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An NIR-driven biosensor based on the metal-
enhanced fluorescence effect and a signal
amplification strategy for miRNA detectiont
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Research has shown that the expression level of microRNA-155 (miRNA-155) is positively correlated with
clinical stage and depth of invasion in patients with cervical cancer and cervical intraepithelial neoplasia
and tends to be highly expressed. Therefore, it is very important to develop sensitive miRNA-155 analysis
methods for the early diagnosis, treatment, and prognostic evaluation of cervical cancer. In this study,
a near-infrared light-driven fluorescent biosensor based on the metal-enhanced fluorescence effect of
polydopamine-coated upconversion nanoparticle (UP/Au) and
displacement (TMSD) steps was constructed for the detection of miRNA-155. The target miRNA-155 can
undergo a TMSD1 reaction with single-stranded DNAL (ssDNA1) modified on wrinkled silica (WSNs) to
form the ssDNA1/miRNA-155 complex and expose toehold 2. Through the TMSD2 reaction, ssDNA2
adsorbed on the UP/Au surface reacts with ssDNAL to form the ssDNA1/ssDNA2 complex, which
replaces miRNA-155 and enables the recovery of the UP/Au fluorescence signal. The target miRNA-155

two toehold-mediated strand
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was reacted with the new ssDNAL to amplify the detection signal, with a detection range of 0.5-20 pM

DOI: 10.1039/d4ra07080a and a detection limit of 19.76 fM for miRNA-155. In addition, the fluorescent biosensor has been applied
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1 Introduction

MicroRNAs (miRNAs) are an important class of single-stranded,
short-stranded, endogenous noncoding RNAs that play critical
roles in various biological or pathological processes, such as the
immune response, metabolism, hematopoietic differentiation,
cell proliferation, differentiation, and apoptosis." More impor-
tantly, abnormal expression levels of miRNAs are associated
with various diseases, including cancer, and can therefore serve
as novel biomarkers for cancer classification, early disease
diagnosis, and prognosis.> Research has shown that the
expression level of miRNA-155 is positively correlated with
clinical stage and depth of invasion in patients with cervical
cancer and cervical intraepithelial neoplasia and tends to be
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for the analysis of miRNA-155 in serum samples, indicating its good practicality.

highly expressed.®* Therefore, developing sensitive miRNA-155
analysis methods not only helps in understanding the patho-
genesis of cervical cancer but also improves the accuracy of its
clinical diagnosis and prognosis.

At present, the main methods for detecting miRNAs include
northern blotting,* microarray,” and real-time quantitative poly-
merase chain reaction.® Most of these methods have disadvan-
tages such as low sensitivity, long time consumption,
susceptibility to environmental influences, and high equipment
requirements. In recent years, with the rapid development of
biosensing technology, various new miRNA detection methods
have been developed, such as electroanalytical biosensors,”®
photoelectrochemical biosensors,” and fluorescence biosensors,*
which have the advantages of low cost and high sensitivity.
Among them, fluorescent biosensors have attracted attention
because of their advantages, such as good repeatability, fast
response speed, and simple equipment.** However, traditional
fluorescent biosensors often use fluorescent materials such as
organic dyes,"” quantum dots," and noble metal nanoclusters'* as
signal sources, which have problems such as poor luminescence
stability and a low photobleaching threshold.* In addition, most
fluorescent biosensors and fluorescent materials use ultraviolet
visible light as the excitation light source. However, ultraviolet
visible light has high energy and can cause light damage to bio-
logical samples, and its penetration is poor, which limits its
application in the field of biosensing.'®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic diagram of miRNA-155 detection.

Upconversion nanoparticles (UCNPs), a special type of
luminescent material, can emit high-energy ultraviolet visible
light under low-energy near-infrared (NIR) excitation, resulting
in anti-Stokes luminescence properties.” Because the excitation
light of UCNPs is NIR light (usually at 808 nm or 980 nm), it can
not only effectively avoid light damage caused by ultraviolet
visible excitation but also reduce interference from sponta-
neous background fluorescence.'® Therefore, UCNPs have broad
application prospects in the field of fluorescence biosensing.*®
However, high-quality UCNPs are usually prepared in organic
solvents, and their surfaces are typically coated with oleic acid
(OA), which is hydrophobic.>® The UCNPs used for biological
utilization have high dispersivity and fixity in aqueous media, in
addition to suitable surface functional groups for subsequent
coupling of biomolecules or probe molecules.” However,
complex surface modifications often strongly affect the fluo-
rescence properties of UCNPs. Therefore, improving the fluo-
rescence properties of UCNPs after surface functionalization
has become the focus of sensitive detection of low-abundance
targets. Therefore, different methods need to be developed to
functionalize the surface of hydrophobic UCNPs. Dopamine
(DA) is prone to self-aggregation under alkaline aerobic condi-
tions, resulting in the spontaneous formation of polydopamine
(PDA) shells on various substrate surfaces.” Owing to the
presence of catechol groups, PDA has a strong chelating ability
with metal cations, decreasing its ability to form metal nano-
particles (such as Ag NPs and Au NPs).>* On the basis of the
metal-enhanced fluorescence effect, in situ deposited metal
nanoparticles can use localized surface plasmon resonance
(LSPR) to change irradiation and nonradiative attenuation,
thereby increasing the quantum yield and enhancing fluores-
cence properties.> The PDA shell can adsorb single-stranded
DNA (ssDNA) through hydrogen bonding or m-m stacking

