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ABSTRACT: Three-dimensional (3D) hollow photoactive nano-
materials can enhance light capture due to the light scattering
benefiting from the unique hollow nanostructures, which contributes
to the decrease in energy loss and the electron—hole recombination
during the process of photoelectric conversion. Herein, a 3D hollow  cea
HCdS@Au nanosphere synthesized by the templated-assisted
method and photodeposition is employed to construct a multimodal
sensing platform by combining the photoelectrochemical (PEC) - v
biosensor with colorimetric analysis and photothermal imaging. In - * .
the presence of target carcinoembryonic antigen (CEA), a sandwich q (i) phermal imaging at interface
structure is formed on magnetic beads based on the dual-aptamer I : S
recognition, followed by the initiation of rolling circle amplification "m "I.‘
(RCA) to bind numerous CuO-DNA probes. Upon stimulation by

chlorhydric acidic, a large number of Cu®' is released from CuO, which could interact with yellow HCdS@Au on electrode to
produce dark CuS by ion exchange. As a result, with increased CEA level, the photocurrent is weakened and the color of electrode
interface is changed from yellow to dark, which thus facilitates the PEC and colorimetric detection of CEA. Simultaneously, the
formed Cu$ with highly photothermal effect can achieve qualitative visual analysis of CEA using a portable infrared thermal imager.
This work exhibits an excellent performance for sensitive and selective detection of CEA in the dynamic working range from 0.015 to
2.4 ng/mL with a detection limit as low as 3.5 pg/mL. Moreover, the proposed PEC biosensor is successfully applied to CEA
determination in human serum, which holds great promise in accurate analysis of biomarkers and early diagnosis of diseases in the
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To meet the requirements of sensitivity, selectivity,
portability, and rapid detection, a variety of regulating
strategies have been proposed for enhancing the performance of
biosensors in terms of interfacial design, signal amplification,
and device construction. In particular, PEC biosensors with the
advantages of high sensitivity, low cost, and great accuracy have
become a kind of powerful and robust tool." Determining the
properties of light harvesting, charge separation and transport
during the process of photoelectric conversion, and the
photoactivity of nanomaterials play vital roles in interfacial
design to improve the sensitivity of PEC biosensors.” The
morphology control, element doping, and heterostructure
construction are effective ways to obtain the photoactive
materials with high photoelectric conversion efficiency.’
Among these, nanostructure engineering in morphology control
has demonstrated as an efficient stmtegy.[*’5 To date, zero
dimensional (0D) quantum dots, one-dimensional (1D)
nanowires/nanorods, two-dimensional (2D) nanosheets, and
three-dimensional (3D) hollow nanostructures have been
synthesized as photoactive nanomaterials with highly photo-
electric conversion efficiency. Endowed with the tunable shell
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thickness, large surface area, and separate void space, the 3D
hollow photoactive nanomaterials can enhance the light capture
via light scattering.é’7 The majority of energy loss in photo-
excitation process results from the electron—hole recombination
which is reduced by the hollow nanostructures. Therefore,
employing 3D hollow photoactive nanomaterials to improve the
analytical performance of PEC biosensors is promising.

Visual analysis in biosensors can transform biometric
information triggered by the target into color change, possessing
the advantages of real-time detection, low cost, and simple
operation for the determination of various biomolecules.” The
traditional visual analysis is mainly based on the color change
induced by the aggregation or decomposition of noble metal
nanoparticles, fluorescence switch, enzyme catalysis, and
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Scheme 1. Biometric Photoelectrochemical—Visual Multimodal
Coupled with RCA and Target-Induced Ion Exchange Reaction

Biosensor Based on 3D Hollow HCdS@Au Nanosphere
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photonic crystals.”'® In recent years, optothermal nanomateri-
als, such as AuNPs, CuS, TMB, and titanium carbide MXene
quantum dots (Ti;C, MXene QDs), have been explored in
thermal imaging or catalysis of chromogen for visual analysis.
Owing to the easy operation, low cost, and great convenience in
analysis, the photothermal systems with visual signal source in
biosensors open a new horizon for versatile detection of disease
biomarkers.

However, single mode detection often faces the challenges to
improve the reliability and precision in quantitative determi-
nation. Therefore, multimodal analysis has attracted great
attention in recent years. For example, PEC biosensors have
combined with other electrochemical analytical techniques for
biomarkers detection, such as electrochemiluminescent (ECL),
differential pulse voltammetry (DPV), and chronoamperometry
(CA),"'~"* which have turned into a new trend for achieving
high accuracy and confidence level.'"* However, multimodal
analysis merely based on the different electrochemical signal
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lacks portability and perceptual intuition. Therefore, it is highly
desirable to construct more versatile multimode biosensing
platforms.

