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ABSTRACT: Photoelectrochemical (PEC) sensors are relatively new
sensing platforms with high detection sensitivity and low cost. However,
the current PEC biosensors dependent on ultraviolet or visible light as the
exciting resource cause injuries to biological samples and systems, which
restrains the applications in complicated matrixes. Herein, a near-infrared
light (NIR)-initiated PEC biosensor based on NaYF,:Yb,Tm@NaYF,@
TiO,@CdS (csUCNRs@TiO,@CdS) was constructed for sensitive
detection of acute myocardial infarction (AMI)-related miRNA-133a in
an immobilization-free format coupled with a hybridization chain reaction
and a redox circle signal amplification strategy. A low-energy 980 nm NIR
incident laser was converted to 300—480 nm light to excite the adjacent TiO,@CdS photosensitive shell to generate photocurrent by
NaYF,:Yb,Tm@NaYF, upconversion nanorods. Also, magnetic beads were employed for the homogeneous determination of target
miRNA-133a to reduce the recognition steric hindrance and improve the detection sensitivity. The photocurrent response was
positively correlated with the level of ascorbic acid as the energy donor to consume photoacoustic holes produced on the surface of
csUCNRs@TiO,@CdS, which was generated by alkaline phosphatase catalyzation and regenerated by tris(2-carboxyethyl)
phosphine reduction upon the appearance of miRNA-133a. Exerting a NIR-light-driven and immobilization-free strategy, the as-
constructed biosensor displayed linearly sensitive and selective determination of miRNA-133a with a detection limit of 36.12 aM.
More significantly, the assay method provided a new concept of the PEC sensing strategy driven by NIR light to detect diverse
biomarkers with pronounced sensitivity, light stability, and low photodamage.

B INTRODUCTION employing ultraviolet (UV) or visible (vis) laser with high
MiRNA-133a as a kind of single-stranded microRNA energy as the excitation source still have great challenges to
(miRNA) with approximately 20 nucleotides”” plays an biological signal species determination due to the strong light
essential part in the regulation of cardiac proliferation, damlggli to samples and systems and biological interferen-
differentiation, and apoptosis based on the fact that it can ces. ”~ In addition, the conventional immobilized method-
reduce ventricular remodeling and improve cardiac function ology that most PEC biosensors use suffers from insufficient
after stress load.”" MiRNA-133a is a promising candidate for sensitivity and repeatability, low reaction rate, and target-
acute myocardial infarction (AMI), monitoring for the recognition efficiency due to the steric hindrance effect on the
immediate level fluctuations due to cardiac abnormal surface of the modified electrode.'*™'® Favorably, upconver-
situations.” Nevertheless, the low concentration and short sion nanoparticles (UCNPs) can absorb NIR light sequentially
and similar sequences of endogenous miRNA-133a in a and emit UV/vis light due to the ladder-like energy levels of
biological environment hinder the sensitive and practical Ln* ions,'” ™" presenting a series of merits including high

monitoring of AMI in time.” Therefore, a highly sensitive and chemical and optical stability and low phototoxicity owing to
biocompatible detection method for miRNA-133a is desirable the utilization of the NIR light source.”~>* UCNPs exhibit

and valuable for early diagnosis of AML
Photoelectrochemical (PEC) sensors are relatively new
sensing platforms that implement the separation of the
incident light source and detection signal,7’8 resulting in
pronounced detection sensitivity as compared to other
mothods.”'® Moreover, PEC sensors are superior in the
detection field due to the low cost, simple equipment, and easy
miniaturization.'' However, the current PEC biosensors

Received: May 23, 2021
Accepted: July 29, 2021
Published: August 9, 2021

© 2021 American Chemical Society https://doi.org/10.1021/acs.analchem.1c02160

W ACS Publications 11251 Anal. Chem. 2021, 93, 11251-11258


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengjiao+Hao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pei+Miao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenshou+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shenguang+Ge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinyan+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Xiao+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Biyan+Ding"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Biyan+Ding"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mei+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.1c02160&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c02160?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c02160?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c02160?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c02160?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c02160?fig=abs1&ref=pdf
https://pubs.acs.org/toc/ancham/93/32?ref=pdf
https://pubs.acs.org/toc/ancham/93/32?ref=pdf
https://pubs.acs.org/toc/ancham/93/32?ref=pdf
https://pubs.acs.org/toc/ancham/93/32?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.1c02160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf

Analytical Chemistry

pubs.acs.org/ac

Scheme 1. (A) Immobilization-Free Detection of miRNA-133a Based on Magnetic Beads with HCR Amplification; (B)
Synthetic Process of csUCNRs@TiO,@CdS Photoactive Material; and (C) Mechanism of Photocurrent Enhancement Based
on the Generated AA in (A) and Photoactive Material in (B) under 980 nm NIR Light with a Redox Circle Amplification

; 022',\?3 _‘_"_’1:%‘ -.g’g\,b%‘és & Ly
i dfg oﬁ‘%“ - cﬂ*‘g (

VWA § g Magnetic
L mmm——— - L ->
Recognition 3 HCR (’ 3 separation
e reaction % amplification 3

Immobolization-free Detection

o h9h9 hy _285eV i
yy‘ /-\‘- SUTSTON Wl v e
DHA

v C
i
U AN o
H cds \ W
' Tio, TR AR
AR i oo DO “\ |
i
H > 023ev ; (A
' s 11
i

165eV §

/ TCEP

suspension

PEC Detection

B _Shen Insitu__ & Insitu I == — e -{; ST
------- & £ AA J ¢

coating Tio, & cds  jf NIRPEC; | fE— |

H : ¥ AP Eg H2-AUALP |

NaYF:YbTm  csUCNRs °%f$i’(‘)':s @‘;sigf@'fsz s _ e e g

great competitiveness in PEC sensing fields and photo-
catalysis,” biological inlaging,26_28 optical encoding, and
photoactive therapy.””** More inspiringly, it is mainly in the
solid host lattice that the luminescence process of Ln**-doped
UCNPs is conducted, which effectively precludes the effects of
the external environment (pH, humidity, or buffer).*’ Thus,
the utilization of UCNPs in PEC biosensors is promising for
biodetection, and the photocurrent response will be enhanced
if an immobilization-free strategy is also employed.

UCNPs-based PEC biosensors composed of UCNPs and
semiconductors with matched energy bands integrate both the
merits of UCNPs and PEC assays such as low light injury to
biological samples and high sensitivity,”>*” which can be a
breakthrough point for molecular signaling detection in
complex biological environments.”**  Simultaneously, the
introduction of a nonimmobilization strategy,”6 3% e,
recognition and digestion processes are carried out in solution,
can further help to obtain guaranteed sensitivity.””*" A
UCNRs-based PEC sensing platform was developed and
realized the sensitive determination of CEA by means of
magnetic beads (MB) under NIR light irradiation.*' After that,
a NaYF,:Yb,Tm@ZnO upconverter was constructed to detect
CEA antigens using a homemade 3D-printed device.”
Moreover, a diffusivity-mediated PEC biosensor was developed
and the recognition and digestion process were carried out in
solution with a low detection limit of miRNA-155.** Based on
the above situations, the UCNP-based PEC biosensing
platforms driven by a NIR light source in an immobilization-
free detection manner showed enormous potential and
advantages in the field of biomarker determination, even in
complicated biological matrixes.

Herein, a NIR-initiated PEC biosensor on the basis of core—
shell—shell structured NaYF,: Yb, Tm@NaYF,@TiO,@CdS
was proposed for the highly sensitive determination of
miRNA-133a in an immobilization-free manner with double
signal amplification. The core—shell NaYF,:Yb, Tm@NaYF,
upconversion nanorods (denoted as csUCNRs) were used as
the energy donor to emit UV/vis light to excite the TiO,@CdS
shell and generate photocurrent under 980 nm excitation. The
doubly amplified signal of miRNA-133a was acquired through
a hybridization chain reaction (HCR) and redox circle strategy.
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Upon recognition between miRNA-133a and cDNA in
solution, the 3’ end of the hairpin structure-opened cDNA
triggered the HCR and alkaline phosphatase (ALP) in the
product, catalyzing ascorbic acid 2-phosphate (AAP) to
ascorbic acid (AA) to enhance photocurrent. Thereafter, the
oxidation product dehydroascorbic acid (DHA) was in turn
reduced by tris-(2-carboxyethyl) phosphine (TCEP) in the
detection pull to AA through a redox circle process for further
photocurrent amplification. This NIR-initiated biosensor
provided a new strategy for the determination of low-
abundance miRNAs in biological samples.

