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MicroRNAs (miRNAs) play crucial roles in the regulation of immune cell differentiation and the immune
response during allergic rhinitis (AR). Studies have shown that miRNA-155 is significantly upregulated in
AR pathogenesis. Therefore, miRNA-155 can be used as a biomarker for AR diagnosis. Although
fluorescent biosensors based on upconversion nanoparticles (UCNPs) have made significant advances in
the detection of miRNAs, developing UCNPs with polymer coatings, efficient surface passivation, and
DNA functionalization for hybrid sensing in biological media remains challenging. Herein, hairpin DNAL
(H1) is modified into a thin polysulfonic acid layer on UCNPs by sulfonamide bonds, and the
fluorescence of the UCNPs is quenched by the fluorescence resonance energy transfer (FRET) process
of BHQ3 carried by H1. When the target miRNA-155 is present, the hairpin structure of H1 is opened,
allowing BHQ3 to move away from the UCNP surface, and the fluorescence of UCNP is restored. At the
same time, hairpin DNA1 (H2) can combine with H1 to replace the miRNA-155 that is bound to H1 with
the help of the opening stem ring structure of H1, and the replaced miRNA-155 can continue to react
with H1 to amplify the fluorescence signal. Under the optimal experimental conditions, the linear range
of miRNA-155 is 0.01-3 nM, with a detection limit of 1.14 pM. Furthermore, the constructed biosensor
has been applied to determine miRNA-155 in serum samples, and the spiked recoveries range from
99.8% to 104.8%, which indicates that the developed assay has potential applications in monitoring
allergic rhinitis or other miRNA related diseases.
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1 Introduction

Allergic rhinitis (AR), also known as hay fever, is a nasal
mucosal allergic disease caused by the release of histamine and
other mediators mediated by IgE in atopic individuals after
exposure to allergens. Multiple immune-active cells and cyto-
kines are involved in pathogenesis. Previous studies have
shown that there is differential expression of miRNAs during
the pathogenesis of AR, such as significant upregulation or
downregulation of miR-155.> Therefore, the development of
microRNA (miRNA) detection methods aims to provide a new
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perspective for the effective treatment of AR. Traditional
methods for detecting miRNAs, such as polymerase chain
reaction (PCR),> northern blotting,* and microarrays,® require
expensive and demanding nucleases,® resulting in a complex
and costly detection process. In addition, considering the
characteristics of miRNAs, such as long chain length, high
sequence likeness, and low abundance in biological fluids,” it is
necessary to develop sensitive, specific, and easy-to-use detec-
tion methods.

At present, many methods have been used to detect miRNA-
155, including electrochemical methods,**® colorimetric
methods' and fluorescence methods."”” The above methods
often need to combine oligonucleotide signal amplification
methods to achieve sensitive detection,™ such as hybridization
chain reaction (HCR),"* strand displacement reaction (SDR)"
and catalytic hairpin assembly (CHA)." In addition, the fluo-
rescence method is considered an effective method for detect-
ing miRNAs because of its high sensitivity, low cost, easy
operation, and ease of reading."” At present, the luminescent
materials used in fluorescence methods include mainly fluo-
rescent dyes,' nanoclusters,” quantum dots (QDs),® and
upconversion nanoparticles (UCNPs).?* Compared with other
fluorescent material, UCNPs have many unique merits, such as
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greater tissue penetration depth, excellent photochemical
stability and weak autofluorescence, because they can assimi-
late near-infrared (NIR) radiation and then emit radiation from
ultraviolet or visible light.*> Therefore, upconversion lumines-
cence (UCL) has the ability to effectively ameliorate the behavior
of bioanalytical sensors and approaches.” In addition, the use
of fluorescence resonance energy transfer (FRET) to determine
biological analytes has the merits of a simple step, good
stability, sensitive measurement, and easy loading on various
nanomaterial-based platforms.** UCNP-based FRET assays have
been widely used for miRNA detection.”> However, the diame-
ters of UCNPs are usually greater than 20 nm, causing UCL to be
quenched in aqueous media, so their surfaces are generally
coated.*® Furthermore, proper surface adjustment with a func-
tional identification group is necessary for efficacious biosens-
ing.”” Given the distance between the donor and acceptor for
FRET and the specific combination of another biomolecule
labelled with a FRET acceptor, it is still challenging to use
surface-modified UCNPs to construct a simple, sensitive, and
specific UCNP-based FRET biosensor for the detection of
miRNAs.

