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g r a p h i c a l a b s t r a c t
� A novel, lable-free photo-
electrochemical biosensor was con-
structed for urokinase-type
plasminogen activator (u-PA)
detection.

� Urokinase-type plasminogen acti-
vator (u-PA) was first time detected
by photoelectrochemical technique.

� The proposed photoelectrochemical
protocol presented ultrahigh sensi-
tivity, reproducibility, specificity and
stability.
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Herein, we established a novel ultrasensitive photoelectrochemical biosensor for detecting urokinase-
type plasminogen activator (u-PA), based on a g-C3N4/CdS nanocomposite. The prepared nano-
composite was characterized by transmission electron microscopy, X-ray photoelectron spectroscopy,
ultravioletevisible absorption spectroscopy, and Fourier transform infrared spectroscopy, thus indicating
that the nanocomposite was prepared successfully. In the typical process, the prepared nanocomposite
was deposited on the surface of a bare FTO electrode. After being air-dried, the g-C3N4/CdS nano-
composite modified electrode was successively incubated with antibody against urokinase-type plas-
minogen activator and the blocking agent BSA to produce a photoelectrochemical biosensor for u-PA. In
the presence of target u-PA antigen, the photocurrent response of the prepared biosensor electrode
decreased significantly. The proposed novel photoelectrochemical biosensor exhibited good sensitivity,
specificity, and reproducibility for u-PA detection, and a low detection limit of 33 fgmL�1, ranging from
1 mgmL�1e0.1 pgmL�1. The proposed strategy should provide a promising method for detection of other
biomarkers.

© 2018 Elsevier B.V. All rights reserved.
).
1. Introduction

Urokinase-type plasminogen activator (u-PA), a member of the
serine protease family, functions in the human plasminogen acti-
vation system and is critical for tissue degradation and remodeling,
cell migration, extravascular fibrinolysis, and cancer invasion and
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metastasis [1e3]. The u-PA is associated with many diseases
including spontaneous intracerebral hemorrhage, tuberous scle-
rosis complex 2, pancreatic ductal adenocarcinoma, male infertility,
lymphangioleiomyomatosis, small-cell lung carcinoma, gastro-
esophageal cancer, gastric cancer, and heart, kidney, and liver dis-
eases [1e8]. As a clinical diagnostic biomarker, u-PA is
overexpressed in many physiological and pathological processes,
and it catalyzes the conversion of plasminogen to plasmin [9]. The
u-PA binds its receptor on the cell surface and promotes the inva-
sion and metastasis of tumor cells [10,11]. Because higher expres-
sion of u-PA is seen on tumor cells, the monitoring of u-PA is
important for tumor screening. To date, many efforts have been
made towards detecting u-PA [12]. For example, Luan et al. pro-
posed a fluorescent nanoprobe for detecting u-PA [13]. Sinharay
et al. detected u-PA with a catalyCEST MRI contrast agent [9].
�Cejkov�a et al. also detected activity of u-PA with the use of AFC
substrates [14]. Despite these efforts, there are still some re-
strictions, such as complex operation and limited sensitivity.
Therefore, it is necessary to develop a simple and sensitive method
for detection of u-PA. As far as we know, few studies have focused
on the detection of u-PA through a photoelectrochemical biosensor.

