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A B S T R A C T

A novel ultrasensitive label-free immunosensor based on BiOBr/Ag2S composite with high visible-light
photoelectrochemical activity was prepared for the detection of insulin. After BiOBr was modified by thioglycolic
acid, Ag2S nanoparticles were grown in-situ on the surface of BiOBr hierarchical microspheres to first form
novel BiOBr/Ag2S composite. When ascorbic acid (AA) was used as an efficient electron donor for scavenging
photo-generated holes, BiOBr/Ag2S composite material showed excellent photoelectrochemical activity. In
order to immobilize insulin antibody, adhesive polydopamine (PDA) film formed by self-polymerization of
dopamine was fabricated onto BiOBr/Ag2S modified electrode. Moreover, PDA film could further enhance the
visible light absorption of BiOBr/Ag2S. When the solutions of 0.08 mol L−1AgNO3 and 0.1 mol L−1 AA were
selected respectively during fabrication and detection process of this sensor, the best photocurrent singles were
obtained. Under the optimum experimental condition, the specific binding between insulin and antibody
resulted in a decrease in photocurrent intensity and the intensity decreased linearly with the logarithm of
insulin concentration in the range of 0.001–20 ng mL−1 with a detection limit of 0.2 pg mL−1. The photoelec-
trochemical sensor ITO/BiOBr/Ag2S/PDA/anti-Insulin/BSA/Insulin revealed facile preparation, high sensitiv-
ity, and acceptable reproducibility, which may have practical applications in the biosensor, clinical diagnosis of
cancers, photocatalysis, and other related fields.

1. Introduction

Photoelectrochemical (PEC) immunoassay is a promising analytical
technique and playing increasingly important roles in the detection of
diverse biological targets due to its distinct advantages, such as rapid test,
desirable sensitivity, low cost, simple devices and so forth (Brown et al.,
1992; Wang et al., 2009a, 2009b; Freeman et al., 2013; Li et al., 2016).
Efficient differentiation between excitation light source and detection
signals contributes to low background interference and high sensitivity of
the PEC analysis (Tu et al., 2011; Fan et al., 2015). In order to obtain rich
photoelectrochemical materials with efficient PEC activity to fabricate
immunosensors, many methods were employed via doping semiconductor
with metallic or nonmetallic elements (Fan et al., 2015, 2016), sensitization
with quantum dots (Fan et al., 2014a; Yang et al., 2015; Yue et al., 2013),
and forming semiconductor heterojunctions (Chen et al., 2016). In
the meanwhile, a series of ingenious sensing strategies have been
developed for ultrasensitive detection of biomarkers, such as enhanced

(Wen and Ju, 2016), quenched (Zhang et al., 2016) or blocked (Fan et al.,
2014b, 2017) PEC phenomena through the interaction between substrate
materials modified on the electrode and marked conjugates on the
secondary antibodies (or modified strands of DNA).

TiO2, and ZnO, as traditional semiconductor materials, have been
applied widely in photoelectrochemical sensors, photocatalysis, photo-
degradation, and so on. However, the wide band-gaps of TiO2 (3.2 eV)
and ZnO (3.4 eV) make them show the weak visible-light response
(Li et al., 2011; Das et al., 2013), and limit their applications. Bismuth
oxybromide (BiOBr) has gained more attention of many researchers
because of its hierarchical structures, physicochemical stability and
new visible-light photocatalyst (Cheng et al., 2011; Xia et al., 2011;
Wang et al., 2008). Although the band-gap of BiOBr is narrower
(around 2.85 eV) than TiO2 or ZnO. More efforts have been made in
preparation of composites based on BiOBr in order to broaden its
application, such as CdS/BiOBr (Cui et al., 2014), Ag/Ti-dope BiOBr
(Jiang et al., 2012), and BiOBr-BiOI (Huang et al., 2015) composites.
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Ag2S nanomaterial, as a kind of low-toxic and narrow band-gap (about
1.0 eV) semiconductor (Neves et al., 2009), has been utilized increas-
ingly in photocatalysis (Yadav and Jeevanandam, 2015), sensors
(Zhang et al., 2014), and cell research (Hocaoglu et al., 2012).
Moreover, the lower solubility product constant of Ag2S makes it easy
prepared and very stable, which contributes to fabrication of facile and
stable sensors. Herein, we selected hierarchical BiOBr microflowers
with high carrying capacity as the basic materials and then first
prepared novel BiOBr/Ag2S composite by in-situ growth method. The
new BiOBr/Ag2S modified ITO electrode shows excellent photoelec-
trochemical signal, which could lay the foundation for the fabrication of
the sensitive PEC sensor.