B EXPERIMENTAL SECTION

Preparation of Core—Shell-Shell Structured NaY-
F,.Yb,Tm@NaYF,@TiO, Sensitive Material (csUCNRs@
TiO,@CdS). The EDTA-stabilized NaYF,:Yb,Tm core was
initially fabricated through an improved solvothermal
method.” To obtain the core—shell csUCNRs, RECl; (RE:
Y, Yb, Tm) solution was used and the synthesis process was
the same as that for the core described in detail in the
Supporting Information. Then, the TiO, layer was directly
introduced into the NaYF,:Yb,Tm surface with the help of
PVP as the bridgi ng agent through a mature method with
minor modification.”” Finally, to synthesize the csUCNRs@
TiO,@CdS hybrid materials, thioacetamide (0.038 g, 0.50
mmol) was dissolved in chromium nitrate solution (0.39
mmol, 40 mL) under stirring followed by the addition of
csUCNRs@Ti0, (0.15 g, 0.53 mmol) nanocomposites. Then,
the resulting products were maintained at 160 °C for 2 h. The
hybrid material was processed as above.

Synthesis of cDNA-Coupled Carboxylated Magnetic
Beads (cDNA-MB). The amino-terminated c¢cDNA was
conjugated with previously purchased carboxylated magnetic
beads via a carbodiimide coupling reaction, and the detailed
experimental steps are described in the Supporting Informa-
tion.

Preparation of ALP-Au-H1 and ALP-Au-H2 Conju-
gates. First, the Au nanoparticles was synthesized through the
classical sodium citrate reduction.’ Before the conjugation
between Au and the H1 probe and ALP, a solution of K,COj4
(0.1 M) was utilized to adjust the pH of the Au nanoparticle
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Figure 1. SEM images of (A) NaYF,:Yb,Tm, (B) csUCNRs, (C) csUCNRs@TiO,, (D) csUCNRs@TiO,@CdS; (E) SEM elemental mapping of

csUCNRs@TiO,@CdS.
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Figure 2. (A) XRD patterns of csUCNRs, csUCNRs@TiO,, and csUCNRs@TiO,@CdS; (B) full XPS spectrum of csUCNRs@TiO,@CdS and
corresponding high-resolution spectrum of (C) Ti 2p, (D) O 1s, (E) Cd 3d, and (F) S 2p orbitals.

suspension to 8.2.* In addition, the H1 probe (100 uL, 1.0
M in TM buffer) and ALP solution (200 xL, 0.8 mg/mL)
were thrown into the aforementioned 10.0 mL of Au NP
suspension and reacted for 2.5 h at room temperture. Then,
the precipitate was washed several times with TM buffer.
Finally, the product was pipetted into 200 uL of TM buffer.
ALP-Au-H2 was fabricated in the same method.

Fabrication of the NIR-Initiated PEC Biosensor and
Photocurrent Measurement. The target miRNA-133a (20
uL) with various concentrations and cDNA-MB (60 uL, 5.0
mg/mL) were scattered into TE buffer (S0 xL) and incubated
for 2.5 h at 37 °C. The suspension was rinsed with freshly
prepared PBS buffer magnetically. After that, the collected
product was redispersed into 50 uL of TM buffer containing
ALP-Au-H1 and ALP-Au-H2 conjugates (1.0 uM) and AAP
(2.0 mM) and reacted at 37 °C for 3 h. After that, the
supernatant containing generated AA after magnetic separation
was dropped into the PEC detection pull. Prior to the
detection, indium tin oxide (ITO) glasses were initially washed
ultrasonically in acetone, ultrapure water, ethyl alcohol
successively. Then, csUCNRs@TiO,@CdS hybrid material
solution (10 L, 2 mg/mL) mixing with Nafion solution (0.1
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uL) was casted on ITO electrode as the working electrode and
dried under a NIR lamp.