Photoelectrochemical biosensors are a rapidly developing
analytical technique for biomarker detection. They provide the
advantages of both photochemistry and electrochemistry, such as
high sensitivity, low cost, low background response, use of simple
equipment, and easy operation [15e22]. The basic photo-
electrochemical process refers to photon-electricity conversion, in
which photoactive materials are excited by a light source, thus
resulting in charge separation and transfer, oxidation-reduction
reactions, and generation of a photocurrent signal [23e27]. In the
conventional photoelectrochemical process, the photoactive ma-
terials are of great importance. The non-metal semiconductor
photoactive material, graphite-like carton nitride (g-C3N4), has
attracted a great deal of attention because of its excellent photo-
activity, relatively low band-gap (~2.69 eV) [28,29], high chemical
and thermal stability [18], good biocompatibility [17], environ-
mental friendliness, and raw material availability. Despite these
advantages, the application of g-C3N4 in photoelectrochemistry has
been hindered by the high recombination rate of photo-generated
electron-hole pairs [18,28]. To overcome this drawback and extend
the potential applications, some modifications for g-C3N4 are
necessary. CdS quantum dots (QDs), a commonly used
Scheme. 1. Schematic diagram of the entire fabricati
semiconductor nanomaterial, have been extensively applied in
photoelectrochemical sensors. Despite a narrow band gap (~2.4 eV),
CdS QDs still have many disadvantages. However, the direct band
gap of g-C3N4 can match the energy levels of CdS QDs, thus effec-
tively suppressing the recombination of photo-generated electron-
hole pairs and extending their light-capturing ability [17,18].
Therefore, in this work, g-C3N4 was combined with CdS to form a
nanocomposite, which in turn was used to construct a photo-
electrochemical biosensor.

We developed an ultrasensitive photoelectrochemical biosensor
for detecting urokinase-type plasminogen activator (u-PA), based
on g-C3N4/CdS nanocomposites. As shown in Scheme 1, the pre-
pared g-C3N4/CdS nanocomposites were deposited on a bare
fluorine-doped tin oxide (FTO) electrode pretreated with PDDA,
and a uniform nano-film was formed after air-drying. Then the g-
C3N4/CdS nanocomposite-modified electrode was used as the ma-
trix of the biosensor. Next, chitosanwas deposited on the surface of
the g-C3N4/CdS nanocomposites. Subsequently, glutaraldehydewas
coated on the modified electrode to connect the chitosan and anti-
u-PA antibody. Finally, BSA was used as blocking agent to block
unbound sites. Then the prepared biosensor electrode was used for
u-PA detection. The proposed photoelectrochemical biosensor was
found to provide a sensitive, specific, reproducible and stable
strategy for detection of other biomarkers.

2. Experiment

2.1. Materials and reagents

Melamine, cadmium chloride (CdCl2) and 3-mercaptopropionic
acid (MPA) were purchased from Aladdin Reagent Co. Ltd
(Shanghai, China). Thioacetamide (TAA) were obtained from
Macklin Biochemical Co. Ltd (Shanghai, China). Poly (dia-
llyldimethylammonium chloride) (PDDA, Mw¼ 200000e350000,
20wt% in H2O), bovine serum albumin (BSA) were obtained from
Sigma-Aldrich Co. Ltd (Shanghai, China). Glutaraldehyde (GLD, 50%
aqueous solution) and ascorbic acid (AA) were acquired from
Shanghai Sangon Biological Engineering Technology Co. Ltd
(Shanghai, China). MUC1 was synthesized by Shanghai Apeptide
Co., Ltd. (Shanghai, China). Urokinase-type plasminogen activator
(u-PA), interleukin-6 (IL-6), carcinoembryonic (CEA) and cyto-
chrome C (Cyt C) were provided by Beijing Biosynthesis
on process for the photoelectrochemical sensor.
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Biotechnology Co. Ltd (Beijing, China). All reagents were analytical
pure and without purification before used. Ultrapure water (18MU/
cm) which employed in the whole work was obtained from an AK
Exceed-E-V lab pure water system (Chengdu, China). 0.1M phos-
phate buffered saline (PBS, pH 7.4, 0.1M AA was included) was
made by NaH2PO4, Na2HPO4, NaCl and AA served as the electrolyte
in the photoelectrochemical test. 10mM of phosphate buffered
saline (pH 7.4; 136.89mM of NaCl, 2.67mM of KCl, 8.24mM of
Na2HPO4, 1.76mM of KH2PO4) was applied to prepare u-PA and
washing buffer, and the blocking agent was 10mM of PBS (pH 7.4)
including 1% BSA.

