of miRNA-141. Firstly, the presence of target
miRNA induced to generate a large number of DNA S3 by walking
amplification. Secondly, S3 was linked to hairpin DNA H1 on the
SiO, microsphere, followed by HCR of hairpin DNA H, (in P1) and
H; (in P2) on SiO, to form the DNA cross-linked hydrogel. After
large amounts of highly fluorescent SG I dyes or CdTe QDs were
loaded onto the hydrogel, significantly amplified fluorescence
signals were achieved for sensitive detection of miRNAs.

The design principle for the fluorescence detection of
miRNA based on the DNA hydrogel-amplified versatile signal
probes coupled with DNA walker amplification is shown in
Scheme 1. The first part (A) displays the walker amplification
process. The protecting (P) probe was first paired with the
walker (W) probe to lock it. In the presence of the target miRNA,
miRNA hybridized with the P probe to release the W probe, and
then the W probe hybridized with the support probe to form a
recognition site. Upon shearing of the support probe, the released
W probe hybridized with another support probe along the DNA-MB
track. Due to the amplification of the walking machine, a large
number of DNA S3 were produced. The second part (B) showed the
synthesis process of polymers P1 and P2 (polyacrylamide/DNA
chains). The acrydite/DNA (H2) and acrylamide were polymerized
by C—C to synthesize P1 (Scheme S1, ESIf);'” The acrydite/DNA
(S1) and acrylamide were first polymerized to form polymer (PS1),
and then H3 hybridized with S1 on the polyacrylamide chains. DNA
with phosphate groups (the blue segment in P1 and the dark green
segment in P2) were linked to the amino groups of polyacrylamide
(green curved line). In part C, after H; is first conjugated to the SiO,
microsphere, the single-stranded (ss) S; (produced in A) opened H;
by hybridization, and then red ssDNA of H; opened the red
segment of P1(H2), followed by hybridization of blue ssDNA in
P1(H2) with the blue segment in P2(H3) to expose red ssDNA,
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Scheme 1 (A) Cycling amplification process based on a DNA walker,
(B) synthesis of the acrylamide copolymer chain, (C) fabrication of the
DNA hydrogel-SYBR Green | fluorescence platform for the detection of
target miRNA, (D) preparation of quantum dot probes, and (E) fabrication
of the DNA hydrogel-CdTe QD fluorescence platform for detection of
target miRNA.

which thus initiated HCR between P1 and P2 on the SiO, micro-
sphere to assemble a novel DNA hydrogel. After large amounts of
SG-I dyes were intercalated into many long dsDNAs of the hydrogel,
the DNA hydrogel-SG I amplified fluorescence platform was
fabricated for ultrasensitive detection of the target. Moreover,
when a large number of CdTe QDs with carboxyl groups were
liked to P1 and P2 with many amino groups to form P3 and P4
(part D), the formed DNA hydrogel-CdTe QD platform provided
an enormously amplified fluorescence signal for the highly
sensitive assay of miRNAs (part E). Thus, the designed novel
DNA hydrogel-amplified versatile fluorescence signal probes
were successfully combined with DNA walker amplification for
ultrasensitive detection of the target miRNA.

The UV-vis absorption spectra were used to investigate the
fabrication process of the fluorescence platform. As shown in
Fig. S1A (ESIY), SiO, microspheres show no UV absorbance
peak (curve a), while DNA shows an obvious UV absorption
peak at 260 nm (curve b). After H1 was bound to SiO, micro-
spheres, an obvious UV absorption peak appeared at 261 nm,
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and the peak became wider (curve c). Curve d shows the
absorption spectrum of the acrydite monomer, where a weak
absorption peak at 202 nm can be observed.'® The acrydite-DNA
wavelength region is seen in curve e, where two absorption peaks
appeared at 202 nm (the acrylamide group) and 263 nm (DNA),
which is consistent with curve d. When acrydite-DNA was
copolymerized, the absorption peak at 263 nm (DNA) cannot
be seen due to the changed ionic strength of solution and
molecular weight of DNA copolymer. As shown in Fig. S1B (ESIY),
CdTe QDs show no obvious UV absorbance peak (curve a). When
the DNA-modified acrydite polymer (P1) was labeled with CdTe
QDs (P3), only the absorption peak at 202 nm could be seen, and
this result is consistent with curve f as shown in Fig. S2A (ESIf).

The feasibility of the cycling amplification system was
investigated by polyacrylamide gel electrophoresis (PAGE) analysis.
As shown in Fig. 1A, lane M is a mark; lanes 1 to 4 showed the
walker DNA, protecting DNA, support DNA, and miRNA-141. When
the walker DNA (1.5 puM) was mixed with the protecting DNA
(4 pM), a new higher band was obtained (lane 5), corresponding
to the formed duplex strand DNA, and a lower band corresponding
to the surplus protecting DNA. When the walker DNA, protecting
DNA, support DNA, and miRNA-141 were all mixed, many new
bright bands were observed (lane 6), indicating that several
hybridization reactions were performed in the amplification
system. The walker DNA first hybridized with the protecting
DNA, and then the added miRNA-141 hybridized with the
protecting DNA to release the walker to bind with the support
DNA. By comparison, when the walker DNA was mixed with
the support DNA, an obvious bright band appears at the top of
lane 7, which is consistent with the top band appearing in lane 6,
indicating that the walker-support dsDNA was formed. Then,
nicking endonuclease was added to the above mixture, and a
new bright band at the bottom of lane 8 appeared, corres-
ponding to the ssDNA (S;) observed upon shearing the support
DNA. The above results indicated that the cycling amplification
process is successful.

