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Abstract: As an inflammatory marker, procalcitonin (PCT) is more representative than other tradi-
tional inflammatory markers. In this work, a highly efficient photoelectrochemical (PEC) immunosen-
sor was constructed based on the photoactive material Bi2S3/Ag2S to realize the sensitive detection
of PCT. Bi2S3 was prepared by a hydrothermal method, and Ag2S quantum dots were deposited on
the ITO/Bi2S3 surface via in situ reduction. Bi2S3 is a kind of admirable photoelectric semiconductor
nanomaterial on account of its moderate bandgap width and low binding rate of photogenerated
electron holes, which can effectively convert light energy into electrical energy. Therefore, based on
the energy level matching principle of Bi2S3 and Ag2S, a labeled Bi2S3/Ag2S PEC immunosensor
was constructed, and the sensitive detection of PCT was successfully established. The linear detection
range of the PEC immunosensor was 0.50 pg·mL−1 to 50 ng·mL−1, and the minimum detection limit
was 0.18 pg·mL−1. Compared with the traditional PEC strategy, the proposed PEC immunosensor is
simple, convenient, and has good anti-interference, sensitivity, and specificity, which could provide a
meaningful theoretical basis and reference value for the clinical detection of PCT.

Keywords: photoelectric chemical immunosensor; procalcitonin; semiconductor nanomaterial;
Bi2S3; Ag2S

1. Introduction

Procalcitonin (PCT) is an effective marker of blood infection that can be used to guide
antibiotic treatment and disease evaluation in patients with respiratory system infections
and blood flow infections [1,2]. The PCT levels increase when the patient has inflammation
and infection, since the endocrine cells in the lungs and intestinal tissue synthesize and
secrete large amounts of PCT [3,4]. The more serious the infection, the higher the PCT
content [5,6]. In addition, the level of PCT concentration also plays a guiding role in the di-
agnosis of sepsis [7,8]. When the concentration of PCT in human serum exceeds 2 ng mL−1,
it indicates that the blood has an infection that manifests as septicemia [9,10]. In summary,
accurate detection of PCT content in serum has important significance for the early pre-
vention and further treatment of inflammation [11,12]. To date, many PCT detection strate-
gies have been reported, including colorimetric immunoassay [13,14], chemiluminescence
immunoassay [15], electrochemical immunoassay [16], microfluidic immunoassay, and
fluorescence immunoassay [17,18]. Here, we studied the application of PEC immunosensor
technology to detect PCT.

PEC immunosensors are a kind of sensing technology that combines photoelectric
materials and specific recognition of biomolecules [19]. At present, many biomolecules
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(e.g., disease markers, gene sequences, specific recognition cells, etc.) have been used as
detection targets [20]. The development prospects of immunosensor technology are promis-
ing because of its advantages, such as sensitive recognition, high selectivity, simple and
easy operation process, and low cost. It is widely used in clinical medicine, food detection,
and environmental monitoring [21]. PEC immunosensor is a kind of high-efficiency sensor
that combines the advantages of photoelectrochemistry and biochemistry [22]. It has the
advantages of miniaturization, simple operation, high sensitivity, and high specificity [23].
Although it has shown many advantages in various fields compared with traditional chem-
ical detection methods, there are still many problems to be solved in the process of PEC
technology’s development [24]. Firstly, a more stringent testing environment is required.
Secondly, its stability and photoelectric conversion efficiency need to be improved [25].
Therefore, PEC immunosensors not only need bioactive materials with high photoelectric
conversion efficiency, a large absorption range, and good stability, but also need to increase
the diversity of the detection environment and the tolerance of the sensors [26]. In this
work, two kinds of semiconductor materials with excellent photoelectric activity were
selected to prepare a photoelectric chemical immunosensor that possessed the advantages
of high photoelectric conversion efficiency, high stability, and simple determination [27].