2.2. Instrumentations

Transmission electron microscopy (TEM) images were carried
out with a JEM-2100 transmission electron microcopy (JEOL Ltd.,
Japan). X-ray photoelectron spectroscopy (XPS) was performed
with an ES-CALAB 250 X-ray photoelectron spectroscopy (Thermo
Ltd, USA). Ultravioletevisible (UVevis) absorption spectra were
recorded on a UV-3600 UV spectroscopy (Shimadzu Ltd, Japan).
Infrared spectroscopy was recorded on a Fourier transform infrared
spectrometer (FTIR, NEXUS-870, Nicolet Instrument Co., USA). The
photoelectrochemical measurements were performed on a CHI
660D electrochemical workstation (CH Instruments, China) with a
traditional three electrode system: a modified FTO as working
electrode, a Pt electrode as counter electrode, Ag/AgCl (saturated
KCl) as reference electrode. The light source was xenon lamp
(Nanjing Yanan Special Lighting Factory, China). EIS performed on a
Thales electrochemical workstation (Zahner-elektrik GmbH & Co.,
Germany) with the three electrode system consisted of a platinum
electrode, calomel electrode, and the modified FTO. The electrolyte
was 0.01M of PBS (pH 7.4) including 0.1M of KCl and 2mM of K3
[Fe(CN)6/K4 [Fe(CN)6] (1:1), the frequency was ranged from 10mHz
to 100 KHz, and the amplitude was 5mV.

2.3. Synthesis of g-C3N4 and g-C3N4/CdS nanocomposite

The synthetic procedures of g-C3N4 was based on the previous
report with some modifications [30,31]. 10 g of melamine was
calcined at 550 �C for 4 h in air atmosphere. After cooling to room
temperature, the yellow bulk-C3N4 was grinded into powder. Then
the prepared powder was heated at 500 �C for another 2 h. The
obtained powder was dispersed in uptrapure water with a con-
centration of 2.5mgmL�1 and ultrasonicated for 12 h. Then the
prepared suspension was centrifuged at 6000 rpm for 10min and
removed the residual bulk g-C3N4. The obtained milky suspension
was stored in a refrigerator at 4 �C before use.

The g-C3N4/CdS nanocomposite was synthesized according to
the literature method [32]. Firstly, 172 mL of MPA and 0.1467 g of
CdCl2 were added to 40mL of prepared g-C3N4 suspension and
stirred under N2 atmosphere for 30min to remove O2. Next, 1.0M
NaOH was added to adjust the pH of the solution to 11.0. Then
40mL 20mM of TAA solution was injected into above mixture so-
lution to obtain a precursor solution, and the reaction mixture was
refluxed under highly pure N2 protection for 2 h at 80 �C. After
cooling, 1mL of the resulting g-C3N4/CdS nanocomposite solution
was washed with absolute ethanol and centrifuged at 8000 rpm for
10min, and the final fixed volume was 4mL. The prepared nano-
composite was stored in a refrigerator at 4 �C before use.

2.4. Preparation of the FTO/g-C3N4/CdS electrode

In preparation, FTO glasses (Shenzhen Huananxiangcheng
Technology Co. Ltd, China, sheet resistance �15U square�1) were
cleaned by ultrasonic treatment for 15minwith acetone, water and
ethanol respectively, and dried at 60 �C in atmosphere overnight.
Next, the bare FTO electrode was pretreated with 1% PDDA for 1 h,
then rinsed with 10mM PBS (pH¼ 7.4). After that, 30 mL of the
prepared g-C3N4/CdS nanocomposite was droped on the surface of
the bare FTO electrode. After drying in air, the modified electrode
was rinsed with ultrapure water and dried with nitrogen, then the
modified electrode was prepared successfully.