© 2024 The Author(s). Published by the Royal Society of Chemistry
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between the aromatic groups of PDA and the nucleobases of
ssDNA.”® In addition, the PDA shell can improve the water
solubility of nanoparticles while also having good stability and
biocompatibility, making it highly desirable for surface modi-
fication of UCNPs.

Owing to the low abundance of miRNAs, amplification
techniques based on various signal amplifications have been
widely used for miRNA detection in biological samples.*
Nucleic acid isothermal amplification technology has attracted
much attention because of its high analysis efficiency, fast
reaction speed, and good specificity.”” Nucleic acid isothermal
amplification methods can be classified into two main cate-
gories: enzyme-assisted amplification methods®® and enzyme-
free amplification methods.” Among these methods, the
enzyme-assisted amplification method relies on the activity of
the enzyme, the reaction conditions are strictly limited, and
there are disadvantages such as high cost and difficult storage,
which limit its application.?® Therefore, enzyme-free amplifica-
tion strategies such as catalytic hairpin amplification (CHA),*
hybridization chain reactions (HCR),** and entropy-driven toe-
mediated chain replacement reactions (TMSD)** have been
widely used for miRNA detection. TMSD achieves signal
amplification through programmable hybrid reactions and
isothermal cycles with a target.** Compared with other signal
amplification methods, it has the advantages of simple nucleic
acid structure, high stability and fast reaction speed.*® In recent
years, various new strategies for biological analysis and disease
diagnosis have been developed by combining TMSD signal
amplification technology with novel nanomaterials for the
detection of in vivo and in vitro biomarkers.** However, few
fluorescent biosensors based on the metal-enhanced fluores-
cence effect of PDA-coated UCNPs and the TMSD signal
amplification strategy for the measurement of miRNAs exist.
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In this work, an NIR-excited signal-amplified fluorescence
biosensor was constructed for the sensitive detection of miRNA-
155 (as shown in Scheme 1). The capture probe WSNs-ssDNA1
was prepared via an amide reaction between single-stranded
DNA1 (ssDNA1) and wrinkled silica (WSNs). The preparation
process of the signal probe was as follows: UCNPs were
prepared via a high-temperature coprecipitation assay. In the
water in the oil microlotion system, NalO, induces fast oxidative
polymerization of DA on UCNP to obtain water-soluble PDA-
coated UCNP composites (UPs). On the one hand, when PDA
was used for the in situ reduction of HAuCl,, Au NPs were coated
on the surface of UP to obtain UP/Au nanocomposites, which
can effectively enhance the UCL. On the other hand, the UP/Au-
ssDNA2 signal probe was prepared on the basis of the strong
ability of PDA to adsorb ssDNA. Owing to the presence of the
quencher BHQ3 in ssDNA2, the fluorescence of UP/Au can be
effectively quenched. When the target miRNA-155 is present, it
can undergo a toehold region-mediated chain substitution
reaction with ssDNA1 modified on the WSNs surface. ssDNA1
exposes a new toehold region and reacts with ssDNA2 modified
on the UCNP surface, forming the ssSDNA1/ssDNA2 complex. At
the same time, miRNA-155 is replaced and reacts with the new
ssDNA1, achieving cyclic amplification of the signal. This work
proposes a near-infrared light-excited signal amplification
fluorescence biosensor, which has the advantages of high
sensitivity, simple operation, and fast reaction speed, providing
a new method for miRNA detection.