Bi2S3 belongs to a family of metal chalcogenides in a class of non-toxic semiconductor
materials [28], whose importance in photovoltaic and thermoelectric applications is well
recognized [29]. Bi2S3 is an excellent photoelectric material because of its moderate bandgap
width and low binding rate of photogenerated electron holes, which can effectively convert
light energy into electrical energy [30]. Therefore, Bi2S3 was selected as the base material
of the immunosensor in this work. In addition, Bi2S3 was sensitized by in situ deposition
of Ag2S quantum dots via an immersion method. The preparation process was simple,
universal, green, and excellent. The Bi2S3/Ag2S modified electrode significantly improved
the photocurrent signal intensity of the sensor substrate, laying a good foundation for the
construction of the PEC immunosensor. In this work, rod-like Bi2S3 was synthesized by a
hydrothermal method, and Ag2S quantum dots were deposited in situ via an immersion
strategy. Based on this, Bi2S3/Ag2S was used as the base material of the electrode, and
anti-PCT, bovine serum albumin (BSA), and PCT were modified layer by layer; thus, a new
and high-efficiency PEC immunosensor was constructed to realize the sensitive detection
of PCT, and the limit of detection (LOD) was 0.18 pg mL−1. Compared with traditional
sensors, the preparation process was simple and had fewer interference factors. The
sensitivity, selectivity, and stability were excellent. This work could provide a theoretical
basis for the use of semiconductor materials in sensing analysis.

2. Materials and Methods
2.1. Materials

Anti-PCT and PCT were obtained from Lingchao Biotechnology Co., Ltd. (Shanghai,
China). The other materials and apparatus used are discussed in the Supplementary Materials.

2.2. Synthesis Procedure of Bi2S3

The Bi2S3 was synthesized via a one-step hydrothermal method as reported in the
literature [31]. First, 0.2254 g of thioacetamide and 0.7902 g of anhydrous bismuth nitrate
were mixed and dissolved in 40 mL of ethanol, which was stirred to completely dissolve
the mixture and then transferred to high-pressure Teflon-lined stainless-steel autoclave for
12 h at 180 ◦C. The product was washed with ultrapure water and ethanol and dried at
70 ◦C for 12 h in a vacuum-drying oven to obtain Bi2S3 as a black powder.

2.3. Steps of Synthesis of Bi2S3/Ag2S

On the basis of the previous literature, Ag2S was deposited in situ via an immersion
method. First, the ITO modified with Bi2S3 was immersed in 0.1 mol L−1 AgNO3 solution
prepared with ethanol for 3 min, and then washed gently with ethanol. After natural
drying at room temperature, it was immersed in 0.1 mol L−1 Na2S prepared by blending
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methanol and ultrapure water (volume ratio 1:1) for 3 min. Then, it was washed with a
mixture of methanol and water (volume ratio 1:1). After drying at room temperature, Ag2S
was successfully deposited on the surface of the Bi2S3/ITO electrode.

2.4. The Establishment Process of the Proposed PEC Immunosensor

Firstly, the ITO glass electrode was cut to 2.5 × 1.0 cm2. Then, the ITO was washed
ultrasonically with acetone, ethanol, and ultrapure water solution successively for 30 min.
Then, the ITO was dried at 70 ◦C in the vacuum oven for 2 h. Next, we took 6 µL of Bi2S3
suspension solution (concentration = 5 mol L−1), applied it to the surface of the clean ITO
electrode, and allowed it to dry naturally at room temperature until slightly wet. Then,
the Bi2S3/ITO electrode was immersed in 0.1 mol L−1 AgNO3 solution for 3 min and then
gently washed once with ethanol after being taken out with a clip. After it was dried
naturally at room temperature, the ITO was immersed in 0.1 mol L−1 Na2S solution for
3 min. Then, it was taken out with a clip and washed twice with a mixture of methanol and
ultrapure water (1:1). Thus, the synthetic deposition of Ag2S quantum dots was successful,
and the Ag2S/Bi2S3/ITO modified electrode was successfully prepared.