2.5. Fabrication of the biosensor and target u-PA analysis

10 mL chitosan solution (0.1wt%, aqueous solution) was dropped
onto FTO/g-C3N4/CdS electrode surface and dried in air. After rinsed
with ultrapure water, 30 mL of 5% glutaraldehyde (GLD) solution
was droped on the electrode surface at ambient temperature and
kept for 0.5 h. Then the electrode was washed with ultrapure water
several times. 30 mL of 0.01mgmL�1 anti-u-PA antibody solutions
were dropped onto the electrode and incubating at 4 �C overnight.
After rinsed with PBS (10mM, pH¼ 7.4), the electrode was blocked
with 30 mL of 1% (w/v) BSA blocking agent at 37 �C for 1 h to cover
nonspecified binding sites. At last, the resulting electrode was
incubated with 30 mL of different concentrations of u-PA at 37 �C for
1 h and rinsed with PBS (10mM, pH 7.4). The modified electrode
was prepared for photoelectrochemical detection. Scheme 1 shows
the whole fabricating steps of the photoelectrochemical biosensor.

2.6. Photoelectrochemical detection

The photoelectrochemical measurement was carried out in
0.1M PBS (pH 7.4, 0.1M AAwas involved and acted as the sacrificial
electron donor during the photocurrent measurement.) [33]. A
250W Xe lamp served as the excitation light source, the light
wavelength ranged from 280 to 1000 nm, and the light was
switched on and off every 20 s. The impressed voltage was 0.0 V.
Once the light irradiate on the photoelectrochemical electrodes, the
photocurrent was recorded.

3. Results and discussion

3.1. Characterization of g-C3N4 and g-C3N4/CdS nanocomposites

The surface morphology of the g-C3N4 and g-C3N4/CdS nano-
composites was characterized by TEM. As shown in Fig. 1A, pure g-
C3N4 exhibited an ultrathin lamellar nanosheet structure with a
smooth surface. Fig. 1B shows that the CdS nanoparticles were
homogeneously spread on the g-C3N4 nanosheet surface, and the g-
C3N4/CdS nanocomposite surface was rough. The TEM results
indicated that CdS nanoparticles were tightly coated on the surface
of g-C3N4.

The optical properties of g-C3N4, CdS and g-C3N4/CdS nano-
composites were recorded by ultravioletevisible absorption
spectra (UVevis) and infrared spectroscopy (IR). As shown in
Fig. 1C, the characteristic absorption peak of pure g-C3N4 was
approximately 322 nm, corresponding to previous reports (curve a)
[34,35]. Pure CdS nanoparticles exhibited a broad absorption range
below 500 nm and an evident absorption peak at 377 nm (curve b).
The g-C3N4/CdS nanocomposite showed the characteristic absorp-
tion peaks of both g-C3N4 and CdS nanoparticles, thus indicating
that CdS nanoparticles were coated on the surface of g-C3N4. Fig. 1D
shows the FT-IR spectra of the above materials. The sharp absorp-
tion at 810 cm�1 resulted from the vibration of tri-s-triazine units.
The broad absorption between 900 and 1800 cm�1 was ascribed to
the stretching and rotation vibration of N (-C)3 and C-NH-C. The
peaks in the region of 3100e3400 cm�1 were attributed to N-H
stretching vibration in primary and secondary amines (curve a)
[36,37]. As shown in Fig. 1D, a characteristic peak at 634 cm�1 was



Fig. 1. (A) TEM image of g-C3N4, (B) TEM image of g-C3N4/CdS, (C) UVevis and (D) FT-IR of (a) g-C3N4, (b) CdS, and (c) g-C3N4/CdS nanocomposites.
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ascribed to the stretching vibration of Cd-S. A clear band at
1625 cm�1 was attributed to the bending vibration of O-H. The peak
at 2925 cm�1 suggested the involvement of C-H and H-O groups in
nanoparticles (curve b) [38e40]. The FT-IR spectrum confirmed
that the g-C3N4/CdS nanocomposite was prepared successfully.