2 Experimental
2.1 Materials

ErCl,-6H,0, TmCl;- 6H,0, YCl, - 6H,0, GACl;- 6H,0, YbCl,-6H,-
O, oleic acid (OA), octadecene (ODE), ammonium fluoride
(NH4F), sodium hydroxide (NaOH), dopamine hydrochloride
(DA-HCI), ammonium hydroxide solution (NH3-H,0, 30 wt%),
sodium periodate (NalO,), chloroauric acid (HAuCl,), cetylpyr-
idinium bromide (CPB), urea, tetraethyl orthosilicate (TEOS),
succinic anhydride, (3-aminopropyl)-trimethoxysilane (APTMS),
calcium chloride (CaCl,), 1-ethyl-3-(3-dimethyllaminopropyl)
carbodiimide hydrochloride (EDC), and N-hydroxy succinimide
(NHS) were obtained from Aladdin Reagent Co., Ltd (Shanghai,
China). Methanol (CH;0H), ethanol (C,H;OH), cyclohexane
(CeHyz), N,N-dimethylformamide (DMF) and isopropanol
(C3HgO) were obtained from Shanghai Chemical Reagent
Company (Shanghai, China). In addition, polyoxyethylene (5)
nonylphenyl ether (Lgepal CO-520, branched, M,, = 441) was
obtained from Shanghai Macklin Biochemical Technology.
Phosphate-buffered saline (PBS) (0.01 M, pH 7.5) and HEPES
buffer solution (0.02 M, pH 8.5) were purchased from Sangon,
Inc. (Shanghai, China). The oligonucleotides were synthesized
and purified via HPLC by Sangon Biotech Co. The base sequences
from left to right (from 5-3) of the miRNAs are listed below:

SSDNA1: NH,-AAAAAAAAAAACCCCTATCACGATTAGCATTAA
AATCGTCT

SSDNA2: AGACGATTTTAATGCTAATCGTGATAGGH-BHQ3

L-DNA: TCACGATT TTAATGCTAATCGTGA

miRNA-155: UUAAUGCUAAUCGUGAUAGGGGU
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miRNA-222: AGCUACAUCUGGCUACUGGGU
miRNA-214: UGCCUGUCUACACUUGCUGCUGC
miRNA-21: UAGCUUAUCAGACUGAUGUUGA.

2.2 Instruments

UV-vis absorption spectra were acquired with a LAMBDA 950-
visible spectrophotometer (PerkinElmer, USA). The fluores-
cence spectra were recorded via a FluoroMax-4 (Horiba Jobin
yvon, France). Fourier-transform infrared (FTIR) analysis was
implemented with a Nicolet 5700 instrument (Thermal Power
Company, USA). X-ray diffraction (XRD) patterns were recor-
ded via a Miniflex600 instrument (Rigaku Corporation, Japan).
Zeta potentials were measured on a Nano-ZS90 instrument
(Malvern Instruments, UK). X-ray photoelectron spectroscopy
(XPS) was performed with a Miniflex600 (Thermo Fisher
Technologies, America). The results of the specific surface area
and aperture analysis were obtained with a 3Flex instrument
(Mack Instruments, America). Transmission electron micros-
copy (TEM), high-resolution transmission electron microscopy
(HRTEM) and scanning transmission electron microscopy-
high-angle annular dark-field (STEM-HAADF) were per-
formed via a Talos F200i (Thermo Fisher Technologies,
America).

2.3 Synthesis of naked core UCNPs

In accordance with the literature®” with slight modifications,
NaErF,:0.5%Tm was synthesized via a high-temperature
coprecipitation method. ErCl;-6H,O (760 mg), TmCl;-6H,0
(3.84 mg), and 42.0 mL of OA or ODE (volume ratio 2: 5) were
mixed and heated to 160 °C in argon gas for 30 min until the raw
materials were completely dissolved, after which the mixture
was cooled to 40 °C. A 10 mL methanol mixture containing
296.4 mg of NH,F and 200 mg of NaOH was added to the above
mixture, and after reacting at 40 °C for 30 min, the mixture was
heated to 110 °C and maintained for 20 min to remove water
and methanol. The mixed liquid was subsequently heated to
300 °C and allowed to react for 1.5 h to form nanocrystals. After
the reaction was complete, the mixture was cooled and
collected, and the product (NaErF, : 0.5%Tm) was washed with
ultrapure water and anhydrous ethanol.

2.4 Preparation of UCNPs with a core-shell structure

The synthesis of core-shell UCNPs was carried out as follows:
446 mg of GdCl;-6H,0, 310 mg of YbCl;-6H,0, and 21.0 mL of
OA and ODE mixture (volume ratio of 1: 1) were mixed, heated
to 160 °C for 30 min in argon gas, and then cooled to 80 °C. A
total of 5.0 mL of the prepared NaErF,: 0.5%Tm dispersed in
cyclohexane was added to the above mixture, which was
subsequently heated to 110 °C to remove the cyclohexane and
then cooled to 40 °C. A total of 10 mL of methanol solution
containing 296.4 mg of NH,F and 200 mg of NaOH was added,
and the mixture was heated to 110 °C and maintained for
40 min to remove water and methanol. The temperature was
subsequently increased to 300 °C and maintained for 1.5 h.
After the reaction was complete, the mixture was cooled to room
temperature, centrifuged to collect the product (core shell

© 2024 The Author(s). Published by the Royal Society of Chemistry
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UCNPs covered with oleic acid, OA-UCNPs), and rinsed with
ultrapure water and anhydrous ethanol.