All PEC detections were performed in a homemade PEC
detection pull. The photocurrent on behalf of the miRNA
concentration was recorded using an i—t curve at 0 V.

B RESULTS AND DISCUSSION
Characterization of csUCNRs@TiO,@CdS. The target-

responsive photocurrent acquirement consisted of two main
procedures: (i) the recognition of target miRNA-133a
homogeneously in solution with the aid of MBs and (ii) the
photocurrent measurement in the PEC detection pull depend
on the level of generated AA in the first step (Schemel). First,
miRNA-133a was hybridized by hairpin-structure ¢cDNA
attaching on magnetic beads through sequence-specific base
pairing accompanied by the opening of cDNA. Also, the end of
cDNA subsequently triggered the hybridization chain reaction
(HCR) between H1 and H2 for signal amplification. The H1
and H2 probes were both modified with gold nanoparticles at
the terminal of the chain through a Au—S bond. Furthermore,
the AAP in solution was catalyzed by ALP connected to gold
nanoparticles to AA acting as electron donors. After that, the
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Figure 3. (A) UV—vis absorption spectra of (a) csUCNRs, (b) CdS, and (c) TiO, (insets: the amplified spectra of csUCNRs); (B) fluorescence
emission spectrum of (a) NaYF,:Yb, Tm, (b) csUCNRSs, (c) csUCNRs@TiO,, and (d) csUCNRs@TiO,@CdS under a 980 nm laser; (C) native
PAGE image of HCR (lane 0, DNA marker:25 bp; lane 1, H1; lane 2, H2; lane 3, miRNA-133a; lane 4, cDNA; lane S, H1 + H2; lane 6, H1 + H2 +
cDNA; lane 7, target miRNA-133a + H1 + H2 + cDNA); (D) photocurrents of photoactive material-modified ITO electrodes under 980 nm
excitation (a—d correspond to those in Figure 3B) in PBS solution; (E) photocurrents of csUCNRs@TiO,@CdS-modified ITO electrode in Tris—
HCl solution (10 mM, pH 8.3) containing (a) nothing, (b) 2 mM TCEP, (c) 100 uM AA, (d) 100 4uM AA and 2 mM TCEP, (e) the generated AA
in the presence of 1 pM miRNA-133a, (f) the generated AA (the same as (e))and 2.0 mM TCEP; and (F) relationship between AA and
photocurrent responses of csUCNRs@TiO,@CdS-modified ITO electrodes (n = 3).

generated AA was directly introduced into the PEC detection
pull containing TCEP to consume the photogenerated hole on
the surface of csUCNRs@TiO,@CdS for photocurrent
measurement. TCEP, a reducing agent, could reduce the
oxidation product DHA to regenerate AA through a chemical
redox process, which further enhanced the photocurrent
response.

The morphology was characterized by scanning electron
microscopy (SEM). Figure 1A shows that the initial core
NaYF,:Yb,Tm nanorods stabilized by EDTA were rod-like
hexagonal prisms with lengths from 300 to 600 nm and an
average width of 100 nm. To reduce surface defects and
improve up-conversion luminous efficiency, a NaYF, layer was
elaborately designed and coated around the NaYF,:Yb,Tm
core as depicted in Figure 1B. The csUCNRs with a smoother
surface showed a nearly 700 nm length and 100 nm width and
illuminated brighter blue light under a 980 nm NIR laser
(Figure S1B). Upon one-step growth of TiO,, a majority of
nanoparticles tightly coating on the surface of csUCNRs could
be obviously observed, as shown in Figure 1C. Next, the CdS
nanoparticles were in situ nucleated and grown onto the
csUCNR shell. As depicted in Figure 1D, an increased amount
of nanoparticles could be easily found, confirming the
formation of CdS. The TiO, and CdS nanoparticles formed
a heterostructure simultaneously and could be regarded as the
third layer surrounding the csUCNRs. To further prove the
successful fabrication of csUCNRs@TiO,@CdS, energy-
dispersive spectrometry (EDS) elemental mapping (Figure
1E) was performed and the results showed all the desired
elements, Y, Yb, Tm, Ti, O, Cd, and S, in the composite.

