Materials Today Bio 19 (2023) 100571

Contents lists available at ScienceDirect

;;aterialstoday
BIO

Materials Today Bio

ELSEVIER journal homepage: www.journals.elsevier.com/materials-today-bio
MnO,@Au nanostructures supported colorimetric biosensing with R
duplex-specific nuclease-assisted DNA structural transition e

Xiaoyi Ma®", Wuping Zhou ", Haiwen Li®, Bo Zhang®"", Peng Miao ®"%"

2 University of Science and Technology of China, Hefei 230026, China

Y Suzhou Institute of Biomedical Engineering and Technology, Chinese Academy of Sciences, Suzhou 215163, China
¢ Jinan Guokeyigong Science and Technology Development Co., Ltd., Jinan 250103, China

4 Department of Radiology, The Second Affiliated Hospital of Soochow University, Suzhou 215004, China

ARTICLE INFO ABSTRACT

Keywords:

MnO, nanosheets

Gold nanoparticles
Hybridization chain reaction
Catalytic hairpin assembly
DNA nanostructures

Manganese dioxide (MnO2) nanosheets are regarded as a new class of two-dimensional nanomaterials with
several attractive properties with enormous progress in biomedical fields. Gold nanoparticles (AuNPs) are also
important biocompatible nanomaterials with unusual optical properties. Hetero-nanostructure of MnO, and
AuNPs with the medium of DNA is an interesting topic. In this work, the protection of the hetero-nanostructure
from salt-induced aggregation is systematically investigated including the effects of sequence length, reagents
concentrations, incubation time and temperature. The MnO2@Au nanostructures are thus applied for the analysis
of miRNA. Duplex-specific nuclease (DSN) catalyzed digestion, hybridization chain reaction (HCR) and catalytic
hairpin assembly (CHA) are utilized for signal amplification. By finally analyzing the optical responses of the
nanocomponents, highly sensitive analysis of target miRNA can be achieved. Excellent analytical performances
are attributed to the unique features of MnO2,@Au nanostructures and signal amplification designs. They are
promising basis for the construction of novel biosensors for clinical applications.

1. Introduction

Manganese dioxide (MnO3) nanomaterials have attracted consider-
able attention due to their distinct electric, catalytic, ion-exchange, and
optical properties [1-3]. MnO;, possesses abundant surface hydroxyl
groups and variable manganese valence states, which facilitate its high
catalytic activity [4,5]. It also exhibits excellent extinction spectra from
ultraviolet to far-infrared light, which can not only be applied in the
utilization of solar energy and supercapacitors [6], but also show great
application perspective for biomedical investigations [7-9]. For example,
the photothermal conversion property endow MnO, good candidate for
targeted cancer therapy [10]. Exceptionally larger surface area to mass
ratio promises the high cargo-loading capacity for efficient drug delivery
[11]. MnO; shows enzyme-like reaction profiles and substrate specific-
ities, which can be applied as effective nanozymes for biosensing and
therapy purposes [12-14]. There are various forms of MnOs structures
including nanofibers [15], nanosheets [16], nanoparticles [17,18] and so
on. Two-dimensional nanosheets have been found to possess many un-
usual properties with good flexibility [19-21]. MnO;, nanosheets are

stacked with edge-sharing “MnOg” octahedra with interlayer alkali ions
[22]. The layered structures are robust with higher chemical and thermal
stability compared with natural species [23].

The photophysical and photochemical properties of MnO5 nanosheets
(e.g., absorption capability with excellent molar extinction coefficient
and effective fluorescence quenching or energy accepting capability)
have led to various optical sensing or imaging applications [24]. How-
ever, there are only a few studies reported to explore the interactions
between MnO, and biomacromolecules like DNA, which show excellent
programming and self-assembly capabilities [25,26]. Our group previ-
ously optimized the length of single-stranded DNA, which can be
adsorbed on the nanosheets with better affinity [27]. Since DNA can be
easily conjugated with other nanomaterials, the nanosystem integrating
multiple nanomaterials with the medium of DNA strands may exhibit
great promise to develop into intelligent devices with outstanding per-
formances [28-30]. It is highly desired to further understand the inter-
action between DNA modified MnO, nanosheets and other
nanomaterials. Gold nanoparticles (AuNPs) have been extensively
investigated due to their unique physical properties, which have been
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used in the applications like catalyst, biosensor, bioimaging, photo-
thermal therapy and so on [31-33]. Attaching DNA on the surface of
AuNPs is one critical way for the functionalization, which has been
intensively studied [34]. Successful modification requires the conserva-
tion of colloidal stability of the AuNPs system. Salt-aging method is
commonly used because salt with high concentrations can effectively
screen the charge repulsion between negatively charged DNA and AuNPs
[35]. In recent years, more approaches have been developed including
freezing method, pH-adjusting method and surfactant-assisted modifi-
cation [36,37]. Freezing-driven DNA attachment shows certain merits.
Especially, it does not rely on salt with heavy concentration and the
attachment is quite fast. Cross-linking of two AuNPs can also be effec-
tively avoided.

