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A microfluidic cathodic photoelectrochemical
biosensor chip for the targeted detection of
cytokeratin 19 fragments 21-1†
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A microfluidic chip integrated with a microelectrode and a cathodic photoelectrochemical (PEC) biosensor

for the ultrasensitive detection of non-small cell lung cancer cytokeratin fragments based on a signal am-

plification strategy was designed. The mechanism for signal amplification is developed based on the p–n

junction of AgI/Bi2Ga4O9, with dissolved O2 as an electron acceptor to produce the superoxide anion radi-

cal (˙O2
−) as the working microelectrode. By combining this with a novel superoxide-dismutase-loaded

honeycomb manganese oxide nanostructure (SOD@hMnO2) as the co-catalyst signal amplification label,

˙O2
− can be catalyzed by SOD via a disproportionation reaction to produce O2 and H2O2; then, hMnO2 is

able to trigger the decomposition of H2O2 to generate O2 and H2O. Therefore, the increased O2 promotes

the separation of electron–hole pairs via consuming more electrons, leading to an effective enhancement

of the cathodic PEC behavior. Under optimum conditions, with the cytokeratin 19 fragments 21-1 (CYFRA

21-1) as the targeted detection objects, the microfluidic cathodic PEC biosensor chip exhibited excellent

linearity from 0.1 pg mL−1 to 100 ng mL−1, with a detection limit of 0.026 pg mL−1 (S/N = 3). The exciting

thing that this work offers is a new strategy for the detection of other important cancer biomarkers for dis-

ease diagnosis and prognosis.

Introduction

The portability of traditional photoelectrochemical (PEC) bio-
sensors is greatly limited by miniaturization and automa-
tion.1,2 Surprisingly, microfluidic chip integrated microelec-
trodes with high portability, strong automation, low sample
consumption, and good disposability provide good tech-
niques to overcome the limitations.3–6 In addition, the ca-
thodic PEC biosensor, one of the latest directions, represents
a newly developed eye-catching tool for sensitive biomolecule
detection by complementary advantages of PEC bioanalysis
and photocathode. Compared with photoanode mode, the ca-
thodic PEC biosensor has great capability to resist the inter-
ference of reductive substances because of it is more likely to
react with the electron acceptors (e.g., dissolved O2) than the

electron donors (e.g., ascorbic acid) in an electrolyte.7–9 De-
spite groundbreaking advances in biosensors, the innovative
and effective signaling amplifying strategy is still highly
needed to promote broader application in clinical diagnosis.
For this purpose, the microfluidic cathodic PEC biosensor
based on facilitating the separation of electron–hole pair by
consuming electron acceptor of dissolved O2 is applied.

High-performance cathode PEC bioanalysis is inseparable
from excellent p-type semiconductor materials, such as metal
oxides (e.g. Cu2O,

10,11 CuO,12 and NiO (ref. 13 and 14)); Ag-
based materials (e.g. Ag2S (ref. 15) and AgI (ref. 16)); and vari-
ous heterostructures.17 Among them, AgI, as a typical p-type
semiconductor, has attracted much attention because of its
good visible light response with a suitable narrow band
gap.7,18 However, the separation of photogenerated carriers is
suppressed by the high recombination rate of individual AgI,
but the construction of a p–n junction at the interface be-
tween two semiconductors offers an effective method to en-
hance visible-light absorption and charge carrier separa-
tion.19,20 Inspired by this, the n-type mullite-type
orthorhombic Bi2Ga4O9 with a good photocatalyst could be
combined with p-type AgI to form a p–n junction at the inter-
face of AgI/Bi2Ga4O9. In general, a strong internal electric
field is created via band bending, due to the large difference
of Fermi level (Ef) at the interface of the p–n junction,
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resulting in improving the separation and transfer of photo-
generated charge carriers effectively and further enhancing
photocurrent conversion efficiency.21–23 Under visible light ir-
radiation, the crucial role of the p–n junction for enhancing
the PEC cathode response was revealed by using dissolved O2

as the electron acceptor to improve the superoxide radical
(˙O2

−) generation rate and increase the separation efficiency
of the electron–hole pairs.