Common surface modification techniques for UCNPs include
ligand exchange,”® ligand removal, silica shell capping,* and
polymer coating.*® Among them, polymer shell capping can
prevent interactions between the UCNP surface and the phosphate
skeleton of DNA as well as other biomolecules, and the large
number of functional groups carried can achieve covalent cross-
linking with DNA. Tian et al.** coated N-hydroxysuccinimide ester
polyethylene glycol maleimide onto the surface of UCNPs to obtain
amino-functionalized UCNPs, which were used for the intracel-
lular detection of miRNAs. However, existing polymer encapsula-
tion often leads to strong electrostatic interactions between
modified UCNPs and DNA. This nonspecific influence can cause
UCNP accumulation and/or inhibit DNA binding with comple-
mentary strands, hindering miRNA sensing.*® Polysulfonates can
effectively prevent the annihilation of UCNPs, thereby preventing
adverse cell toxicity and ensuring long-term stability. In addition,
studies have shown that compared with other polymers such as
polyethylene glycol, given the large number of sulfonate groups,
a thin and adjustable polymer shell can be grown on the outside of
UCNPs, which is essential for UCNPs to act as FRET donors.
However, there is currently limited research on the use of
polysulfonate-coated UCNPs for detecting miRNAs.

In this study, considering the potential advantages of poly-
sulfonates, we designed UCNP-DNA-based FRET biosensors.
Fig. 1 illustrates the detection principle of the constructed
sensor for miRNA-155. First, poly(4-styrenesulfonic acid
sodium) (PSS) was modified onto the surface of the UCNPs, and
the sulfonate groups on the surface of the UCNPs were
combined with hairpin DNA (H1) modified with amino func-
tional groups at the 5’ end through a sulfonamide reaction. The
other end of H1 is modified with a black hole quencher (BHQ3).
The hairpin structure of H1 can cause the distance between
BHQ3 and UCNP@PSS to be less than 10 nm, and the FRET
process occurs between them, quenching the fluorescence of
the UCNPs. When the target miRNA-155 is present, it reacts with
H1 to open the stem loop structure of H1, forming
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a heteroduplex structure of H1-miRNA, causing the quenching
group at the 3’ end to move away from the UCNP, terminating
the FRET process, and restoring the red fluorescence of the
UCNP. At the same time, the previously locked toe portion is
exposed, and H2 can react with H1. Owing to the stronger
binding force between H1 and H2 than between H1 and miRNA-
155, miRNA-155 is replaced from H1 and reacts with a new H1
again, triggering catalytic hairpin amplification. This work
provides an efficient, sensitive, and specific biosensor for
detecting miRNAs.

2 Experimental
2.1 Materials

ErCl;-6H,0, TmCls-6H,0, YCl;-6H,0, GdCls-6H,0, YbCl,-
-6H,0, oleic acid (OA), octadecene (ODE), ammonium fluoride
(NH,4F), sodium hydroxide (NaOH), nitrosyl tetrafluoroborate
(NOBF,), cyanuric chloride (TCT), poly(sodium 4-styrenesulfo-
nate) (PSS), magnesium chloride (MgCl,), sodium chloride
(NaCl) and tris(hydroxymethyl)Jaminomethane (Tris) were ob-
tained from Aladdin Reagent Co., Ltd (Shanghai, China).
Methanol (CH3;O0H), ethanol (C,HsOH), cyclohexane (C¢Hj,),
N,N-dimethylformamide (DMF), dichloromethane (CH,Cl,),
and hydrochloric acid (HCl) were obtained from Shanghai
Chemical Reagent Company (Shanghai, China). Tris + EDTA
buffer (TE Buffer) and phosphate-buffered saline (PBS) (0.01 M,
pH 7.2-7.4) 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’ to 3’) of the miRNAs are listed below:

H1: NH,GGGGGGGGGGGTTTGTTGAATCGTGATAGG
GGTCCATGTGTAGAACCCCTATCACGATTAGCATTAA-BHQ3

H2: CCATGTGTAGAAATCGTGATAGGGGTTCTACACATGGAC
CCCTAT

miRNA-155: UUAAUGCUAAUCGUGAUAGGGGU

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 using a FluoroMax-4 (Horiba Jobin
Yvon, France). Fourier-transform infrared (FTIR) analysis was
performed with a Nicolet 5700 instrument (Thermal Power
Company, USA). X-ray diffraction (XRD) patterns were recorded
using a Miniflex600 instrument (Rigaku Corporation, Japan).
Zeta potential and dynamic light scattering (DLS) experiments
were conducted on a Nano-ZS90 instrument (Malvern Instru-
ments, UK). Transmission electron microscopy (TEM) was per-
formed using a Talos F200i electron microscope (FEI, America).

2.3 Preparation of NaErF4: Tm@NaGdF,:Yb (UCNP) core-
shell nanoparticles

2.3.1 NaErF,:0.5%Tm core structure nanomaterial prepa-
ration. NaErF,:0.5%Tm nanoparticles were synthesized via

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The detection principle of the constructed sensor for miRNA-155.

a high-temperature coprecipitation method with reference to
previous literature and some modifications.** First, the rare
earth chloride hydrates ErCl;-6H,0 (760 mg) and TmCl;-6H,0
(3.84 mg) were blended, and then a mixture of 42.0 mL of OA
and ODE (volume ratio 2:5) was produced. The mixture was
subsequently heated to 160 °C in an argon atmosphere and kept
warm for 30 min to ensure that the raw material was completely
dissolved, after which the mixture was naturally cooled to 40 °C.
Soon afterwards 10 mL of methanol solution containing
296.4 mg of NH,F and 200 mg of NaOH was added to the above
mixed liquid and nucleated at 40 °C for 30 min. The mixed
solution was then heated to 110 °C and held for 20 min to
remove the water and methanol. The mixed liquid was then
heated to 300 °C and reacted for 1.5 h to form nanocrystals.
After the reaction was complete, the mixture was cooled natu-
rally, centrifugally collected, and washed with ultrapure water
and anhydrous ethanol 3 times. Finally, NaErF,:0.5%Tm was
obtained by centrifugation and dispersed in 5.0 mL of cyclo-
hexane for use.

2.3.2 NaErF,;:0.5%Tm@NaGdF,:40%Yb (OA) core-shell
structure nanomaterial preparation. The steps of the core-shell
synthesis were as follows: 446 mg of GdCl;-6H,0 and 310 mg of
YbCl;-6H,0 were mixed, 21 mL of the OA and ODE mixture (1 :
1 volume ratio) was added, and the mixture was agitated
continuously. The mixture was then heated to 160 °C in an
argon atmosphere for 30 min and then cooled naturally to 80 °
C. Subsequently, 5.0 mL of nuclear NaErF,:0.5%Tm dispersed
in cyclohexane was added dropwise to the mixture, which was
immediately heated to 110 °C and held for 10 min to dislodge
the solvent cyclohexane. At the end of the experiment, the
mixture was heated to 40 °C. Then, 10 mL of methanol solution
containing 296.4 mg of NH,F and 200 mg of NaOH was added,
and the mixture was kept warm for 30 min, heated to 110 °C and
maintained for 40 min to dislodge the water and methanol.
Thereafter, the temperature was increased to 300 °C for 1.5 h to
obtain core-shell nanocrystals. Ultimately, the mixture was

© 2025 The Author(s). Published by the Royal Society of Chemistry

cooled naturally at room temperature with heating, centrifuged,
collected, and washed with ultrapure water and anhydrous
ethanol 3 times. Finally, the obtained oleic acid-coated core-
shell UCNPs were centrifuged and dispersed in 5 mL of cyclo-
hexane. For simplicity, all subsequent NaErF,:0.5%Tm nuclei
were referred to as nuclear UCNPs, and NaErF,:0.5%
Tm@NaGdF,:40%Yb was referred to as core-shell UCNPs.