Over here, a label-free photoelectrochemical immunosensor based
on BiOBr/Ag2S composite was fabricated, and expected to reach the
goal of efficient determination of insulin. Insulin is an important
polypeptide hormone, which is secreted by pancreatic β-cells, and
plays an important role in maintaining blood glucose level in human
beings (Habibi et al., 2016). In human, if insulin appears dysfunction,
it will lead to diabetes mellitus. At the meantime, human also would be
threatened with other kinds of diseases (Gobi et al., 2007).
Consequently, the timely and accurate detection of insulin levels in
serum is very important in monitoring and evaluation of the human
condition, early warning of related diseases and another medical field
(Yu et al., 2016). At present, the mainly detection methods of insulin
level in serum include electrochemical immunoassay (Gerasimov et al.,
2013), chromatography (Mercolini et al., 2008), radioimmunoassay
(Murayama et al., 2006). In our work, this label-free PEC immuno-
sensor system was developed and showed high sensitivity, good
selectivity and stability, which exhibited its potential applications in
many biological targets detection.

2. Experimental

2.1. Materials

Insulin and insulin antibody (anti-Insulin) were purchased from
Shanghai Linc-Bio Science Co., Ltd. China. The details are shown in
Electronic Supplementary Information (ESI†).

2.2. Apparatus

A 100W LED lamp (white light) was employed as an irradiation source
in the PEC test and its wavelength range was showed in Fig. S1 (ESI†).
Scanning electron microscope (SEM) images and energy dispersive spectro-
metry (EDS) were obtained using a field emission SEM (Zeiss, Germany).

X-ray diffraction (XRD) patterns were performed with D8 advance X-ray
diffractometer (Bruker AXS, Germany). UV–vis diffuses reflectance spectra
measurements were investigated with a Shimadzu UV-3101PC spectro-
meter (Japan). All PEC experiments were measured on a CHI760E
electrochemical workstation (Chenhua Instrument Shanghai Co., Ltd,
China). A three-electrode system was used, with a platinum wire as a
counter-electrode, saturated calomel electrode as a reference electrode and
modified ITO electrode (2.5 × 0.8 cm2) as a working electrode.
Electrochemical impedance spectroscopy (EIS) analysis was performed
with an RST5200F electrochemical workstation (Zhengzhou Shiruisi
Technology Co., Ltd, China) with a three-electrode system in a
5.0 mmol L−1 [Fe(CN)6]

3−/4− solution containing 0.10 mol L−1 KCl.

2.3. Synthesis of BiOBr

Bismuth oxybromide (BiOBr) were prepared by the reported
solvothermal method (Cui et al., 2014). In detail, 1.9g Bi(NO3)3·
5H2O was dissolved in 70 mL ethylene glycol, and 2.9g hexadecyl
trimethyl ammonium bromide (CTAB) was added to get a uniform
suspension by stirring for one hour. Then, the suspension was
transferred to the Teflon-lined autoclave and maintained at 140 °C
for 8 h. The prepared precipitates were collected and washed by
centrifugation with absolute ethanol and ultrapure water for more
than 3 times and then dried at 80 °C for 8 h. In the end, the dried
powder was calcined at 400 °C for 4 h and ground into powder for
following use.