To further achieve amplification of the detectable signal,
it is critical to eliminate ˙O2

− and increase the dissolved O2.
Superoxide dismutase (SOD), a natural scavenger of oxygen
free radicals, has attracted widespread attention in protection
mechanisms against oxidative damage from reactive oxygen
species by catalyzing the dismutation of ˙O2

− to O2 and
H2O2.

24,25 Unfortunately, the presence of H2O2 limits the
maximum extent of the reaction. Honeycomb MnO2 (hMnO2)
nanostructures as a catalyst could be able to trigger the de-
composition of H2O2 into H2O and O2,

26,27 so as to increase
the electron acceptor of dissolved O2 to enhance the cathodic
PEC signals. Moreover, hMnO2 possesses the excellent merits
of low toxicity, easy preparation, high loading capacity, and
low-cost and has exhibited increasing potential for applica-
tions in biosensing. To better perform the functions of SOD
with hMnO2, a collaborative amplification strategy, in which
SOD is loaded onto the surface of a hMnO2 (SOD@hMnO2)
nanostructure is proposed.

Herein, a highly efficient microfluidic cathodic PEC bio-
sensor system was developed for biomarker detection by ap-
plying p–n AgI/Bi2Ga4O9 as the sensing substrate and
SOD@hMnO2 as the signal amplification label. In addition,
the satisfying practicability and accuracy of the prepared ca-
thodic PEC biosensor was well proven using the real antigen
target of cytokeratin 19 fragments 21-1 (CYFRA 21-1), a reli-
able biomarker of non-small cell lung cancer. To improve the
interfacial specificity of the CYFRA 21-1 antigen, primary anti-
bodies (Ab1) were directly incubated on the large surface of
AgI/Bi2Ga4O9 modified with thioglycolic acid (TGA) through
activating –COOH by EDC/NHS. After incubating the detection
antibody (Ab2) on the SOD@hMnO2 (SOD@hMnO2–Ab2) bio-
conjugate, a sandwich-type immunocomplex was prepared.
What is more, the p–n AgI/Bi2Ga4O9 increases the generation
rate of ˙O2

−, then the ˙O2
− can be catalyzed by SOD via a dis-

proportionation reaction, producing O2 and H2O2; the hMnO2

can further degrade H2O2 to generate O2 and H2O; the more
O2 produced increases the content of dissolved O2 captured
by more electrons, which promotes the separation of
electron–hole (e−/h+) pairs, leading to the amplification of the
cathodic PEC signal in the microfluidic chip.

Experimental section
Preparation of the microfluidic chip

Firstly, ITO was cut into 6 cm × 5 cm slices for the fabrication
of wet etching on the ITO slices according to the published
work as shown in Fig. 1A. After that, the p–n AgI/Bi2Ga4O9

was modified on the working microelectrode (WE) of the ITO

substrate by the electrostatic self-assembly process and silver/
silver chloride (Ag/AgCl) conductive ink was printed on the
reference microelectrode (RE) of the ITO substrate through
the silk-screen mode, then dried at 120 °C for 30 min in
Fig. 1B. In detail, the Bi2Ga4O9 nanostructures were synthe-
sized by a corrosion and hydrothermal method based on pre-
vious reports with a slight modification.28,29 0.033 M Ga2O3

in 100 mM NaOH aqueous solution was added in a 100 mL
Teflon-lined stainless autoclave, which was kept at 180 °C for
48 h. After cooling, 0.580 g of Bi(NO3)3·5H2O was added to
the above solution and stirred for 60 min, then the cleaned
and etched ITO WE was added to the 100 mL Teflon-lined
stainless autoclave which was kept at 200 °C for another 10
h. After the reaction, a pale-yellow precipitate on the WE was
acquired after washing with ultrapure water. The acquired
precipitate was further added to 4 M HNO3 for 20 s and then
washed with ultrapure water. Finally, the prepared Bi2Ga4O9

nanostructures on the WE were gained by drying at 60 °C for
2 h. Then, the Bi2Ga4O9 nanostructures were sequentially im-
mersed into 10 mL of 0.05 mol L−1 KI and 0.05 mol L−1