miRNAs play critical roles in a number of biological processes [38].
Abnormal expression of certain miRNAs are found to be associated with
many diseases including cancers [39]. However, the features of low
abundance, short length and high similarities of miRNA pose challenges
of highly sensitive and selective analysis for early diagnosis purposes.
Although traditional methods like reverse transcription polymerase
chain reaction (RT-PCR) and microarray have been applied for miRNA
assay with success, certain limits still exist including cumbersome steps of
RT-PCR and insufficient sensitivity of microarray [40,41]. In order to
address these issues, we have taken good use MnO,@Au nanostructures
coupled with signal amplification designs. Smart DNA structural transi-
tions are engineered by the use of duplex-specific nuclease (DSN) and
certain strand displacement reactions, which attribute to the high signal
amplification efficiency [42,43]. Two colorimetric biosensing strategies
are developed. The characterizations show desirable analytical capabil-
ities including high sensitivity, selectivity and rapid response. The
developed nanosystem may also inspire further applications with the
hybrid nanoplatform.

2. Experimental
2.1. Materials and instruments

Chloroauric acid (HAuCly) was from Shanghai Jiushan Chemicals Co.,
Ltd. (Shanghai, China). Trisodium citrate, tris (2-carboxyethly) phos-
phine (TCEP), ethylenediamineteraacetic acid (EDTA), manganese
chloride (MnCly), ascorbic acid (AA), tetramethylammoniam hydroxide
and hydrongen peroxide (H205) were purchased from Sigma (USA). DSN
was ordered from Genomax Technologies Pte Ltd. (Singapore). Human
serum samples were collected from local hospital with written consent
from participants (Suzhou, China). All other chemicals were of analytical
grade and used without further purification. All solutions used in this
work were prepared with ultrapure water purified by a Millipore water
purification system (specific resistance: 18 MQ cm). All sequence were
synthesized and purified by Sangon Biotechnology Co. Ltd. (Shanghai,
China). UV-vis absorption spectra were measured by a Synergy HT
multifunction microplate reader (BioTek Instruments,Inc., USA). Trans-
mission electron microscopic (TEM) images were taken with a FEI Tecnai
G20 transmission electron microscopy (FEIL, USA).

2.2. Preparation of DNA modified AuNPs and MnOgz nanosheets

Bare AuNPs were prepared by a citrate reduction method according to
a previous report [44]. To achieve DNA modification, thiolated DNA
strands were previously heated to 95 °C for 5 min and cooled to room
temperature gradually. After that, 3 pM DNA was mixed with AuNPs,
which was placed in a refrigerator freezer (—20 °C) for 2 h, followed by
thawing at room temperature. To remove excess reagents, purification
process by centrifugation at 14,000 rpm for 10 min was performed and
the precipitation was re-suspended in water.

MnO; nanosheets were prepared by one-step process according to a
previous report [45]. Typically, a mixed aqueous solution of tetrame-
thylammonium hydroxide (0.6 M) and Hy0» (3 wt%) was prepared. 20
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mL of the above solution was added to 10 mL of MnCl, (0.3 M) within 15
s. The blended solution turned to dark brown immediately, which was
stirred overnight at room temperature. Afterwards, the as-prepared bulk
MnO> nanosheets were centrifuged at 2000 rpm for 10 min, which were
further washed with abundant distilled water and methanol, respec-
tively. Afterwards, the nanosheets were dried at 60 °C 5 mg of MnO, was
then dissolved in 10 mL of water and ultrasonicated for 10 h. Subse-
quently, the dispersion was centrifuged at 2000 rpm for 30 min and the
supernatant was used in the following experiments.