Then, we added 6 µL of 3 mmol L−1 TGA solution onto the prepared Ag2S/Bi2S3/ITO
surface, and the carboxyl group in TGA and the amino group in the anti-PCT could undergo
a condensation reaction and connect with one another. Subsequently, 6 µL of EDC/NHS
(1:1) mixture was dropped onto the ITO to connect the anti-PCT with the base material
and dried at 4 ◦C in a refrigerator until the surface was slightly wet. Then, 6 µL of PBS
solution containing 0.1% BSA was dropped to block non-specific binding sites on the
surface of the Ag2S/Bi2S3/ITO. Finally, we added different concentrations of PCT and
dried them at 4 ◦C in the refrigerator until the surface was slightly wet. It is worth noting
that in each step of the electrode modification process, PBS solution was used once to
wash away the excess substances not participating in the reaction when the electrode
surface was dried to slightly wet. At this point, we had completed the construction of the
PCT/BSA/anti-PCT/EDC/NHS/Ag2S/Bi2S3/ITO immunosensor, and it was then stored
at 4 ◦C for standby. The construction diagram of the sensor is shown in Scheme 1.
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Scheme 1. Schematic diagram of the PEC sensor’s construction.

2.5. PEC Analysis of PCT

The photocurrent signal of this PEC sensor was measured with a three-electrode
system on the photoelectrochemical workstation. The three-electrode system included
a saturated calomel electrode (reference electrode), a counter electrode, and a working
electrode. The calomel electrode was easily affected by the concentration and temperature
of potassium chloride, so it was necessary to ensure that the potassium chloride solution
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was saturated. The counter electrode used in this workstation was a platinum counter
electrode. As the electronic conductor of the other two electrodes, it did not participate
in the electrode reaction. The Bi2S3/Ag2S modified ITO glass electrode was used as the
working electrode.

We placed the three-electrode system in PBS (pH = 7.4) solution containing 0.14 mol L−1

ascorbic acid (AA), and the light source was an LED lamp. The photocurrent signal of
the sensor was detected by chronoamperometry, and the working curve was constructed
according to the relationship between the photocurrent signal and the logarithm of the
concentration of PCT antigen, so as to achieve the detection of the concentration level of
the inflammatory marker PCT.

3. Results and Discussion
3.1. The Characteristics of Bi2S3 and Bi2S3/Ag2S

Field-emission scanning electron microscopy (SEM) was used to observe the nanoscale
morphology and structure of Bi2S3 and the Bi2S3/Ag2S composites to determine whether
the synthesized materials met the requirements and whether Ag2S was successfully loaded
onto the Bi2S3 materials, as shown in Figure 1. Figure 1A,B show the SEM images of Bi2S3
at different magnifications. It can be seen that Bi2S3 was a block composed of nanorods
of different lengths and thicknesses crisscrossed together. Figure S1 shows the X-ray
diffraction of Bi2S3, where it can be seen that, compared with the standard card, the XRD
spectrum covered the most of the characteristic peaks of Bi2S3. Figure 1B shows that Bi2S3
was actually scattered nanorods with a diameter of 17~26 nm. The cylindrical side of the
rod-shaped structure could provide a greater specific surface area and more active sites for
the loading of Ag2S.
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Figure 1. SEM images (A,B) of Bi2S3 with different magnification; SEM diagrams (C,D) of Bi2S3/Ag2S
under InLens and BSE detectors, respectively; Energy spectrum analysis (EDS) diagram (E) of
Bi2S3/Ag2S; Ultraviolet–visible (UV–vis) near-infrared absorption spectra (F) of Bi2S3 (a) and
Ag2S (b).
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Figure 1C,D show the SEM images of Bi2S3/Ag2S material under two detectors (In-
Lens and BSE, respectively). The BSE detector was mainly used for signal scanning of
backscattered electrons. The higher the atomic number, the stronger the signal, and the
brighter the image. By comparing the brightness and size in Figure 1C,D, it can be seen
that the Ag2S quantum dots were uniformly attached to the surface of the Bi2S3.

At the same time, the elements contained in the material were analyzed with an energy
spectrometer, as shown in Figure 1E. It could be seen that the base material contained the
elements Bi, S, and Ag, and the Ag was uniformly distributed on the surface of the Bi2S3,
further proving that Bi2S3 and Ag2S were successfully modified on the surface of the ITO
electrode. In addition, the EDS mapping images of the Bi2S3/Ag2S composites are shown
in Figure S2.