AgNO3 aqueous solution for 10 min in the dark, respectively,
six times and then washed with ultrapure water and dried at
room temperature. Then, 8 μL of 10 mM TGA solution was
dropped onto the surface of p–n AgI/Bi2Ga4O9 and dried at
room temperature. After washing with ultrapure water, the
p–n AgI/Bi2Ga4O9 modified with carboxyl functionalization
was obtained. The other details are in the ESI.†

Preparation of SOD@hMnO2–Ab2

As shown in Fig. 2A, the honeycomb MnO2 (hMnO2) nano-
structures were synthesized by a redox reaction method
based on previous reports (detailed in ESI†). The prepared
0.2 g hMnO2 was dispersed in 20 mL of ethanol containing
0.3 mL of APTES and heated at 70 °C for 1.5 h under con-
stant stirring to gain amino functionalized hMnO2 (hMnO2–

NH2). Then, hMnO2–NH2 (2 mL, 3 mg mL−1) was mixed with
glutaraldehyde (GA) (1 mL, 2.5%) and stirred for 2 h at room
temperature to activate hMnO2–NH2. After washing with

Fig. 1 Wet etching on ITO (A), and the preparation of the microfluidic
working microelectrode (WE) and reference microelectrode (RE) (B).
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phosphate buffer (pH 7.0), the activated hMnO2–NH2 was re-
dispersed in PBS and then successively incubated with Ab2
solution (1 mL, 10 μg mL−1) and SOD solution (400 μL, 0.5
mg mL−1) for 12 h at 4 °C. The mixture was finally washed
and re-dispersed in PBS for future use.

Fabrication of the cathodic microfluidic PEC biosensor

As shown in Fig. 2B and C, 10 μL of EDC/NHS solution (1 ×
10−2 mol L−1/2 × 10−3 mol L−1) was injected into the p–n AgI/
Bi2Ga4O9 WE (from inlet 1) to activate –COOH for 30 min at
room temperature. Then, 8 μL of BSA (1 wt%) (from inlet 2)
was injected to block the nonspecific binding sites to make
sure that the 20 μL of Ab1 (10 μg mL−1) is well captured by
the p–n AgI/Bi2Ga4O9 after injection from inlet 3 to incubate
for 60 min at 37 °C. After cleaning, 20 μL of CYFRA 21-1 anti-
gen (from inlet 4) was injected for incubating. Finally, 20 μL
of SOD@hMnO2–Ab2 (from inlet 5) was injected to fabricate
the signal amplification immunocomplex to incubate for 60
min at 37 °C. All cleaning procedures were performed using
PBS buffer solution with pH 7.0 to remove unabsorbed bio-
molecules after each modification step, which was injected at
the injection port itself and outflowed through the outlet. All
the cathodic photocurrent responses were determined in the
wavelength range of the stimulation resource LED (Fig. S1,
ESI†).

Results and discussion
Characterization of p–n AgI/Bi2Ga4O9 and hMnO2

The crystal structure of Bi2Ga4O9 is characterized by X-ray dif-
fraction (XRD). As shown in Fig. 3A, the diffraction peaks of
the sample are well indexed to orthorhombic Bi2Ga4O9