2.3. MnO,@Au nanostructures with DNAzymes

50 pL of MnO; nanosheets (500 pg/mL) was blended with 50 pL of
bare AuNPs, which was then treated with AA (5 mM) for 10 min before
the measurements of UV-vis absorption spectra. To investigate the DNA
protection effect, the mixture of MnO, and AuNPs were blended with
DNA of a series of concentrations and lengths for 30 min at room tem-
perature. Next, 5 mM AA treatments were performed. A mixture of Probe
D and Probe S was prepared with the concentrations of 20 nM and 300
nM, respectively. It was then blended with 4 pL of MnO nanosheets (500
pg/mL) before treated with 1 pL of AA (5 mM). The final volume of the
solution was 50 pL and was kept at 4 °C for 4 h. Next, 50 pL of AuNPs and
150 pL of ultrapure water were added before measurements.

2.4. MnO»@Au nanostructures for miRNA assay amplified by HCR

Four single stranded strands (Probe H1, 2, 3, 4) with the concentra-
tions of 10 nM were blended with Probe S1 (300 nM) and then target
miRNA. DSN with the concentration of 3 U/mL was added for cleavage
reaction at 56 °C. Afterwards, 4 pL of MnO, nanosheets (100 pg/mL) and
5 pL of AA (1 mM) were added into the above mixture. The final volume
was kept to be 50 pL. HCR was carried out at room temperature for 4 h.
Subsequently, 50 pL of AuNPs and 150 pL of pure water were further
added before the measurements of UV-vis absorption spectra.

2.5. DNA-AuNPs protection of MnO_ from salt induced aggregation

60 pL of DNA modified AuNPs was incubated with 30 pL of MnO,
nanosheets (500 pg/mL) at room temperature for 30 min. Next, NaCl was
added with different concentrations (0, 2.5, 5, 7.5, 10, 12.5, 15, 20, 25,
30, 40, 50 mM). The mixtures were heated to 56 °C for 2 min. After that,
the solutions were centrifuged at 3050 rpm for 20 s. UV-vis absorption
spectra were then recorded.

2.6. MnO,@Au nanostructures for miRNA assay amplified by CHA

Target miRNA with a series of concentrations (0.05, 0.5,1, 1.5, 2, 2.5,
5, 10, 20, 30, 40, 50 nM) were blended with Probe H5, 6, 7 (45 nM) and
H8 modified AuNPs. DSN with the concentration of 3 U/mL was then
added for cleavage reaction at 56 °C. After 3 h, 30 pL of the solutions
were blend with 30 pL of MnO, nanosheets and 137 pL of water, which
were incubated at room temperature for 30 min. Next, 3 pL of NaCl (1 M)
was added and the solutions were heated to 56 °C for 2 min. After that,
the solutions were centrifuged at 3050 rpm for 20 s. Subsequently, the
supernatants were monitored by the Synergy HT multifunction micro-
plate reader.

3. Results and discussion
3.1. Working mechanism of MnO>@Au nanostructures based biosensing

MnO; nanosheets adsorb single-stranded DNA via the synergistic
physisorption of nucleobases on the basal plane of nanosheets and co-
ordination of phosphate [46]. We first investigate the nanosystem of DNA
modified MnO, nanosheets and bare AuNPs. Probe D1, S1, D3, S3 are
designed, in which Probe D1 and D3 act as Mn**-dependent DNAzymes,
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while Probe S1 and S3 are corresponding substrates. Probe S1 contains
only one cleavage site and can be divided from 12 nt single strand into
two halves. Probe S3 contains three sites and the 24 nt strand can be
divided into four parts. As shown in Scheme 1, the four strands are
initially adsorbed on MnO, nanosheets. After the addition of AA, MnO,
nanosheets are degraded. The generated Mn®" and gradually released
DNA strands from the nanosheets participate in the following DNAzyme
catalyzed cleavage reactions. Long substrates are cleaved into short
strands. Original long substrates can effectively protect AuNPs from
salt-induced aggregation. However, the shortened strands lose the ca-
pabilities and AuNPs tend to aggregate in the presence of salt. This
phenomenon is then applied as colorimetric output for miRNA assay. The
recognition and signal transduction procedures are designed combining
DSN and strand displacement-based hybridization chain reaction (HCR).
Another four probes (Probe H1, 2, 3, 4) are introduced. The hairpin
structures of these strands are kept stable at the DSN cleavage tempera-
ture of 56 °C (Fig. S1). Generally, target miRNA opens the hairpin of H1
and the duplex region is recognized by DSN. After digestion, miRNA is
recycled for additional reactions. The remained single-stranded segment
of H1 in turn opens the hairpin of H2, releasing another single-stranded
segment, which triggers HCR with H3 and H4 as the fuel strands.
Different from traditional HCR, the adjacent 5’ and 3’ terminals of H3
and H4 compose DNAzyme sequences along the primary chain and
cleaves numerous Probe S1 strands. By evaluating the deprotecting ef-
ficiency of bare AuNPs from aggregation, initial miRNA levels can be
determined. In this place, MnO2 nanosheets and AuNPs are simply mixed
together. AuNPs act as the colorimetric indicator, which respond to the
DNA structure transition in the nanosystem.