2.5 Preparation of the UP/Au composite

The UCNP@PDA composite (UP) was synthesized via a modified
water-in-oil microemulsion assay.*® First, 3 mL of Lgepal CO-520
was added to 10 mL of a cyclohexane solution of OA-UCNPs
(5 mg mL™") and agitated for 20 min. Next, 0.35 mL of
ammonia solution (28%) was added to the mixture, followed by
ultrasonic treatment for 15 min and stirring for 30 min. Finally,
0.5 mL of DA-HCI solution (10 mg mL™') was added. After
agitating for 30 min, 0.05 mL of NalO, solution (12.5 mg mL ")
was added, and the mixture was agitated for 10 min. The products
were precipitated with ethanol and rinsed with ethanol/water.
HAuCl, (0.3 wt%) at different volumes (0.05, 0.15, 0.30, 0.45,
0.50, and 0.75 mL) was added to 200 pL of 100 mg mL™ ' UP
aqueous solution. Subsequently, different volumes of HEPES
buffer (0.02 M, pH 8.5) were used to make the total volume of the
reaction mixture 2 mL, and the mixture was agitated for 1.5 h.
Finally, the obtained product (UP/Au) was collected by centrifu-
gation, dispersed in 200 pL of ultrapure water and stored at 4 °C.

2.6 Synthesis of wrinkled silica

First, 1 g of cetylpyridinium bromide (CPB) and 0.6 g of 20.0 mM
urea were dissolved in 30 mL of ultrapure water. Subsequently,
15 mL of cyclohexane and 0.98 mL of isopropanol were cooled
and agitated at room temperature for 30 min. Then, 2.5 g of
tetraethyl silicate (TEOS) was added to the mixture, which was
agitated at room temperature for 30 min and then reacted at
70 °C for 1 h. Next, the mixture was incubated at 10 °C for 2 h,
after which it was allowed to react at 70 °C for 12 h. After
washing with ethanol, the product (WSNs) was dried at 70 °C
and calcined in air at 550 °C for 6 h.

2.7 Construction of fluorescent biosensors

2.7.1 Coupling of WSNs with ssDNA1. 15 mL of ethanol
containing 2 mg WSNs, 150 pL of (3-aminopropyl)-
trimethoxysilane (APTMS), and 150 pL of ammonia solution
were mixed and stirred overnight to obtain amino-modified
WSNs (WSNs-NH,). The prepared WSNs-NH, was dispersed
in 10 mL of DMF, added to 10 mL of 0.1 M succinic anhydride,
and slowly agitated overnight at room temperature. The ob-
tained WSNs-NH,, were dispersed in 1 mL of MES buffer (0.1 M,
pH 6.0), 50 pL of 50 mg mL~" EDC, and 50 uL of 50 mg mL "
NHS. The mixture was then agitated at room temperature for
30 min and centrifuged to obtain carboxyl-modified WSNs
(WSNs-COOH). Finally, the resulting WSNs-COOH were
resuspended in 200 pL of PBS (0.01 M, pH 7.4) and stored at 4 °©
C.

2.7.2 Coupling of UP/Au with ssDNA2. A total of 20 uL of
the prepared UP/Au mixture, 120 pL of 10 mM HEPES buffer
solution (pH 8.0, 2 mM CacCl,), and 10 uM ssDNA2 were added
to ultrapure water to a total volume of 500 pL. The reaction
mixture was incubated for 90 minutes in a 37 °C constant
temperature shaker. Finally, the unreacted ssDNA2 was
removed by centrifugation, and the product (UP/Au-ssDNA2)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was redispersed in 500 pL of PBS (0.01 M, pH 7.4) and stored
at 4 °C.

2.8 Fluorescence detection of miRNA-155

To ensure the binding of lock DNA (L-DNA) to ssDNA1, toehold
region 2 is locked. 200 pL of WSNs-ssDNA1 and 40 pL of 10 uM
L-DNA were mixed and incubated at 95 °C for 5 min, followed by
natural cooling to room temperature for no more than 3 h. After
centrifugation, the product (labelled WSNs-ssDNA1/L) was
resuspended in 200 pL of PBS buffer solution (0.01 M, pH 7.4).
Then, 20 puL of WSNs-ssDNA1/L, 20 pL of UP/Au-ssDNA2, 110 uL
of PBS buffer solution (0.01 M, pH 7.4), and different volumes of
1 uM miRNA-155 were mixed, and the total volume was 400 uL
with ultrapure water. The above mixture was incubated at 37 °C
for 70 min, after which the fluorescence at 655 nm was recorded
under excitation light at 980 nm.