(JCPDS PDF# 76-2240), and the high purity of Bi2Ga4O9 is ob-
served from the absence of the characteristic peaks of impu-
rities. Fig. 3B and C show the scanning electron microscopy
(SEM) image of Bi2Ga4O9 with a nanoplates assembled flower
structure, which could provide a large orderly specific surface
area to improve signal stability and reproducibility. As shown

in Fig. 3D, the morphology and size of Bi2Ga4O9 remains al-
most unchanged after growing AgI on the surface of Bi2Ga4-
O9, whereas AgI with small nanoparticles is clearly viewed on
the surface of Bi2Ga4O9 (inset Fig. 3D). Meanwhile, Fig. 3E
shows the XRD diffraction patterns of AgI and AgI/Bi2Ga4O9

composites, which demonstrates that AgI could load on the
surface of Bi2Ga4O9, however, this does not influence the
crystal structure of Bi2Ga4O9. Moreover, the elemental distri-
bution mapping in Fig. 3F presents the Ga, O, Bi, I and Ag el-
emental composition of AgI/Bi2Ga4O9, further indicating the
successful synthesis of the AgI/Bi2Ga4O9 composites.

XPS is provided to identify the surface chemical states of
the AgI/Bi2Ga4O9 composites. As revealed in Fig. 4A, the main
peaks of the XPS survey spectrum are observed to be the Bi,
Ga, O, Ag and I elements, which fits well with the elemental
mapping results. The high-resolution spectrum of Ag 3d and
I 3d reveals two main peaks, respectively (inset Fig. 4A). As
shown in Fig. 4B, two main peaks at 156.6 eV and 161.8 eV
are assigned to Bi 4f7/2 and Bi 4f5/2, respectively, suggesting
the existence of Bi3+. Fig. 4C shows that the high-resolution
spectrum of Ga 2p3/2 and Ga 2p1/2 have peaks at 1114.9 eV
and 1141.7 eV, respectively, which revealed Ga 2p. The O 1s

Fig. 2 The preparation process of the SOD@hMnO2–Ab2 bioconjugate
(A) and the developed microfluidic PEC biosensor for CYFRA 21-1 de-
tection ((B) and (C)).

Fig. 3 The XRD pattern of (A) Bi2Ga4O9; SEM images of (B) and (C)
Bi2Ga4O9; an SEM image of (D) AgI/Bi2Ga4O9; XRD patterns of (E) AgI
and AgI/Bi2Ga4O9; and SEM elemental mapping of (F) AgI/Bi2Ga4O9.

Fig. 4 XPS spectrum of (A) the AgI/Bi2Ga4O9 composite (insets: XPS
spectra of Ag 3d and I 3d); XPS spectrum of (B) Bi 4f; XPS spectrum of
(C) Ga 2p; XPS spectrum of (D) O 1s; a TEM image of (E) hMnO2; and
FT-IR spectra of (F) hMnO2 (curve b) and the amine functionalization
of hMnO2 (curve a).
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peaks at 529.87 eV and 531.66 eV are ascribed to the surface
hydroxyl groups and lattice oxygen (Bi–O or Ga–O),30 respec-
tively in Fig. 4D. The results exhibit the successful existence
of AgI and Bi2Ga4O9 in AgI/Bi2Ga4O9.

For a comparative study, the UV-vis diffuse reflectance
spectra (Fig. S2, ESI†) exhibit that the pure Bi2Ga4O9 pos-
sesses an absorption wavelength range under 430 nm, which
is attributed to the moderate band gap (∼2.9 eV). On the
other hand, the absorption of p–n AgI/Bi2Ga4O9 undergoes a
significant redshift, but between Bi2Ga4O9 and AgI, which is
expected. Obviously, after modification with AgI, the p–n AgI/
Bi2Ga4O9 could increase visible-light harvesting, which gener-
ates the greatest photoinduced charge separation and trans-
fer under visible-light irradiation.