In order to further prove that the Ag2S quantum dots were successfully deposited on
the Bi2S3 nanorods, the UV–vis absorption spectra of Bi2S3 and Bi2S3/Ag2S were measured,
as shown in Figure 1F. It could be observed that when the Ag2S quantum dots were
deposited on the Bi2S3, the absorbance of Bi2S3/Ag2S (b curve) increased significantly and
showed slight redshifts, indicating that Ag2S has a certain sensitization effect on Bi2S3.

The satisfying photoelectric performance of the substrate material was dependent on
its electron transfer mechanism. As shown in Figure 2, Bi2S3 has a bandgap energy of about
1.38 eV. Under the illumination of the light source, the absorbed light energy of electrons
in the valence band of Bi2S3 transitioned to the conduction band. Thus, the holes were
generated in the valence band and the electrons were increased in the conduction band.
The electron holes moved and formed the current circuit, which successfully converted
light energy into electric energy. AA, as an electron donor, could provide electrons and
neutralize excessive photogenerated holes in the valence band, inhibiting the recombination
of electron–hole pairs, enhancing the continuity of the current circuit, and improving the
output efficiency of the photocurrent. Thus, the photoelectric activity of Bi2S3 could be
improved. In addition, the generation principle of the electron–hole pairs was the same
as described above when the light source was irradiated on the Ag2S quantum dots.
The electrons in the conduction band of the Ag2S quantum dots were transferred to the
conduction band of the Bi2S3 and then transferred to the electrode surface, forming an
electron gradient flow. The energy band matching of the Bi2S3 and the Ag2S quantum dots
effectively prevented the electron–hole recombination of Ag2S. Therefore, the electrons on
the Ag2S could be efficiently transferred to the electrode surface to increase the photocurrent.
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Figure 2. The electron transfer mechanism of the PEC immunosensor.

3.2. The Performance Characterization of the Proposed PEC Immunosensor

Figure 3 shows the electrochemical impedance spectroscopy (EIS) characteristics of
the immunosensor in PBS (pH = 7.4) solution containing 2.5 mmol L−1 [Fe(CN)6]3−/4− and
5 mmol L−1 KNO3. As shown in Figure 3A, with the layer-by-layer modification of the elec-
trode surface, the semicircle’s diameter changed accordingly. Curve (a) shows the bare ITO
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glass electrode, and its semicircle diameter is very small, which indicates that its electron
transfer resistance was very low. When the Bi2S3 (curve b) nanorod was modified to the
electrode surface, it could be seen that it had a certain impedance because Bi2S3 is a nano-
semiconductor material. However, the impedance value decreased instead (curve c) when
Ag2S was deposited on the Bi2S3/ITO surface. Curves (d) and (e) show the impedance
changes after successful modification of the coupling agents TGA and EDC/NHS, respec-
tively. The impedance value decreased after the addition of TGA (curve d), which may
have been due to the acidic nature of TGA. This could make the base liquid around the
tested electrode present a strong electrolyte solution, resulting in an increase in the action
of free electron transfer. After dropping with EDC/NHS (curve e), the diameter of the
semicircle increased. We hypothesized that the EDC/NHS activated the carboxyl groups
and reduced the acidity of TGA, so the free electron transfer decreased and the impedance
value increased. The impedance value increased significantly (curve f) when the antibody,
BSA, and PCT were successfully deposited in sequence, because they are biological protein
molecules. As shown in Figure 3B, we studied the timing currents of the electrodes at
different modification steps. It can be seen from curve (a) that the timing current of the
bare ITO electrode was almost zero. The photocurrent signal increased significantly to
16 µA when the electrode surface was modified with Bi2S3 (curve b), because Bi2S3 is an
efficient photoelectric semiconductor material. After depositing Ag2S on the surface of
Bi2S3 (curve c), the current signal increased significantly to about 130 µA because of the
energy band matching principle of Bi2S3 and Ag2S. After the coupling agents TGA (curve d)
and EDC/NHS (curve e) were deposited onto the Ag2S/Bi2S3/ITO surface in sequence, the
photocurrent change was inversely proportional to the EIS. When the antibody (curve f),
BSA (curve g), and PCT were continuously deposited on the Ag2S/Bi2S3/ITO surface, the
current signal decreased successively, because all of these substances are biological protein
molecules that could block the electronic transmission.
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Figure 3. The electrochemical impedance spectroscopy (EIS) (A) and the chronoam-
perogram (B) of the photoelectrochemical immunosensor: (a) ITO; (b) Bi2S3/ITO;
(c) Ag2S/Bi2S3/ITO; (d) TGA/Ag2S/Bi2S3/ITO; (e) EDC/NHS/TGA/Ag2S/Bi2S3/ITO; (f) anti-
PCT/EDC/NHS/TGA/Ag2S/Bi2S3/ITO; (g) BSA/anti-PCT/EDC/NHS/TGA/Ag2S/Bi2S3/ITO;
(h) PCT/BSA/anti-PCT/EDC/NHS/TGA/Ag2S/Bi2S3/ITO.