The crystal structure was investigated by powder X-ray
diffraction (Figure 2A). The diffraction peaks at 17.2, 30.1,
30.8, 43.5, 52.3, and 53.8° of csUCNRs were assigned to the (1
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00),(110),(101),(201),(300),and (21 1) crystal
planes, respectively, of standard hexagonal NaYF, (JCPDS No.
16-0334). These peaks could also be clearly observed after
decoration of TiO, and CdS nanoparticles, indicating that the
crystal structure of ¢sUCNRs had not been altered.
Furthermore, the newly emerging obvious peaks at 28.2 and
47.8° corresponded well to the lattice parameters of hexagonal
CdS, which further confirmed the existence of CdS.

Subsequently, the chemical states of csUCNRs@TiO,@CdS
were characterized by X-ray photoelectron spectroscopy
(XPS). All the expected elements were found in the full XPS
spectra (Figure 2B). In the high-resolution XPS spectrum, the
peaks at 464 and 458.5 eV demonstrated the formation of Ti*"
(Figure 2C). In addition, the binding energies at 531.4S and
529.4 eV were assigned to H—O and Ti—O band separately,
illustrating the existence of O*~ (Figure 2D). Furthermore, the
characteristic peaks of Cd 3d at 411.51 and 404.71 eV (Figure
2E) and S 2p at 161.45 and 159.35 eV proved the successful
coordination of CdS (Figure 2F). Also, the peaks at 186.55 and
175, 172.7 eV belong to the Yb*" and Tm?*, respectively
(Figure S2). All the aforementioned statistics confirmed the
successful synthesis of core—shell—shell structured
csUCNRs@TiO,@CdS that functioned as the footstone to
photocurrent detection.

Feasibility of the miRNA133a-Responsive NIR-Initi-
ated PEC Biosensor. In the work, the Yb*" and Tm**-doped
csUCNRs were selected as harvesters to absorb the 980 nm
NIR laser source and emit short wavelength light, which can be
absorbed subsequently by the surface-wrapped UV/vis-
responsive TiO,@CdS shell to produce a photocurrent signal.
The absorption and emission spectra were preliminarily tested,
as shown in Figure 3A,B. The TiO, and CdS nanoparticles
presented the absorption region from 270 to 420 nm with a
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Figure 4. (A) Photocurrent of the csUCNRs@TiO,@CdS-based PEC biosensor at different miRNA-133a concentrations: (a—h) 0.1 fM to 1 nM
with the interval of an order of magnitude; and (B) corresponding calibration curve of the photocurrent towards target.

characteristic peak summit at 366 nm and 250 to 520 nm,
respectively, on account of the respective band gap values of
them (3.13 and 2.27 eV, Figure S3A). Meanwhile, the as-
fabricated UCNRs, where Yb’* with a relatively large
absorption cross section acted as a sensitizer to absorb 980
nm NIR light and Tm®" acted as an activator to provide
various emissions, showed a few sharp emission peaks at 292,
346, 363, 453, and 479 nm as demonstrated in Figure 3B,
originating from the 'I; » *Hy, 'I; — °F,, 'D, - *H,, 'D, —»
°F,, and 'G, — *Hy transitions of Tm>", respectively. Also,
curve b in Figure 3B displayed higher upconversion
luminescence intensity than the core alone, confirming the
superiority of the core—shell structure of csUCNRs. Upon the
modification of TiO, and CdS step by step, the fluorescence
intensity descended as expected, indicating that the emissions
of csUCNRs matched well with the absorption of the TiO,@
CdS shell. Then, the HCR process that could be triggered by
miRNA-133a was verified by 10% native polyacrylamide gel
electrophoresis (PAGE) (Figure 3C). A clear bright stripe with
a low molecular weight could be observed in lanes 1 to 4,
representing H1, H2, target RNA, and cDNA alone,
respectively. Also, no obvious new stripes appeared in lane §,
mixing H1 and H2, and lane 6, mixing H1, H2, and ¢cDNA.
When miRNA-133a was introduced, a few new stripes with
various high molecular weights appeared and formed a sliding
zone. The results indicated that only miRNA-133a could
initiate the HCR between H1 and H2.