We further explore the nanosystem of bare MnO, and DNA modified
AuNPs, taking the aggregation of MnO, as the colorimetric output. As
shown in Scheme 2, another four hairpin-structured oligonucleotides
(Probe H5, H6, H7, H8) are designed, which are also stable at the DSN
cleavage temperature of 56 °C (Fig. S2). miRNA opens hairpin of H5 by
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hybridization reaction. The followed DSN catalyzed reaction recycles
miRNA and generates abundant single-stranded part of H5 for successive
CHA reactions. Briefly, hairpin structured H6 is opened and an inter-
mediate is formed which is kept stable in DSN environment. The single-
stranded part further interacts with H7 by forming double-stranded
section. This section is long enough to be recognized by DSN. As a
result, the released strand can be used to assist the digestion of H8 on
AuNPs in a similar way. Initially, H8 modified AuNPs are conjugated
with MnO, nanosheets. Due to the single-stranded region of DNA, salt
induced aggregations of AuNPs and MnO; can be effectively inhibited.
However, after target miRNA induced H8 degradation, AuNPs are no
longer covered with DNA strands and the anti-aggregation capability is
lost, leading to the changes of dispersion states of AuNPs and MnO,
nanosheets. By analyzing the characteristic absorption of MnOg, the
concentration of miRNA trigger can be evaluated.

3.2. MnO; degradation induced AuNPs aggregation

Fig. 1A shows the TEM image of the mixture of MnO» nanosheets and
AuNPs. Ultrathin lamellar morphology of MnOs nanosheets could be
clearly observed and spherical AuNPs are well dispersed. UV-vis ab-
sorption spectra of MnO, and AuNPs with different ratios are compared
in Fig. 1B. Inset is the picture of the MnO,@Au nanostructures with
different ratios. Two absorbance peaks at 350 nm and 520 nm are mainly
ascribed to MnO; and AuNPs, respectively. From curve 1 to 6, the
amounts of MnO5 nanosheets are fixed and AuNPs levels are increased.
Therefore, the absorbance at 520 nm (As20) grows significantly and Assg
also increases due to the absorbance of AuNPs at 350 nm. From curve 7 to
13, the concentrations of AuNP are the same while MnO, nanosheets
levels are decreased. Therefore, Assy drops sharply and with slighted
decreased Aspg. The results indicate that the two peaks at 520 nm and
350 nm can be mainly ascribed to the two nanomaterials, which do not
affect each other's UV-vis absorption performances significantly. Since

) o
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Probe D1
Probe S1 24 2+ 24
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Scheme 1. Illustration of target triggered AuNPs aggregation with DSN-assisted HCR.
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Scheme 2. Illustration of target triggered MnO, aggregation with DSN-assisted CHA.

both of AuNPs and MnO» undergoes aggregation with sufficient salt,
different levels of NaCl are spiked in the MnO;@Au nanosystem. The
UV-vis absorption spectra are revealed in Fig. 1C. Asso represents the
aggregation state of MnO; nanosheets, while the ratio of absorbances at
650 nm and 520 nm (Ass0/520) reflects the aggregation state of AuNPs
[47]. Initially, trace NaCl does not affect Asso and Aeso/520- With larger
concentration of NaCl, Asso decreases and Agso/520 increases, which are
as expected. AA could effectively reduce MnO, and the produced Mn?"
could directly induce the aggregation of AuNPs. Therefore, after the
addition of AA, the peak at 350 nm decreases, verifying the decline of
MnO,; meanwhile, the peak at 520 nm decreases and 650 peak intensity
is significantly enlarged, which is the evidence of AuNPs aggregation
(Fig. 1D).

