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ABSTRACT: A novel dual-mode microfluidic sensing platform based on CuO

nanozymes as a photoelectrochemical (PEC)-fluorescent (FL) multifunctional N P

signal label was developed for ultrasensitive neuron specific enolase (NSE) O L0

detection. Herein, ZnO/Au/AgSbS, hybrids, possessing excellent PEC properties, | bry ¢ 02\"\.% p

were first exploited as a sensing matrix to provide a stable photocurrent. The | “Wifs a4, / "

controlled synthesis of photoactive ZnO nanoflowers (NFs) was successfully N .3::"/ .3 '

conducted using a microfluidic reactor in the scale of seconds. Furthermore, the o “: ’i I v I
photocurrent of ZnO NFs decorated by Au and AgSbS, nanoparticles significantly ™. —
improved, owing to the local surface plasma resonance effect of Au and matching T8&, % BsA @NsE
band structure between ZnO and AgSbS,. A strategy of catalytic oxidation R - :

ascorbic acid (AA) by CuO nanozymes was proposed to quench the PEC signals %m@@o €8 | CuO0@CSs-Ab,
and initiate FL signals. CuO nanoparticles growing on conductive carbon spheres '\lnuf’ » h g

(CuO@CSs) as secondary antibodies’ labels could efficiently catalyze the

oxidation of AA to achieve a PEC “signal-off” state. Then, the produced

dehydroascorbic acid reacting with o-phenylenediamine opportunely generated a strong FL signal. Importantly, wide linear ranges of
0.0001—150 ng/mL for the PEC technique and 0.001—150 ng/mL for the FL method with a low detection limit of 0.028 and 0.25
pg/mL, respectively, could guarantee the sensitive detection of NSE.

KEYWORDS: dual-mode, microfluidic sensor, ZnO/Au/AgSbS,, CuO nanozyme, NSE

hotoelectrochemical (PEC) analysis, a newly developing Efficient signal amplification strategies played a hard-core

analytical technique, which can convert light energy into role in ameliorating the sensitivity of PEC sensors.” Among a
readable electrical signal, has attracted great interest.”” Until variety of signal amplification methods, enzyme-mediated
now, PEC sensors have exhibited a low background signal, high reactions such as biocatalytic precipitation and electron
sensitivity, and easy availability in thf— fields of bioanalysis and donor production which could induce significant changes of
environmental molecules detection.”* Nevertheless, the poor signals have attracted great attention.'”'! However, natural
anti-interference capability of the PEC methods which enzymes including alkaline phosphate, peroxidase, and glucose

depended on as single signal change usually influenced the
analytical accuracy.” In addition, it is still urgent to realize the
miniaturization and automation of the PEC sensor. To solve
the defects mentioned above, a rapid and sensitive dual-mode
sensing platform integrating PEC with fluorescent (FL)
methods based on a microfluidic chip was developed in this
work for quantitative analysis of neuron specific enolase
(NSE). On the one hand, the distinct dual-response signals are
in a position to efficaciously authenticate each other to Received: March 7, 2022
obviously improve the accuracy of analysis.” On the other Accepted:  May 17, 2022
hand, the designed dual-mode microfluidic biosensor success- Published: May 26, 2022
fully obtained the superiorities of microfluidic devices, such as

high portability, low consumption of reagents, and massive

parallelization.”*

oxidase suffered from the intrinsic defects of high cost, liable to
denaturation, and inactivation. It is worth noting that cupric
oxide nanoparticles (CuO NPs), as an ascorbate oxidase
mimetic, have ignited intensive interest benefiting from their
outstanding enzyme-like activity.'”'* Concretely, CuO NPs
could efficiently catalyze the oxidation of ascorbic acid (AA) to
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produce dehydroascorbic acid (DHAA) utilizing O, as the
oxidant.'* Inspired by this principle, a novel strategy of
consuming AA by CuO nanozymes was proposed to mediate
the photoelectric response for achieving the ultrasensitive
detection of NSE in this paper. Meanwhile, 3-(1,2-dihydrox-
yethyl) furo[3,4-b]quinoxaline-1-one (DFQ) with a strong FL
signal was generated via utilizing DHAA produced by CuO
NPs-catalyzed oxidation of AA to react with o-phenylenedi-
amine (OPDA), which could serve as a reliable reference for
PEC analysis.

