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ABSTRACT: Detection sensitivity of an electrochemical immu-
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GO@AgNPs-pNIPAM

nosensor mainly depends on the accessible distance toward the :"

sensing interface; regulating the electrochemical interfacial region v oA &'5 Abz‘r
thereon is an effective strategy for signal amplification. Herein, a %Nn"“ F ey )
photothermal-regulated sensing interface was designed based on a 49" \/ i 3’
near-infrared (NIR)-responsive hydrogel probe for ultrasensitive A mfegra;:t:b:ydrogel

detection of human epididymis protein 4 (HE4). Silver nano- = =550
particle-deposited graphene oxide nanosheet (AgNPs@GO)
hybrids as electrochemical signal tags and a photothermal e
transducer, which were encapsulated in the poly(N-isopropylacry- #er rTlo= rTIOz
lamide) (pNIPAM) hydrogel, were used to develop the NIR- A
responsive. GO@AgNPs-pNIPAM hydrogel probe. Under NIR oce
light irradiation, the excellent photothermal effect of AgNPs@GO

hybrids not only rapidly converted NIR light into heat for temperature readout but also triggered the shrinkage behavior of the
hydrogel for electrochemical signal amplification. Compared with the conventional sandwich immunoassay, the shrinkage behavior
of the hydrogel signal probe endowed itself with interface regulation capability to improve the electrochemical reaction efficiency; on
the basis of ensuring the extended outer Helmholtz plane (OHP) region, the proposed photothermal-induced interface regulation
also shortened the OHP, leading to higher sensitivity. Moreover, the obtained dual-mode signals provided satisfactory accuracy for
the detection of tumor markers. Therefore, this detection scheme provided an opportunity for the broad applications of the

BSA

photothermal effect in clinical diagnosis.
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1. INTRODUCTION

Tumor markers are regarded as the objective indicator to
evaluate pathogenesis and assess therapeutic effectiveness."”
Therefore, the determination of low abundant tumor markers
is vital for early cancer diagnosis to improve the survival rate of
patients. To date, an immunoassay has been a predominant
analytical method in the early diagnosis of tumor markers,
which relies on the strict recognition between antigens and
antibodies to ensure detection specificity.”* Recently, various
immunoassays have been developed for the detection of tumor
markers, including ﬂuorescence, chemllumlnescence, electro-
chemiluminescence,” photoelectrochemical,” etc. Among them,
electrochemical immunosensors have attracted substantial
attention benefiting from their high sensitivity, fast response,
simple setup, and easy miniaturization.”'* To further improve
the analytical performance of an immunosensor, it is of
paramount importance for developing an effective signal
amplification strategy to meet the demand of high sensitivity
in clinical diagnosis.

As a matter of fact, sensitivity is particularly restricted by the
accessible distance between signal labels and the sensing
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interface, which is a great challenge in electrochemical
immunosensors.' "> Generally, the electrochemical response
only occurs when the electrochemically active material is in the
vicinity of the outer Helmholtz plane (OHP), thereby the
signal labels within the OHP are “effective” to generate the
intense electrochemical signal.n’14 Therefore, increasing the
loading amount of signal labels and regulating the OHP region
of the sensing interface are essential for signal amplification.
Presently, the mainstream reports are mainly focused on
developing a “Faraday cage”-type immunoassay, using two-
dimensional graphene oxide (GO) nanosheets as carriers to
enhance the signal amount and extend the OHP region.">'® In
this state, GO nanosheets overlap on the electrode surface to
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form a ringed Faraday cage, where signal labels could directly
involve in the electrochemical reaction and allow the electrons
to freely transfer to the electrode interface.'”'® Nevertheless,
the distance between signal labels and the electrode surface is
finite in the Faraday cage; thus, the OHP region is fixed and
exhibits limited signal amplification. On this basis, an
intelligent signal probe with interface regulation capability to
shorten the OHP can circumvent these difficulties, resulting in
the improved accessibility of the sensing interface and
increased loading amounts of signal tags to realize further
signal amplification.