In this work, we have combined PEC biosensor with visual
analysis of colorimetric detection and photothermal imaging to
construct a multimodal sensing platform on the basis of 3D
hollow HCAS@Au nanospheres for the determination of CEA
(Scheme 1). First, the solid CdS@SiO,, synthesized from the in
situ growth of CdS on the surface of SiO,, is transformed into
hollow CdS (HCdS) by template etching. Then, the HCAS is
treated with photodeposition in HAuCl, solution to obtain the
HCdS@Au. With the unique hollow nanostructures, HCdS@
Au can enhance the light capture via light scattering, resulting in
the improved photocurrent in comparison with the solid CdS@
Au. Moreover, the Au NPs as the bridge can facilitate the
photon-generated carrier transmission. For CEA detection, the
“capture aptamer” (C-Apt) fixed on the magnetite beads (MBs)
and the “signal aptamer” (S-Apt) with the primer sequence of
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RCA can specifically recognize CEA. After magnetic separation,
the linear padlock can be cyclized by the primer DNA with the
assistance of T4 DNA ligase, followed by the initiation of RCA in
the presence of phi29 DNA polymerase/dNTPs. As a result,
large amounts of CuO-DNA probes can be hybridized with the
repeated units of RCA products. Upon acidic stimulation, Cu®
can be released from CuO, which further interacts with yellow
HCdS@Au to produce dark CuS$ by ion exchange. As a result,
with the increased CEA concentration, the photocurrent is
weakened and the color of interface electrode is changed from
yellow to dark. Meanwhile, owing to the high photothermal
effect of the formed CuS,'” the visual thermal imagery of
electrode interface can be readily observed using a portable
infrared thermal imager. Compared with other multimodal
biosensors, this multimodal sensing platform with visual analysis
possesses portability and perceptual intuition. In addition, the
PEC mode could provide high sensitivity for target detection.
Overall, through coupling 3D hollow HCdS@Au nanosphere
with RCA and target-induced ion exchange, this work provides a
new pathway for multimodal sensing with improved reliability,
portability, and sensitivity, which is promising in the application
of clinical diagnosis for biomarkers.

B EXPERIMENTAL SECTION

Preparation of Hollow CdS (HCdS) Nanospheres. The
SiO,@CdS core—shell nanospheres were first ?regared by an oil
bath method according to the previous work."*™*® First, 150 mg
of SiO, nanospheres was dispersed in 100 mL of deionized water
under ultrasound. Then, 1 mL of sodium citrate aqueous
solution (C4HyNa;0--2H,0, 1 M) was added into the above
solution before stirring for 10 min. Next, 0.5 mL of CdCl,
solution (1 M) was added into the mixture dropwise. After
stirring for another 10 min, 2 mL of ammonia (NH;-H,0, 28%)
and 2 mL of thiourea solution (1 M) were slowly added into the
above solution. The obtained well-distributed solution was
transferred and heated in an oil bath at 80 °C for 3 h. The
prepared SiO,@CdS core—shell nanospheres were cooled to
room temperature and washed with ethanol three times by
centrifugation (9500 r/min). The purified Si0,@CdS core—
shell nanospheres were obtained via vacuum drying at 60 °C for
12 h.

For the preparation of HCdS nanospheres, the as-synthesized
SiO,@CdS core—shell nanospheres were put into 50 mL of
NaOH solution (0.5 M) and heated at 90 °C for 3 h to remove
the SiO, template. Finally, the synthetic HCdS nanosperes were
washed with deionized water and ethanol until the pH of the
supernatant was 7.0, followed by drying at 60 °C for 12 h in
vacuum drying oven.

Preparation of HCdS@Au Nanospheres. The obtained
HCdS nanospheres were put into 50 mL of deionized water with
ultrasonic dispersion. Then, 200 uL of HAuCl, (1%) was
introduced into the well-distributed HCdS suspension to carry
out the photodeposition of Au (300 W xenon lamp) at 70 °C
under magnetic stirring for 2 h. Afterward, the product was
collected and washed by centrifugation (9500 r/min, 10 min)
with deionized water and ethanol three times, respectively.
Finally, the HCdS@Au nanospheres were obtained by vacuum
drying at 60 °C for 12 h.

