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ABSTRACT: Interesting double-channel microfluidic chip inte-
gration with a sandwich-type cathodic photo-electrochemical
(PEC) biosensor is utilized for ultrasensitive and efficient detection
of cardiac troponin I (cTnI) based on a signal amplification
strategy. The Pd nanoparticles loading on the I-doped bismuth
oxybromide with oxygen vacancies (Pd/I:BiOBr-OVs) as a sensing
platform can effectively enhance cathodic photocurrent response
by improving the visible light absorption ability with I doping,
facilitating the efficiency separation of photogenerated electron−
hole pairs with OVs, and increasing the electron-transfer rate with
Pd loading, where the photogenerated electron could be captured
by dissolved O2 to boost generation of a superoxide anion radical (•O2

−). To further enhance the PEC response, a novel superoxide
dismutase loaded on gold@polyaniline (SOD-Au@PANI) as a signal amplification label is developed for incubating the detection
antibody (dAb). It is particularly noteworthy that SOD can effectively catalyze dismutation of the •O2

− to produce H2O2 and O2,
and Au@PANI with a good reduction and catalytic property can catalyze the produced H2O2 into H2O and O2. Then, the produced
O2 that has been dissolved or adsorbed can capture more photogenerated electrons, resulting in more electron−hole pairs to
separate, so as to the cathodic photocurrent signal of this system which can be amplified more significantly. Therefore, a signal
amplification cathodic PEC biosensor is prepared for sensitively detecting cTnI, in which a good linearity ranging from 0.1 pg/mL to
100 ng/mL with a low detection limit of 0.042 pg/mL is obtained. Furthermore, the proposed biosensor exhibits excellent sensitivity
and high selectivity, which could be extended to detect other disease markers in biological analysis and early disease diagnosis.

1. INTRODUCTION

As a newly emerged and promising analytical technique for
testing biomarkers, the photo-electrochemical (PEC) bio-
sensor has aroused great attention owing to its attractive merits
of high sensitivity, low background signal, easy operation, and
low cost.1−3 However, the lack of portability limits PEC
biosensor application for point-of-care detection. To overcome
this obstacle, the microfluidic chip structure with miniatur-
ization, less sample consumption, good portability, and short
analysis time is introduced to integrate with the PEC
biosensor, which provides a new strategy for the construction
of miniature portable sensors with high sensitivity.4−6 In
general, PEC biosensors can be divided into photocathode
biosensors and photoanode biosensors. Interestingly, the
photocathode biosensors not only possess excellent merits of
the PEC biosensor but also can resist the interference of
reducing substances because it could react with electron
acceptors (e.g., dissolved O2).

7,8 In addition, the cathodic PEC
biosensor represents the latest development direction in this
field. Therefore, it is an urgent demand to combine the highly
sensitive cathodic PEC biosensor with a portable microfluidic
chip.

Indeed, the sensitivity of the PEC biosensor largely relies on
the photon-to-electron conversion efficiency of semiconductor
photosensitive materials, which directly guarantee the signal
output and determine the intensity of photocurrent. Nowa-
days, explosive kinds of photoactive materials, such as metal
oxide semiconductors (ZnO, TiO2, and CuO),9−11 sulfide
semiconductors (CuInS2, PbS, CdS, and Ag2S),

12−14 and
different kinds of heterojunction structures (AgI/Bi2Ga4O9, α-
Fe2O3/g-C3N4, and AgI/Ag/BiOI),15−17 have been employed
to improve PEC response. Particularly, the p-type semi-
conductor material with holes as the major carriers has been
widely used in the cathodic PEC biosensor. A typical p-type
semiconductor material of bismuth oxyhalides (BiOX, X = Cl,
Br, and I) has drawn tremendous attention in the fields of
water splitting, organic pollutant degradation, CO2 reduction,
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and PEC biosensors because of its outstanding photocatalytic
activity.18−20 Among them, BiOBr reveals excellent photo-
catalytic activity under visible light irradiation due to its
suitable band gap energy (∼2.7 eV), unique laminar structure
with alternatively arranged double bromine ion layer and
[Bi2O2]