To demonstrate the capability of sUCNRs@TiO,@CdS as
a photosensitive material and the role of AA and TCEP in
signal amplification,”* the PEC detection was implemented. As
depicted in Figure 3D, the NaYF,:Yb,Tm core (curve a) and
csUCNR (curve b)-modified ITO electrodes showed a
negligible photocurrent response due to the low background
signal of the upconversion material. Meanwhile, the photo-
current of csUCNRs@TiO, (curve c)- and csUCNRs@TiO,@
CdS (curve d)-modified electrodes were increased to nearly 11
and 15 nA due to the effective electron transfer on the
conduction band from CdS to TiO, under NIR irradiation as
illustrated in Scheme 1, indicating that csUCNRs@TiO,@CdS
could be used for PEC detection.

Moreover, the photocurrent response was largely enhanced
upon the introduction of AA and AA/TCEP, confirming that
the holes on the valence bond of CdS were consumed by AA,
which was in turn regenerated by TECP reduction as shown in
Figure 3E (curves ¢ and d). In addition, the TCEP alone
(curve b) could not consume the holes on the surface of the
electrode to enhance the photocurrent, further confirming the
reducing agent function in the redox circle process. After that,
the AA generated during the aforementioned miRNA-133a

identification and HCR signal amplification process was
transferred into the detection pull and obvious augmentation
of photocurrent was observed in Figure 3E (curve e). When
TCEP was also added, the photocurrent response rose again
(Figure 3E, curve f). Figure 3F showed a linear relationship
with the concentration of AA ranging from 10 to 100 uM,
which makes it possible to quantitatively detect miRNA-133a.
The results discussed above solidly validated the feasibility of
the sensing method.

Optimization of Experimental Conditions. The effects
of pH of the reaction solution, concentration of photoactive
material, reaction time between miRNA-133a and ¢cDNA, and
HCR time on photocurrent performance were studied. As
shown in Figure S4D, the photocurrent first increased and then
went down with the pH ranging from 7.5 to 8.5, showing a
maximum value at pH 8.3. With the increase of csUCNRs@
TiO,@CdS concentration, the photocurrent response rose
rapidly and then reached a maximum at the concentration of
2.0 mg/mL followed by a slow descent in intensity. The
increase in photocurrent response is due to the enhanced
photoinduced carriers generated by the csUCNRs@TiO,@
CdS, while the decrease in photocurrent response is ascribed
to the confinement of electron transfer from the csUCNRs@
TiO,@CdS to ITO for deposited thicker layers (Figure S4A).
Thus, 2.0 mg mL™' was recognized as the optimum
concentration of csUCNRs@TiO,@CdS. Furthermore, the
incubation time between miRNA-133a and cDNA and HCR
time were also studied. In addition, the variation tendency of
photocurrent intensity elevated quickly initially and then
reached a plateau. A 70 min miRNA-133a-cDNA incubation
time and 100 min of HCR time were chosen as the suitable
conditions, as confirmed from Figure S4B,C. Therefore, pH 8.3
of Tris—HCI solution, 2.0 mg/mL of csUCNRs@TiO,@CdS,
70 min reaction time, and 100 min of HCR time were selected
for the following experiments.