Conjugation of C-Apt on CMBs. First, 100 uL of
carboxylated magnetic beads (CMBs) was thoroughly washed
with MES buffer (0.01 M, pH 5.0) three times and then
redispersed in 100 4L of MES bufter for further usage. Then, 200
uL of the mixed solution containing EDC (0.1 M) and NHS

(0.01 M) was added into the above CMBs suspension and
incubated at room temperature for 30 min to activate carboxyl
groups on CMBs. The activated CMBs were washed with MES
buffer three times and redispersed in 100 L of PBS buffer (0.01
M, pH 7.4). Subsequently, 20 yL of amino-modified C-Apt was
mixed with the activated CMBs and incubated for 12 h at 37 °C.
The resulting C-Apt/CMBs conjugates were washed with PBS
(0.01 M, pH 7.4) twice and redispersed in 120 uL of PBS (0.01
M, pH 7.4) before use.

Preparation of CuO-DNA Probes. First, the streptavidin
(SA)-connected CuO was prepared according to the previous
work.'”? In brief, 5 mg of CuO nanospheres with an average
diameter of 40 nm was washed with deionized water three times
and then dispersed in 1 mL of deionized water with ultrasound.
Then, 20 uL of SA (1 mg mL™") and 50 L of CuO suspension
(5 mg mL™") were added into 430 uL of PBS (10 mM, pH 7.4)
containing 0.1% Tween-20. After incubation at room temper-
ature overnight, the mixture was centrifuged (7500 r/min) to
remove the supernatant and washed three times with PBS (10
mM, pH 7.4). The obtained SA-coated CuO NPs (CuO-SA)
was redispersed in 500 uL of PBS buffer (10 mM, pH 7.4) and
stored at 4 °C for further usage. Then, 50 L of biotin-modified
S-Apt (20 M) was added into the above mixture and incubated
for S h at room temperature. After that, the formed CuO-DNA
probes were washed with PBS three times by centrifugation
(6000 r/min) and redispersed in S00 uL of PBS (10 mM, pH
7.4) for further usage.

Multimodel Sensing of CEA. The CEA at various
concentrations was added into 100 yL of C-Apt/CMBs and
incubated for 90 min at 37 °C to form the C-Apt/CMBs/CEA
conjugates. Subsequently, 20 uL of S-Apt (10 #M) was added
and incubated for 1 h to construct the sandwich structure. After
washing with PBS (10 mM, pH 7.4) three times via magnetic
separation and dispersed in 140 uL of PBS (10 mM, pH 7.4), 20
uL of padlock probe (10 uM) and 1 uL of T4 DNA ligase (1.25
U) dispersed in 1X T4 ligase reaction buffer (40 mM Tris-HC],
10 mM MgCl,, 10 mM DTT, 0.5 mM ATP, pH 7.8) were
introduced, followed by incubation at 16 °C for 12 h. Then, the
RCA reaction was executed after adding phi29 DNA polymerase
(10 U) and dNTPs (10 mM) in 1X phi29 DNA polymerase
buffer and reacted for 2 h. The resulting conjugates were washed
three times with PBS (10 mM, pH 7.4) by magnetic separation,
followed by adding 50 uL of CuO-DNA probes (0.5 mg mL™")
and incubating at 30 °C for 2 h to make them hybridized with the
RCA products. After washing with deionized water three times
by magnetic separation, 30 uL of HCl (1 mM) was added and
reacted with CuO to release Cu*".

The visual analysis was executed by the color changes of
photoelectrode and the interface thermal imagery, respectively.
The color of HCdS@Au nanospheres on photoelectrode
changed from yellow to black with the increased CEA
concentration based on the ion exchange reaction between the
released Cu** and yellow HCdS@Au nanospheres, resulting in
the generation of dark CuS. Furthermore, the photothermal
images of the above photoelectrodes were recorded after
irradiation by NIR laser (808 nm, 1.0 W) for 600 s.