More importantly, the exploration of photochemically active
materials with high photoelectric conversion efficiency was
another kernel process for fabricating high-performance PEC
sensors.'” First, as a kind of semiconductor, zinc oxide (ZnO)
was regarded as an outstanding photoelectric material because
of the lower recombination rate of photocarriers and good
chemical stability.'®"” Simultaneously, the shape-controlled
synthesis is a pivotal task for ZnO because the morphology and
structure had decisive influence on its PEC performance.'®
However, traditional methods for ZnO synthesis including the
solvothermal method, chemical vapor deposition, and
coprecipitation faced great challenges such as the poor control
of batch reaction processes and time consumption (at least
several hours).'””” Microfluidic reactors, possessing high
reproducibility and strong automation, provided a new horizon
for controllable synthesis of functional nanostructures.”'
Moreover, the designed microfluidic systems are able to
intensify the mass and heat transfers and reduce the reaction
volume and time because of their narrow channels and variable
length.19’22 Thus, a novel method using microfluidic reactors to
precisely control the nucleation and growth of photoactive
ZnO nanoflowers (NFs) in a short time was proposed for
providing a stable photocurrent in the PEC system. Second,
silver antimony sulfide (AgSbS,) with a suitable band gap
(1.72 eV) and Au nanoparticles as a sensitizer were first used
to greatly heighten the visible-light utilization efficiency of
ZnO NFs. On the one hand, AgSbS, displayed great potential
as a marvelous solar absorber benefiting from the high
absorption coefficient (@ ~ 10° cm™)."® More importantly,
the heterojunctions formed between ZnO and AgSbS,
significantly promoted the charge separation of the photo-
electric system. On the other hand, the prominent electron
conductivity and localized surface plasmon resonance effect of
Au nanoparticles could further enhance the photoelectric
conversion efliciency of ZnO.

In the present study, an innovative PEC-FL dual-signal
microfluidic biosensor based on CuO nanozymes as a
multifunctional signal label and ZnO/Au/AgSbS, composites
as a photoactive matrix was first proposed for accurate
determination of NSE. NSE, used as a model analyte, is a
reliable biomarker for small cell lung cancer. First, the
photocurrent of the sensing matrix was significantly improved
after ZnO NFs were decorated with Au and the AgSbS,
sensitizer. Second, for realizing ultrasensitive NSE detection,
CuO nanozymes possessed remarkable ascorbate oxidase
mimetic activity as a multifunctional signal label was utilized
to effectively quench the output photocurrent and generate a
strong FL signal. As shown in Scheme 1, CSs with a large
surface area and high conductivity were introduced to load
CuO NPs, and the obtained CuO@CSs were covalently
conjugated with Ab,. Then, with the increasing concentrations
of NSE, more CuO@CSs-Ab, were incubated on the modified
electrode, and the photocurrent decreased while the FL signal
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Scheme 1. (A) Synthesis Route of ZnO/Au/AgSbS,, (B)
Manufacturing Process of the Dual-Mode Microfluidic
Analytical Platforms, and (C) Preparation Procedure of the
CuO@CSs-Ab, Bioconjugate
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obviously enhanced. More importantly, the catalytic effect of
CuO NPs on the microfluidic platform was more obvious than
the traditional detection system because of the small reaction
volume of the microfluidic platform (Figure S1). Based on the
above strategies, the proposed dual-signal microfluidic sensing
platform showed ultrahigh sensitivity, specificity, and stability
for NSE determination.