Considering that the phase transition behavior of the near-
infrared (NIR)-responsive hydrogel is a promising tool to
regulate the sensing interface,' 7*° an intelligent NIR-
responsive hydrogel probe was well designed by incorporation
of photothermal silver nanoparticles/GO nanosheet (GO@
AgNPs) hybrids into the thermosensitive poly(N-isopropyla-
crylamide) (pNIPAM) hydrogel matrix, wherein GO@AgNP
hybrids acted not only as a thermal converter by virtue of the
outstanding photothermal effect but also as electrochemical
signal tags due to the inherent electroactivity of AgNPs.”"** In
this regard, the obtained GO@AgNPs-pNIPAM hydrogel
probe with a three-dimensional (3D) cross-linked network was
suitable as a container to load substantial signal tags, endowing
hydrogel with shrinkage behavior to regulate the sensing
interface. Under NIR light irradiation, GO@AgNP hybrids
rapidly increased the electrode surface temperature by light-to-
heat conversion until the volume phase transition temperature
(VPTT) was exceeded, resulting in the shrinkage behavior of
the hydrogel to reduce the distance between adjacent signal
tags.””>" Furthermore, the shrinking hydrogel shortened the
OHP region of the electrode; thus, more AgNPs were
significantly effective where they were close to the OHP and
participated in the electrochemical reaction to produce the
enhanced signal.ls’25 On the other hand, the generated heat on
the electrode surface could be accurately and quantitatively
monitored by an ordinary thermometer for temperature
readout. Therefore, the GO@AgNPs-pNIPAM signal probe
not only enabled accurate quantification of the target by the
amplified electrochemical signal but also validated the
feasibility of temperature sensing with simple equipment; the
obtained dual-signal results could be mutually verified and
provide more reliable sensing performance. To date, short-
ening the OHP region of the sensing interface to realize signal
amplification and combining the dual-mode immunoassay have
not been reported.

In this work, the electrochemical-interface-regulated immu-
noassay was first constructed by photothermal controlling to
shorten the OHP region and enhance the signal, realizing
electrochemical and temperature dual-signal readout for tumor
marker detection. As shown in Scheme 1, using human
epididymis protein 4 (HE4) as the model target and following
the sandwich protocol, rutile titanium dioxide (rTiO,)
modified with polyethylenimine (PEI) served as the sensing
substrate, which provided abundant sites for antibody
immobilization and then captured the target. Subsequently,
the GO@AgNPs-pNIPAM hydrogel probe with high loading
capacity allowed the effective electrochemical reduction of
AgNPs to generate an intense signal. Under NIR laser
irradiation, the hydrogel probe was utilized as an amplifier to
enhance the electrochemical signal by shortening the OHP, as
well as the photothermal transducer rapidly converted the light
energy into heat for temperature readout. Therefore, the

Scheme 1. Schematic Illustration of the Fabrication of the
Dual-Mode Immunoassay
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proposed immunoassay with interface regulation capacity
exhibits high sensitivity and accuracy for HE4 determination,
which also provided new perspectives for photothermal-effect-
induced signal amplification in the immunoassay.

2. EXPERIMENTAL SECTION

The information about materials, reagents, and apparatus is listed in
the Supporting Information.

2.1. Preparation of the rTiO,-PEl Nanocomposite. rTiO, was
synthesized accordlng to a previous report with appropriate
modification.”® Subsequently, 1 mL of the PEI aqueous solution (1
wt %) was added into 1 mL of the rTiO, dispersion solution (1 mg/
mL) under continuous stirring for 4 h at room temperature. After
that, the suspension was centrifuged at 6000 rpm and then washed
with ultrapure water three times to remove the excess PEI Finally, the
obtained rTiO,-PEI product was dried and redispered in 1 mL of
ultrapure water for further use.

2.2. Preparation of GO@AgNP Hybrids. Typically, GO
nanosheets were synthesized using the modified Hummers’ method.”’
GO@AgNP hybrids were prepared by in situ reducing Ag* on the GO
nanosheet surface. Briefly, 500 uL of the AgNO; aqueous solution
(0.01 M) was thoroughly mixed with 1 mL of the GO dispersion
solution (S mg/mL). The NaBH, aqueous solution (0.1 M, 200 uL)
was added dropwise under vigorous stirring, and then the reaction
mixture was constantly stirred at room temperature for 6 h. Finally,
GO@AgNP hybrids were collected by centrifugation, washed with
ultrapure water, and dried under vacuum overnight.