Before AA triggered reaction, the added single-stranded DNA with
certain lengths may inhibit the aggregation of AuNPs to a certain degree.
Therefore, although MnO, is degraded with decreased Assg, the peak at
520 nm is well kept, demonstrating AuNPs are still well dispersed. Taken
Aes0/520 as the indicator, we come to the conclusion that larger amount of
MnO,, provides more Mn?*, which leads to more intensive aggregation of
AuNPs (Fig. 1E). On the contrary, larger concentrations of DNA tend to
protect AuNPs better, which is reflected by the relatively smaller A¢s0,520
values (Fig. 1F). The length effect of DNA is then studied. It is observed
that longer DNA shows better capability to maintain the high Asyy and
low Agso (Fig. 1G). We have further checked the indicator of Agso 520
with different concentrations of DNA. Similar trends are achieved and the
variation of Ags0,/520 becomes much faster with larger amount of DNA.
The concentration of DNA and the length of DNA are two key factors that
influence the protection effect against salt-induced aggregation [27].
Thus, the combined parameter, the product of the two parameters
(concentration of DNA and length of DNA), is then studied, which is
termed as CL. As shown in Fig. 1H, Ags0,520 values decrease sharply from
1 to 12 nt. With longer sequences, the values become stable. Thus, the
length effect between 1 and 12 nt is more obvious and we choose 12 nt as
a critical length for detailed studies. With CL from 500 to 3000 nt nM,
Aes0/520 values for 12 nt and 6 nt lengths decrease and the difference
reaches the maximum at 1200 nt nM, which is quite significant (Fig. 11).

This result is the foundation of our design of the substrate (Probe S1) of
DNAzyme (Probe D1). The length of Probe S1 is 12 nt. After cleavage, 6
nt length products are generated, which show quite different protection
capability.

3.3. DSN and HCR amplified biosensing

The first colorimetric biosensor is based on the MnO5 degradation and
subsequent AuNPs aggregation. It is clear that the salt treated AuNPs
suffer significant changes of dispersion state (Fig. 2A and B). Bare AuNPs
show uniform size centered around 13 nm. Although 12 nt is found to be
the critical length, we have also designed a 24 nt length substrate (Probe
S3) which can be divided into four segments after the cleavage of
DNAzyme (Probe D3). The performances of Probe D1/S1 system and
Probe D3/S3 system are directly compared in Fig. 2C. Detailed Ags0,/520
values are summarized in Fig. 2D, which are quite approaching to each
other. The results further confirm the saturation state of DNA length for
the protection of AuNPs from salt-induced aggregation. Therefore, we
choose Probe S1 (12 nt) and Probe D1 in the following experiments.

The feasibility of this colorimetric biosensor is characterized by
UV-vis absorption spectra and PAGE image. As shown in Fig. 3A, the
curve of MnO>@Au nanostructures after AA treatment shows a declined
520 nm peak and an emerging 650 nm peak. After protected by Probe S1,
AuNPs possess better salt tolerance with nearly unchanged 520 nm peak
compared with bare AuNPs. After the employment of miRNA and four
hairpin strands, HCR occurs with numerous DNAzyme side chains.
Therefore, Probe S1 strands are cleaved and with the shorter strands. The
increase of Agso/520 indicates the poor protection efficiency. The as-
sembly of HCR is also verified by PAGE characterization with expected
bands (Fig. 3B). Generally, lane 1, 2, and 3 show the bands of miRNA, H1
and H2, respectively. Lane 4 shows two bands of H1 and H2, demon-
strating that the blended two strands cannot interact with each other
directly. Lane 5 is the products of miRNA, H1 and H2 in the presence of
DSN. The new bands are ascribed to H1/miRNA and H1/2 duplexes,
respectively. Lane 6 shows the band of H3 and H4. Due to the same length
of H3 and H4, only one band is observed. After directly mixing H1, H2,
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Fig. 1. (A) TEM image of MnO,@AuNPs. (B) UV-vis spectra of DNA (100 nM) protected mixtures of MnO, and AuNPs after treated with 10 nM NaCl. Inset is the
picture. (C) UV-vis spectra of MnO,@AuNPs after treated with NaCl. Inset shows the relationships between NaCl concentration and Azso or Agso s20- (D) UV-vis
spectra of MnO,@AuNPs with and without protection of DNA after treated with 5 mM AA. (E) UV-vis spectra of MnO,@AuNPs of different concentrations after
treated with 5 mM AA. Inset shows the relationship between Agso,/520 versus MnO, concentration. (F) UV-vis spectra of MnO>@AuNPs protected by DNA after treated
with salt. Inset shows the relationship between Agsg/s20 versus DNA concentration (30 nt). (G) UV-vis spectra of MnO,@AuNPs protected by 20 nM DNA with
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and CL with DNA sizes of 6 nt and 12 nt.