B EXPERIMENTAL SECTION

Synthesis of Photoactive ZnO NFs. The photoactive ZnO NFs
were synthesized through a microfluidic system. As shown in Scheme
1A, the microchannel contains three kinds of zones, the first zone was
used for the generation of droplets, and the second zone was for
mixing of the precursor solution. Meanwhile, the third was the heating
zone with a temperature of 100 °C. The W1 is the inlet of 10 mmol
Zn(CH,;COO0),, W2 is the inlet of 30 mmol NaOH, and Q1 is the
inlet of mineral oil. The three inlet flows were pumped into the
microchannel. The flow rate of W1 and W2 is 2 mL/h while for Q1 is
3 mL/h and the obtained droplet was observed under a microscope
with a high-speed camera (Figure S2). The obtained ZnO was
collected from the outlet and washed with ethanol four times.

Preparation of Microelectrodes. First of all, ITO slices (6 X §
cm?®) were cleaned with detergent, acetone, ethanol, and deionized
water, severally, and blow-dried with nitrogen. Then, the working
microelectrode (WE) was prepared according to previous work
(Supporting Information).” After that, 15 uL of ZnO NF suspension
(4 mg/mL) was modified on the WE. After drying under an infrared
lamp, the modified microelectrodes were treated with oxygen plasma
treatment for 50 s and then stuck with polydimethylsiloxane
microchannels which were obtained using the soft lithographic
technique (Supporting Information).

Synthesis of ZnO/Au/AgSbS, Composites. ZnO/Au was
obtained via irradiation with ultraviolet light (main 365 nm, 2000
mW/cmz). As shown in Scheme 1A, 1% HAuCl, ethanol/water
solution (Veganol:Viater = 1:1) was injected into the ZnO WE from
inlet 4. Au ions could be reduced by the photogenerated electron
produced in ZnO; meanwhile, the ethanol molecule was used as a
hole—scavenger.23 The obtained ZnO/Au was washed with ultrapure
water and dried.
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Figure 1. Scanning electron microscopy (SEM) image of (A) ZnO, (B) ZnO/Au, and (C) ZnO/Au/AgSbS,; transmission electron microscopy
(TEM) (D) and high-resolution transmission electron microscopy (HRTEM) (E and F) images of ZnO/Au/AgSbS,; (G) X-ray diffraction (XRD)
spectrum of ZnO, ZnO/Au, and ZnO/Au/AgSbS,; (H) X-ray photoelectron spectroscopy (XPS) pattern of ZnO/Au/AgSbS,; (I) XPS high-

resolution spectrum of Au 4f.

To realize the in situ growth of AgSbS,, 100 L of AgNOj; ethanol
solution (0.1 mol/L) was injected into the ZnO/Au WE from inlet 4
for 1 min and rinsed with ethanol. Then, 100 L of 0.1 mol/L SbCl,
was injected for 1 min. Finally, 100 uL of 0.1 mol/L Na,S methanol
solution was injected from inlet 4 for 4 min and rinsed with methanol.
After repeating three times, ZnO/Au/AgSbS, was obtained by
calcining at 150 °C in N, for 1 h.

Preparation of the CuO@CSs-Ab, Bioconjugate. First, carbon
spheres were obtained according to previous work.”* The other details
can be found in the Supporting Information. Second, CuO@CS
composites were prepared as a multifunctional signal label via a facile
wet chemical approach.'* Briefly, 0.15 g of CSs was dispersed in 150
mL of deionized water by ultrasonic treatment for 2 h. After that, 0.59
g of Cu(CH;COO), and 500 uL of glacial acetic acid were added.
Then, the mixture was heated to boiling and 10 mL of 40 mg/mL
NaOH aqueous solution was added rapidly. After cooling down, the
obtained CuO@CSs were washed with ethanol.