2.3. Preparation of the Multifunctional Hydrogel Probe.
The GO@AgNPs-pNIPAM hydrogel was gfnthesized according to a
previous report with slight modification. 1925 NIPAm (10.54 mg) as a
monomer, BIS (1.703 mg) as a cross-linker, and acrylic acid (AAc)
(2.812 mg) as a carboxyl source were fully dissolved in ultrapure
water (20 mL) under stirring, and then GO@AgNP hybrids were
added and dispersed shortly through ultrasonication for 30 min. The
resulting dispersion was purged with N, gas for 1 h. Subsequently, the
APS solution as an initiator (S mg/mL) was added into the above
solution by bubbling N, gas for 30 min. After that, tetramethylethy-
lenediamine (TEMED, 20 uL) as the accelerator was slowly added
dropwise and polymerized for 4 h. The product was purified by
centrifugation and washed to remove residual monomers and
reagents. The synthesized GO@AgNPs-pNIPAM was redispersed in
ultrapure water (1 mL) and treated with 200 uL of a 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccini-
mide (NHS) mixture solution (molar ratio: 4:1) for 1 h at room
temperature. The Ab, solution (10 ng/mL, 500 uL) was added into
the above composite and incubated for another 40 min at 4 °C.
Finally, 100 L of bovine serum albumin (BSA, 1%) was introduced
into the above composite to block nonspecific binding sites. After
carefully washing, the multifunctional hydrogel probe was obtained
and stored in a refrigerator for further use.
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Figure 1. TEM images of (A) rTiO,, (B) AgNPs@GO, and (C) AgNPs. (D) UV—vis spectra of (a) GO and (b) AgNPs@GO.
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Figure 2. (A) Photothermal profiles of (a) H,O, (b) GO dispersion, and (c) AgNPs@GO dispersion. (B) Temperature variation of the pNIPAM
hydrogel and AgNPs@GO-pNIPAM hydrogel under exposure to laser irradiation (1 W/cm?) followed by laser shut off. The inset shows the
photographs of the AgNPs@GO-pNIPAM hydrogel with (left) and without (right) laser irradiation. (C) The reduction peak current of S mM
[Fe(CN)4]>~/*" upon temperature variation in 0.1 M KCL The inset shows the shrinkage behavior of the pNIPAM hydrogel at 25 °C (left) and 35
°C (right). (D) Cyclic voltammetry (CV) responses of pNIPAM/GCE and AgNPs@GO-pNIPAM/GCE before and after laser irradiation in 0.1 M

KCl containing 5 mM [Fe(CN)¢]*~/*".

2.4. Fabrication of the Dual-Mode Immunoassay. First, a
bare glassy carbon electrode (GCE) was polished with 0.3 and 0.05
um of the Al,O; powder, successively, and then thoroughly cleaned
before use. Subsequently, 5 uL of the rTiO,-PEI dispersion solution
(3 mg/mL) was coated onto the GCE surface. After drying, S uL of
GLD (2.5%) was dropped onto the modified electrode (rTiO,-PEI/
GCE) for 40 min, followed by washing with ultrapure water and
drying at room temperature. Thereafter, the obtained electrode was
submerged in SO uL of the Ab, solution (10 ng/mL) and incubated
for 40 min at 4 °C. Subsequently, the resulted electrode (Ab,/rTiO,-
PEI/GCE) was blocked with BSA (1%) for 1 h to prevent nonspecific

binding. After washing once, 5 pL of various concentrations of the
HE4 standard solution was applied to the electrode surface and
incubated for 50 min at 4 °C to obtain HE4/Ab,/rTiO,-PEI/GCE.
Finally, the prepared electrode (HE4/Ab1/rTiO2-PEI/GCE) was
incubated with S uL of the prepared multifunctional hydrogel probe
solution for another 50 min at 4 °C. The modified electrode of each
step (rTiO2-PEI/GCE, Abl/rTiO2-PEI/GCE, HE4/Abl/rTiO2-
PEI/GCE, Probe/HE4/Ab1/rTiO2-PEI/GCE) was treated with
was performed under thoroughly cleaning with PBS (pH 7.5) and
drying at room temperature. The finished immunosensor was stored
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Figure 3. (A) LSV response of (a) GO-pNIPAM/GCE, (b) AgNPs@GO-pNIPAM/GCE without laser irradiation, and (c) AgNPs@GO-
pNIPAM/GCE with laser irradiation (1 W/cm?) for 40 s in 0.1 M PBS (pH 7.5). (B) The corresponding current intensity curve of AgNPs@GO-
pNIPAM/GCE (a—i) with different laser irradiation times (1 W/cm?). (C) Electrochemical impedance spectroscopy (EIS) of AgNPs@GO-
pNIPAM/GCE without (blue) and with (red) laser irradiation (1 W/cm?) for 40 s in 0.1 M KCI containing S mM [Fe(CN)]*/*".

at 4 °C for the subsequent electrochemical and temperature
measurements.