2+ layer, and chemical stability.21,22 Nevertheless, low
visible light utilization still limits the practical application.
Iodine doping is considered to be an effective way to expand
the visible light absorption range and reduce band gap energy
of BiOBr by forming I− impurity levels.23 However, a smaller
band gap energy of I-doped BiOBr (I:BiOBr) also makes
recombination of photoinduced electrons and holes easier. To
address this, it is of great significance to introduce surface
oxygen vacancies (OVs) with abundant localized charge
density and coordinatively unsaturated nature in I:BiOBr,
which can effectively improve the separation of photoinduced
electron−hole pairs for developing highly efficient photo-
electric conversion.24,25 Meanwhile, the OVs facilitate the
adsorption of O2 acting as electron acceptors, which is very
necessary for photocathodic biosensor application. Moreover,
loading Pd precious metal nanoparticles on a semiconductor is
another effective strategy to improve PEC photocurrent. The
loaded metal nanoparticles can not only perform electron traps
to accelerate charge transfer at the interface but also provide
sites for expediting the activation of O2 for capturing electrons
to form superoxide radicals (•O2

−).26 The coexistence of OVs
and Pd on the surface of I:BiOBr can more effectively
accelerate the separation rate of photogenerated electron−hole
pairs and improve photocurrent response.
To further achieve an amplification signal and enhance the

sensitivity of the cathodic PEC biosensor, one of the most
popular strategies is to build a sandwich-type biosensor. For a
cathodic PEC biosensor, the photoinduced electrons could be
captured by O2 (dissolved O2 or absorbed O2) to form •O2

−

that if consumed, facilitates the efficiency separation of
electron−hole pairs to enhance the cathodic PEC signal.

Superoxide dismutase (SOD), a good scavenger of superoxide
free radicals, can effectively catalyze the dismutation of •O2

− to
H2O2 and O2. Fortunately, the generated H2O2 could be
catalyzed to form H2O and O2 by Au@PANI that has a good
reduction property toward H2O2 and significant electron-
transfer ability. Moreover, the produced O2 can be further
dissolved in the electrode solution or absorbed on the surface
of OVs, which can trap the more photoinduced electrons for
achieving an amplification signal.
Herein, a highly sensitive cathodic PEC biosensor integrated

with a portable microfluidic chip has been proposed for
biomarker detection using a photoactive material of Pd/
I:BiOBr-OVs as a sensing platform for immobilizing the
capture antibody (cAb) and SOD-Au@PANI as a multiple
signal amplification label for marking detection antibody
(dAb). Here, cardiac troponin I (cTnI) was selected as a
model because it is a reliable biomarker of acute myocardial
infarction. As expected, the Pd/I:BiOBr-OVs improve photo-
current response by enhancing visible light absorption ability,
promoting efficiency separation of photogenerated electron−
hole pairs, and increasing the electron-transfer rate. What is
more, the Pd/I:BiOBr-OVs increase the generation rate of
•O2

− that is produced by photogenerated electrons capturing
O2. Then, the SOD-Au@PANI serving as a signal amplification
label can catalyze the decomposition of •O2

− to produce O2.
Subsequently, the produced O2 can be dissolved or adsorbed
for the reduction of photogenerated electrons to improve the
separation of electron−hole pairs so as to the fact that the
cathodic photocurrent signal of this system can be amplified
more significantly. Besides, traditional preparation of a working
electrode can only detect one target concentration; here, a
double-channel microfluidic working electrode is designed to
improve the detection efficiency of the PEC biosensor in this
work. Therefore, the developed double-channel microfluidic
cathodic PEC biosensor can not only sensitively detect cTnI
but also easily expand to detect other disease biomarkers.

Scheme 1. Schematic Process of the dAb-SOD-Au@PANI Bioconjugate (A) and Presentation of the Fabricated Sandwich-
Type Cathodic PEC Biosensor in a Double-Channel Microfluidic Chip for cTnI Detection (B)
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2. EXPERIMENTAL SECTION

2.1. Double-Channel Microfluidic Chip with Three-
Electrode System Fabrication. The microelectrode of two
working electrodes (WE1 and WE2) was obtained by wet
etching of ITO, and the details are shown in Figure S1.
Following this, the counter electrode and reference electrode
were gained by silk screen printing of carbon paste screen and
Ag−AgCl conductive ink, respectively (Figure S1). The
double-channel microfluidic template and the isolation
membrane template were fabricated via the soft lithography
method, whose pattern design was employed using Auto CAD.
The isolation membrane (Figure S2A) and the double-channel
microfluidic template (Figure S2B) were prepared using
poly(dimethylsiloxane) (PDMS: curing agent and base agent
in a weight ratio of 1:10). Finally, the PDMS of the isolation
membrane and the double-channel microfluidic film were
attached to the designed three-electrode system to gain
double-channel microfluidic chip electrodes (Figure S2C).
2.2. Preparation of Pd/I:BiOBr-OVs. First, the I:/BiOBr