2.9 Actual sample analysis

Before analysis, human serum samples were diluted 20 times in
20 mM Tris-HCl (pH 7.4), and miRNA-155 in the human serum
samples was detected via the standard addition approach. The
design method was subsequently used for analysis, and the
specific steps were the same as those for miRNA-155 detection
described in Section 2.8. Finally, recovery experiments were
carried out by adding various contents of miRNA-155. The
labelled solution was tested separately with commercial detec-
tion kits according to the above methods.

3 Results and discussion
3.1 Characterization of WSNs-ssDNA1

To achieve the coupling of WSNs with ssDNA1, surface modi-
fication of WSNs is necessary. The specific modification process
is shown in Fig. 1A. The structure and morphology of the WSNs
were characterized via TEM and STEM-HAADF. TEM images
revealed a particle size of 620 nm, with good dispersion and
a spherical shape with a central radial dendrite structure
(Fig. 1B). STEM-HAADF revealed that the WSNs had a folded
structure (Fig. 1C). Compared with traditional silica (SN), WSNs
have a larger specific surface area and more active modification
sites because of their unique wrinkled structure. First, the
specific surface area and pore size distribution of SN and WSNs
were determined by nitrogen adsorption desorption isotherms.
Fig. 1D shows that the specific surface area of WSNs is 320.18
m” ¢, and the average pore size is 39.15 nm, which is 3.51
times and 2.1 times greater than that of SN (Fig. S17), respec-
tively. To improve the biocompatibility of WSNs and achieve
coupling with ssDNA1, WSNs were modified in two steps. First,
surface amination of WSNs (WSNs-NH,) was achieved through
APTMS. As shown in Fig. S21 (blue line), the FTIR spectrum
shows a wide absorption band belonging to the stretching
vibration of -NH, at 3440 cm™ ', and the absorption peak at
1641 cm™ " is related to the deformation vibration of -NH,.*
Second, carboxyl-functionalized WSNs (WSNs-COOH) were
obtained by reacting WSNs-NH, with succinic anhydride.
Fig. S2t (green line) shows symmetric and asymmetric

RSC Adv, 2024, 14, 39908-39920 | 39911
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WSNs-ssDNA1 were prepared via an amide reaction between
ssDNA1 and WSNs. The surface modification of WSNs and
coupling with ssDNA1 are accompanied by changes in the
potential and UV-vis spectrum. Fig. 1E shows that the zeta
potentials of WSNs, WSNs-NH,, WSNs-COOH, and WSNs-
ssDNA1 are —4.78, 6.92, —10.19, and —14.8 mV, respectively. In
addition, UV-vis spectroscopy (Fig. 1F) revealed that after
coupling with ssDNA1 through an amide reaction, a character-
istic absorption peak belonging to ssDNA1 appeared at 260 nm.
These results indicate the successful modification of WSNs with
ssDNA1. To achieve sensitive detection of target miRNAs
through TMSD, it is necessary to couple ssDNA1 as much as
possible to improve detection sensitivity. Fig. S1 shows that the
specific surface area of WSNs is 3.51 times greater than that of
SNs, indicating that WSNs can be coupled with more ssDNA1.
Fig. 1G shows that the loading rates of ssDNA1 on WSNs and
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(A) Modification process of WSNs, (B) TEM of WSNs, (C) STEM-HAADF of WSNSs, (D) nitrogen adsorption desorption isotherm of WSNss, (E)
zeta potentials of WSNs, WSNs—NH,, WSNs—COOH, and WSNs—ssDNAZ,

(F) UV-vis spectra of WSNs and WSNs—ssDNA1, and (G) loading rates of

SNs are 79.8% and 28.2%, respectively, verifying that WSNs
have better ssDNA1 loading capacity than SNs do.

3.2 Characterization of UP/Au-ssDNA2

The preparation process of UP/Au-ssDNA2 is shown in Fig. 2A.
The products obtained at each step were characterized via TEM,
HRTEM, XRD, UV-vis spectroscopy, zeta potential, and FTIR.
First, the crystal structure of the prepared material was char-
acterized via XRD. As shown in Fig. 2B, the diffraction peak
positions of the core UPCP, core-shell UPCP, and PDA-coated
UCNP are consistent with the diffraction peak positions of the
standard hexagonal NaErF, (JCPDS 27-00689) at 17.1°, 30.0°,
30.8°, 43.5°, 53.2°, and 53.7°, indicating that the synthesized
UCNP has a hexagonal crystal structure and that the PDA
coating has no effect on its crystal phase structure. This
phenomenon was also verified in the TEM images (Fig. 2C-E).
In addition, after the shell was coated, the particle size
increased from 35.5 nm to 40.26 nm, suggesting the formation

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07080a

Open Access Article. Published on 19 December 2024. Downloaded on 4/30/2026 3:09:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

PDA

Core UCNP Core-shell UCNP

B

Nabrk:Tm@NaGdl:Yba PDA
NabrFy:Tm@NaGdF:\b

] PR “ A A, “ A

Intensity (a.u.)