The crystallization of MnO2 is characterized using XRD,
and the result is exhibited in Fig. S3 (ESI†). Distinct diffrac-
tion peaks are recorded at 2θ = 12.18, 24.27, 36.53, and 65.75,
which correspond to the (001), (002), (100), and (110) planes
of birnessite-type MnO2, respectively. The morphology and
structure of MnO2 is confirmed by the TEM image in Fig. 4E.
MnO2 has a honeycomb-like (hMnO2) structure with a large
surface with a uniform size of about 150 nm that was formed
by the self-assembly of MnO2 nanoplatelets. Moreover, the
Fourier transform infrared (FT-IR) spectra are presented to
demonstrate the successful amine functionalization of
hMnO2 in Fig. 4F. After the amination reaction (curve a),
compared with the before amination reaction (curve b) the
absorption peaks related to the Mn–O stretching vibration at
522.4 cm−1 and C–H bending vibration at 1518.2 cm−1 de-
crease, while additional absorption bands at 1052.6, 1126.3,
1388.9, and 1556.6 cm−1 appear, which are attributed to the
stretching mode of the (Si–O)n, Si–OMn, C–N, and N–H, re-
spectively, which suggests the successful amine
functionalization of hMnO2.

The increased electroactive surface area of p–n AgI/Bi2Ga4O9

It is essential to evaluate the electro-active surface area of
AgI/Bi2Ga4O9, which can increase the loading of immune
molecules on the sensing interface. To compare, the AgI/Bi2-
Ga4O9 WE and pure WE are expressed by cyclic voltammetry
(CV) employing a redox probe of [Fe(CN)6]

4−/3− solution. All
analysis is based on the commonly used Randles–Sevcik
equation:

Ip = 2.69 × 105AD1/2n3/2v1/2c

where the Ip varies with the peak reduction current at differ-
ent scan speeds, A is the electroactive surface area (cm2)
according to the decorated WE area, D is identified to be 6.70
± 0.02 × 10−6 cm2 s−1, which represents the diffusion coeffi-
cient of [Fe(CN)6]

4−/3−, n is 1 in this system, which represents
the number of electrons transferred in the oxidation–reduc-
tion reaction, c is concentration of the K3Fe(CN)6 (5 × 10−3

mol L−1), and v is CV scanning rate (V s−1). Under different
scan rates (Fig. 5A and S4A†), the regression equations of

AgI/Bi2Ga4O9 WE (Fig. 5B) and pure WE (Fig. S4B†) are ac-
quired as I = 1863.46 × v1/2 + 354.27 (R2 = 0.992) and I = 796.5
× v1/2 + 105.81 (R2 = 0.984), respectively. Accordingly, the ef-
fective electrochemical active areas are obtained as 0.54 cm2

and 0.23 cm2 by calculation, respectively, suggesting the in-
creased active surface area after modifying the p–n AgI/Bi2-
Ga4O9 composites.

The excellent PEC performance of SOD@hMnO2–Ab2

To demonstrate that SOD@hMnO2–Ab2 could enhance the ca-
thodic photocurrent response, the photocurrent–time curves
of the prepared immunosensor are performed. As shown in
Fig. 5C, the cathodic photocurrent decreases after incubating
Ab2 (curve b) with the CYFRA 21-1 antigen (curve a) modified
p–n AgI/Bi2Ga4O9 WE. Nevertheless, the cathodic photocur-
rent increases when hMnO2–Ab2 (curve c) is incubated on the
CYFRA 21-1 antigen modified p–n AgI/Bi2Ga4O9 WE. Interest-
ingly, the cathodic photocurrent increases by about double
after incubating with SOD@hMnO2–Ab2 (curve d) compared
with hMnO2–Ab2 (curve c), indicating that it could be chosen
as the signal amplification label.

Electrochemical impedance spectroscopy (EIS) of the
biosensor

The different interface properties of the modified electrodes
are characterized by EIS for the fabrication process of the bio-
sensor. As shown in Fig. 5D, the electron-transfer resistance
(Ret) increases gradually after modifying Bi2Ga4O9 (curve b)
and AgI (curve c) in sequence compared with bare WE (curve
a). However, the relatively large value of Ret appears when
modified with Ab1 (curve d), due to the high steric hindrance
and insulating property of the protein molecules. Afterwards,
the Ret value is further increased step by step after modifying