Prior to PEC detection, the fluorine doped tin oxide (FTO)
electrode was washed with absolute ethanol three times. A
waterproof tape with a round hole (diameter of 6 mm, area of
28.26 mm?) was affixed on the cleaned FTO electrode. Then,
the photoelectrode was prepared by dropping HCdS@Au
nanospheres (5 mg mL™" dispersed in ultrapure water) on the
hole and then naturally dried at room temperature. Then, the
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Figure 1. (A) Schematic illustration of HCdS@Au preparation process. (B) TEM images, (C) SEM images, and (D) EDS elemental mapping of SiO,,
Si0,@CdS, HCdS, and HCAS@Au, respectively. Scale bars in (B) and (C) are 500 and 100 nm, respectively. (E) XPS survey spectrum of HCAS@Au.
(F) High-resolution XPS spectra of Au 4f. (G) High-resolution XPS spectra of Cd 3d. (H) XRD patterns of (a) SiO,, (b) SiO,@CdS, (c) HCdS, and

(d) HCdS@Au.

above released Cu’* solution was dropped onto the photo-
electrodes modified with HCdS@Au and incubated at room
temperature for 20 min. After gently washing with deionized
water, the PEC measurements were carried out on the device
that combined a Xenon lamp (300 W) with electrochemical
workstation (CHI 660E). The photocurrents as sensing signals
relative to CEA concentration were recorded via a three-
electrode system (FTO as working electrode, Ag/AgCl as
reference electrode, and Pt wire as counter electrode) under i—t
mode. All PEC measurements were executed at room temper-
ature unless other specified.

Bl RESULTS AND DISCUSSION
Characterization of HCAS@Au Nanosphere. The HCdS

nanospheres with dispersed AuNPs on the surface were
prepared by the template-assisted method and photodeposition
(Figure 1A). As the sacrificial template for the preparation of
HCdS, the morphology of SiO, nanospheres was first
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), respectively. The
SiO, nanospheres with an average diameter of 400 nm display
good monodispersity and smooth surfaces (Figure 1B). After
treatment with the facile low-temperature hydrothermal
method, the CdS thin shell grows on the external surface of
SiO, to acquire the solid SiO,@CdS nanospheres (Figure 1C).

14495

Compared with the bare SiO, nanospheres with smooth
surfaces, the surface of prepared SiO,@CdS nanospheres
becomes rougher. In addition, the high-angle annular dark
field scanning transmission electron microscopy (HAADF-
STEM) and energy dispersive spectrometer (EDS) elemental
mapping prove the presence of cadmium (Cd) and sulfur (S)
elements in SiO,@CdS nanospheres (Figure 1D), which is
consistent with the results of X-ray photoelectron spectroscopy
(XPS) (Figure 1E,F). More detailed chemical information is
obtained from the corresponding high-resolution XPS spectras
of S 2p and Cd 3d. The peak at 161.5 eV corresponds to the S 2p
and the peaks at 411.77 and 405.05 eV are attributed to Cd 3d,
indicating the presence of CdS on SiO, surface.”’ Further, the
crystalline phase of SiO,@CdS nanospheres was further
characterized by X-ray diffraction (XRD).”* In contrast with
the amorphous SiO,, the XRD pattern of SiO,@CdS possessing
six typical diffraction peaks is in accordance with the planes of
standard hexagonal CdS (JCPDS 80-0006) (Figure 1H).

After treatment with alkali etching to remove SiO, template in
SiO,@CdS nanospheres, the HCdS nanospheres were obtained.
The morphology of etched SiO,@CdS still remains a sphere,
and the remaining CdS layer exhibits the hollow structure
(Figure 1B,C). According to the HAAD-STEM and EDS
elemental mapping (Figure 1D), the content of external Cd and
S elements in HCdS still remains at a high level, while the Si

https://doi.org/10.1021/acs.analchem.2c03885
Anal. Chem. 2022, 94, 14492—-14501


https://pubs.acs.org/doi/10.1021/acs.analchem.2c03885?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03885?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03885?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03885?fig=fig1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c03885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

Time (s)

A

26 )
S 244 4
220 \
] %5

1.8 I

1.6

-1 0 1 2 3 4 10 1 2 3 4 0 200
Log (Frequency) (Hz) Log (Frequency) (Hz) Z’ (ohm)

D F

ey

8 « a |

8 5 |

c = y

k: s , , | , -

2 /

@ 2266V |

o A

2 _a / _242ev T

300 400 500 600 700 800 20 24 28 32 36

Wavelength (nm) Energy (eV)
G H (1) ()
\ / L\A‘g ~

<

=

=4

o3

52

81

90

& 101520 25 30 35 40

Figure 2. (A) Bode plots, (B) Bode phase angle plot, and (C) EIS measurements of Nyquist plot (a, bare electrode; b, SiO,@CdS; ¢, HCJS; d,
HCdS@Au). (D) UV—vis diffuse reflectance spectra and (E) Tauc plots of (a) HCdS and (b) HCdS@Au. (F) Schematic illustration of three-
electrode system. (G) Photocurrent test of (a) SiO,@CdS, (b) HCdS, and (c) HCdS@Au. (H) Illustration of (I) light scattering within the HCdS@
Au hollow structure and (II) photoexcited charge-carrier distribution of HCdS@Au.