2.4 Preparation of UCNPs coated with poly(sodium 4-styrene
sulfonate) (PSS) (UCNP@PSS)

2.4.1 Preparation of NOBF, modified UCNPs. Ligand
exchange with ammonium nitrous tetrafluoroborate (NOBF,) was
carried out according to a previously described protocol.*® Then,
10 mL of UCNP@OA (25 mg mL ") dispersed in cyclohexane and
10 mL of DMF were added. Then, 250 mg of NOBF, was imme-
diately agitated under vigorous stirring, and the mixture was
agitated for 60 min. Phase transfer of the UCNPs from cyclohexane
to DMF was performed. The UCNPs precipitate after the addition
of chloroform and are subsequently centrifuged to recover from
the DMF phase. The transparent particles were redispersed in
5 mL of DMF, and chloroform was added again, followed by
centrifugation. The washing step was repeated three times. Ulti-
mately, the UCNP@BF, " solids were redispersed in 5 mL of DMF.

2.4.2 Preparation of UCNP@PSS. The coating process of
PSS is based on previous literature.®® Briefly, a mixture of 2 mL
of UCNP@BF,” (50 mg mL ™", solvent DMF), DMF (3 mL) and
1.7 mL of PSS was vigorously agitated at 60 °C for 24 h. After the
supernatant was discarded to remove the excess PSS, the
precipitate was assembled by centrifugation and redispersed in
10 mL of water. Eventually, the resulting UCNP@PSS was
redispersed in 5 mL of DMF.

2.5 Construction of the UCNP@PSS@H1 biosensor

The traditional sulfonamide synthesis method was used to
synthesize UCNP@PSS@H1.*” Briefly, 5 mg of TCT was stirred at

Nanoscale Adv, 2025, 7, 549-559 | 551
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room temperature in 500 uL of DMF for 1 h to form the TCT-
DMF complex. Then, 100 uL of the mixture was added, 250 pL of
UCNP®@PSS (30 mg mL~") and 2 mL of CH,Cl, were added, and
the mixture was agitated for 30 min. Subsequently, 100 pL of
amino-grafted H1 (10 uM) was added, and the mixture was
agitated overnight. Then, the nanoparticles were centrifuged,
precipitated and washed twice with DMF and ultrapure water.
Finally, UCNP@PSS@H1 was dispersed in 1 mL of ultrapure
water.

2.6 Fluorescence detection of miRNA-155

Before the fluorescence test, to ensure the formation of the H2
hairpin structure, H2 was annealed. First, 10 pL of
UCNP®@PSS@H1 was added to 70 puL of 20 mM Tris-HCI (pH
7.4, 5 mM MgCl,, 50 mM NaCl). Different concentrations of
miRNA-155 (0.01, 0.2, 0.5, 1, 1.5, 2.5 and 3) were also added,
followed by the addition of 110 nM H2. Finally, the total volume
was diluted to 250 pL with water, and the reaction mixture was
reacted at 37 °C for 90 min. Under an excitation light source of
980 nm, the fluorescence spectra of the reaction mixture in the
wavelength range of 550-780 nm were measured and recorded.
Each experiment was repeated three times.

2.7 Fluorescence measurement of miRNA-155 in actual
samples

Human serum samples were obtained from Fujian Children's
Hospital (Fuzhou, China). All experiments on the sample were
conducted in accordance with the guidelines of the corre-
sponding author's institutional ethics committee, which is
consistent with all experiments with the consent of randomized
individuals. Before detection of miRNA-155 at UCNP@PSS@H1,
human serum samples were diluted 20 times in 20 mM Tris—
HCI (pH 7.4) and miRNA-155 in 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 2.6. Finally, recovery experiments were carried out by
adding various amounts of miRNA-155. The labelled solution
was tested separately with commercial detection kits according
to the above methods.