was prepared by template-free self-assembly on the WE. 1
mmol Bi(NO3)3·5H2O was dissolved in 7.5 mL of glycol to
obtain the Bi precursor and 0.25 mmol KI with 0.75 mmol
NaBr were dissolved in 12.5 mL of ultrapure water to gain Br
with an I precursor. Then, the Bi precursor solution of 200 μL
was injected into WE1 and WE2 (from inlet 1 and 2),
respectively, then outflowed them from outlet 3 and 4 after
reacting for 3 min. After that, the Br with I solution of 200 μL
was also injected into WE1 and WE2 (from inlet 1 and 2) and
reacted for another 3 min. The I:BiOBr was obtained after
repeating 10 times and washing. The OVs for I:BiOBr was
gained by reducing the reagent of glyoxal under relatively low
temperature. In detail, the 0.08 mmol/L 200 μL of glyoxal
solution was injected into WE1 and WE2 (from inlet 1 and 2)
and reacted for 6 h at 80 °C on the heating plate. The I:BiOBr-
OVs were obtained after washing. The Pd was loaded on the
surface of I:BiOBr-OVs according to our previous work.27 The
0.2 mol/L 400 μL of sodium tetrachloropalladate(II) was
injected into WE and holded for 1 h to make palladium ions
adsorb on the I:BiOBr-OVs surface. Then, the sodium
borohydride solution was injected into WE for the in situ
reduction of Pd for gaining the Pd/I:BiOBr-OVs nano-
composite.

2.3. Preparation of dAb-SOD-Au@PANI Conjugates.
To prepare Au@PANI nanoparticles as shown in Scheme 1A,
HAuCl4 (2.94 mM, 4 mL), aniline (100 mM, 4 mL), and
sodium dodecylsulfate (40 mM, 4 mL) were mixed and shaked
for 10 min. Then, 4 mL of ultrapure water was added to the
abovementioned solution drop by drop and incubated for 4 h
at room temperature. Then, Au@PANI was obtained by
washing and drying overnight at 60 °C. After that, the Au@
PANI (3 mL, 1 mg/mL) was incubated with SOD solution
(500 μL, 0.5 mg/mL) and dAb solution (1 mL, 10 μg/mL)
overnight at 4 °C. Finally, the obtained dAb-SOD-Au@PANI
conjugates were washed and redispersed in PBS for future use.

2.4. Fabrication of a Double-Channel Microfluidic
PEC Biosensor for cTnI Detection. The fabricated
sandwich-type cathodic PEC biosensor in a double-channel
microfluidic chip for cTnI detection is presented in Scheme
1B. First, the cAb solution (20 μL, 5 μg/mL) was injected ino
Pd/I:BiOBr-OV WE1 and Pd/I:BiOBr-OV WE2 (from inlet 1
and 2) and holded for 60 min to achieve Pd−NH2 linking
between the cAb and Pd/I:BiOBr-OV nanocomposite. Next,
the BSA solution (10 μL, 1 mg/mL) was injected into the
abovemodified WE to block nonspecific binding sites. Then,
the cTnI (20 μL) with different concentrations was injected
into BSA/cAb/Pd/I:BiOBr-OV WE1 and BSA/cAb/Pd/
I:BiOBr-OV WE2 from inlet 1 and 2 and incubated for 60
min. Subsequently, the 20 μL of dAb-SOD-Au@PANI was
injected (from inlet 1 and 2) and incubated for 60 min. Then,
the cathodic photocurrent is greatly increased after the
modification of dAb-SOD-Au@PANI compared with modify-
ing cTnI to achieve signal amplification. Each modification
step was cleaned with PBS buffer solution (pH 7.4) to remove
unabsorbed biomolecules, in which the solution was injected
from inlet 1 and 2 and then outflowed from outlet 3 and 4. The
physical picture of a double-channel microfluidic chip
biosensor is shown in Figure S3.