IPCDs27-0689

b 4

10 0 3 ] 50 60 70
2-Theta (degree)

UCNP@PDA(UP)

View Article Online

RSC Advances

INANSNS N,
—

ssDNA2-BHQ3

UP/Au-ssDNA2

Percentage (%)

31 32 33 34 35 36
Diameter (nm)

32 34 36 38 40 42 44 46 48
Diameter (nm)

H —u —— UP/Au-ssDNA2 J
84 e UP/A 0.05 0.16 4 UP/Au 304
——UP/Au0.15
e UP/Au 03
3 —— UP/AU 045 ;20
< 64 e UP/Au 0.6 0.124 :
e ——UP/AUO0TS | 104
3 E z
kd -
X z :,
.\g 4 £ 0084 5
< £104
Q
£ R
=
24 0.04 4 20 4
2304
0 0.00 1
— T ————+ r : = - = ; —— . —_ i
580 600 620 640 660 680 700 720 740 240 280 320 360 400 440 UCNP uP UP/Au  UP/Au-ssDNA2
Wavelength (nm) Wavelength (nm)

Fig. 2

(A) Modification process of the UCNPs, (B) XRD patterns of the prepared UCNPs, (C) TEM image and particle size distribution of the core

UCNPs, (D) TEM image and particle size distribution of the core—shell UCNPs, (E) TEM image of the UP composite, (F) TEM image of the UP/AuNP
composite, (G) HRTEM image of the UP/Au composite, (H) fluorescence spectra of the UP/Au composites with different Au deposition amounts,
(I) UV-vis spectra of the UP/Au and UP/Au-ssDNA2 composites, and (J) the zeta potentials of the UCNP, UP, UP/Au, and UP/Au-ssDNA2

composites.

of a core-shell structure. To enhance the biocompatibility of the
UCNPs, a PDA shell with a thickness of approximately 3 nm was
formed on their surface via the water-in-oil microemulsion
method (Fig. 2E). In the infrared spectrum of UCNP (Fig. S3,T

© 2024 The Author(s). Published by the Royal Society of Chemistry

red line), the absorption bands at 1561 cm™ ' and 1462 cm ™"

belong to the stretching vibration of COO™ in oleic acid mole-
cules, whereas the absorption bands at 2930 cm ' and
2852 em™ " correspond to the stretching vibration of the ~-CH,
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bond in oleic acid molecules. After coating with PDA, the
absorption band (Fig. S3,t cyan line) corresponding to the
COO™ group disappeared, and new absorption bands appeared
at 1606 cm ' (aromatic ring stretching vibration and N-H
bending vibration) and 1295 cm™" (phenolic C-O stretching
vibration), confirming the successful coating of PDA.

Owing to the presence of catechol groups, PDA has a strong
chelating ability with metal cations and is spontaneously
reduced to Au NPs in situ, effectively enhancing UCL. As shown
in Fig. 2F and G, the TEM and HRTEM images confirmed that
the Au NPs were deposited on the surface of the UP composite,
which was verified by EDS (Fig. S41) and XPS (Fig. S51). In
addition, after the deposition of AuNPs, an ultraviolet absorp-
tion peak attributed to AuNPs appeared at 526 nm, and
a redshift occurred relative to the typical UV absorption peak at
520 nm for AuNPs (Fig. S61). This may be due to the surface
plasmon resonance frequency (LSPR) of the AuNPs shifting to
a higher wavelength. To verify the fluorescence enhancement
effect of Au NPs on UP, the influence of distinct amounts of
HAuCl, on the fluorescence intensity of UP/Au was investigated.
Fig. 2H shows that the UP composite has bright red

39914 | RSC Adv, 2024, 14, 39908-39920

fluorescence, and its luminescence mechanism is described in
the ESI (Fig. S71). With increasing HAuCl, dosage, UP/Au first
tends to increase but then decreases. When the volume of
HAuCl, was 0.45 mL, the fluorescence enhancement factor of
UCNP at 655 nm reached 5.67. This may be due to the LSPR of
AuNPs matching the UCL wavelength of the UCNPs, leading to
LSPR coupling and local electric field enhancement, improving
the emission efficiency and enhancing the fluorescence inten-
sity.** Therefore, a dose of 0.45 mL of HAuCl, was chosen to
construct the fluorescent biosensor.