For obtaining the CuO@CSs-Ab, bioconjugate, 2 mg of CuO@
CSs was dispersed in 1 mL of 3 mM thioglycolic acid (TGA) solution
containing 100 mM NaCl and shaken for 6 h at 4 °C to introduce the
carboxyl groups.”® Then, 200 L of EDC/NHS was added and the
solution was shaken for 6 h. Subsequently, 1 mL of 10 ug/mL Ab,
was added under incubation for 10 h. Ultimately, unbound Ab, was
separated by continuous centrifugation, and the product was
dispersed in 1 mL of phosphate-buffered saline (PBS) containing
1% BSA (Scheme 1C).

Manufacturing Process of the Dual-Mode Microfluidic
Sensing Platform. As shown in Scheme 1B, for the immobilization
of —COOH groups, 15 uL of 3 mmol/L TGA solution was first
injected to the ZnO/Au/AgSbS, WE from inlet 1. After that, 8 uL of
EDC/NHS was injected for 30 min to activate the —COOH groups.
Then, 15 pL of Ab, was injected to WE from inlet 2 and incubated for
1 h. Next, BSA as blocking solution was injected (8 uL, inlet 3),
holding for half an hour to shield nonspecific sites. After that, 15 uL of
various concentrations of NSE and 15 uL of CuO@CSs-Ab, were
injected from inlet S and inlet 6 and incubated for 1 h, respectively.
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After each step, the PBS (pH = 7.4) was injected for washing the
modified electrode.

PEC and FL Measurements. After the sensing platform was
constructed completely, 200 uL of PBS (pH 7.4, 0.1 mol/L)
containing 0.1 mol/L AA and OPDA was injected from inletl and
incubated for 40 min. PEC measurement was performed on a
CHI760E electrochemical workstation with a LED lamp (100 W) as
the irradiation source. The actual object diagram of the microfluidic
analytical platform is shown in Figure S3. After the PEC measure-
ment, the PBS was obtained from the outlet. Fluorescence
measurement was conducted on a photoluminescence detection
system (excitation wavelength was 350 nm).

B RESULTS AND DISCUSSION

Characterization of ZnO/Au/AgSbS,. ZnO/Au/AgSbS,
composites were successfully synthesized and employed as a
photoactive matrix to fabricate the dual-mode biosensor. SEM
images were applied for exploring morphological characters of
the prepared ZnO/Au/AgSbS, composites. From Figure 1A,
the ZnO exhibited a flower-like morphology with a mean
diameter around 600 to 800 nm. After the decoration of Au
(Figure 1B) and AgSbS, (Figure 1C) nanoparticles, the surface
of ZnO became rougher. Furthermore, the UV—vis absorbance
spectra in Figure S4 showed that the characteristic absorption
peak of Au (525 nm) was observed, demonstrating the
successful preparation of ZnO/Au. The TEM image in Figure
1D demonstrated that ZnO maintained its shape well after the
decoration of Au and AgSbS, nanoparticles. Furthermore, from
Figure 1E,F, an interplanar distance of 0.26 nm could be
assigned to wurtzite ZnO (JCPDS 36-1451), while an
interplanar distance of 0.21 and 0.18 nm was in accordance
with the (1 1 1) facet of Au and (2 0 0) facet of AgSbS,,
respectively. The above results further displayed that Au and
AgSbS, nanoparticles were tightly distributed on ZnO NFs.
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Figure 2. (A) XRD spectrum of CuO and CuO@CSs; SEM (B) and TEM images (C) of CuO@CSs; (D) HRTEM image of CuO@CSs.

Meanwhile, the elemental mapping image of the ZnO/Au/
AgSbS, further displayed a uniform distribution of Au, Ag, Sb,
and S elements on ZnO NFs (Figure SSC—H).