element obviously decreases in comparison with that of SiO,@
CdS, which is consistent with the results of XPS (Figure 1E).
Moreover, according to XRD, there is no obvious change in CdS
crystalline phase after etching the SiO, template of SiO,@CdS
(Figure 1H), which indicates the great crystal structure of the
hollow HCdS.

Moreover, the HCdS@Au was obtained from the photo-
deposition of Au NPs on the surface of HCdS nanospheres. The
hollow structure of CdS and the formation of AuNPs are
significant to improve the photocurrent. According to TEM and
SEM images (Figure 1B,C), the uniform Au NPs with a diameter
of 10 nm can be readily observed on the surface of HCdS. The
Au element also exists in STEM-EDS elemental mapping
(Figure 1D) and XPS survey spectrum (Figure 1E). Notably, the
high-resolution XPS spectra offers more detailed chemical
information on the elements in HCdS@Au (Figure 1F,G). It is
obvious that the Au 4f binding energies are centered at 83.6 eV
(4f,,) and 87.2 eV (4f;;,), which demonstrates the metallic
state of Au.”’ The change of HCdS crystalline phase after the
formation of HCdS@Au was proved by XRD (Figure 1H). The
diffraction peaks of HCdS still exist and a new diffraction peak
appearing at 38.2° is ascribed to the (110) plane of AuNPs
according to JCPDS no. 01-089-3697.”" These results
demonstrate the monocrystalline state of the formed AuNPs
and the successful synthesis of HCdS@Au.

Characterization of Photoelectrodes Performance.
The photoelectrochemical properties of SiO,@CdS, HCdS,
and HCdS@Au coated onto FTO electrodes are investigated,
respectively. The electrolyte interfacial resistance as well as the
charge transfer resistance of photoelectrode interface are proved
by the Bode plots obtained from the electrochemical impedance
spectroscopy (EIS) measurements (5 mM [Fe (CN)4]>™* as

14496

electrolyte; 10°—107> Hz) under the illumination of xenon lamp
(Figure 2A). The low-frequency region between 10™" and 10’
Hz reveals that the HCAS@Au-modified electrode possesses the
fastest charge transfer compared with the SiO,@CdS and
HCdS-modified electrodes.”” At the high frequency region, all
electrodes display convergence ranging from 10" to 10'%,
demonstrating the low electrolyte interfacial resistance. The
shallow slope of HCdS@Au electrode in Bode plots also
demonstrates a faster charge transfer ability than that of other
photoactive nanomaterials with high slopes. A Bode phase angle
plot against frequency is shown in Figure 2B. Compared with the
SiO,@CdS and HCdS electrodes, the maximum frequency of
HCdS@Au electrode shifts to the low frequency region with the
lowest phase angle, which indicates the lowest reaction
resistivity between the electrolyte and electrode. In the Nyquist
plot, the electron transfer resistance (R,) is illustrated by the
semicircle diameter at higher frequencies, whereas the diffusion
process is represented by the linear component at lower
frequencies.zé’27 As shown in Figure 2C, the diameter of
HCdS@Au electrode is the smallest among all electrodes, which
indicates the best conductivity owing to the high electron
transmittability of AuNPs and the improved light absorption.
The UV-—vis diffuse reflectance spectra (DRS) further
demonstrates that AuNPs play an important role in promoting
the light absorption of HCdS (Figure 2D). It is noteworthy that
HCdS exhibits a strong light absorption with an absorption edge
at 480 nm. When AuNPs are generated on the surface of HCdS,
the absorption edge of HCAS@Au displays a red shift in
comparison with HCdS, which indicates the contribution of Au
NPs to promote the light absorption. The band gap of the
samples is estimated by transforming the light absorption
spectra into Tauc plots (Figure 2E) and calculated by eq 1:

https://doi.org/10.1021/acs.analchem.2c03885
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ahw = A(hv — E)'/? (1)