2.4. Fabrication of the label-free photoelectrochemical sensor

First of all, the ITO electrodes (2.5 × 0.8 cm2) were successively
washed for 30 min at 50 °C in series of ultrasonically solvents (acetone,
ultrapure water, ethanol, and ultrapure water). The preparation
process of the ultrasensitive PEC sensor is illustrated in Fig. 1. As
follows, 10 μL of 4 mg mL−1 BiOBr aqueous suspension that was
sonicated for 1 h was dropped onto a piece of ITO electrode. The
modified electrode by BiOBr was dried naturally, followed by calcina-
tion at 400 °C for 1 h in a muffle oven. After then, 3 μL of 0.1 mol L−1

thioglycolic acid (TGA) aqueous solution was dropped on the BiOBr
modified ITO electrode and dried under an infrared lamp for about
10 min. After rinsed with ultrapure water, the ITO/BiOBr/TGA elec-
trode has been prepared successfully. 0.08 mol L−1 AgNO3 solution
3 μL was dropped on the ITO/BiOBr/TGA electrode for 30 min in dark
place, followed by thoroughly rinsing with ultrapure water to remove
uncombined AgNO3. Then, 3 μL of 0.1 mol L−1 Na2S was dropped on
the modified ITO electrode for 30 min to form Ag2S sufficiently. After

Fig. 1. Schematic representation of the preparation process of the PEC immunosensor.
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rinsing with ultrapure water, the ITO/BiOBr/TGA/Ag2S electrode was
fabricated. Then, 4 μL 1 mg mL−1 dopamine (DA) in Tris-HCl solution
(pH = 8.5) was dropped on the electrode for 1 h to form the
polydopamine (PDA) film by self-polymerization of dopamine (Wan
et al., 2011), followed by rinsing to remove the unreacted dopamine
molecules. Dopamine has a unique molecular structure similar to the
adhesive proteins of mussels: catechol and amine functional groups
(Xu et al., 2010). In an alkalescent aqueous solution (pH 8.5), DA can
easily self-polymerize to form polydopamine. Because the adhesion of
the polydopamine is very strong, many biological molecules can
connect immediately to the surface of PDA (Ma et al., 2015).
Therefore, 4 μL of 1 μg mL−1 anti-Insulin solution was dropped onto
the surface of ITO/BiOBr/TGA/Ag2S/PDA electrode for 30 min under
the room temperature. After washing the physically absorbed anti-
Insulin, 4 μL of 1%BSA was dropped on the modified electrode for
30 min to block the nonspecific binding sites under the room tem-
perature. Finally, when the electrode was washed completely, 4 μL of
different concentrations of insulin in pH 7.4 PBS buffer solution was
coated on the electrode for 30 min, followed by washing with water
completely. So far, the ITO/BiOBr/Ag2S/PDA/anti-Insulin/BSA/
Insulin label-free PEC immunosensor has been constructed.

3. Results and discussion

3.1. Characterization of the BiOBr, BiOBr/Ag2S

The morphologies of BiOBr and BiOBr/Ag2S were characterized by
scanning electron microscope (SEM). Fig. 2A shows that BiOBr has the
hierarchical microsphere morphology, which were synthesized success-
fully according to the reference (Cui et al., 2014). SEM image of a large
amount of BiOBr microspheres is showed in Fig. S2 (ESI†). The
magnified images further display that the BiOBr hierarchical micro-
spheres were composed of many nanosheets and nanoparticles

(Fig. 2B). The hierarchical structure and uneven surface of BiOBr
microspheres offered the large specific surface area and contributed to
the in-situ growth of Ag2S. Moreover, in order to have the strong
binding between BiOBr and Ag2S, TGA was coated on the surface of
BiOBr. Fig. 2C reveals the surface structure of BiOBr does not change
after modifying by TGA. Meanwhile, Fig. 2E shows the energy
dispersive spectrometry (EDS) image of BiOBr/TGA/Ag2S composite.
The peaks of carbon and oxygen proved TGA had been bound on the
surface of BiOBr due to the interaction between Bi atom in BiOBr and
sulfhydryl group of TGA. As shown in Fig. 2D, Ag2S nanoparticles were
grown in-situ on the surface of TGA modified BiOBr hierarchical
microspheres, which was covered by Ag2S nanoparticles completely.
The image of EDS image (Fig. 2E) also proved the successful synthesis
of the BiOBr/Ag2S composite.