3 Results and discussion
3.1 Characterization of the prepared nanoparticles

The morphology and structure of the prepared naked core,
UCNPs, and UCNP@PSS were observed via TEM. Fig. 2(A and B)
show that both the bare core and UCNP crystals exhibit hexag-
onal structures and the nanoparticle size increases from 22 to
27 nm, indicating the successful preparation of core-shell
UCNP crystals. Fig. 2(C) shows that the morphology of the ob-
tained UCNP@PSS was spherical, with a mean size of 29 nm.
Compared with the core-shell UCNPs, the average size
increased by approximately 2 nm, indicating that the thickness
of the PSS shell was about 2 nm. Therefore, the ultrathin PSS
shell effectively passivated the surface of the UCNPs while not
affecting the FRET process, preventing their disintegration and
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enhancing the potential application of UCNPs in the field of
biosensing. XRD patterns were also utilized to explore the
crystal phase of the resulting nanoparticles. Fig. 2(D) shows that
the crystal structures of the naked core, core-shell UCNP and
UCNP@®@PSS coincide with the diffraction peak positions (26) at
17.1°,30.0°, 30.8°, 43.5°, 53.2° and 53.7° of the NaErF, standard
card (JCPDs No. 270689), indicating that the resultant nano-
particles are all standard pure hexagonal phases with high
crystallinity and that the coating layer does not affect the crystal
structure of the UCNPs.

In addition, to verify ligand exchange and encapsulation of
the PSS shell, the molecular structure and functional groups of
UCNP, UCNP@NOBF, and UCNP@PSS were further investi-
gated by FT-IR analysis. Fig. 2(E), orange line, shows that the
characteristic peaks of the UCNPs were located at 2924, 2854,
1540 and 1460 cm ™', representing the extended oscillations of
the -CH, and -COO™ long alkyl chains of the OA molecules,
respectively. After ligand exchange with NOBF,, as shown in
Fig. 2(E), blue line, the absorption peak of the -CH, stretching
vibration caused by OA molecules disappears at 2800-
3000 cm ', the vibration peak intensity caused by -COO~
decreases at 1600-1400 cm ', and a new characteristic peak
belonging to carbonyl groups and BF,  appears at 1635 cm™ "
and 1085 cm ™', respectively, all of which are consistent with
previous reports.* Fig. 2(E), pink line, shows that after the PSS
shell was coated, two characteristic peaks appeared at 1220 and
1040 cm ™', originating from the extended oscillations of the
S=O0 group in the sulfonic acid polymer, indicating the
successful formation of the PSS shell on the surface of the
UCNPs. The change in water contact between the UCNPs and
UCNP@PSS verified that the water solubility of the UCNPs
greatly improved after PSS coating. As shown in Fig. 2(F and G),
after PSS coating, the water contact angle of the UCNPs was 83°,
and the water contact angle decreased to 23°. The results show
that UCNP@PSS has good water solubility.

3.2 Luminescent properties of the prepared nanoparticles

The fluorescence spectra of the prepared naked core and core-
shell UCNPs under 980 nm excitation were measured. Fig. 3(A)
shows that both display a single red emission peak at approxi-
mately 656 nm. However, the fluorescence intensity of the core-
shell UCNPs is evidently greater than that of the bare core,
which is attributed to the energy capture center Tm>* and the
active shell layer of NaGdF,:Yb growing in the core region. This
not only achieves efficient energy transfer of near-infrared
photons to the upconversion area, but also suppresses the
luminescence quenching caused by surface defects and surface-
related ligands, resulting in high-purity bright red light emis-
sion. The energy transfer mechanism of the core-shell structure
is shown in Fig. 3(B). The red emission of Er** mainly comes
from the transition between the *Fy/, and *I,5,, energy levels and
this excited state can be filled with nonradiative relaxation of
the I, excited state, or can be directly transitioned to the I3/,
excited state by energy transfer from the excited Yb*". Here, Er**
has dual functions of energy collection and energy transfer. As
the concentration of Er’" increases, the distance between its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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particles decreases, which intensifies the energy transfer
between Er’**. Additionally, the introduction of Tm*" captures
the energy in the “I,;, state of Er*" via the *Hj; level of Tm®",
which then undergoes a reverse energy transfer towards the *I5,
, level. As a result, the red emission at 656 nm dominates the
upconversion process. Notably, the UCL intensity of
UCNP®@PSS was much lower than that of the preassembled
UCNPs; however, its fluorescence intensity was still as high as 4
million. Furthermore, in this work, the detection process is
based on the amount of target added and the UCL recovery
efficiency of the sensing system. Therefore, although the UCL

© 2025 The Author(s). Published by the Royal Society of Chemistry

UCNP@PSS

(A—-C) TEM, (D) XRD, (E) FT-IR, and (F and G) water contact angles of the prepared nanoparticles.

intensity of UCNP@PSS has decreased, it still meets the deter-
mination requirements.