Moreover, the XRD analysis was utilized for determining the
crystallinity structure of materials. From Figure 1G, the
diffraction peaks of ZnO NFs at 31.7°, 34.6°, and 36.2°
could be ascribed to the (1 0 0), (0 02), and (1 0 1) planes
(JCPDS 36-1451). For ZnO/Au, the characteristic peak at
38.4° was attributed to the (1 1 1) plane of Au (JCPDS 04-
0784), which indicated that Au nanoparticles exist in the
synthesized material. After AgSbS, decoration, the diffraction
peaks of 27.3° and 45.35° corresponding to (1 1 1) and (2 0 0)
planes (JCPDS 17-0456) appeared suggesting that ZnO/Au/
AgSbS, composites were successfully prepared.

XPS further analyzed the surface chemical states of ZnO/
Au/AgSbS, hybrids. As presented in Figure 1H, the Zn, O, Au,
Ag, Sb, and S elements existing in the survey spectrum were
consistent with the EDS spectrum (Figure SSB). Moreover, the
XPS spectrum of Au 4f in Figure 11 was fitted into four peaks.
The binding energy at 83.5 and 87.3 eV corresponded to Au
4f,,, and Au 4f;;,. Significantly, a negative shift appeared
compared with bulk Au (83.8 eV) indicatin§ the strong
electronic interaction between the Au and ZnO.”® The results
of XPS analysis in the Supporting Information further proved
the successful formation of ZnO/Au/AgSbS, composites.

Characterization of CuO@CSs. CuO NPs were tightly
grown on the surface of CSs and employed as multifunctional
signal labels. The XRD patterns in Figure 2A showed the
crystallization of CuO@CSs. The distinct diffraction peaks at
35.2° and 38.4° correspond to (0 0 2) and (1 1 1) phases of
CuO with a monoclinic structure (JCPDS 72-0629).'* For
CuO@CSs (Figure 2A), a broad peak centered at 22° can be
assigned to the CSs which proved that CuO NPs have been
successfully anchored on CSs.”* The SEM images of CuO@
CSs further showed that CuO NPs were uniformly distributed
on the surface of CSs with a diameter around 750 nm. More
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significantly, the TEM and HRTEM images are shown in
Figure 2C,D, and an interplanar spacing of 0.23 nm was in
good agreement with the (1 1 1) crystalline plane of CuO.
Characterization of the Microfluidic Sensing Plat-
form. EIS was provided to probe into the interfacial properties
during the fabrication process of the dual-mode sensing
platform (Figure 3A). The illustration was Randles equivalent
circuit simulated by ZSimWin software (the simulated EIS data
are shown in Table S1). In particular, the equivalent circuit
contained R, (solution resistance), R, (electron-transfer
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Figure 3. (A) Electrochemical impedance spectroscopy (EIS)
Nyquist plots and (B) PEC response of modified electrodes; (C)
photocurrent response of ZnO and ZnO/Au;(D) FL intensity of
electrolyte solution containing 0.1 mol/L AA and 0.1 mol/L OPDA in
the absence and presence of CuO@CSs. The illustrations in A:
Randles equivalent circuit for EIS.
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resistance), Cy (double-layer capacitance), and Z,, (Warburg
impedance). Among them, R, was equivalent to the semicircle
diameter in EIS Nyquist plots, which could represent the
interface characteristics of the modified electrodes.””** For
bare WE (curve a), a small R,, value was exhibited. After the
modification of ZnO/Au/AgSbS, (curve b), Ab, (curve c),
BSA (curve d), NSE (curve e), and CuO@CSs-Ab, (curve f),
R, increased gradually, which demonstrated the successful
fabrication of the dual-mode biosensor.

The photocurrent signal of each construction step was also
investigated in Figure 3B to characterize the fabricated
procedure of the dual-mode biosensor. After the decoration
of ZnO/Au/AgSbS,, the photocurrent reached maximum
(curve b). From Figure 3B, ZnO/Au exhibited a higher
photocurrent compared with ZnO. This could be attributed to
two reasons as follows: Au nanoparticles with excellent
conductivity could accelerate the electron transfer. In addition,
Au nanoparticles could absorb the incident light and generate
hot electrons.”” Along with the incubation of Ab; (curve c),
BSA (curve d), NSE (curve e), and CuO@CSs-Ab, (curve f),
the photocurrent signal declined step by step indicating that
the biosensor is constructed successfully.