Fig. 2F shows the UV–vis diffuse reflectance spectra of BiOBr, TGA,
BiOBr/TGA, and BiOBr/TGA/Ag2S composite. The absorption wave-
length of BiOBr is under 420 nm wavelength, which reveals the weak
and narrow absorption of BiOBr towards the visible-light. TGA
aqueous solution is colorless. The absorption wavelength of TGA is
below 400 nm, which mainly absorbs the ultraviolet light. However,
when testing the sample of TGA modified BiOBr, a strong absorption in
the visible light region is observed. Comparing with BiOBr and TGA,
the absorption spectrum of BiOBr/TGA occurs to redshift obviously. In
addition, the BiOBr/TGA composite is yellow, which should be ascribed
to the interaction between the Bi atoms of BiOBr and the sulfhydryl
group of TGA. After Ag2S deposited on BiOBr/TGA material, the
obtained BiOBr/TGA/Ag2S composite shows wider and stronger ab-
sorption to visible light.

The crystalline nature of BiOBr and BiOBr/Ag2S were studied using
X-ray diffraction (XRD) analysis (Fig. 3). The diffraction spectrum of
BiOBr shows the main peak of BiOBr could match with the standard
PDF cards (PDF# 51-1161) completely and also agree with the peak of
BiOBr in the reference report at 25.2°, 31.7°, 32.2°, 46.2°, 57.1° and

Fig. 2. SEM images of BiOBr (A, B), BiOBr/TGA (C), BiOBr/TGA/Ag2S(D). EDS image of BiOBr/TGA/Ag2S (E). UV–vis diffuse reflectance spectra of BiOBr, TGA, BiOBr/TGA, BiOBr/
TGA/Ag2S (F).
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others (Cui et al., 2014). It confirms that the microflower-type BiOBr
particles have been synthesized successfully. When comparing the
diffraction spectra of BiOBr/Ag2S with BiOBr, the signal peaks of
BiOBr could be found obviously. At the meanwhile, referring the
standard PDF card of Ag2S (PDF# 14-0072), the peaks of Ag2S also
could be observed in the diffraction spectra of BiOBr/Ag2S at 25.90°,
26.34°, 31.54°, 34.7°, 36.86°, 37.76°, 40.78°, 43.5°, 45.2°, 52.8°
(Yadav and Jeevanandam, 2015). It also proved that Ag2S nanoparti-
cles were assembled on the BiOBr microspheres successfully. The poor
crystalline nature of Ag2S is proved from diffraction spectrum of
BiOBr/Ag2S, which is attributed to obtained nanoparticles of Ag2S by
in-situ growth method in accordance with SEM images.

3.2. Characterization of the immunosensor

The modified electrodes were tested by the photocurrent response
and electrochemical impedance spectroscopy (EIS) to study the state of
connection between composite material and ITO electrode, further
exploring the condition of building the immunosensor. In addition, in
order to obtain high and stable photocurrent signal, a certain amount of
ascorbic acid (AA) was added to the testing environment. AA is a widely
used excellent antioxidants with the oxidation potential of −0.185 V (vs.
SCE) (Dawson et al., 1986). As the electron donation, AA can be oxidized
by the holes generated by illuminated Ag2S nanoparticles, which
facilitates the separation of photo-generated holes and electrons (h+/
e-) to get perfect photocurrent response (Wang et al., 2009a).

Under the visible-light excitation, the photoelectric behavior of the
modified electrodes was investigated. Fig. 4A and B show the photo-
current-time curve of the modified electrode designed as a sensor to
detect insulin. The photocurrent signal of bare ITO electrode (a) is the
weakest, almost as zero. Compared with the bare ITO, the photocurrent
signal of ITO/BiOBr is little higher. After modified by TGA, the
photocurrent signal of ITO/BiOBr/TGA electrode is further enhanced
than that of the pure BiOBr. The phenomenon also proves TGA has
been modified on the surface of BiOBr. To our surprised, the photo-
current signal of ITO/BiOBr/TGA/Ag2S electrode is excellent to reach
107 μA (d). It shows that Ag2S nanoparticles are grown firmly on the
surface of BiOBr to form the BiOBr/Ag2S composite with perfect
photoelectrochemical activity by in-situ growth method. Moreover,
Ag2S as a narrow bandwidth of semiconductor material improves the
photoelectric response of BiOBr distinctly. Then, after modifying PDA
on the composite materials, the photocurrent signal reaches 129 μA
(e). The phenomenon could be ascribed to that phenolic hydroxyl
groups on the surface of PDA have reducibility, which is helpful to
reduce photo-generated holes to fulfill the separation photo-generated
holes/electrons. When anti-insulin (f), BSA (g), and insulin (h) are
modified onto the surface of the ITO electrode successively, the