3.3 Construction of the UCNP@PSS@H1 biosensor

The UCNP@PSS@H1 biosensor was constructed through
a sulfonamide reaction between the sulfonic acid group on the
periphery of UCNP@PSS and the 5'-terminal amino-
functionalized H1 to form sulfonamide. To verify the occur-
rence of this process, the UV-vis absorption spectra of
UCNP@PSS and UCNP@PSS@H1 were first obtained. As shown
in Fig. 4(A), compared with that of UCNP@PSS, the UV-vis

Nanoscale Adv., 2025, 7, 549-559 | 553
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Fig. 4 (A) UV-vis absorption spectra, (B) zeta potential and (C) DLS before and after UCNP modification.

absorption spectrum of UCNP@PSS@H1 has a distinct char-
acteristic peak at 260 nm, which is attributed to the character-
istic absorption of purine and pyrimidine rings in DNA
oligonucleotides, indicating that H1 has successfully coupled to
the surface of UCNP@PSS. Concerning the zeta potential
measurements, negative values of UCNP@PSS and
UCNP@PSS@H1 were observed (—27.9 mV and —36 mV) in
Fig. 4(B), as expected, because of the large number of negative
sulfonate and phosphate groups. Finally, Fig. 4(C) shows that
the average sizes of UCNP@PSS and UCNP@PSS@H1 deter-
mined via DLS were 142.9 nm and 191.2 nm, respectively,
further confirming the successful coupling of DNA strands on
the UCNPs.

3.4 Feasibility of constructing sensors for detecting miRNAs

Fig. 1 illustrates the detection principle of the constructed
sensor for miRNA-155. To verify the feasibility of constructing
sensors for detecting miRNA, fluorescence spectra and UV-vis
absorption spectra of various detection systems were
measured. As shown in Fig. 5(A), compared with conventional
upconversion nanoparticles, which use Er*" as a sensitizer,
owing to the introduction of an appropriate amount of Tm>",
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which has a *H; energy level that can act as a reverse energy
transfer, UCNP@PSS has bright red fluorescence. BHQ3
exhibited a distinct UV-vis absorption peak between 550 and
750 nm that overlapped with the fluorescence emission spec-
trum of UCNP@PSS located at 655 nm, indicating the possi-
bility of FRET between the two, quenching the red fluorescence
of UCNP@PSS. Fig. 5(B) also confirms that the fluorescence of
UCNP@PSS is quenched, with a quenching efficiency of 72%.
To confirm the occurrence of the FRET process between
UCNP@PSS and H1-BHQ3, the fluorescence lifetimes were also
measured. Fig. 5(C) shows that the fluorescence lifetimes of
UCNP®@PSS before and after coupling with H1-BHQ3 are 212.7
pus and 153.7 ps, respectively. The decrease in fluorescence
lifetime after assembly confirmed the occurrence of FRET
between UCNP®@PSS and H1-BHQ3.

Finally, to validate the sensitive detection of miRNA through
the catalytic hairpin amplification strategy, the fluorescence
spectra  of  different detection systems, including
UCNP@PSS@H1, UCNP@PSS@H1 + miRNA-155,
UCNP@PSS@H1 + H2 and UCNP@PSS@H1 + miRNA-155 +
H2, were measured. Fig. 5(D) shows that in the presence of
miRNA-155, the upconversion fluorescence emission of
UCNP@PSS-H1 was restored by approximately 50%. With the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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help of H2, the fluorescence intensity of UCNP@PSS-H1
significantly increased and was restored by about 174%, indi-
cating that the catalytic hairpin amplification strategy can
significantly increase the determination sensitivity of miRNA.
Moreover, the fluorescence of the system did not recover after
the addition of H2 alone, indicating that the catalytic hairpin
amplification process can only be initiated in the presence of
miRNA.