3.3. Optimal Conditions for Analysis

The different concentrations of Bi2S3 suspensions were prepared to drop onto the
electrode. The photocurrent detection results are shown in Figure 4A. It can be seen
that excessive concentrations of Bi2S3 suspension would make the resistance greater than
the conductivity. Therefore, 5 mg mL−1 of Bi2S3 suspension was selected. As shown in
Figure 4B, the thick material layer formed by the surplus Ag2S nanoparticles could reduce
the conductivity and electron transfer rate and increase the photogenerated electron–hole
binding rate. Therefore, 0.1 mol L−1 of AgNO3 solution was finally selected as the best
concentration. Figure 4C shows that the photocurrent value reached its maximum when
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the pH was 7.4. Thus, PBS buffer with pH 7.4 was selected in this experiment. It can be seen
from Figure 4D that the photocurrent response was the strongest when the concentration of
AA was 0.14 mol L−1. The decrease in the photocurrent signal at higher concentrations of
AA could be because of the quenching absorption of the electrolyte solution, which reduced
the formation efficiency and light intensity of the excited electron–hole center. As shown
in Figure 4E, the photocurrent signal intensity reached about 127 µA and then remained
essentially unchanged when the working current was 3.0 A. In order to avoid the impact
of strong light on photoelectric materials and biomolecules, 3.0 A was selected as the best
working current.
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3.4. PCT Detection

Under the optimal experimental conditions, the photocurrent response curves were as
shown in Figure 5A. Because PCT and PCT-antibody are not conductive, they could hinder
the transfer of electrons between the electrode surface and the substrate solution. Thus,
the response current continued to decrease with the increase in the PCT concentration and
presented a good linear relationship, as shown in Figure 5B. The linear equation was I
(µA) = 35.7555–12.6381 log c; linear correlation coefficient R2 = 0.9952. The linear detection
range of PCT for this proposed immunosensor was 0.5 pg mL−1~50 ng mL−1, and the
detection limit was as low as 0.18 pg mL−1. (S/N = 3). In order to verify the accuracy of
the constructed PEC immunosensor, four samples with known PCT concentrations were
mixed and dropped onto the constructed immunosensor. In Figure 5C, curve (a) shows
the photocurrent curve of the mixture of two known PCT concentrations (0.1 ng mL−1

and 0.5 ng mL−1). According to the linear fitting formula, the theoretical photocurrent
intensity was 42.0 µA. The actual photocurrent intensity was 44.65 µA. Curve (b) shows
the photocurrent curve of the mixture of two known PCT concentrations (0.01 ng mL−1