The surface composition and elemental analyses of the g-C3N4/
CdS nanocomposite were performed using XPS. Fig. 2A shows the
survey XPS spectrum analysis of the modified electrode, which
indicated the C, N, Cd, and S elements in the prepared nano-
composite. Fig. 2B shows the high resolution spectrum of Cd 3d, in
which the peaks located at 405 eV and 411.7 eV could be attributed
to Cd 3d5/2 and Cd 3d3/2 respectively, thus confirming that Cd
existed in a þ2 oxidation state [41e43]. As shown in Fig. 2C, the
binding energies of 161 eV, 162.2 eV and 161.9 eV in the high res-
olution XPS spectrum corresponded to the S 2p3/2 and S 2p1/2
peaks of S2� in CdS nanoparticles, respectively. The binding energy
of 163.15 eV was attributed to S-S [41,44]. Fig. 2D shows the high
resolution spectrum of C 1s; the binding energy of 284.8 eV was
ascribed to the C-C/C-H, and the binding energy of 288.15 was
ascribed to the N-C¼N of g-C3N4 [44]. As shown in Fig. 2E, the
binding energies of 404.95 eV and 398.85 eV in the high resolution
spectrum of N 1s were attributed to C-N-H and C-N¼C [45].

3.2. Optimized conditions

To efficiently apply the proposed photoelectrochemical
biosensor to target u-PA detection, several experimental parame-
ters were optimized. Fig. 3 shows the optimized conditions for this
experiment. As shown in Fig. 3A, the concentration of g-C3N4/CdS
nanocomposite was optimized. The photocurrent intensity
increased with decreasing concentrations of g-C3N4/CdS nano-
composite. Dilution of the concentration to one-quarter the initial
concentration resulted in the highest photocurrent intensity.
Meanwhile, further diluting the concentration of g-C3N4/CdS
nanocomposite caused the photocurrent intensity to decrease,
possibly because of the lower amount of photoactive material.
Hence, one-quarter of the initial concentration of prepared g-C3N4/
CdS nanocomposite was subsequently used.

The incubation time of the target u-PA antigen with anti-u-PA
was important in the entire detection process. The effects of
different incubation times in the presence of 0.1 ngmL�1 of u-PA
antigen were determined. As shown in Fig. 3B, the photocurrent
intensity rapidly decreased with increasing incubation time and
maintained a steady value after 60min. Therefore, a 60min u-PA
incubation time was selected for subsequent experiments.

3.3. Photoelectrochemical and EIS behavior

To demonstrate the superiority of the prepared g-C3N4/CdS
nanocomposite, pure g-C3N4 and CdS QDs were used as the pho-
toactive materials. As shown in Fig. 4A, curve a, the photocurrent
intensity of pure g-C3N4 was very low and close to zero. The
photocurrent intensity of pure CdS was approximately 20 mA. Curve
c in Fig. 4A shows the photocurrent intensity of the g-C3N4/CdS
nanocomposite. Clearly, the photocurrent intensity of nano-
composite was higher than that of pure g-C3N4 and CdS QDs. Thus,
we applied the g-C3N4/CdS nanocomposite in the following
experiments.

The fabrication processes of the photoelectrochemical biosensor
can be described by EIS. The semicircular diameter of EIS is the



Fig. 2. XPS spectra of the g-C3N4/CdS nanocomposite. (A) Survey spectra, (B) Cd3d spectra, (C) S2p spectra, (D) C1s spectra, (E) N1s spectra.