The feasibility of the HCR system was investigated by PAGE
analysis. As shown in Fig. 1B, lane M is a mark; lanes 1-4 were
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Fig. 1 (A) Lane 1: 1.5 uM walker DNA; lane 2: 4 uM protecting DNA; lane 3:
1.5 uM support DNA (S,); lane 4: 4 uM target; lane 5: 1.5 uM walker DNA +
4 uM protecting DNA; lane 6: 1.5 uM walker DNA + 4 uM protecting DNA +
1.5 uM support DNA + 4 uM target; lane7: 1.5 pM walker DNA + 1.5 pM
support DNA; and lane 8: 1.5 uM walker DNA + 1.5 uM support DNA + 5 U
nicking exonuclease. (B) Lane 1: 1 uM Hy; lane 2: 1 uM Ss; lane 3: 1 uM Hy;
lane 4: 1 pM Hz/Sy; lane 5: 1 pM Hy + 1 pM S3; lane 6: 1 pM Hy + 1 uM S +
1uM Hy; lane7: 1 uM Hy 4+ 1 pM Sz + 1 uM Hs/S;; and lane 8: HCR product in
the presence of the mixture of Hy, Ss, Hp, and Hz/S;.
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H,, S;, H,, and H;/S;. The hairpin probe H; exhibited a clear
band, in the presence of S;, and H; was opened upon hybridiza-
tion, generating a new band at the top of lane 5. By comparison,
when H, was introduced into the mixture of H, and S;, the
hairpin structure of H,(P1) was further opened by the single
stranded section of H;, so another new band appeared at
the top of lane 6. However, when H;/S;(P2) was added to the
mixture of Hy and S, there was no obvious new band (lane 7),
indicating that the hybridization process did not occur.
Upon introducing H, and H3/S; to the mixture of H; and S;,
a new bright band appeared at the top of lane 8. The
above results demonstrated that HCR was successfully per-
formed, and the DNA hydrogel-based amplification fluores-
cence platform can be fabricated for versatile detection of the
target miRNA.

The structure of the formed hydrogel was further investi-
gated by scanning electron microscopy (SEM). As shown in
Fig. 2A and B, the freeze-dried hydrogel shows very large pores
surrounded by the polymer, consistent with the formation of a
hydrogel matrix. During the freeze-drying process of hydrogel
samples, the pores are formed by the formation and sublima-
tion of ice crystals, and the uniform pores reflect the formation
of a highly cross-linked network structure during gelation
(Fig. 2B).

Fig. 3A and B show the SEM and transmission electron
microscopy (TEM) images of SiO, microspheres, respectively.
It can be seen that the particle size of SiO, microspheres is
uniform and the average diameter is about 150 nm, and the
surface of the microspheres is smooth.

To further confirm the DNA hydrogel formation by the HCR
process, the morphology of the assembled products was
directly visualized by atomic force microscopy (AFM) imaging.
As shown in Fig. 3C, when S;, P1, and P2 were incubated with
SiO,-H;, abundant long linear polymers were generated by
HCR on microspheres, and the thickness of the DNA nanowire
was about 23 nm. The HCR products were polydisperse both
in size and direction due to the polydirectional assembly of
hairpin DNA, and a few smaller linear polymers were produced.
The AFM results indicate that the DNA hydrogel was successfully
prepared.

In addition, the HCR reaction on the surface of SiO, micro-
spheres was characterized using TEM. As shown in Fig. S2A
(ESIY), the surface of the microsphere is rough compared with
that shown in Fig. 3B, as a large amount of dsDNA was formed

Fig. 2 SEMimages of freeze-dried DNA-hydrogels with different magnifica-
tion times.
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Fig. 3 (A) SEM image of SiO, microspheres; (B) TEM image of SiO,
microspheres; (C) AFM image of SiO,-DNA hydrogel by HCR; and
(D) height profile of SiO,—DNA hydrogel by HCR.

upon HCR on the microsphere, which proves that the DNA
hydrogel was successfully assembled on the microsphere
surface. The DNA hydrogel-CdTe QD fluorescence platform on
the SiO, microsphere was also characterized. Fig. S2B (ESIT)
shows that the average diameter of the QDs is about 5.0 nm,
and the particle size is uniform. After the CdTe QD fluorescence
probes (P3 and P4) were formed, Fig. S2C (ESIt) shows that a
large amount of polymer material was formed on the surface of
the microspheres. These results verified that the QD signal
probe (P3 and P4) labeled DNA hydrogel was successfully
assembled on the SiO, microspheres for fluorescence analysis.