Analytical Performance of the miRNA133a-Respon-
sive NIR-Initiated PEC Biosensor. Under the optimized
conditions, the as-constructed biosensor was employed to
quantitatively determine miRNA-133a with a sequence of
concentrations from 0.1 fM to 1 nM under 980 nm irradiation.
As depicted in Figure 4A, the photocurrent exhibited a superb
linear relationship with the logarithmic concentration of
miRNA-133a. The linear regression equation was y = 87.54
+ 17.01 lg Coirna13za (PM) with a satisfactory correlation
coefficient (Figure 4B, R* = 0.9952). Also, the limit of
detection (LOD) was calculated to be 36.12 aM (S/N = 3),
which was comparable or even advantageous to the previous
status owing to the immobilization-free strategy and double
signal amplification (Table S2). The biosensing platform has
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Figure S. (A) Selectivity of the PEC sensor to 1 pM of (a) blank, (b) miRNA-499, (c) miRNA-208, (d) miRNA-328, and (e) miRNA-21, 100 fM
of (f) miRNA-133a, and (g) the mixture of 1 pM interferences and 100 fM miRNA-133a; (B) stability of the PEC sensor toward miRNA-133a
under 10 cycles of successive detection before (blue) and after 45 days (red); (C) photocurrent response of the PEC biosensor under 14 cycles of
successive UV/vis light irradiation; and (D) reproducibility of this assay with eight independently prepared biosensors.

potential to satisfy the requirements for miRNA-133a
detection with guaranteed sensitivity in a complex environ-
ment.

Selectivity, Stability, and Reproducibility of the NIR-
Initiated PEC Biosensor. miRNA-499, miRNA-208, miRNA-
328, and miRNA-21 (1 pM) as potential interferences were
detected using the biosensor to demonstrate its specificity to
miRNA-133a. The photocurrents of AMI-relevant interfer-
ences (lanes b—e) were near to that of the blank (lane a) and
much lower than those of miRNA-133a (lane f) and the
mixture (lane g) containing 1 pM of interferences and 100 fM
of target miRNA-133a (Figure SA), suggesting that only
miRNA-133a could be recognized and open the hairpin
structure of cDNA through complementary base pairing, which
triggered the HCR amplification process and the production of
AA. In addition, the stability and reproducibility were both
crucial elements of the biosensor to determine its practicability.
Figure SB clearly displays that the photocurrent was steady
enough during the 10 sequential and periodic cycles and the
photocurrent was slightly lower than the original results even
after storing for 45 days with corresponding relative standard
deviations (RSD) of 1.21 and 1.21%. However, the photo-
current evoked by UV/vis light dropped gradually as shown in
Figure SC. All the outcomes demonstrated the excellent
stability of the biosensor and the superiority of exertion of the
NIR light source. Furthermore, we fabricated eight biosensors
using the same synthetic method and all had good photo-
current performance with an interassay RSD of 2.04% (Figure
SD). All the consequences confirmed the excellent perform-
ance of the biosensor.

Analysis of Human Serum Samples. To verify the
applicability of the csUCNR-based PEC biosensor in real
samples, various concentrations (100 fM, 1pM, and 10 pM) of
miRNA-133a were dissolved in 10% human serum and then
were detected by the biosensor (Table S3). The determination
of the recoveries was calculated based on the above linear
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regression equation. The recoveries were from 98.71 to
102.18%, and RSDs were from 0.68 to 1.95%. These
appreciable results demonstrated that our designed csUCNR-
based NIR-initiated PEC biosensor would have potential for
application in the clinical detection of miRNA.

B CONCLUSIONS

In conclusion, a NIR-initiated PEC biosensor based on
csUCNRs@TiO,@CdS was constructed for miRNA-133a
detection in an immobilization-free manner with a double
signal amplification strategy. The emissions of csUCNRs
driven by 980 nm laser could be exactly absorbed by the
adjacent TiO,@CdS shell to generate photocurrent. The
employment of NIR light exhibited excellent chemical and
optical stability, low photobleaching, and phototoxicity in the
detection process. Moreover, owing to the homogeneously
detection of miRNA-133a with double amplification including
a HCR and redox circle reaction in solution, the biosensor
displayed guaranteed sensitivity and selectivity and further was
applied in real human serum. Therefore, the csUCNR-based
NIR-initiated PEC biosensor offers a new visual angle for PEC
detection for other biomarkers in complicated conditions.
Moreover, improving the luminous efficiency of the
upconversion material through adjusting the local symmetry
of the luminous center or sensitization of dyes or quantum
dots can be a breakthrough in UCNP-based PEC platforms.
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