where & represents the absorption coefficient; E represents the
band gap; v represents the light frequency; A represents the
proportional constant; h represents the Planck constant.”® The
band gaps of HCdS and HCdS@Au deduced from the intercept
of tangent are calculated to be 2.42 and 2.26 eV, respectively.
The photocurrents of different photoelectrodes were tested
under on—off light irradiation with a three-electrode system
(Figure 2F). As expected, the HCdS photoelectrode shows a
considerable improvement in the photocurrent compared with
SiO,@CdS modified photoelectrode due to the multiple light
scattering of 3D hollow nanostructures of CdS (Figure 2G,H).
Moreover, the HCdS@Au exhibits a higher photocurrent
intensity compared with the HCdS and SiO,@CdS modified
photoelectrodes because AuNPs on the surface of HCdS boost
the transfer efficiency of photogenerated electron.”
Characterization of RCA Process. In this work, the RCA
reaction is employed for signal amplification, which plays an
important role in improving the sensing performance. In brief,
the linear padlock DNA that hybridizes with the primer
sequence on S-Apt is circularized by T4 DNA ligase to form
the circular template, and then the RCA reaction is triggered in
the presence of phi29 DNA polymerase/dNTPs, generating
long single-stranded DNAs with a large number of repetitive
sequences for the hybridization with CuO-DNA probes.’’ The
nondenaturing polyacrylamide gel electrophoresis (PAGE) was
executed to verify the process of RCA (Figure S1A). Compared
with the linear padlock DNA (lane 2), a band with slower
migration is produced after the interaction between padlock
DNA and primer in S-Apt with the assistance of T4 DNA ligase
(lane 4), 1nd1cat1ng the successful circularization of linear
padlock DNA.*" The remaining bands are speculated to be the
unreacted linear padlock DNA and the byproducts generated
when the circular template is formed. Upon the introduction of
phi29 DNA polymerase/dNTPs, the RCA reaction is initiated,
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and a bright band is observed at the initial position of PAGE
(lane S), indicating the slow fluidity of the obtained RCA
products. As expected, after hybridization of DNA probes, the
resulting products with large molecular weight are generated
(lane 6).

In addition, as the signal source, CuO-DNA probes are critical
for the construction of the multimodal biosensor. Here, the CuO
nanoparticles (NPs) modified with SA via the electrostatic
interaction are characterized by dynamic light scattering (DLS).
As shown in Figure S1B, the CuO NPs demonstrate a diameter
of ~40 nm. After connection with SA, the diameter increases to
~65 nm. Then, the biotin-modified DNAs link with CuO NPs
by the specific interaction between SA and biotin to form the
CuO-DNA probes, and the diameter is further increased to ~98
nm. Similarly, the diameter of C-Apt/MBs is also characterized
by DLS, which is larger than that of bare MBs, demonstrating the
successful synthesis of C-Apt/MBs (Figure S1C) and laying a
good foundation for signal amplification.

Characterization of lon Exchange. To explore and
interpret the ion-exchange processes, it is necessary to establish
the models to understand and predict the extent of ion-exchange
reaction under given conditions. Density functional theory
(DFT) calculation was employed to demonstrate the strong
binding affinity between CdS and Cu*" ions in this reaction
using Cd;;S;; cluster as a model (Figure 3A). The largest
adsorption energy for Cu®* on Cds3S;; is calculated to be —2.057
eV from DFT, indicating that Cu*" ions could carry out
chemisorption on Cd;;S;; and the ion exchange reaction can
occur for the formation of CuS. Further, the binding force of
Cu~—S bond is stronger than that of Cd—S bond, while the K, of
CuS is lower than that of CdS. The formation of CuS creates a
new center of electron—hole recombination, thus generating the
trapping sites located on the surface of CdS and impeding the
formation of exciton to block the escape of photoelectron and
decrease the photocurrent.””*” Furthermore, the formed Cu$
was analyzed by XPS (Figure 3B). Besides the peaks
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corresponding to Au, S, and Cd elements, the peak of Cu
element appears. From the high-resolution XPS spectra of Cu 2p
(Figure 3C), the binding energies at 931.9 and 951.8 eV are
ascribed to Cu 2p;;, and Cu 2p,),, respectively, further
confirming the formation of CuS.