3. RESULTS AND DISCUSSION

3.1. Characterization of Materials. The morphology and
structure of rTiO, were characterized by transmission electron
microscopy (TEM) and are shown clearly in Figure 1A. rTiO,
was composed of bundle-like nanosheets with an average size
of about 200 nm, whose large specific area and rough surface
were appropriate as the sensing substrate for the immobiliza-
tion of the antibody. Figure 1B shows the TEM image of the
as-prepared GO@AgNP hybrids; AgNPs were uniformly
distributed on the surface of crinkled GO nanosheets, and
the average diameter of AgNPs was 20 nm (Figure 1C). The
results confirmed that GO nanosheets provided a large specific
surface area for the loading of substantial AgNPs. Meanwhile,
the UV—vis absorption spectra of the as-prepared GO and
GO@AgNP hybrids are provided in Figure 1D. GO exhibited a
broad absorption peak at about 252 nm (curve a), which was
assigned to the 7 system of GO. In comparison, an extra peak
of GO@AgNPs was observed at 413 nm due to the significant
characteristic absorption peak of AgNPs (curve b), further
revealing the good formation of AgNPs on GO.””*°

3.2. Photothermal Performance of Materials. The
photothermal properties of the materials were evaluated by
monitoring the real-time temperature. Using water as the
control, 500 uL of different dispersion solutions were added
into centrifuge tubes, and the temperature curves were
recorded every 10 s while keeping the solution exposed to
808 nm laser irradiation with a power density of 1 W/cm? for
240 s. As shown in Figure 2A, the temperature of GO
dispersion (curve b) evidently increased with the irradiation
time due to the inherent photothermal effect of the GO
nanosheet, whereas no significant temperature change was
observed for water (curve a). Especially, the photothermal
effect of GO@AgNPs was relatively higher than that of the
single GO component, which was attributed to the surface
plasmon resonance (SPR) effect of AgNPs, generating heat
upon NIR irradiation efficiently and promoting the photo-
thermal effect of the GO nanosheet. These results indicated
the potential of GO@AgNPs as an effective photothermal
transducer to drive the light-to-heat conversion process, which
further provided the possibility to design NIR-responsive
hydrogels.

As shown in Figure 2B, the NIR-responsive capability of the
GO@AgNPs-pNIPAM hydrogel was also investigated by
exposing it to an 808 nm laser with different irradiation

times. After laser irradiation for 30 min, the original pNIPAM
hydrogel (curve a) showed a negligible temperature change
because the pure hydrogel has no NIR light response. In
contrast, the temperature of the GO@AgNPs-pNIPAM
hydrogel (curve b) rapidly increased under identical irradiation
conditions, indicating its NIR-responsive capability by
converting light energy into heat with high efliciency. Notably,
once irradiation time exceeded 40 s, the GO@AgNPs-
pNIPAM hydrogel was heated to 32 °C, which was above
the VPTT of the hydrogel. As a result, the liquid GO@AgNPs-
pNIPAM hydrogel quickly turned turbid until the gel state was
reached (see the inset), revealing its phase transition behavior
at VPTT. After the laser was shut off, the hydrogel gradually
cooled back to room temperature and returned to the swollen
state in a short time. Therefore, the reversible volume
shrinkage of the hydrogel could be easily regulated by laser
irradiation due to the excellent photothermal conversion
capability of GO@AgNP hybrids.

3.3. Electrochemical Behavior of the pNIPAM Hydro-
gel. The temperature-dependent electrochemical behavior of
the pNIPAM hydrogel was evaluated using [Fe(CN)¢]*7/*" as
a redox probe. A plot of reduction currents of [Fe(CN)4]*"/*"
on the pNIPAM-modified electrode (pNIPAM/GCE) at
different temperatures is given in Figure 2C; a sharp decrease
in the current occurred at 32 °C and then steadily decreased as
the temperature increased. This phenomenon was inferred to
the fact that the pNIPAM hydrogel turned into the shrunken
state at VPTT and thus blocked the diffusion of [Fe-
(CN)s]* /% onto the electrode surface.”® Clearly, the VPTT
of the pNIPAM hydrogel was about 32 °C, and it can be
visually observed that the shrunken pNIPAM was turbid and
opaque in appearance (see the inset of Figure 2C). These
results further verified that the fast electrochemical switching
behavior of the sensing interface could be regulated by the
phase transition of the pNIPAM hydrogel. Therefore, the
pNIPAM hydrogel was especially appealing as a potential
matrix and regulator for the development of the signal probe.