photocurrents reduce gradually. Protein molecules such as anti-insulin,
BSA and insulin are insulating, which prevent AA from combining with
photo-generated holes of Ag2S, and cause the recombination of photo-
generated holes/electrons more easily and result in a reduction of the
photocurrent. As a result, when the insulin was connected with anti-
insulin by the specific recognition between antigen and antibody, the
photocurrent intensity reduced obviously to 54 μA (h), comparing with
the photocurrent 96 μA (g) of ITO/BiOBr/TGA/Ag2S/PDA/anti-
Insulin/BSA electrode. These phenomena demonstrate the successful
fabrication of the photoelectrochemical immunosensor based on
BiOBr/Ag2S composite for the detection of insulin.

To deeply analyze the construction process of label-free photoelec-
trochemical sensor, the EIS analysis was carried out in the solution of
5.0 mmol L−1 [Fe(CN)6]

3-/4- including 0.1 mol L−1 KCl. The EIS Nyquist
plots of layer-by-layer modified ITO electrodes are shown in Fig. 4C. And
the inset in Fig. 4C is Randles equivalent circuit, which contains the
electrode transfer resistance (Ret), the resistance of solution (Rs), the
double layer capacitance (Cdl), and the Warburg impedance (Zω). The
values of them were fitted with ZSimWin software. The EIS can
effectively describe Ret, with the constant modification of electrode, the
value of the resistance also change (An et al., 2010; Gao et al., 2011).
Typically, EIS diagram consists of two parts: one part is the restrictions
in the process of high frequency semicircle part; the other part is the
linear part of low frequency in the process of diffusion. The diameter of
the semicircle in the high frequency part can directly response Ret value
(Gao et al., 2015). The Ret value of bare ITO electrode was small because
of its certain conductivity (a). When modifying BiOBr on the ITO, Ret

value increased significantly (b), implying its successful fabrication of
ITO/BiOBr electrode. After combining TGA to BiOBr surface, disso-
ciated H+ form TGA maybe accelerate the electron transfer of the
electronic mediator ([Fe(CN)6])

3−4−, and improve the conductivity. So,
Ret value reduced significantly. Ag2S modified on BiOBr/TGA is a kind of
semiconductor material and blocks electron transfer, then Ret value of
BiOBr/TGA/Ag2S increases (d). Because the PDA is polymers, which
also could hinder the electrons from transferring to the electrode, Ret

value further augments slightly after modifying PDA on the previous
electrode (e). The modifications of protein macromolecules with good
insulation on the electrode surface improve the Ret values obviously,
such as anti-Insulin (f), BSA (g), and Insulin (h). The phenomena also
proved that the assembly process of photoelectrochemical immunosen-
sor was very successful.

On the basis of the above results, the energy levels of Ag2S
nanoparticles prepared by in-situ growth and BiOBr hierarchical
microspheres could match perfectly with each other, which results in
the high photocurrent signal of BiOBr/Ag2S composite. Under irradia-
tion of visible-light, electron transfer mechanism of PEC sensor based
on BiOBr/Ag2S in PBS electrolyte containing AA is shown in Fig. 4D.
According to the reference (Cui et al., 2014), the band-gap of BiOBr
material is 2.85 eV, and the separation of photo-generated holes/
electrons is inefficient under the visible light. Ag2S nanoparticles as a
narrow band-gap of 1.0 eV semiconductor, the electrons transition can
occur easily under the visible light. When the novel composite is
prepared by in-situ growth of Ag2S nanoparticles on BiOBr hierarchical
microspheres, a visible-light active Ag2S/BiOBr composite was fabri-
cated. The UV–vis diffuse reflectance spectra also confirm the better
absorption of Ag2S/BiOBr composite than that of pure BiOBr to the
visible light. Moreover, AA as an inhibitor clears photo-generated holes
to stabilize and promote the photocurrent signals. Based on this, a
sensitive, high-performance photoelectrochemical sensor is con-
structed successfully.