3.5 Optimization of detection conditions

To obtain accurate detection results, specific parameters were
optimized on the basis of the fluorescence quenching process of
UCNP@PSS (i.e., H1-BHQ3 reacts with UCNP@PSS through
sulfonamide), the fluorescence recovery process (i.e., BHQ3-H1
opens its hairpin structure in the presence of the analyte
substance) and the luminescence signal amplification process
(catalytic hairpin amplification is activated with the assistance
of H2) to obtain accurate experimental results. Optimization
was carried out for several key experimental conditions,
including the amount of H1, concentration of H2, and reaction
time. The optimization criteria depend on the fluorescence
quenching (F, — F)/F, and recovery efficiency (F; — F)/F of the
system, where F, and F represent the fluorescence intensity
before and after the reaction between UCNP@PSS and Hl,
respectively. F; represents the luminescence intensity of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

ter coupling with H1-BHQ3 and (D) fluorescence spectra of different

system after the addition of the target substance. H1-BHQ3 not
only acts as a quencher in the detection system, but also plays
arole in the specific recognition of target substances. Therefore,
the concentration of H1 was first optimized. Fig. 6(A) shows that
as the concentration of H1 increased, the quenching efficiency
increased. When the concentration of H1 was 300 nM, the
quenching efficiency reached a maximum. With increasing H1
concentration, the quenching efficiency of the system remains
stable. Therefore, 300 nM was set as the optimal concentration
for H1. The reaction time (Fig. 6(B)) and H2 content (Fig. 6(C))
were also studied and determined to be 90 min and 110 nM,
respectively.

3.6 The detection performance of the proposed sensors

Under the best experimental conditions mentioned above, the
upconversion luminescence response of the developed
UCNP@PSS@H1 sensor was tested with various amounts of
miRNA-155. Fig. 7(A) shows that as the content of miRNA-155
increased, the fluorescence intensity of the system increased
step by step. Fig. 7(B) shows a linear relationship between the
upconversion luminescence intensity at 655 nm and the content
of miRNA-155 within the range of 0.01-3 nM. The fitted linear
data can be expressed as Y = 0.9488X + 0.3665 (R> = 0.9912). A
higher R” reflects the excellent linear response of the DNA-

functionalized biosensor to miRNA-155. The LOD was

Nanoscale Adv., 2025, 7, 549-559 | 555


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00712c

Open Access Article. Published on 26 November 2024. Downloaded on 7/19/2025 3:23:04 PM.

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

(cc)

View Article Online

Nanoscale Advances Paper
B-l.() C 35
A..] "
= = p 3.04 .
0.54 3.04
254
w254
[ = =
2" 1 = 204 & 2.0
P D
€ < =
034 i =1 154
1.0 4
0.2 4 1.0 4
054
[}
054
0.1 . T . v - . 0.0 - -+ - - T T v v r v
50 100 200 300 400 600 25 50 75 100 125 0 25 50 75 100 125 150

Concentration of HI (nM)

Time (min) Co;lcentration of H2 (nM)

Fig. 6 Effects of (A) H1 concentration, (B) reaction time and (C) H2 concentration on the detection system.

A B:s.
25 4 M 3nM k3
- A\ 2.8+
320
&
2, 3
S 15 = 2.1+
< 5
z )
7} | 1.4
g - Y=0.9488X+0.36648
= R?=0.9912
5 /’\ 0.7 4
560 600 720 760 (') 1 2 5

640 680
Wavelength (nm)

Fig. 7

1 2
Concentration (nM)

(A) Fluorescence spectra of the system in the presence of various concentrations of miRNA-155 and (B) the correlation between the

fluorescence recovery efficiency of the system and different concentrations of miRNA-155.

calculated according to the following formula: LOD = 3 x 4/,
where  expresses the noise level, which is the standard devia-
tion from 10 blank trials, and S represents the slope of the linear
regression equation in sensitivity testing. Therefore, the calcu-
lated LOD was 1.14 pM, which is superior to those of the other
methods reported in Table 1 for determining miRNA-155.