To verify the strong adsorption of ssDNA2 on the surface of
UP/Au via PDA for ssDNA, the ultraviolet visible absorption
spectra of UP/Au before and after ssDNA2 adsorption were
measured. As shown in Fig. 2I (blue line), UP/Au adsorbed with
ssDNA2 exhibited characteristic DNA absorption at 260 nm. In
addition, the potential of UP/Au before and after ssDNA2 was
also measured. Fig. 2] shows that the potential potentials of UP/
Au and UP/Au-ssDNA2 are —27.6 and —33.3 mV, respectively,
which may be due to the presence of many phosphate groups in
DNA. The results indicated that ssDNA2 was successfully

© 2024 The Author(s). Published by the Royal Society of Chemistry
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adsorbed on the surface of UP/Au, and the adsorption efficiency
of UP/Au on ssDNA2 was calculated to be 66.9%.

3.3 Feasibility of the detection method

This work proposes an NIR-excited signal-amplified fluores-
cence biosensor for the sensitive measurement of miRNA-155.
To verify the feasibility of the proposed method, the charac-
teristic TMSD was verified via polyacrylamide gel-
electrophoresis (PAGE). As shown in Fig. 3A, lane 5 demon-
strated that miRNA-155 can successfully bind to ssDNA1 and
replace L-DNA with toehold-1. Lane 7 shows that after miRNA-
155 was bound to ssDNA1, ssDNA2 could use toehold-2 to
bind to ssDNA1 with the exposure of toehold-2, while miRNA-
155 was replaced. Lane 8 indicates that ssDNA2 cannot react
with ssDNA1 in the absence of miRNA-155. The PAGE results
revealed that the designed nucleic acid sequence can be used to
detect miRNA-155 via two TMSD reactions. Next, we verified
whether the constructed fluorescent biosensor could detect
miRNA-155. As shown in Fig. 3B, after ssDNA2 adsorbs on the
surface of UP/Au through -7 packing and hydrogen bonding,**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the fluorescence of UP/Au is effectively quenched. This is
because the UV-vis light absorption peak of BHQ3 carried by
SSDNA2 can fully cover the fluorescence emission peak of UP/
Au (Fig. 3C), resulting in a FRET process between BHQ3 and
UP/Au. Fig. 3D shows that the fluorescence lifetime of UP/Au
decreased after ssDNA2 adsorption, which confirmed the
occurrence of the FRET process. In addition, when WSNs-
ssDNA1 were added, the fluorescence of the detection system
did not change. Only when WSNs-ssDNA1 and miRNA-155 are
added at the same time can the fluorescence signal of the
detection system be effectively recovered (Fig. 3B). This is due to
the simultaneous addition of WSNs-ssDNA1 and miRNA-155,
and two TMSD reactions are triggered sequentially. During
this process, ssDNA2, which was originally adsorbed on UP/Au,
left the surface of UP/Au and bound to ssDNA1 connected to
WSNs, forming a DNA double-stranded structure, leading to the
fluorescence recovery of UP/Au; the recovery efficiency was
51.88%. Owing to the dependence of weak interactions such as
m-1 stacking and hydrogen bonding on the adsorption of
ssDNA2 by UP/Au, it is necessary to investigate the stability of

RSC Adv, 2024, 14, 39908-39920 | 39915
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rescence recovery efficiency of the system and different concentrations of miRNA-155.

Table1 Comparison of the detection results obtained in this work and
other studies

Linear range Detection limit

Methods (pM) (fM) Reference
Chemiluminescent 10-100 400 43
Electrochemiluminescence 5-200 32 44
Electrochemiluminescence 0.05-5 50 45
SERS 10-450 100 46
SERS 0.1-500 36.7 47
Fluorescence 1-1000 50 48
Fluorescence 0.1-100 33 49
Fluorescence 0.1-100 54.14 50
Fluorescence 0.5-20 19.76 This work

UP/Au-ssDNA2. As displayed in Fig. S8, the quenching effi-
ciency of UP/Au-ssDNA2 remained almost unchanged within 30
days, indicating that UP/Au-ssDNA2 has good anti-desorption
ability and can maintain stability in physiological environ-
ments, making it feasible for practical sample analysis.

3.4 Optimization of testing conditions

To achieve optimal detection performance via the TMSD signal
amplification strategy, key parameters such as the ssDNA2
concentration, reaction time, SSDNA1 concentration, and reac-
tion temperature were optimized during the detection process.
The fluorescence recovery efficiency (F; — F)/F was used to
evaluate the effect of each parameter on the detection perfor-
mance, where F and F; represent the fluorescence intensity of
the reaction system before and after the addition of the target
miRNA, respectively. The detection of the proposed method is
based on the fluorescence changes caused by BHQ3 carried on
ssDNA2 moving away from the UP/Au surface. Therefore, the
influence of different ssDNA2 concentrations on the detection
performance of the constructed sensor was first investigated. As
displayed in Fig. 4A, the fluorescence recovery efficiency grad-
ually increased with increasing concentrations of ssSDNA2 in the
range of 50-300 nM. When the content exceeded 300 nM, the

39916 | RSC Adv, 2024, 14, 39908-39920

recovery efficiency reached a plateau. The effects of the reaction
time and ssDNA1 concentration on the detection system were
also investigated. The fluorescence recovery efficiencies of the
detection system are both highest when the reaction time is
70 min (Fig. 4B) and the concentration of ssDNA1 is 250 nM
(Fig. 4C). Finally, the influence of the reaction temperature on
the detection performance was studied, and Fig. 4D shows that
the optimal reaction temperature was 40 °C.