To further understand the photothermal modulation
capability of the hydrogel for NIR-responsive stimuli, the
cyclic voltammetry (CV) response was investigated under NIR
light irradiation. As illustrated in Figure 2D, all of the CV
curves exhibited a pair of well-defined and stable redox peaks,
which were assigned to the reversible redox process of
[Fe(CN)¢]>~/* species on electrodes. Notably, the pure
pNIPAM-modified electrode exhibited a negligible change in
current intensity due to the lack of photothermal material,
while the GO@AgNPs-pNIPAM hydrogel-modified electrode
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Figure 4. (A) EIS, (B) LSV responses, and (C) temperature increase of different electrodes: (a) GCE, (b) rTiO,-PEI/GCE, (c) Ab,/rTiO,-PEl/
GCE, (d) HE4/Ab,/rTiO,-PEI/GCE, and (e) AgNPs@GO-pNIPAM-Ab,/HE4/Ab, /rTiO,-PEI/GCE.

displayed an obvious signal enhancement, owing to the
introduction of the photothermal GO@AgNPs, which
evidently improved the conductivity of the sensing interface.
Especially, a significantly enhanced electrochemical response
was obtained under laser irradiation. The increased current was
ascribed to the laser-induced temperature increase, causing the
shrinkage of the hydrogel, reducing the distance from the
redox probe to the electrode surface, and facilitating the
electron transfer process. In this case, the shrinkage behavior of
the hydrogel made the electron transfer more effective for
electrochemical signal amplification. That is, the obtained
GO@AgNPs-pNIPAM hydrogel was suitable as the signal
probe by simple photothermal modulation.

3.4. Signal Amplification Mechanism of the Hydrogel
Probe. As illustrated by the foregoing description, the phase
transition event has a drastic effect on the signal regulation of
the hydrogel probe. Therefore, the pNIPAM hydrogel served
as a tunable container for loading GO@AgNPs. Considering
the excellent conductivity and electroactivity of AgNPs, GO@
AgNPs were suitable as an inherent signal unit for electro-
chemical readout, wherein the intense signal was generated
from the electro-oxidation process from AgNPs to Ag". The
signal amplification effect was demonstrated by linear sweep
voltammetry (LSV) and is depicted in Figure 3A; the hydrogel
probe-modified electrode revealed an obvious signal due to the
electrochemical oxidation of AgNPs (curve b) compared with
that of the bare GCE (curve a), indicating that AgNPs
possessed the high electrochemical activity. Once irradiated by
the NIR laser, a significant enhancement of peak current was
observed (curve c), which was ascribed to the fact that the
shrunken hydrogel probe obviously compressed the sensing
interface and shortened the OHP region. Therefore, the
distance between adjacent AgNPs decreased, resulting in a
highly effective electrochemical oxidation process and
significant signal amplification.

To further illustrate the signal amplification mechanism of
the hydrogel probe, a series of LSV responses under NIR laser
irradiation with a time interval of 10 s were monitored (Figure
3B, curves a—i). It could be intuitively found that the peak
current intensity increased from 13.5 yA (curve a) to 57.6 uA
(curve i). To be specific, when the irradiation time was less
than 40 s (curves a—d), the component of the pNIPAM chain
was swollen and hydrophilic, hindering the active sites of the
AgNP core within swollen pNIPAM and exhibiting a weak
signal. Once the VPTT was reached, the current intensity was
markedly enhanced and then remained constant after
irradiation for 40 s (curves e—i), and the whole process was
accompanied by the gradual shrink behavior of the hydrogel
probe. Noticeably, more AgNPs moved closer to the electrode

with an accelerated electron transfer rate, which was equivalent
to shorten the OHP of the electrode. Along with the increase
of the electrode temperature, a massive amount of AgNPs
easily approached the OHP to involve in the electrochemical
reaction and produce an intense signal. In this view, the
proposed hydrogel probe served as not only a photothermal
converter to induce the phase transition but also a signal
amplifier in virtue of its shrinkage behavior.