As the results of ion exchange, the formed CuS can be
employed as excellent photothermal materials. Figure 3D shows
the evolution of temperature change (AT = T — T, where T and
T, represent the final and initial temperatures, respectively) of
different photoactive nanomaterials on photoelectrode interface
under NIR laser irradiation (808 nm, 1.5 W/cm?). The HCdS@
Au photoelectrode interface exhibits a weak temperature
variation as the test time increased owing to the poor
photothermal characteristic of HCdS and the tiny amount of
AuNPs. In contrast, the CuS/HCAS@Au photoelectrode
interface displays a rapid temperature rise due to the great
photothermal property. However, the final temperature of the
CuS/HCdS@Au photoelectrode interface is lower than that of
CuS photoelectrode interface owing to the concentration-
dependent photothermal effect. The photothermal images of
these photoelectrodes are captured by a portable infrared
thermal imager at 600 s, which shows that the photothermal
effect of the photoelectrode interface is strongly concentration-
dependent (Figure 3E). Thus, the different colors of thermal
imagery can be clearly distinguished with the increased Cu$
proportion. To explore the photothermal stability of photo-
electrode interfaces, five alternately “on—off” cycles were carried
out. Satisfactorily, all the photoelectrode interfaces, including
CuS, HCdS@Au, and CuS/HCdS@Au, exhibit the stable
photothermal switching behavior (Figure 3F). Similar to the
CuS photoelectrode, the CuS/HCdS@Au photoelectrode
interface possesses nearly identical NIR response in every
cycle, thus laying a good foundation for visual photothermal
imaging.

Optimization of Conditions. To obtain the best analytical
performance and detection efficiency, some important con-
ditions have been optimized using the proposed PEC biosensor,
such as the incubation time of S-Apt and CEA, as well as the
reaction time between Cu®* and HCdS@Au for ion exchange.
The specific dual-aptamer recognition (C-Apt and S-Apt) for

target CEA occurs on MBs. In particular, the incubation time
between S-Apt and CEA is significant, which is related to the
following RCA reaction and further influence the photocurrent
responses. As shown in Figure 4A, with the incubation time
increased, the photocurrent decreases accordingly, which tends
to be flat after 75 min. A longer incubation time has no
significant effect on photocurrent. Therefore, the optimal
incubation time of S-Apt and CEA for constructing this
biosensor is chosen as 75 min. In addition, the photocurrent is
dependent on the reaction time of ion exchange between Cu**
and HCdS@Au. As shown in Figure 4B, the photocurrent
decreases with increasing reaction time and almost exhibits a
plateau after 20 min. To ensure sufficient reaction and obtain the
best analytical performance, the reaction time between Cu** and
HCdS@Au is selected as 20 min.

Analytical Performance of Photochemical—Visual
Biosensor for CEA Detection. Under the optimal exper-
imental conditions, the established photochemical—visual
sensing platform was employed to detect CEA with various
concentrations. As shown in Figure 4C, the photocurrents of this
PEC biosensor decrease with the increased CEA concentration.
When the concentration of CEA ranges from 0.015 to 2.4 ng
mL™!, a good linear relationship is obtained between the
photocurrent and the logarithm of CEA concentration (Figure
4D). The detection limit is calculated as 3.5 pg/mL, which is
lower or comparable to the reported PEC, electrochemical and
fluorescent biosensors (Table S2). Meanwhile, based on the ion
exchange reaction, the color change of the photoelectrode
interface with increased CEA concentration can be clearly
observed from yellow CdS to dark CuS (Figure 4E,F).
Moreover, as excellent optothermal material, the formed CuS
has a high photothermal conversion efficiency. Using a portable
infrared thermal imager, the photothermal visual tests were
carried out. As shown in Figure 4E, the temperatures of
photoelectrode interfaces increase with increased CEA concen-
trations, resulting in a visual photothermal imagery.

Selectivity, Reproducibility, and Stability. To inves-
tigate the selectivity of this PEC biosensor, several disease-
related biomolecules in human blood, such as bovine albumin
(BSA), glucose oxidase (GOx), exosome (EXO), were selected

14498 https://doi.org/10.1021/acs.analchem.2c03885

Anal. Chem. 2022, 94, 14492—-14501


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03885/suppl_file/ac2c03885_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03885?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03885?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03885?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03885?fig=fig4&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c03885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

A Blank
3.0,

52

B
24
BSE 1.8 GOx EE....

o oo oo

CEA Mixture CEA Mixture Blank BSA GOx EXo
EXo

C D E
2\3_0 on % 3 1 days Sd,ays Sdays  7days 212_0 ZE%EE
g25 =2l B B B
£20 T 2 912 ;
515 5 3 !
=} o 3
:6_) e é ’ é 0.8
o
Sos I g Lo4