Fig. 5 CV detection of (A) AgI/Bi2Ga4O9 WE in [Fe(CN)6]
4−/3− solution;

the linear relationship between the peak reduction current I and v1/2 of
(B) AgI/Bi2Ga4O9; the PEC performances of Ab2 (curve b), hMnO2–Ab2

(curve c), and SOD@hMnO2–Ab2 (curve d) incubated on the CYFRA 21-
1 antigen (curve a) modified WE (C); and EIS characterization of the
stepwise proposed biosensor (D).
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with BSA (curve e), the target CYFRA 21-1 antigen (curve f),
and the SOD@hMnO2–Ab2 (curve g) label for signal amplifi-
cation layer by layer, suggesting that the biosensor is pre-
pared successfully.

Discussion of the possible signal amplification mechanism

Mott–Schottky (M–S) measurements are conducted to fully
understand the photocatalytic activity of the as-synthesized
AgI/Bi2Ga4O9 composites. The flat-band potential of Bi2Ga4O9

and AgI is determined by M–S plots at −0.92 V and −0.88 V
(Fig. S5, ESI†) versus the Ag/AgCl electrode, respectively,
whose conduction band potential (ECB) is equivalent to −0.72
V and −0.68 V versus the normal hydrogen electrode
(NHE).31,32 Besides, UV-vis diffuse reflectance spectra of Bi2-
Ga4O9 and AgI present a band gap (Eg) at 2.91 eV and 2.59 eV
(Fig. S6, ESI†), respectively. Then, the valence band potential
(EVB) of Bi2Ga4O9 and AgI is 2.23 V and 1.87 V, respectively,
which could be estimated via the following equation:

EVB = Eg + ECB

Fig. 6 shows the junction of AgI and Bi2Ga4O9 under visi-
ble light irradiation. When p-type AgI contacts with n-type
Bi2Ga4O9 by an electrostatic self-assembly process, a built-in
electric field is created at the interface of the p–n junction.
Both AgI eqn (1) and Bi2Ga4O9 eqn (2) can absorb visible pho-
tons to produce photogenerated electrons (e−) and holes (h+)
under visible light irradiation. Then, driven by an internal
electric field, the photogenerated e− in the CB of AgI can be
transferred directly to the CB of Bi2Ga4O9 to dissolve O2 to
generate ˙O2

−, while the h+ photogenerated by Bi2Ga4O9 in
the VB is transferred to the VB of AgI, which enhances the ef-
ficient separation of e−/h+ pairs. Furthermore, the cathodic
photocurrent density of p–n AgI/Bi2Ga4O9 is much higher
than that of pure AgI and Bi2Ga4O9, which also proves the ef-
ficient separation of e−/h+ pairs (Fig. S7, ESI†).

For a better understanding of the signal amplification
mechanism, a detailed possible illustration is as follows: (1)
the e− of Bi2Ga4O9 in the CB can be captured by dissolved O2

to generate ˙O2
− eqn (3). (2) Then, the ˙O2

− could be

disproportionated into molecular O2 and H2O2 by SOD on
the label of SOD@hMnO2–Ab2 eqn (4). (3) More interestingly,
the generated H2O2 could be degraded by MnO2 to generate
O2 and H2O eqn (5). In this way, the generated O2 increases
the content of dissolved O2 trapped by more e− in return,
which obtains greatly amplified signals by efficient separa-
tion of e−/h+ pairs and consequently enhances the photocur-
rent conversion efficiency. To compare the effects of O2-en-
hancement, the fabricated biosensor is detected in N2-
satuated Tris-HCl solution. However, the biosensor can
hardly generate PEC signals in the N2-saturated Tris-HCl so-
lution (Fig. S8, ESI†).