Similar to the electrochemical impedance spectroscopy
(EIS) experiment (Figure 3C), the electron transfer resistance
(R.) significantly decreased after 40 s of irradiation (curve
red) compared to that without laser irradiation (curve blue). It
demonstrated that the resistance of the hydrogel probe
degraded with prolonging irradiation time, as the improved
conductivity of the hydrogel allowed rapid electron transport.
Particularly, this evidence was consistent with the results of
LSV, thereby verifying the feasibility of the NIR-responsive
hydrogel in signal amplification.

3.5. Characterization of the Dual-Mode Immunosen-
sor. EIS is a powerful method for estimating the interfacial
behavior of the stepwise modification process. In Figure 4A,
the rTiO,-PEI-modified electrode showed smaller R,
compared with the bare GCE (curve a), as the positive charge
of PEI attracted the negative [Fe(CN)¢]*/*  and thus
effectively facilitated the electron transport rate (curve b).
However, following the stepwise immobilization of Ab,, HE,,
and the hydrogel probe via specific recognition, the resistance
of the sensing interface increased gradually (curves c—e),
revealing that the high steric hindrance effect of the immune
conjugate greatly hindered the diffusion of redox species to the
electrode interface. The above results indicated the successful
construction of the dual-mode immunosensor. The fabrication
procedures were also monitored by LSV signal responses and
temperature variation. As shown in Figure 4B,C, in the absence
of the hydrogel probe, there was no LSV signal and weak
temperature variation was observed (curves a—d). Under laser
irradiation, once the hydrogel probe was captured onto the
sensing interface, the temperature elevation achieved the
maximum and the intense LSV signal occurred (curve e),
which was ascribed to the excellent photothermal conversion
capability and ingenious phase transition behavior of the
hydrogel probe. These results demonstrated that GO@AgNPs-
pNIPAM-AD, could be used as an ideal dual-mode probe to
construct an immunosensor.

3.6. Optimization of Experimental Conditions. To
obtain the satisfactory analytical performance of the
immunosensor, some experimental conditions were optimized
and are shown in Figure S1. As depicted in Figure S1A, the
optimal current was obtained when the modification time of
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Figure 5. (A) LSV responses of the immunosensor for detecting HE4 of various concentrations 10™°~10 ng/mL (a—h) under laser irradiation; (B)
the corresponding calibration curves of the immunoassay with (red) and without (blue) laser irradiation; (C) temperature histograms for HE4
detection (a—h); (D) the corresponding linear relationship between temperature and the concentration of target HE4; (E) the reproducibility of
the immunosensor by electrochemical detection (curve red) and photothermal detection (curve green); and (F) the selectivity of 10 ng/mL (a)
AFP, (b) BSA, (c) PSA, (d) IL-6, and (e) 1 ng/mL HE4 by electrochemical detection (curve red) and photothermal detection (curve green).

PEI on rTiO, was 4 h, which was suitable to fabricate the
sensing substrate. Moreover, the current intensity increased
with increasing the AgNO; reduction time and the maximum
signal was acquired at 40 min, indicating that the loading
capacity of GO reached saturation (Figure S1B). As shown in
Figure S1C, a gradual decrease in the current was observed
with the immobilization time of Ab; and reached the minimum
value at S0 min, which was chosen as the maximum
immobilization capacity of the substrate. Subsequently, the
peak current decreased as the recognition time of HE4
increased and then remained stable after 40 min, which was
considered to be the optimal recognition time for the
immunoreaction (Figure S1D). In addition, 40 min was
chosen as the optimal incubation time of the hydrogel probe
for the immunosensor since the signal reached the maximum
and remained constant (Figure S1E). For the pH of the buffer
solution, the current response increased from 5.5 to 6.5 but
evidently decreased once the pH value exceeded 6.5; therefore,
pH 6.5 was adopted for further experiments (Figure S1F).
3.7. Analytical Performance of the Immunoassay.
Under the above optimized experimental conditions, the
analytical performance of the immunosensor was investigated