3.7 Specific performance and stability of the proposed
sensors

Because the miRNA family consists of a series of members with

similar sequences, investigating the specific ability of

biosensors to recognize miRNA sequences to better understand
the physiological behavior and functions of specific miRNAs in
major diseases is important. On this basis, three other miRNAs
(miRNA-21, miRNA-214 and miRNA-222) were treated as inter-
ference sequences, and the concentration of the interfering
miRNAs was increased to four times (6 nM) that of the target
miRNA-155 to Dbetter validate the specificity of the
UCNP@PSS@H1 biosensors. Moreover, a mixture of three
interfering miRNAs and a specific recognition target, miRNA-
155, was added to simulate the specificity of the fluorescent
sensor in the presence of multiple interfering factors. As
depicted in Fig. 8(A), the luminescence intensity of the

Table 1 Comparison of the detection performances obtained in this work and some studies

Methods Linear range (nM) Limit of detection (pM) References
AuNPs/3D DNA walker 0.2-10 nM 130 39
DNA-AgNCs 0.2-30 100 40
DNA tetrahedron 15-40 85 41
DNA nanowheel 0.1-50 82.3 42
AgNCs 0.25-1000 67 43
Polystyrene beads 0.01-1 30 44
CuNC 0.05-10 11 45
DNA micelles 0.05-4 3.1 46
UCNP@PSS@H1 0.01-3 1.14 This work
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Table 2 Measurement of miRNA-155 in serum samples by the proposed biosensor
Samples Added (nM) Found (nM) Recovery (%) RSD (%)
Serum 1 0.04 0.041 +£ 0.003 103.2 4.18
0.75 0.770 £+ 0.035 102.8 4.70
1.5 1.572 + 0.017 104.8 1.10
Serum 2 0.04 0.04 £+ 0.003 99.8 2.32
0.75 0.752 £ 0.016 100.7 2.10
1.5 1.532 £+ 0.19 102.1 1.20

experimental group with miRNA-21, miRNA-214 and miRNA-
222 added slightly increased compared with that of the blank
group, but the recovery of fluorescence intensity was negligible
compared with that of the experimental group with miRNA-155
(1.5 nM) added. Moreover, the fluorescence intensity of the
mixed group also greatly improved. These results suggest that
the constructed biosensor has good specificity for the target
miRNA-155. In addition, the detection performance of the
developed method within 15 days was also investigated.
Fig. 8(B) shows that the luminescence response of the obtained
fluorescent biosensor to miRNA-155 remained almost
unchanged. The above results indicate that the constructed
UCNP@PSS@H1 biosensor has good specificity and stability
and can realize the specific recognition and detection of
miRNA-155 in a complex physiological environment.

3.8 Actual sample testing

To evaluate the applicability and reliability of the proposed
method, miRNA-155 in serum samples was measured using
UCNP@PSS@H1 biosensors. Table 2 reveals that the spiked
restoration efficiency in actual samples ranged from 99.8% to
104.8%, with a relative standard deviation (RSD, n = 3) of less
than 4.7%. These results indicate that the constructed
UCNP@PSS@H1 sensor system has good detection ability for
miRNA-155 in complex biological samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry

4 Conclusion

In this work, a biosensor based on sulfonic acid polymer-coated
UCNPs for sensitive detection of miRNAs was constructed. The
proposed method has the following advantages: (1) compared
with other fluorescent agents, UCNPs have many unique merits,
such as greater tissue penetration depth, excellent photo-
stability and weak autofluorescence, resulting in higher sensi-
tivity and accuracy. (2) Polysulfonic acid salts can effectively
prevent the annihilation of UCNPs, thereby ensuring long-term
stability. In addition, compared with other polymers such as
polyethylene glycol, owing to the presence of many sulfonic acid
groups, a thin and adjustable polymer shell can be grown on the
outside of UCNPs, which is beneficial for the use of UCNPs as
FRET donors. (3) Compared with enzyme-assisted amplifica-
tion, the catalytic hairpin assembly used in this work has the
advantages of high stability, simplicity, rapid reaction and low
cost. (4) This work develops a simple, rapid, sensitive and
specific method for detecting miRNA-155, providing a new
perspective for monitoring the progression of allergic rhinitis or
other miRNA-related diseases. However, the proposed method
also has several limitations, such as the loss of fluorescence
performance due to the improved biocompatibility of UCNPs.
Therefore, we will further improve the luminescence perfor-
mance by in situ deposition of metal nanoparticles in the next
step.
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