AgI + hv → AgI (e− + h+) (1)

Bi2Ga4O9 + hv → Bi2Ga4O9 (e
− + h+) (2)

e− + O2 → ˙O2
− (3)

˙O2
− þ 2Hþ

�!SOD O2 þH2O2 (4)

H2O2 ��!MnO2 O2 þH2O (5)

Analytical performance of the microfluidic cathodic PEC
biosensor toward CYFRA 21-1

By coupling with the p–n AgI/Bi2Ga4O9 as the platform and
SOD@hMnO2–Ab2 as the signal amplification label, the de-
tection of the CYFRA 21-1 standard was investigated in terms
of the calibration relationship between cathodic photocurrent
intensity under optimized experimental conditions (Fig. S9,
ESI†). As exhibited in Fig. 7A, the cathodic photocurrent
intensity of the biosensors increased with increasing the con-
centration of CYFRA 21-1 from 0.1 pg mL−1 to 100 ng mL−1.
The linear regression could be fitted to y (μA) = −0.9163 −
0.1199 × log cCYFRA 21-1 (cCYFRA 21-1 = ng mL−1), R2 = 0.995
(Fig. 7B) and the limit of detection (LOD) is estimated to be
0.026 pg mL−1 (S/N = 3). Besides, by comparing with previous
reports (Table S1, ESI†), this proposed PEC biosensor
presented a lower limit of detection and a wide linear range
detection.

Fig. 6 A possible mechanism for boosting the efficient separation of
e−/h+ pairs via the p–n AgI/Bi2Ga4O9 junction under visible light
irradiation.

Fig. 7 Cathodic photocurrent intensity–time curves (A) with different
concentrations from 0.1 pg mL−1 to 100 ng mL−1 obtained in 200 μL of
Tris-HCl (0.1 M) in a microfluidic chip. The corresponding linear cali-
bration curve for CYFRA 21-1 (B).

Lab on a Chip Paper

Pu
bl

is
he

d 
on

 2
3 

N
ov

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 A
uc

kl
an

d 
U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y 

on
 1

2/
14

/2
02

0 
9:

05
:4

6 
PM

. 
View Article Online

https://doi.org/10.1039/d0lc01063d


Lab Chip This journal is © The Royal Society of Chemistry 2020

Analysis of human serum specimens

On the basis of the satisfactory specificity, reproducibility
and stability (Fig. S10, ESI†) of the cathodic PEC biosensor,
standard samples with different concentrations of CYFRA 21-
1 (0.01 ng mL−1, 0.1 ng mL−1, 1.0 ng mL−1, and 10 ng mL−1)
mixed with normal human serum were detected by a stan-
dard addition method to demonstrate the practicability and
accuracy of the prepared cathodic PEC biosensor. The results
exhibited that the average recoveries of the biosensor were
from 95.2% to 103.2% with the RSD from 1.15% to 3.52% in
Table 1, indicating the great potential of practicability of the
developed biosensor.

Conclusions

In summary, a microfluidic cathodic PEC biosensor strategy
is successfully proposed as a highly efficient signal amplifica-
tion technique for biomarker detection. The p–n junction of
AgI/Bi2Ga4O9 possessed a strong internal electric field, which
could improve the separation and transfer of photogenerated
charge carriers and facilitate the generation of ˙O2

−. Further-
more, AgI/Bi2Ga4O9 with a high surface area and stable sens-
ing platform could load more Ab1. Then, ˙O2

− could be cata-
lyzed to produce O2 and H2O2 by SOD. Besides, the generated
H2O2 could be further degraded by hMnO2 to generate H2O
and O2; O2 as the electron acceptor could consume electrons
in return, resulting in the further facilitation of the separa-
tion of e−/h+ pairs. Therefore, the amplifying signal is pro-
duced mainly by eliminating ˙O2

− and producing the electron
acceptor of dissolved O2. More importantly, the cathodic PEC
immunosensor in the microfluidic chip with the advantages
of rapid detection, high selectivity, and cost-effectiveness can
be applied in human serum samples for detecting CYFRA 21-
1. Hopefully, in the near future, new devices can be further
integrated with advanced materials and microfabrication for
other applications, such as detection of other tumor markers
and cancer cells, or disease diagnostics and clinical analysis.
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