H3, and H4, the corresponding bands of the DNA probes are shown in
lane 7, verifying that the four stands cannot form HCR product directly.
However, after the introduction of miRNA and DSN, hairpin opening
reaction and digestion cycles help the HCR assembly and the bands with
larger molecules weights are ascribed to the HCR products.

Before quantitative analysis of target triggered DNA structure tran-
sition, some important parameters are optimized including 20 nM Probe
D1, 300 nM Probe S1, 20 pM AA, and 8 pg/mL MnO, (Fig. S3). The
reduction reaction of MnO, is demonstrated to be quite fast (Fig. S4).
Under these conditions, standard miRNA samples with a series of con-
centrations are prepared to trigger DNA structural transitions with DSN
cleavage. The UV-vis absorption spectra are recorded and shown in
Fig. 3C. With the increase of miRNA from 0 to 20 nM, the peak at 520 nm
decreases and the peak at 650 nm increases. Detailed relationship

between Agsg/520 and the concentration of miRNA is depicted in Fig. 3D.
The linear range is from 0.5 to 12.5 nM with the equation as follows:

y =0.535 4 0.00756 x (n = 3, R? = 0.996)

in which y is Agso/520 and x is the concentration of miRNA. The limit
of detection of this colorimetric assay is evaluated to be 100 pM (S/N =
3). We have also checked the anti-interfering ability of this biosensor.
Since DSN is able to discriminate perfectly matched duplexes and mis-
matched duplexes even with one mismatched site [48], the selectivity is
excellent, which is demonstrated by the comparison of Ags0,520 values for
target miRNA and mismatched sequences (Fig. 3E). Besides, this colori-
metric biosensor performs well in biological circumstances with
approaching values with those in PBS conditions (Fig. 3F).
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3.4. MnO; aggregation based colorimetric biosensing amplified by DSN
and CHA

The second colorimetric biosensor is based on target triggered DNA
degradation on AuNPs, which induced aggregation of MnO, nanosheets.
From UV-vis absorption spectra in Fig. 4A, it is clear that bare MnO, and
AuNPs cannot resist salt-induced aggregation. Both of the peaks at 350
nm and 650 nm disappear. On the contrary, the mixture of H8 modified
AuNPs and MnO; shows high peak intensities at 350 nm and 520 nm,
which is ascribed to the protection of DNA strands to increase the salt
tolerance of the nanosystem. However, after the introduction of miRNA,
catalytic hairpin assembly (CHA) and DSN cleavage reaction are per-
formed to digest H8 [49]. As a result, the peak at 350 nm drops signifi-
cantly, indicating that colloidal MnO- is quite sensitive to salt and is
suitable to be used as colorimetric output. The DNA assembly and
digestion reactions are confirmed by PAGE image, in which CHA and
digested products are positioned at expected sites (Fig. 4B).

Next, we have optimized several critical parameters for colorimetric
biosensing by comparing the index of Assg in the absence and presence of
target miRNA. For example, larger amount of DNA modified AuNPs are
supposed to protect MnO», better; salt with extremely low or much high
concentrations might result in limited colorimetric differences due to the
well-dispersed or highly aggregated states; the DSN concentration, re-
action time and temperature might also affect the digestion degree. After
comparing the Assg values, optimal amount of AuNPs, concentrations of
salt, DSN, reaction time and temperature are selected to be 60 pL, 15 mM,
3 U/mL, 2 min and 56 °C, respectively (Fig. S5). Upon these conditions, a