after the measurement of a serial concentration of HE4. As
displayed in Figure SA, the LSV current response of the
immunosensor increased with the increasing concentration of
HE4 (from a to h) under laser irradiation, which corresponds
to the curve fitting in Figure SB. Furthermore, a good linear
relationship was obtained between the peak current intensity
and the logarithm of HE4 concentration from 10~% to 10 ng/
mL (see the inset of Figure SB). The equation of the curve
regression fit was I = 3.261g C + 25.8 (R* = 0.993), and the
detection limit (LOD) was as low as 3.3 X 10™* pg/mL (S/N
= 3, curve red). In contrast, another standard curve without
laser irradiation was established: I = 0.9681g C + 7.98 (R* =
0.991) with a LOD of 3.3 X 107> pg/mL (curve blue). It was
obvious that this immunosensor displayed wider linear ranges
and a lower detection limit for HE4 detection under laser
irradiation, indicating that this kind of photothermal-induced
signal amplification strategy evidently improved the sensitivity
and sensing performance of the immunosensor. Meanwhile,
the photothermal readout was also performed by recording the
temperature increase (AT). As displayed in Figure SC, the
elevated temperature was positively related to the concen-
tration of HE4. Besides, the regression equation was described

https://doi.org/10.1021/acsabm.1c00665
ACS Appl. Bio Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00665/suppl_file/mt1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00665/suppl_file/mt1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00665/suppl_file/mt1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00665/suppl_file/mt1c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00665/suppl_file/mt1c00665_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00665?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00665?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00665?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00665?fig=fig5&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c00665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

as AT = 0.6721g C + 11.8 (R = 0.990) with a low LOD of 3.3
X 107* pg/mL (Figure SD). Therefore, compared with other
reported methods for HE4 detection (listed in Table S1), this
work exhibited the distinct advantage of dual readout by
combining the electrochemical signal with the temperature
output to realize a more sensitive and persuasive analysis.

3.8. Specificity and Reproducibility of the Dual-
Readout Immunosensor. It was necessary to evaluate
specificity as an essential criterion for developing the
immunoassay. The LSV current intensity and temperature
variation after the individual addition of 1 ng/mL AFP, IL-6,
PSA, BSA, and HE4 are revealed in Figure SF. As expected,
only target HE4 yields significant augmentation in both current
(curve red) and temperature (curve green) responses; in
contrast, the addition of interference hardly affected the
detection result. It was attributed to the specific immune
recognition; thus, this designed dual-readout protocol
exhibited favorable selectivity for the HE4 assay. Furthermore,
the reproducibility of the developed immunosensor was
verified by analyzing 10 resultant electrodes incubated with 1
ng/mL HE4 for parallel experiments. As shown in Figure SE,
the relative standard deviation (RSD) of the electrochemical
response was 1.75% (curve red). Also, the RSD of temperature
measurement was calculated to be 2.63% (curve green),
indicating the commendable reproducibility of the immuno-
sensor. In addition, the immunosensors were stored at 4 °C
and tested every day to estimate their long-term stability. The
result is displayed in Figure S2; after 7 days, the electro-
chemical signal still remained about 95.7% of the initial value
and the temperature response decay was less than 6%,
indicating that the immunosensor possessed acceptable
stability.

3.9. Detection of HE4 in Human Serum Samples. To
demonstrate the application potential of the proposed
immunosensor in practical samples, the standard addition
method was used for the determination of HE4 in human
serum samples. Specifically, different concentrations of HE4
were mixed with the human serum samples and analyzed by
the constructed method. As shown in Table S2, the recoveries
ranged from 95.8 to 101.9% by electrochemical detection, and
the temperature determination was calculated to be 98.6—
113.8%, revealing the prospective potential of this dual-readout
immunosensor in clinical diagnosis.

4. CONCLUSIONS

In summary, a facile and universal method for signal
amplification was developed by photothermal-induced electro-
chemical interface regulation, realizing the electrochemical and
temperature dual-mode detection of ovarian cancer bio-
markers. According to the presented results, this kind of signal
amplification strategy has the following prominent advantages:
(1) Photothermal-induced sensing interface regulation opened
up a new avenue for electrochemical signal amplification by
simple NIR light controlling to shorten the OHP, which
proffered inspiration for the development of future electro-
chemical biosensors with high sensitivity. (2) An NIR-
responsive hydrogel was utilized as a dual-mode signal probe
with eminent loading capacity, further enhancing the electro-
chemical and temperature signals; thus, the obtained dual
signals mutually validated each other to improve the accuracy
of results. (3) It was reasonable to believe that the shrinkage
behavior of the NIR-responsive hydrogel could become a
promising candidate for signal modulation. Importantly, the

success in the establishment of the electrochemical-interface-
regulated immunoassay expanded the application of photo-
thermal sensing and enriched the signal amplification strategy
in clinical diagnosis.
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