3.3. Optimization of the experimental conditions

For more sensitive detection of insulin by the constructed sensor in
the actual test, the test conditions are optimized, including the
concentration of AA and AgNO3 solution. From Fig. S3A (ESI†), the

Fig. 3. XRD pattern of BiOBr and BiOBr/Ag2S.
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concentration of the AgNO3 aqueous solution is optimized ranging
from 0.01 to 0.1 mol L−1. The photocurrent arrives at the maximum
value when the concentration of the AgNO3 solution is 0.08 mol L−1

but reduces at the concentration of AgNO3 higher than 0.08 mol L−1. In
this experiment, Ag2S precipitation was occurred in-situ on the surface
of BiOBr microspheres, by reacting AgNO3 and Na2S solution. When
the concentration of AgNO3 is 0.08 mol L−1, the amount of Ag2S
formed on the surface of BiOBr/TGA reaches saturation. But more
Ag2S nanoparticles could hinder the electrons transfer because of lower
conductivity caused by thicker materials. In the meantime, excessive
Ag2S nanoparticles as a narrow band-gap lead to the high ratio of
recombination of photo-generated holes/electrons. Therefore, the
photocurrent signal of the composite material decreases obviously.
Therefore, 0.08 mol L−1 AgNO3 was used in the subsequent experi-
ment. From Fig. S3B (ESI†), it is clear that the photocurrent signal of
ITO/BiOBr/TGA/Ag2S/PDA is very low without AA in an electrolyte.
But when the concentration of AA increases to 0.1 mol L−1, photo-
current signal becomes a higher value of 129 μA. It shows that AA as a
perfect electron donor prevented recombination of the photo-generated
holes/electrons to promote photo-generated carrier transmission. With
the increase of the AA concentration, photocurrent signal was also
rising, when the concentration of AA was 0.1 mol L−1, the photocurrent
signal arrives at the optimum value. So, 0.1 mol L−1 AA and
0.08 mol L−1AgNO3 solutions were selected as optimum experimental
conditions.

3.4. Photoelectrochemical behavior of target insulin detection

The PEC immunosensor was applied for the determination of
insulin with various concentrations with the optimum testing condi-
tions. From Fig. 5A, it is clear that the photocurrents decline gradually

with the increase of the insulin concentration, which owns to the
increase of insulin combined to the ITO/BiOBr/TGA/Ag2S/PDA/anti-
Insulin/BSA electrode through specific recognition between insulin and
insulin antibody. Moreover, as is displayed in Fig. 5B, the photocurrent
signals reduced linearly with the logarithm of the concentration of
insulin ranging from 0.001 ng mL−1 to 20 ng mL−1. The linear equation
is I = 59.73–10.54 log (cinsulin, ng mL−1) with a linear correlation
coefficient of 0.993. Meanwhile, the limit of detection (LOD, S/N=3) is
0.2 pg mL−1. Table S1 (ESI†) shows a comparison with other methods
for the detection of insulin. The PEC immunosensor we fabricated can
reach much lower limit of detection and wider detection linear range
than those of other methods such as electrochemical analysis, electro-
chemical impedance spectroscopy analysis and flow injection analysis.
Also, we obtained comparable property with the other PEC immuno-
sensor.

The stability test as shown in Fig. 5C. Under 15 times on/off LED
light irradiation cycles, the photocurrent response does not vary
obviously. It implies that this PEC immunosensor has good stability,
which could be applied in repeatable and long-time tests. Moreover,
under the same experimental conditions, five ITO electrodes were
assembled into immunosenor to detect 0.1 ng mL−1 of insulin. The
relative standard deviation (RSD) of five times test was 2.0% (68.50 μA,
69.81 μA, 68.93 μA, 70.72 μA, 71.92 μA). The results showed the PEC
immunosensor has good reproducibility.