Fig. 3. Effects of (A) the concentration of g-C3N4/CdS nanocomposite and (B) the incubation time of u-PA antigens.
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Fig. 4. (A) Photocurrent intensity of different photoactive materials: (a) pure g-C3N4, (b) pure CdS and (c) g-C3N4/CdS nanocomposite, (B) EIS and (C) corresponding photocurrent
intensity for the stepwise biosensor fabrication: (a) FTO/g-C3N4/CdS, (b) FTO/g-C3N4/CdS/chitosan, (c) FTO/g-C3N4/CdS/chitosan/Ab, (d) FTO/g-C3N4/CdS/chitosan/Ab/BSA, (e) FTO/g-
C3N4/CdS/chitosan/Ab/BSA/Ag.
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electron-transfer resistance, which represents the electron transfer
situation in the assembly process. As shown in Fig. 4B, the FTO/g-
C3N4/CdS electrode displayed a relatively small electron-transfer
resistance (curve a, electron-transfer resistance (Ret)¼ 101U). Af-
ter the electrode was covered with chitosan, the resistance
increased, a result that could be ascribed to the insulating effect of
organic molecules (curve b, Ret¼ 123U) [46]. Subsequently, anti-u-
PA and the blocking agent BSA were covalently bound to the elec-
trode surface, and the resistance increased gradually, owing to the
low conductivity of proteins. These results demonstrated that the
assembly of the biosensor was successful (curve c, Ret¼ 164U;
curve d, Ret¼ 182U). After the electrode was immobilized with
target u-PA antigens, the resistance increased further, thus indi-
cating that the anti-u-PA and u-PA antigens had combined suc-
cessfully (curve e, Ret¼ 243U). The EIS spectrum confirmed that
the fabrication of the photoelectrochemical biosensor was
successful.

The photocurrent signal responses of the photoelectrochemical
biosensor in different fabrication steps was monitored. As shown in
Fig. 4C, the FTO/g-C3N4/CdS electrode exhibited a relatively high
photocurrent intensity (curve a, I¼ 77 mA), because the direct band
gap of g-C3N4 matched the energy levels of CdS QDs, which could
effectively suppress the recombination of photo-generated elec-
tron-hole pairs and extend their light-capturing ability [17,18]. After
the electrode was covered with chitosan, anti-u-PA, and BSA, the
photocurrent intensity decreased to 68 mA, 53 mA, and 42 mA (curve
b, curve c, and curve d, respectively). This result can be ascribed to
the fabrication of those materials sectionally impeded the reaction
of AA and photogenerated holes. When the biosensor electrodewas
incubated with 30 mL of 0.1 mgmL�1 target u-PA antigen, the
photocurrent response signal decreased significantly (curve e,
I¼ 15.5 mA), which indicated that the target u-PA antigens had
combined with anti-u-PA successfully. The photoelectrochemical
measurement results were in agreement with the EIS results,
thereby further confirming that the fabrication of the biosensor
was successful.

3.4. Photoelectrochemical detection of target u-PA

Under the optimal conditions, modified electrodes were applied
to assemble the photoelectrochemical biosensor for u-PA detection.
The photocurrent intensity of the proposed biosensor was directly
related to the concentration of target u-PA. Fig. 5A shows the
photocurrent intensity of the biosensor after incubation with
different concentrations of target u-PA antigens. After target u-PA
incubation, the photocurrent intensity decreased with increasing
concentrations of target u-PA antigen. As shown in Fig. 5B, the
photocurrent intensity decreased gradually with increasing target
u-PA antigen log concentrations in the range of
0.1 pgmL�1e1 mgmL�1. The regression equation was I
(mA)¼ 23.3967e3.9012 log Cu-PA/ng$mL�1 (n¼ 3), and the linearly
dependent coefficient was 0.9977. The detection limit of the pro-
posed biosensor for u-PA was estimated to be 33 fgmL�1.

3.5. Reproducibility, specificity and stability

Reproducibility is crucial for photoelectrochemical biosensors
and plays an important role in analytical methods. The reproduc-
ibility of the photoelectrochemical biosensor was assessed by
analyzing the detection results of three replicate determinations.



Fig. 5. (A) Photocurrent response and (B) the corresponding calibration curve of the biosensor for the detection of different concentrations of u-PA from 0.1 pgmL�1 to 1 mgmL�1.
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The relative standard deviation (RSD) was 1.27% towards
10 ngmL�1 of u-PA antigen, which indicated that the reproduc-
ibility of the designed photoelectrochemical biosensor for detecting
target antigen was acceptable.