3.5 Detection performance of the proposed method

Under optimal experimental conditions, the detection perfor-
mance of the constructed sensor was studied. Fig. 5A shows that
as the content of miRNA-155 increased, the fluorescence
intensity of UP/Au progressively increased. Fig. 5B shows a good
linear relationship between the luminescence intensity and the
miRNA-155 content within the range of 0.5-20 pM, corre-
sponding to a calibration equation of ¥ = 0.040X + 0.1680 (R* =
0.9965), where Y represents the fluorescence recovery efficiency
of UP/Au and X represents the concentration of miRNA-155
added. A higher R? reflects the excellent linear response of the
constructed fluorescent biosensor to miRNA-155. The limit of
detection (LOD) is calculated according to the following
formula: LOD = 3 X §/S, where ¢ represents the noise level,
which is the standard deviation from 10 blank experiments, and
S is the slope of the linear regression equation in the sensitivity
test. Therefore, the calculated LOD was 19.76 fM, which is
superior to those of the other methods reported in Table 1 for
determining miRNA-155.

3.6 Specificity and stability of the proposed method

To prevent false positive signals from miRNAs of similar length
and sequence to the target miRNA-155 from interfering with the
accuracy of the experimental results, several different miRNAs
were selected as interference factors to explore the specificity of
the fluorescent sensors for the target. To better demonstrate the
application of sensor construction in actual samples, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Measurement of miRNA-155 in serum samples via the con-
structed biosensor

Samples  Added (pM) Found (pM) Recovery (%) RSD (%)
Serum1 2.5 2.439 97.57 4.9

7.0 7.280 104.0 4.2

8.5 8.647 101.7 3.5
Serum 2 4.0 3.921 98.03 1.4

6.0 6.245 104.1 3.6

14 14.53 103.8 3.0

concentration of interfering miRNAs during detection was
increased to 10 times that of miRNA-155. As shown in Fig. 64,
only the experimental group with miRNA-155 added produced
significant fluorescence signal recovery, while the fluorescence
recovery efficiency of the experimental group with interfering
miRNA added was negligible compared with that of the exper-
imental group with miRNA-155 added, indicating that the
sensing platform has excellent specificity for detecting miRNA-
155. In addition, the stability of the constructed sensing plat-
form was also studied. Fig. 6B shows that the fluorescence
response signal to the target miRNA-155 at a concentration of 3
pM remained almost unchanged within one month. The above
results indicate that the constructed sensing platform has
excellent specificity and stability for the detection of the target
miRNA-155.

3.7 Actual sample analysis

To validate the accuracy and reliability of the constructed
sensor in serum sample detection, the standard addition
method was used to detect miRNA-155 in diluted human serum
samples. Table 2 indicates that the spiked recovery rate in
actual samples ranges from 97.57% to 104.1%, with a relative
standard deviation (RSD, n = 3) of less than 5%. The small
standard deviation and good recovery rate confirmed that the
developed method can be used to detect miRNA-155 in complex
biological samples.

© 2024 The Author(s). Published by the Royal Society of Chemistry

(A) Effects of different miRNAs on the fluorescence intensity of the detection system and (B) stability of the detection system.

4 Conclusion

In this work, a fluorescence biosensor was constructed on the
basis of the fluorescence enhancement effect caused by in situ
deposition of AuNPs and the target cycle amplification strategy
induced by TMSD. Compared with other similar detection
platforms, it has the following advantages: first, it uses a single
red light UCNP excited by near-infrared light as the fluorescence
emission source. Compared with other fluorescent materials,
UCNPs have less background radiation, reduce the occurrence
of false positive signals, and have excellent and stable lumi-
nescence performance. Second, the PDA wrapped around the
UCNP shell enhances the biocompatibility of the UCNPs. Third,
the introduction of a metal-enhanced fluorescence effect greatly
improved the fluorescence performance of the UCNPs coated
with PDA. Fourth, the entire detection process does not require
the involvement of enzymes, avoiding detection errors caused
by enzyme inactivation. Finally, WSNs have a rich surface
structure, providing many reaction sites for subsequent modi-
fications. The above analysis indicates that the fluorescent
biosensor has great potential for future biosensing and clinical
diagnosis and treatment.
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