The comparison experiments were carried out for verifying
the ascorbate oxidase-like activity of CuO@CSs. Figure 3C
showed the FL intensity of PBS solution containing 0.1 mol/L
AA and 0.1 mol/L OPDA in the absence and presence of
CuO@CSs. No obvious FL could be observed in the absence
of CuO@CSs (curve a). However, when CuO@CSs were
added, a strong FL signal was recorded which indicated that
CuO nanoenzymes were equipped to efficiently catalyze the
oxidation of AA (curve b).

Possible Mechanism of the Dual-Mode Microfluidic
Sensing Platform. Primarily, the UV—vis diffuse-reflectance
spectra were utilized to characterize the light absorption
performance of ZnO and AgSbS,. From Figure S7A and B, the
absorption edges of ZnO and AgSbS, were located at 387 and
720 nm, respectively. The Tauc plots in the illustration
displayed that the bandgap energy (Eg) of ZnO and AgSbS,
was estimated at 3.2 and 1.72 eV.

Moreover, Mott—Schottky analyses of ZnO and AgSbS,
were also performed to determine the electronic band
structures. The positive slope in Figure S7C and D indicates
n-type semiconductor characteristics for both ZnO and
AngSZ.3o The flat-band potential (Eg) of ZnO and AgSbS,
was estimated as —0.45 V vs SCE and —0.79 V vs SCE,
respectively. For n-type semiconductors, Eg was 0.1 V more
positive than conduction band potentials (Ecg).>"** Thereby,
the Ecg of ZnO and AgSbS, was —0.31 V vs NHE and —0.65 V
vs NHE. The valence band potential (Eyg) of the ZnO was
+0.89 V vs NHE and for AgSbS, it was +1.07 V vs NHE, which
can be estimated from the following formula:

Eg =Eyg — Ecp

Based on the above analysis, the possible mechanisms of the
designed dual-mode biosensor are displayed in Scheme 2.
Under visible-light excitation, as the photoactive matrix, ZnO
and AgSbS, were excited to produce photoinduced carriers.
Because of the matched band structure, photogenerated
electrons were transferred from the CB of AgSbS, to ZnO
and subsequently injected into the ITO, while the holes were
driven from the VB of ZnO to AgSbS, and captured by AA. In
addition, benefiting from the excellent electron conductivity
and localized surface plasmon resonance effect, Au nano-
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Scheme 2. Possible Mechanism of the Proposed Dual-Mode
Biosensor

FL

particles could further improve the photocurrent.”® Further-
more, CuO@CSs-Ab, were used for photocurrent suppression
and inducing a strong fluorescence emission. An obvious
decrease of the PEC signal occurred when the CuO@CSs-Ab,
was immobilized. CuO NPs could act as nanozymes to
consume an electron donor as follows: first, with the dissolved
O, as a green oxidant, CuO exhibited excellent ascorbate
oxidase-like activity (eq 1). The oxidation of AA can be further
monitored by recording the UV/vis absorbance spectra. As can
be seen from Figure S8, AA showed an absorption at 265 nm
(curve a); when CuO@CSs were added, the absorbance at 265
nm has declined significantly. Second, as an efficient p-type
quencher, CuO could compete with ZnO/Au/AgSbS,
composites for the consumption of light and a hole-trapping
agent. Meanwhile, the DHAA obtained from oxidation of AA
could react with OPDA to produce FL DFQ (eq 2).