3. RESULTS AND DISCUSSION
3.1. Characterization of Pd/I:BiOBr-OVs and Au@

PANI. The morphologies of I:BiOBr, I:BiOBr-OVs, and Pd/
I:BiOBr-OVs were characterized by SEM. As shown in Figure
1A, I:BiOBr nanomaterials are nanosheet arrays with the self-
assembled unordered flower-like surface, indicating the
successful preparation of I-doped BiOBr. After OVs for

Figure 1. SEM images of I:BiOBr (A), I:BiOBr-OVs (B), and Pd/I:BiOBr-OV nanocomposite (C); SEM elemental mapping of the Pd/I:BiOBr-
OV nanocomposite (D); and XRD pattern of BiOBr, I:BiOBr, I:BiOBr-OVs, and Pd/I:BiOBr-OVs (E).
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I:BiOBr (Figure 1B), the nanosheet array becomes loose and
the edge of the nanosheet is damaged, which was most likely
caused by surface OVs. Importantly, nanosheet arrays can
provide more reaction sites over a larger specific surface area
and improve the stability of the signal. After loading Pd
nanoparticles on I:BiOBr-OVs by in situ reduction, as shown

in Figure 1C, the Pd nanoparticles are uniformly loaded on the
surface of I:BiOBr-OVs whose morphology has little change. In
addition, the high-resolution transmission electron microscopy
(HRTEM) image of Pd nanoparticles (Figure S4) presents the
lattice fringes with 0.23 nm corresponding to the spacing of
(111) planes in cubic Pd. Moreover, the elements of I, Br, O,

Figure 2. XPS spectra of I:BiOBr and I:BiOBr-OVs (A); Br 3d (B); I 3d (C); Bi 4f (D); and O 1s (E).

Figure 3. SEM images of Au@PANI (A); XRD pattern of Au@PANI (B); UV−vis spectra of (a) dAb, (b) Au@PANI, and (c) dAb-Au@PANI
(C); PL spectra (D) and photocurrent intensity (E) of (a) BiOBr, (b) I:BiOBr, (c) I:BiOBr-OVs, and Pd/I:BiOBr-OVs; ESR spectra of •O2

−

radicals produced by Pd/I:BiOBr-OVs in the dark and under visible light photoirradiation (F); and possible signal amplification mechanism (G).
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Bi, and Pd are uniformly distributed on the Pd/I:BiOBr-OV
sample in Figure 1D, which further indicates the successful
synthesis of Pd/I:BiOBr-OV composites. The X-ray diffraction
(XRD) pattern was employed to characterize the crystallinity
of the prepared I:BiOBr, I:BiOBr-OVs, and Pd/I:BiOBr-OV
nanocomposite, respectively. As shown in Figure 1E, the
diffraction peaks in the XRD pattern for BiOBr, I:BiOBr, and
I:BiOBr-OVs are well-indexed to the standard card of
tetragonal BiOBr (JCPDS 09-0393), showing the introduction
of I doping and OVs that do not alter the crystalline phase of
BiOBr. However, a main diffraction peak at 2θ = 31.69 (102)
for I:BiOBr and I:BiOBr-OVs is shifted a little bit to a lower
angle area, which is most probably caused by doping of I ions
into the BiOBr lattice structure. All the diffraction peaks
weaken when Pd nanoparticles are loaded on the I:BiOBr-OV
surface, meaning a successful reduction of Pd nanoparticles on
the I:BiOBr-OV surface.
XPS was employed to investigate surface atomic constituents

and chemical states of elements for I:BiOBr and I:BiOBr-OVs.
The elements of Br, Bi, O, and I are all in full XPS survey
spectra of I:BiOBr and I:BiOBr-OVs, as shown in Figure 2A.
The same two diffraction peaks at 67.49 and 68.52 eV (Figure
2B) for I:BiOBr and I:BiOBr-OVs are associated with Br 3d5/2
and Br 3d3/2, respectively, revealing the existence of Br

−. Figure
2C shows that the two same high-resolution spectra of I 3d5/2
and I 3d3/2 with peaks at 618.22 and 629.70 eV for I:BiOBr
and I:BiOBr-OVs, respectively, are assigned to I 3d. In
addition, the existence of a weak diffraction peak at 620.45 and
631.92 eV for I 3d may be caused by air oxidation. The strong
typical characteristic peaks at 158.47 and 163.73 eV (Figure
2D) for I:BiOBr are assigned to Bi 4f7/2 and Bi 4f5/2,
respectively. However, there is an obvious 0.27 eV shift to
lower binding energy for the Bi 4f spectrum in I:BiOBr-OVs,
which was caused by OVs that break the Bi−O bond. The O 1s
spectrum of I:BiOBr and I:BiOBr-OVs is displayed in Figure
2E. Compared to I:BiOBr with two main diffraction peaks at
531.34 and 529.2 eV from lattice −OH and Bi−O,
respectively, the O 1s diffraction peak of I:BiOBr-OVs shifts
to lower binding energy (528.96 and 530.44 eV) and a new
peak appears at 532.27 eV, which attributed to the treatment of
OVs on the I:BiOBr surface.28,29 Therefore, the I:BiOBr
samples with OVs have been successfully prepared.
The morphology of Au@PANI was characterized by SEM,