Specificity is an important index for biosensors and affects the
sensitivity of photoelectrochemical biosensors. Thus, the specificity
of the designed biosensor was investigated by using the modified
electrode for IL-6, CEA, Cyt C, MUC1, and mixture detections. As
shown in Fig. 6, the photocurrent intensity of the biosensor for
10 ngmL�1 of target u-PA antigen (h) displayed a greater decrease
than that of the blank test (a). After replacement of u-PA with IL-6
(b), CEA (c), Cyt C (d), MUC1 (e), or AA (f) the photocurrents of the
designed biosensor weremuch closer to that of the blank test. After
the biosensor was incubated with u-PA (10 ngmL�1) containing
100 ngmL�1 of various types of the above interfering substances
(g), the photocurrent intensity showed almost no change compared
with the biosensor incubated with target u-PA only. These results
demonstrated that the proposed photoelectrochemical biosensor
possessed good selectivity for target u-PA detection.

The storage stability of the photoelectrochemical biosensor for
target u-PA detection was also investigated. After the photo-
electrochemical biosensor was stored in a refrigerator at 4 �C for
Fig. 6. Selectivity of the proposed photoelectrochemical biosensor with different tar-
gets: (a) blank, (b) 100 ngmL�1 of IL-6, (c) 100 ngmL�1 of CEA, (d) 100 ngmL�1 of Cyt
C, (e) 100 ngmL�1 of MUC1, (f) 100 ngmL�1 of AA, (g) a mixture containing
100 ngmL�1 of IL-6, CEA, Cyt C, MUC1 and AA of u-PA in the presence of u-PA
(10 ngmL�1) and (h) 10 ngmL�1 of u-PA.
more than 2 weeks, the photocurrent response maintained 96% of
its initial intensity, thus indicating that the designed photo-
electrochemical biosensor possessed good storage stability.
3.6. Application to detection of real samples

The designed biosensor was used to detect u-PA antigens in
human serum through the standard addition method, and the
serum samples were diluted ten folds with PBS (10mM, pH¼ 7.4)
before used. First of all, the matrix effect of human serum was
evaluated, after the biosensor electrodes were incubated with pure
human serum, the photocurrents were similar to blank test. The
result demonstrated that pure serum sample has no significant
effect for proposed biosensor. Then tenfold-diluted serum samples
with a series of standard concentrations u-PA (0.1, 1, and 10 ng$mL-
1) were used. The recovery levels for the added u-PA with different
concentrations were 95.33%, 95.67%, and 96.17%, respectively
(shown in Table 1), thus indicating that the proposed photo-
electrochemical biosensor was an acceptable tool for u-PA detec-
tion in complex environments.
4. Conclusions

In summary, a new ultrasensitive photoelectrochemical
biosensor for target u-PA antigen detection, based on FTO/g-C3N4/
CdS electrodes, was assembled successfully. The promising photo-
electrochemical biosensor was used for target u-PA detection and
found to be highly efficient. This photoelectrochemical biosensor
possessed the favorable characteristics of a wide detection range
from 0.1 pgmL�1 to 1 mgmL�1 as well as a low detection limit of
33 fgmL�1 for target u-PA detection. Owing to its good specificity,
sensitivity, reproducibility, and storage stability, the proposed
photoelectrochemical biosensor has promise for the detection of
target u-PA, and has further potential for applications in detection
and bioanalysis of other antigens.
Table 1
Determination of u-PA added in 10 fold-diluted human serum (n¼ 3) with the
proposed biosensor.

Serum samples Added (ng$mL�1) Found (ng$mL�1) Recovery (%) RSD (%)

1 0.1 0.09533 95.33% 1.60%
2 1 0.9567 95.67% 3.96%
3 10 9.617 96.17% 3.69%
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