CuONPs
AA + O, —— DHAA (1)
DHAA + OPDA — DFQ ©)

PEC and FL Detection of NSE by the Designed Dual-
Mode Microfluidic Sensing Platform. Integrating a PEC
method with the FL technique, an innovative microfluidic with
dual readout was manufactured for NSE detection. Under
optimal conditions (Supporting Information), the PEC and
fluorescence responses to NSE were examined. As shown in
Figure 4A, the photocurrent response was directly related to
the NSE concentration (0.0001—150 ng/mL). With the
increment of NSE concentrations, the amount of CuO@CSs-
Ab, specifically binding to NSE increased, which led to a
remarkable decrease in the photocurrent signal. Moreover, the
EIS plots of electrodes after incubating with different
concentrations of NSE were also explored. As shown in Figure
S10 and the simulated data of circuitry elements in Table S2,
the EIS responses enhanced gradually with the increasing
concentration of NSE from 0.0001 to 150 ng/mlL, which
indicated that NSE has been successfully captured by Ab;.
Figure 4B showed that the photocurrent response and the
logarithm of NSE with different concentrations coincidence
with the linear relation. The linear regression equation was I
(uA) = — 8.6450S lg ¢ + 20.68547. In addition, the square of
the correlation coefficient (R*) was 0.991 and the detection
limit was 0.028 pg/mL (S/N = 3). Moreover, in the presence

https://doi.org/10.1021/acssensors.2c00486
ACS Sens. 2022, 7, 1732-1739


https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00486/suppl_file/se2c00486_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00486/suppl_file/se2c00486_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00486/suppl_file/se2c00486_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00486/suppl_file/se2c00486_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00486/suppl_file/se2c00486_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00486/suppl_file/se2c00486_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00486/suppl_file/se2c00486_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c00486?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c00486?fig=sch2&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c00486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

400 1 60 } E’ “
< 0.0001 ; 150 = 5
— 40 | 3300 = [
- |7 | | =45 .
S 30 3 | 5 i
g gm0 - /|
ER) 150 | 2 | 0001 | S30 i
2 unit: ng/mL | ™% 100 unit: ng/mL | 2 i
S0 . - I
-3 = =} !
2 0 | =15
= 0 -
o) ] |
c N hod & F S
; b & & ¢ & &8 S &
. B e S 8
= ~ £ £ 8
60 400 30 I 1 1ng/mLRSD =1.60%
B F B 10 ng/mL RSD = 1.97%
504 -~ — 25 B 20 ng/mL RSD =2.13%
< = 300 <
Z 404 3 S
E ? 200 5
£ 30 & £
= 2 8
o = Q
£ 204 = 100 2
2 = 2
A 10 = A~
0 1 0 40 80 120 160
0 8 . . . . . . . . (;(lu'./ml,) ;
4 3 2 a1 0 1 2 302 a1 0 1 2 3
Ig ¢ (ng/mL) Ig ¢ (ng/mL)

Figure 4. Photocurrent responses (A) and its corresponding calibration curve (B) for detection of NSE (0.0001—150 ng/mL); FL signals (C) and
its corresponding calibration curve (D) for the detection of NSE (0.001—150 ng/mL); (E) selectivity test of the microfluidic analytical platforms
with CEA, PSA, and IgG as interfering substances. (F) Reproducibility tests of the microfluidic analytical platforms with NSE concentrations of 1,

10, and 20 ng/mL.

of OPDA, NSE could be indirectly detected by measuring the
FL intensity. As shown in Figure 4C, the FL intensity
enhanced gradually with the increment of NSE (0.001—150
ng/mL). The linear regression equation in Figure 4D could be
shown as F = 58.4196 Ig ¢ + 225.0431 (R* = 0.997), with a
detection limit of 0.25 pg/mL (S/N = 3). Compared to other
detection methods, the designed dual-mode microfluidic
biosensor for detection of NSE possessed outstanding
superiorities of a linear range and detection limit (Table S3).