as shown in Figure 3A. Also, Au@PANI presents a
nanoparticle shape in uniform size with an average diameter
of 200 ± 10 nm. In addition, the crystalline phase of Au@
PANI was analyzed by the XRD pattern. As shown in Figure
3B, four intense absorption peaks exhibit at 38.2, 44.4, 64.6,
and 77.5° corresponding to reflection planes of (111), (200),
(220), and (311), respectively, which represents the face-
centered cubic structure of Au nanoparticles. At the same time,
a broad diffraction peak was observed between 20 and 30°,
which confirms the amorphous characteristics of PANI.30

Therefore, the XRD pattern proved that the Au@PANI
nanomaterial was synthesized successfully. In addition, the
UV−vis spectrum was used to identify incubation connection
of dAb with Au@PANI, as shown in Figure 3C. The dAb
dispersion has an obvious absorption peak (curve a) at 273
nm. Subsequently, a small peak (curve b) at 300 nm is
observed for Au@PANI aqueous solution. After incubation, it
can detect a relatively strong peak (curve c) at 273 nm
obviously, which mainly ascribed to the successful connection
of dAb with Au@PANI.

Photoluminescence (PL) spectra are usually used to test
efficiency separation of photoinduced electron−hole pairs.
Also, the lower PL intensity suggested the higher charge
separation efficiency.31,32 As shown in Figure 3D, PL spectra of
BiOBr, I:BiOBr, I:BiOBr-OVs, and Pd/I:BiOBr-OVs show that
all the samples have wide emission peaks around 350−475 nm.
In addition, the peak intensity of I:BiOBr (curve b) is
obviously weaker than that of pure BiOBr (curve a), indicating
that I− doping could improve the separation rate of electron−
hole pairs. Interestingly, the peak intensity of I:BiOBr-OVs
(curve c) is reduced compared with that of I:BiOBr, which was
caused by the introduction of OVs that greatly promote the
separation of photogenerated carriers. It is worth noting that
the PL peak intensity of Pd/I:BiOBr-OVs (curve d) is the
lowest because loading Pd on I:BiOBr-OVs could further
inhibit the recombination of photoinduced electron−hole
pairs.26 Besides, the intensity of photocurrent could reflect the
situation of photogenerated electrons. As shown in Figure 3E,
the photocurrent intensity of I:BiOBr (curve b) increases than
that of BiOBr (curve a) and further enhances with the
introduction of OVs on the surface of I:BiOBr (curve c). The
enhanced photocurrent intensity may be caused by two factors,
one is the increase in photoinduced charge carrier quantity and
another is improvement of electron−hole pair separation
efficiency. The intensity photocurrent of I:BiOBr-OVs
increased obviously after loading Pd nanoparticles (curve d)
that mainly increase the electron-transfer rate. The photo-
current response data corresponded with PL spectral values,
which confirmed that Pd/I:BiOBr-OVs has good PEC
properties.

3.2. Possible Signal Amplification Mechanism of the
Biosensor. To acquire a deeper understanding of the
enhanced PEC response based on Pd/I:BiOBr-OVs as a
platform and SOD-Au@PANI as a signal amplification label.
The possible mechanism was proposed and is presented in
Figure 3G. First, the conduction band (CB) and valence band
(VB) edges were studied by linear sweep voltammetry (LSV):
the CB edge and the VB edge of BiOBr are at −0.80 V (Figure
S5A) and 2.01 V (Figure S5B) versus Ag/AgCl electrode,
corresponding to −0.60 and 2.21 V, respectively, as opposed to
the normal hydrogen electrode (NHE). Also, the CB edge and
VB edge of I:BiOBr are at −0.60 and 1.63 V (Figure S6A,B)
versus NHE by calculations from LSV measurements.
According to the following equation, the calculated band gap
(Eg) of BiOBr and I:BiOBr is 2.81 and 2.23 eV, respectively.
The Eg of BiOBr becomes narrower after I doping, leading to
the promotion of a wider visible-light absorption range and
generation of more pairs of separated electrons and holes.