To evaluate the analytical performance of the system for
detection of miRNA-141, the FL signal responses to different
concentrations of miRNA-141 under optimal conditions (see
ESL T Fig. S5) were recorded. As shown in Fig. 4A, the FL signal
of the SG I-based system increased with increasing concentra-
tions of miRNA-141 from 10~ ° fM to 100 pM. Fig. 4B shows that
the fluorescence intensity has good linear relationship with the
logarithm of miRNA-141 concentration from 10~ * fM to 10 pM
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Fig. 4 (A) The fluorescence spectra of the SG |-based detection system in
response to different concentrations of miRNA-141. (From a to j corre-
spond to 0, 1076 fM, 10™* fM, 0.01 fM, 1.0 fM, 10 fM, 100 fM, 1.0 pM, 10 pM,
and 100 pM.) (B) The relationship between the fluorescence signal (Al ) of
SG | and the concentration of miRNA-141. Inset: Linear relationship
between the fluorescence intensity and the logarithm of miRNA-141
concentration.
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Fig. 5 (A) The fluorescence spectra of the CdTe QD-based detection
system in response to target miRNA-141 concentrations, (from a-k
correspond to 0, 1073 fM, 0.01 fM, 0.1 fM, 1.0 fM, 10 fM, 100 M, 1.0 pM,
10 pM, 100 pM, and 1.0 nM). (B) Relationship between the fluorescence
signal (Alg) of CdTe QDs and miRNA-141 concentration. Inset: Linear
relationship between the fluorescence intensity and the logarithm of
miRNA-141 concentration.

with a regression equation of Y = 3357.6 + 181.111gc, and a
detection limit (LOD) of 10~* fM. Three parallel experiments were
performed with 10 fM miRNA-141, and the relative standard
deviation (RSD) was 4.3%, indicating that the SG I-based method
has good precision for the target assay.

Furthermore, the analytical performance of the system for
miRNA-141 detection based on the CdTe QD signal probe was
studied. As shown in Fig. 5A, the FL signal increased with the
increase of miRNA-141 concentration from 10~> fM to 1.0 nM,
and showed a linear relationship with the logarithm of miRNA-
141 concentration from 10~ * fM to 10 pM (Fig. 5B). The linear
regression equation is Y = 2618.1 + 496.51g ¢, and the LOD is
1.1 x 10~* fM. A series of three repeated measurements of the
1.0 fM target were carried out, and the calculated relative RSD
was 5.2%, suggesting that the method has good reproducibility
for miRNA-141 detection. With such ultralow detection limits
and very wide linear ranges, the proposed fluorescence methods
are more sensitive compared to the other existing miRNA detec-
tion methods (Table S2, ESIT), which was mainly attributed to
the multiple amplification of the HCR-based DNA hydrogel and
DNA walking machine.

To investigate the selectivity of the DNA hydrogel-based
fluorescence strategy for miRNA assay, different miRNAs
including miRNA-21, miRNA-155, miRNA-182, and mismatched
miRNA-141 were employed as interfering substances under the
same experimental conditions, and the results are exhibited in
Fig. S6 (ESIf). When miRNA-141 was present, a significant
enhancement of FL intensity was observed, while the FL
responses of other miRNAs were obviously very low. These
results demonstrate that the fluorescence strategy possesses
good selectivity for detection of target miRNA-141.

To investigate the applicability of the fluorescence strategy
in real sample analysis, recovery experiments were performed
by adding various concentrations of miRNA-141 to the lysates
obtained from 22Rvl cancer cells. The results are shown in
Table S3 (ESIt), where from 1 to 4 the data indicate the
fluorescence recovery rate from 97.19% to 102.57% using SG I
dyes, and from 5 to 8 the data indicate the fluorescence
recovery rate from 93.45% to 104.7% using CdTe QDs. The
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results show acceptable recovery, indicating that the proposed
method is promising and has potential applications in the
analysis of clinical samples.

In conclusion, we have successfully fabricated a new type of
DNA hydrogel by polydirectional HCR on SiO, microspheres,
and used it as a versatile fluorescence signal amplifier for
ultrasensitive detection of miRNA-141 by coupling with DNA
walking amplification. This hydrogel possesses many long
multi-branched dsDNAs and can bind large amounts of SG I
dyes or CdTe QDs, which significantly amplified fluorescence
signals and showed much improved detection sensitivity.
Taking the advantages of multiple amplification of DNA walk-
ing, HCR, DNA hydrogel, and SiO, microsphere, the proposed
strategy has demonstrated good performance with very wide
linear detection ranges and ultralow detection limits, which
was much superior to that of the other reported methods (Table
S2, ESIt). More importantly, this method can be applied to
miRNA-141 detection in human prostate cancer with favorable
precision, suggesting promising applications of the sensing
strategy in disease diagnosis and biomedical analysis.
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