Furthermore, selectivity, reproducibility, and stability were
essential for appraising the performance of the designed
microfluidic sensing platform.”” First, to test the selectivity of
the fabricated microfluidic biosensor, CEA, PSA, and Ig G were
used as interfering substances. As depicted in Figure 4E, in the
absence of NSE, when interfering substances modified the
electrode, no obvious interferential photocurrent signal
occurred compared with the blank electrode. In addition,
there was no significant change in the photocurrent after 100
ng/mL CEA, PSA, and lIg G were mixed respectively with 1
ng/mL NSE, indicating a good selectivity of the as-fabricated
microfluidic biosensor. Second, as shown in Figure 4F, five
electrodes were prepared separately for detection of different
concentration of NSE (1, 10 and 20 ng/mL) under the same
conditions. The relative standard deviation (RSD) values of
1.60, 1.97, and 2.13% revealed the satisfactory reproducibility.
Third, Figure S10 shows the stability of the microfluidic
immunosensor. After the photocurrent was measured at eight
on/off irradiation cycles, the photocurrent remains stable
indicating that satisfactory stability was obtained. Moreover,
the storage stability of the developed microfluidic PEC sensor
was also evaluated (Figure S12). After 8 days of storage at 4
°C, the photocurrent intensity of the immunosensor was
maintained at 97.3% of the initial photocurrent, showing a
good storage stability.

Application of the Developed Dual-Mode Micro-
fluidic Biosensor in Human Serum. The standard addition
method was used for evaluating the potential feasibility of the
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proposed microfluidic biosensor in clinical applications. The
human serum samples separated from three normal people
were provided by the hospital of the University of Jinan. First,
the serum samples were centrifuged at 2800 rpm for 5 min at 4
°C to obtain the supernatants. Then, the human serum
samples were diluted with pH 7.4 PBS buffer until the levels
were within the calibration range. Finally, standard NSE
samples with different concentrations (0.1, 10, and 50 ng/mL)
were added to the above diluted human serum samples. As
shown in Table 1, the obtained RSD was less than 5% and the

Table 1. Recoveries of NSE in Human Serum Samples

sample added found recovery (%, n RSD (%, n =
(ng/mL) (ng/mL) (ng/mL) =5) )
0.56 0.100 0.654 94.0 3.68
5.00 5.59 100.6 1.18
10.0 10.6 100.4 1.23
1.28 0.100 1.39 110.0 2.38
5.00 6.30 100.4 1.24
10.0 11.3 100.2 1.22
4.12 0.100 4.22 100.0 1.72
5.00 9.12 100.0 1.21
10.0 14.2 100.8 1.21

recoveries were from 94.0 to 100.6%. The obtained results
demonstrated that the dual-mode microfluidic sensing plat-
form could be trustworthily applied for quantitative determi-
nation of NSE in human serum samples.

B CONCLUSIONS

In summary, an innovative dual-mode microfluidic sensing
platform based on the remarkable ascorbate oxidase mimetic
activity of CuO nanozymes was manufactured which realized
both PEC and FL detection of NSE. ZnO/Au/AgSbS,
composites with excellent photoactive were first synthesized
in a microfluidic reactor and utilized to provide a high PEC
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signal. To realize the accurate NSE detection, CutO@CSs were
incubated with secondary antibodies, which effectively
quenched the photocurrent via the catalytic effect of CuO
NPs toward AA. In addition, an obvious FL signal was
subsequently generated because of the reaction between
OPDA and the DHAA. On the basis of the above sensing
strategy, the dual-mode biosensor achieved ultrasensitive NSE
detection in the range of 0.0001—150 ng/mL for the PEC
technique and 0.001—150 ng/mL for the FL method. The low
detection limits of 0.028 pg/mL for the PEC method and 0.25
pg/mL the FL method were obtained, along with favorable
stability, reproducibility, and selectivity. More importantly, the
introduction of a microfluidic device makes it possible to
achieve miniaturization and automation of the biosensor. This
work puts forward a new idea of utilizing nanozymes not only
as a quencher of the PEC signal but also to initiate FL signals
which could provide a new strategy for constructing a high-
efficiency dual-mode biosensing platform to detect biomarkers
in human serum.
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