E E Eg VB CB= −

Then, upon visible-light irradiation for Pd/I:BiOBr-OVs, the
electron (e−) could be excited and jumped to the CB of
I:BiOBr or OV states and holes (h+) could be left in the VB to
occur separation of electron−hole pairs (eq 1). The e− on the
CB of I:BiOBr could transfer to the Pd surface that provide
more reactive sites to facilitate the separation of electron−hole
pairs; meanwhile, the e− with a redox potential of −0.60 V can
be captured by dissolved O2 to produce •O2

− radicals
[E0(O2/

•O2
− = −0.33 V/NHE)] (eq 2). On top of that, the

e− also could be captured by absorbed O2 on the OV surface to
generate •O2

− radicals (eq 2). It is interesting to note that the
generated •O2

− radicals in the PEC reaction can be identified
by electron spin resonance (ESR) spectroscopy, which used
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DMPO as a spin-trapping agent. As shown in Figure 3F, the
sample of Pd/I:BiOBr-OVs exhibited the highest ESR signal
for •O2

− radical generation under visible-light irradiation, while
the ESR signal was hardly observed under dark conditions,
suggesting that the •O2

− radicals could be produced in the
PEC reaction system.33,34 In addition, the •O2

− could
disproportionate with SOD on the label of dAb-SOD-Au@
PANI to produce O2 and H2O2, leading to further facilitation
of the separation of electron−hole pairs (eq 3). Hence, the
cathodic PEC response is amplified by promoting the e−

consumption reaction. More interestingly, the produced
H2O2 can be catalyzed by Au@PANI to generate O2 and
H2O (eq 4). Finally, the generated O2 increases the content of
dissolved O2 and adsorbed O2, which can capture more e−.
Therefore, the label of SOD-Au@PANI could further amplify
PEC response through efficient separation of electron−hole
pairs.

hPd/I:BiOBr OVs Pd/I:BiOBr OVs(e h )ν‐ + ⃗ ‐ +− + (1)

e O O2 2+ →− • −
(2)

O 2H SOD O H O2 2 2 2+ ⎯ →⎯⎯⎯⎯⎯ +• − +
(3)

H O
Au@PANI

O H O2 2 2 2⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ + (4)

3.3. Increased Electroactive Surface Area of Pd/
I:BiOBr-OVs. The effective electroactive surface area was
enhanced by the introduction of Pd loading on the surface of
I:BiOBr-OVs that with the unordered flower-like nanosheet
arrays are key to establish electron transport and amplify PEC
signals with faster electron mobility. To illustrate that, the CV
of pure WE and Pd/I:BiOBr-OVs WE was studied in
[Fe(CN)6]

4−/3− solution. The redox peak current I was related
to v1/2, according to the Randles−Sevcik equation

I AD n v c2.69 105 1/2 3/2 1/2= ×

where A is the effective electroactive surface area (cm2), D
represents the diffusion coefficient of [Fe(CN)6]

4−/3−, n is 1, v
is the scanning rate (V/s), and c is 5 mmol/L that represents
the concentration of K3Fe(CN)6. Under scanning rates from
40 to 240 mV/s (Figure S7A), the current I increases linearly
with v1/2 for pure WE and the regression equation is presented
as I = 922.28 × v1/2 + 176.86 (R2 = 0.992) (Figure S7B). The
calculated effective electroactive surface area is 0.26 cm2.
However, the effective electroactive surface area of Pd/
I:BiOBr-OVs increased to 0.58 cm2 by calculation with
regression equations of I = 2038.63 × v1/2 + 231.24 (R2 =
0.996) (Figure 4A) along with scanning rates from 40 to 240
mV/s (the inset in Figure 4A). The results demonstrate that
Pd/I:BiOBr-OVs possessed increasing effective electroactive
surface area.
3.4. EIS Characterization of the PEC Biosensor. The

interfacial properties of each construction step were expressed
by an effective way of EIS. As shown in Figure 4B, the inset is
an equivalent circuit containing Ret (electron-transfer resist-
ance), Zw (Warburg impedance), Cdl (double-layer capaci-
tance), and Rs (solution resistance). Both experimental curves
(point) and fitting curves (line) in the Nyquist plots are shown
in Figure 4B. The Ret value of Pd/I:BiOBr-OV WE (curve b) is
larger than that of bare WE (curve a). After modification of
Ab1, BSA, cTnI, and dAb-SOD-Au@PANI, the Ret increased

gradually, which demonstrated the successful decoration of
each interfacial layer.