0.0 0.0

0 50 100 150 200 250
Time (s)

Storage Time (day)

1

2 3 4 5 6
Electrodes
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as the interfering analytes. The concentration of these
interferents was 10 ng mL™'. As shown in Figure SA, the
nontarget molecules even with the concentration 5-fold higher
than that of target CEA only generate relatively low photo-
current responses, which are basically consistent with that of the
blank group. Nevertheless, the groups of pure CEA or CEA-
containing mixture can trigger significant signal changes, which
demonstrates the prominent selectivity of the proposed PEC
biosensor to distinguish target CEA from the interferents. The
results of the corresponding visual analysis of the electrode
interface are shown in Figure 5B.

The outputting steady photocurrent by the photoelectrode
lays the foundation for the good stability and reproducibility of
the PEC biosensor.”* Hence, the sustaining photocurrent tests
of HCdS@Au photoelectrode were carried out under “on—off”
irradiation of the xenon lamp (Figure SC). For the photo-
currents of 12 times alternately “on—off” cycles, the obtained
repeated photocurrent responses display a convergence.

The relative standard deviation (RSD) values of these
photocurrents are 98.5% (on) and 99.8% (off) (n = 12),
respectively, demonstrating the great stability of HCdS@Au
photoelectrode in terms of photocurrent output. In addition, the
storage stability of the HCdS@Au photoelectrode has been
investigated (Figure SD). The five parallel HCdS@Au photo-
electrodes were stored for 0, 1, 3, S, and 7 days at room
temperature, respectively. After storage for 7 days, the
photocurrent of the HCdS@Au photoelectrode remains 94.5%
of the initial response, which indicates the good storage stability
of the HCAS@Au photoelectrodes. To investigate the
reproducibility of this PEC biosensor, six independent
biosensors were prepared in parallel by the same method for
the determination of CEA at 0.6, 1.2, and 2.4 ng mL7},
respectively. As shown in Figure SE, the photocurrents of these
six photoelectrodes are almost at the same level with the same
concentration of CEA. The RSD values of the PEC biosensor
toward 0.6, 1.2, and 2.4 ng mL™! CEA are 2.00%, 2.13%, and
3.52%, respectively, which proves the good repeatability of this
biosensing platform.”

Real Sample Analysis. To verify the practical potential

applications of the proposed PEC biosensor, different
concentrations of CEA were added into the 100-fold diluted
human serum, achieving the recoveries of 93.4—102.8% with the
RSD less than 5% (Table 1). The corresponding visual analysis

Table 1. Determination of CEA in 100-Fold Diluted Human

Serum by Standard Addition Method Using the Proposed

PEC Biosensor

sample added (ng/mL) found (ng/mL) RSD (n=3,%) recovery (%)
1 0 0.0120 3.20
2 0.05 0.0467 5.00 93.4
3 0.1 0.0936 1.12 93.6
4 1.0 0.9850 2.88 98.5
S 2.0 2.0560 1.46 102.8

results of these electrode interfaces are shown in Figure S2. All
the results prove the good practicability of the established
photochemical—visual biosensor for CEA detection in complex
biological environments, which is practical to sensitive and
selective analysis of CEA in clinical applications.

B CONCLUSION

In summary, this work has constructed a multimodal sensing
platform through integrating PEC with visual analysis (color-
imetry and photothermal imaging) based on 3D hollow HCdS@
Au coupled with target-triggered RCA and ion exchange for
amplified detection of CEA. The hollow HCdS with tunable
shell thickness, large surface area, and separate void space has
high light-capture capacity due to the light scattering, thus
contributing to a higher photocurrent response in comparison
with the solid CdS. The Au NPs on hollow CdS with high
electroconductibility give rise to the hot electron generation and
contribute to the photoinduced charge separation, which is
beneficial to further improvement of photocurrent response.
Moreover, the signal amplification accomplished by RCA
significantly improves the detection sensitivity. Based on the
multirole hollow HCdS@Au for ion exchange, the multimode
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analysis of CEA is accomplished by PEC and visual analysis
(colorimetry and photothermal imaging). On one hand, the
PEC mode of this multimodal sensing platform provides high
sensitivity. On the other hand, the visual analysis achieves great
reliability and perceptual intuition. This biosensor is also
successfully applied to the detection of CEA in human serum
samples. Overall, the proposed multimodal biosensing platform
opens a promising avenue for biomarkers detection and displays
the potential applications in clinical diagnosis.
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