and 0.005 ng mL−1). According to the linear fitting formula, the theoretical photocurrent
intensity was 62.0 µA. The actual photocurrent intensity was 63.75 µA, and the relative
deviation was 2.8% and 5.9%, respectively, showing that the accuracy of this PEC im-
munosensor was high and met the experimental needs. Comparing this sensor with other
sensors (Table S1), it can be concluded that this PEC sensor has a wide linear range and a
low detection limit, indicating that it has relatively excellent performance in detecting PCT,
so this work is valuable.
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immunosensor at different PCT concentrations: (a) 0.0005, (b) 0.001, (c) 0.005, (d) 0.01, (e) 0.1,
(f) 0.5, (g) 1.0, (h) 10, (i) 30, (j) 50 ng mL−1. Photocurrent curve of unknown PCT concen-
tration (C): the mixture of PCT with concentrations of (a) 0.1 ng mL−1 and 0.5 ng mL−1,
(b) 0.01 ng mL−1 and 0.005 ng mL−1. The specificity of the constructed immunosensor (D): (a) blank,
(b) blank + 100 ng mL−1 BNP, (c) 0.50 ng mL−1 PCT, (d) 0.50 ng mL−1 + 100 ng mL−1 BNP. Stability
evaluation of the photoelectric chemical immunosensor under multiple on/off irradiation cycles for
400 s (E). Error bars = SD (n = 5).

3.5. Specificity, Stability, and Application of the PEC Immunosensor

In order to study the specificity of the PEC immunosensor, we selected the interfering
substance B-type natriuretic peptide (BNP). In Figure 5D, curve (a) shows the photoelectric
signal response of the blank sample. Curve (b) shows the photoelectric signal response of a
mixture of BNP (100 ng mL−1) and blank. Curve (c) shows the photoelectric signal response
of the PCT sample (0.50 ng mL−1). Curve (d) shows the photoelectric signal response of
the sample containing PCT (0.50 ng mL−1) and BNP (100 ng mL−1). The prepared sensor
was determined according to the experimental method. Adding BNP had no obvious effect
on the current signal of the PEC immunosensor, indicating that it had good specificity.
To test the stability of the PEC immunosensor, the light was repeatedly switched on and
off 18 times in 400 s to detect the photocurrent. The experimental results are shown in
Figure 5E. The relative standard deviation (RSD) was 0.047, and the coefficient of variation
(CV) was 4.7% relative to the stability experiment. The difference between the timing
current after 18 on/off cycles and the initial timing current was very small, indicating that
the PEC immunosensor has good operational stability. In addition, seven sensors were
stored in a refrigerator at 4 ◦C for five days, and the results showed that the current value
of the immunosensor changed by less than 4%, indicating that the sensor has good storage
stability. To study the potential application significance of the proposed PEC immunosensor
for PCT determination, the standard addition recovery tests were implemented. Before
that, we conducted pre-treatment for serum samples, including low-speed centrifugation
at 4 ◦C, removing sediments, and using the supernatant for testing. As shown in Table S2,
the recoveries were in the range of 86~101%, and the RSD was in the range of 3.1~4.1%,
indicating great reference significance for clinical PCT detection.

4. Conclusions

In this work, since the complex of Bi2S3/Ag2S has excellent photoelectric performance,
it was used as the base material to construct the PEC immunosensor. In addition, anti-
PCT, BSA, and PCT were successively deposited on the Bi2S3/Ag2S/ITO surface. The
novel unmarked PEC immunosensor was constructed successfully and achieved the highly
sensitive detection of PCT in human serum. Under the optimal experimental conditions, the
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linear range of the PEC immunosensor for PCT detection was 0.5 pg mL−1~50.0 ng mL−1,
and the detection limit was as low as 0.18 pg mL−1. Moreover, the PEC immunosensor
showed admirable stability, selectivity, and reproducibility. This could provide a theoretical
basis and reference value for the clinical application of semiconductor materials in the field
of disease marker detection.

Supplementary Materials: The following supporting information [8,32–36] can be downloaded at
https://www.mdpi.com/article/10.3390/bios13030366/s1: Materials; Apparatus; Figure S1: The
XRD of Bi2S3; Figure S2: The EDS mapping images of Bi2S3/Ag2S composites; Table S1: Comparison
of the performance of the proposed and reference methods for PCT detection; Table S2: The results of
the PCT determination in human serum samples.
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