series of concentrations of miRNA are spiked in the MnO,@Au nano-
structures and corresponding UV-vis adsorption spectra are measured.
Larger amount of miRNA leads to more intensive aggregation of MnO,,
which can be reflected by the gradually decreased peak at 350 nm
(Fig. 4C). The color of solutions turns from yellow to transparent, which
can be observed by naked eyes. The aggregated state of MnO nanosheets
are also confirmed by the TEM image (Fig. S6). Detailed relationship
between Asso and miRNA concentrations is established in Fig. 4D. The
linear range is from 0.05 to 5 nM. The equation is as follows:

y = 0.979-0.138 x (n = 3, R* = 0.960)

in which y is Asso and x is the concentration of miRNA. The limit of
detection of this colorimetric biosensor is calculated as 10 pM (S/N = 3),
which is satisfactory and show superiority compared with recently re-
ported methods (Table S2). The limit of detection is lower than the
above-mentioned HCR-assisted colorimetric system. The high sensitivity
is owing to the integration of DSN catalyzed reaction and highly efficient
CHA cycles. Moreover, the operation of this biosensor is quite facile by
taking good use of the features of MnOy@Au nanostructures. We have
also employed mismatched sequences to check the selectivity of this
approach. Only target miRNA can lead to the aggregation of MnO, with
significantly declined A3zsg, which is in good accordance with the above
colorimetric biosensor (Fig. 4E). The spiked miRNA in clinical serums
samples can be successfully distinguished with nearly the same optical
responses as in PBS conditions, demonstrating good practical utility
(Fig. 4F).
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Fig. 3. (A) UV-vis spectra of AA treated MnO,@AuNPs without and with protection of Probe S1 (before and after HCR product cleavage). miRNA: 25 nM; Probe S1:
300 nM. (B) PAGE analysis of DNA structural transitions: (1) miRNA, (2) H1, (3) H2, (4) H1 and H2, (5) miRNA, H1 and H2, (6) H3 and H4, (7) H1, H2, H3 and H4, (8)
miRNA, H1, H2, H3 and H4. (C) UV-vis spectra for the detection of miRNA with the concentrations of 0, 0.5, 2.5, 5, 7.5, 10, 12.5, 15, 20 nM. (D) Calibration curve
representing the relationship between Ags,/520 and miRNA concentration. Inset shows the linear range. (E) Agso/s20 values for the analysis of target miRNA and
mismatched sequences. (F) Comparison of analytical performances in PBS and human serum samples.

4. Conclusions

In summary, we systematically investigate the aggregation and
dispersion mechanism of MnO>@Au nanosystem. MnO, degradation not
only provides salt environment but also assist the function of DNAzyme,
which acts on aggregation of AuNPs. In addition, the variation of DNA
strands on AuNPs can also influence the dispersion state of MnOs in the

absence of reductants. Two colorimetric biosensing strategies with the
aggregations of AuNPs or MnO, are then developed, respectively. DSN
catalyzed reaction and target miRNA induced DNA structural transition
are applied for signal amplification. The biosensors demonstrate high
sensitivity with the LOD of 10 pM under optimal conditions. Moreover,
excellent selectivity and anti-interference ability are displayed after
challenging mismatched sequences and clinical samples. Therefore, this
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Fig. 4. (A) UV-vis spectra of 15 mM NaCl treated MnO, nanosheets with AuNPs, DNA-AuNPs in the presence and absence of miRNA triggered reactions. (B) PAGE
analysis of CHA process: (1) miRNA, (2) miRNA and H5, (3) miRNA, H5 and H6, (4) miRNA, H5, H6 and H7, (5) miRNA, H5, H6, H7 and H8, (6) miRNA, H5, H6, H7,
H8 and DSN. (C) UV-vis spectra for the detection of miRNA with the concentrations of 0.05, 0.5, 1, 1.5, 2, 2.5, 5, 10, 20, 30, 40, 50 nM. (D) Calibration curve
representing the relationship between A3so and miRNA concentration. Inset shows the linear range. (E) Azso values for the analysis of target miRNA and mismatched
sequences. (F) Comparison of analytical performances in PBS and human serum samples.

work offers powerful tools for quantitative analysis of miRNA on the
basis of the attractive features of MnO,@Au nanostructures, which has
great potential utility. In this study, the colorimetric responses are from
either the aggregation states of AuNPs or MnO» nanosheets. Since these
nanomaterials also exhibit certain nanozyme activities, more possibilities
of colorimetric outputs might be explored by introducing more sub-
strates, which deserve further investigations.
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