The selectivity of the novel PEC immunosensor for insulin deter-
mination was carried out to testify its practical values. Therefore, the
photocurrent signals were researched by mixing 0.1 ng mL−1 of insulin
with 10 ng mL−1 of prostate specific antigen (PSA), 10 ng mL−1 carci-
noembryonic antigen (CEA), and 10 ng mL−1 squamous cell carcinoma
antigen (SCCA). From Fig. 5D, it is clear that no obvious interferential
photocurrent signal was obtained when 10 ng mL−1 of PSA, CEA and

Fig. 4. (A) (B) the photocurrent response, (C) EIS image of the electrode by layer-by-layer assembly. (a) ITO, (b) ITO/BiOBr, (c) ITO/BiOBr/TGA, (d) ITO/BiOBr/TGA/Ag2S, (e) ITO/
BiOBr/TGA/Ag2S/PDA, (f) ITO/BiOBr/TGA/Ag2S/PDA/anti-Insulin, (g) ITO/BiOBr/TGA/Ag2S/PDA/anti-Insulin/BSA, (h) ITO/BiOBr/TGA/Ag2S/PDA/anti-Insulin/BSA/Insulin. (D)
Electron-transfer mechanism of PEC sensor based on BiOBr/Ag2S composite in PBS electrolyte containing AA.
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SCCA was incubated on the ITO/BiOBr/TGA/Ag2S/PDA/anti-Insulin/
BSA electrode mixed with 0.1 ng mL−1 SCCA, which showed good
selectivity of the PEC immunosensor for insulin detection.

3.5. Application of the immunosensor in human serum

To evaluate the practical applications of the suggested PEC
biosensor, the recoveries of different concentrations of insulin (0.5,
1.0 and 2.0 ng mL−1) in human blood serum samples obtained from
University of Jinan Hospital were studied by standard addition
methods. Table 1 showed that the determined insulin concentration
of the real sample was 0.26 ng mL−1, the relative standard deviation
(RSD) was in the range of 2.2–4.1%, and the average recoveries of the
immunosensor samples were in the range of 97.2–100.7%. Table S2
(ESI†) shows a comparison of the RSD with other methods for the
detection of insulin. The property of our PEC sensor is comparable to

others. These acceptable results display that the suggested PEC sensor
has potential practical value in blood sample determination.

4. Conclusion

In summary, BiOBr/Ag2S composite material with high visible-light
activity was successfully synthesized by in-situ growth method.
Polydopamine film modified on the electrode not only served as the
linker of anti-insulin, but also enhanced the photoelectric response of
BiOBr/Ag2S composite. Then, an ultrasensitive label-free photoelec-
trochemical immunosensor based on the BiOBr/Ag2S for detection of
insulin was proposed. The immunosensor detected insulin in the range
of 0.001 ng mL−1–20 ng mL−1 with a low limit of detection
(0.2 pg mL−1), with having high reproducibility and perfect stability.
The novel and convenient photoelectrochemical immunosensor dis-
played potential application in analytic detection, biosensor and PEC
studies.
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Fig. 5. Photocurrent response curves (A) and calibration curve (B) of PEC immunosensor for the determination of various concentrations of insulin. (C) Time based photocurrent
response of the immunosensor repeated every 10 s under 15 times on/off irradiation cycles, cinsulin=0.1 ng mL−1. (D) Selectivity of the developed PEC sensor to insulin. (a) 0.1 ng mL−1

insulin, (b) 0.1 ng mL−1 insulin +10 ng mL−1 PSA, (c) 0.1 ng mL−1 insulin +10 ng mL−1 CEA, (d) 0.1 ng mL−1 insulin +10 ng mL−1 SCCA. The applied potential was 0 V.

Table 1
The results of the insulin detection in the human serum sample.

Content of insulin in Added The detection
serum samples content content RSD Recovery
(ng mL−1) (ng mL−1) (ng mL−1) (%) (%)

0.26 0.50 0.74, 0.71, 0.79, 4.1 97.2
0.76, 0.73

1.00 1.26, 1.19, 1.24, 3.0 99.0
1.27, 1.29

2.00 2.19, 2.27, 2.32, 2.2 100.7
2.29, 2.30
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Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.bios.2017.05.044.
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