3.5. Analytical Performance of the Fabricated
Biosensor. Based on the excellent PEC performance of Pd/
I:BiOBr-OVs as a sensing substrate for cAb incubation and
signal amplification of SOD-Au@PANI as a label, a sensitive
biosensor was fabricated for the detection of cTnI. Under the
optimal experimental parameters (Figure S8A,B), the PEC
signal enhanced gradually along with the increasing concen-
tration of cTnI within the range from 0.1 pg/mL to 100 ng/
mL (from curve a to curve g), as shown in Figure 5A. As a
result, a good linear in correlation was achieved between PEC
intensity and logarithm of different cTnI concentrations (log
c), as shown in Figure 5B. The calibration plot was obtained as
y = −0.4794 × log c − 3.3428 with a correlation coefficient R2

= 0.996. In addition, the limit of detection was calculated to be
0.042 pg/mL. Moreover, compared with the existing detection
methods in previous work (Table S1), this proposed biosensor
exhibited superior analytical performance for cTnI detection.
Specificity was essential for assessment selectivity of the

designed PEC biosensor. The interference concentration (PSA,
PCT, and Aβ) was selected as 10 and 1000 ng/mL,
respectively, which were 100 times higher than that of 0.1
and 10 ng/mL for target cTnI. As shown in Figure 5C,
compared to the PEC intensity of the blank group, the PEC
intensities of these interferences exhibited barely negligible
changes. Importantly, the PEC intensities of the mixture
targets (PSA + cTnI, PCT + cTnI, and Aβ + cTnI) were
almost the same as pure cTnI, indicating that the fabricated
biosensor had a satisfactory specificity without obvious
interference. In addition, the reproducibility can be evaluated
by comparing PEC intensities among various electrodes. As
displayed in Figure 5D, the six parallel identical electrodes
were modified with 10 ng/mL (number 1−6) and 0.1 ng/mL
(number 1−6) cTnI in a double-channel biosensor and carried
out the PEC intensity, respectively, in which the RSD was
calculated to be 1.36 and 1.82%, respectively. The results
illustrated that the prepared PEC biosensor has an acceptable
reproducibility. Simultaneously, the fabricated biosensor
presented good stability, as shown in Figure S9.

3.6. Real-Sample Analysis. To validate the feasibility and
accuracy of the designed biosensor, a recovery test based on
the standard addition method was carried out in two healthy
human serum samples by spiking different concentrations of
target cTnI (0.1, 5, and 30 ng/mL). It could be seen from
Table 1 that recoveries of the prepared biosensor ranged from
98.3 to 101.8% with an RSD value from 1.38 to 2.49% for
sample 1 and 97.0 to 103.5% with an RSD value from 1.53 to

Figure 4. (A) Calibration curve of I against v1/2 (inset shows the CV
curves of response of Pd/I:BiOBr-OV electrodes at scan rates of 40−
240 mV s−1). (B) EIS characterization of each interfacial properties
for the developed microfluidic cathodic PEC biosensor.
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3.32% for sample 2, which proved that the developed biosensor
was accurate and reliable for real-sample analysis.

4. CONCLUSIONS

In conclusion, an innovative and preferable double-channel
microfluidic cathodic PEC biosensor has been developed on
the basis of enhancing cathodic photocurrent response of Pd/
I:BiOBr-OVs as a sensing platform and an amplifying signal of
SOD-Au@PANI as a detection antibody label. The introduc-
tion of OVs and Pd on the surface of I:BiOBr can effectively
enhance cathodic PEC performance owing to the improvement
of efficiency separation of photogenerated electron−hole pairs.
Furthermore, the SOD on the signal amplification label of
SOD-Au@PANI could catalyze generated •O2

− to produce
H2O and O2. Then, the generated O2 can capture photo-
generated electrons for promoting the separation of electron−
hole pairs to achieve the amplifying signal. The cathodic PEC
biosensor integrated into a double-channel microfluidic
template presents superiorities of high selectivity, rapid
detection, and low cost and provides possibilities for detecting
cTnI in human serum samples. Importantly, the designed
cathodic PEC strategy has great potential application prospect
for the detection of other targets in biological analysis and early
disease diagnosis.
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