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Abstract

A photoelectrochemical (PEC) method has been developed for sensitive detection of trypsin. It is based on the use of a composite
consisting of MoS, nanosheets and TiO, nanorods (MoS,-TiO,). The material has a high specific surface area, superior electrical
conductivity, excellent biocompatibility and good band gap matching. The composite was synthesized by a one-pot method using
TiO, as a template. This results in a uniform distribution of the MoS, nanosheets (<5 layers) in the composite. If the composite,
placed on an indium tin oxide (ITO) electrode, is coupled to apoferritin, the photocurrent response decreases due to the insulating
effect of the protein. Trypsin, in acting as an alkaline protease, decomposes the apoferritin. This results in the recovery of the PEC
signal. Attractive features of this PEC method include (a) a superior PEC signal, (b) sensor stability, (c) simple operation, and (d)
the lack of any additional modifications of the biosensor. This warrants high sensitivity, reproducibility, repeatability and
practicality. The ITO sensor has a linear response in the 1 to 1000 ng'mL ™" trypsin concentration range and a 0.82 ng-mL ™"
detection limit. The assay was applied to the determination of trypsin in spiked serum samples and gave satisfactory results.
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Introduction

Trypsin is the most important digestive enzyme produced by
trypsinogen. It plays an important role in regulating pancreatic
exocrine function [1]. A large number of diseases are associated
with changes in trypsin levels, such as pancreatitis, vesicular
fibrosis and carcer [2-4]. To date, a variety of techniques have
been established for trypsin detection, such as colorimetric assay
[5], electrochemical methods [6], fluorescence [7], and induc-
tively coupled plasma mass spectrometry [8]. Despite the ad-
vances have been made in this field, the clinical detection are
still restricted by the low sensitivity, complex operation and
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expensive equipment. There are still many challenges for devel-
oping simple, fast and low cost strategies for the detection of
trypsin.

Photoelectrochemical (PEC) biosensing of antigens, en-
zymes, enzyme substrates and other biomarkers has been in-
tensively investigated because of the fast response, low-cost
measurement, low background and high sensitivity [9]. PEC
detection has potential advantages and an excitation source
(photocurrent) with complete separation and different energy
forms, which can reduce the background signal [10].
Photoactive materials with superior PEC properties are the
key component for constructing biosensors with good analyt-
ical performances. The coupling of small bandgap semicon-
ductors with large bandgap semiconductors can strengthen
charge separation by suppressing electron-hole recombina-
tion, which leads to amplification of photocurrent generation
[11]. Therefore, it is of great importance to develop stable,
low-cost semiconductors with good biocompatibility and
proper band alignment for PEC systems to generate photocur-
rent efficiently.

Titanium dioxide (TiO,) has been considered as a
promising photocatalyst due to its inexpensive proper-
ties, high specific surface area, strong optical
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absorption, favorable band edge position and sufficient
availability [12, 13]. However, the higher electron-hole
recombination rate and wider optical band gap (about
3.2 eV) make the photocurrent conversion efficiency of
TiO, still limited [14]. Certain methods have been de-
veloped to increase its photoelectric conversion efficien-
cy, including dye sensitization [15], quantum dots depo-
sition [16], metal and non-metal atom doping [17], and
semiconductor coupling [18]. It has been reported that
coupling TiO, nanomaterials with other narrow-bandgap
semiconductors to form nanocomposites can effectively
improve the photoconversion efficiency [19]. For exam-
ple, a Co304-CNT hybrid TiO, composite was success-
fully utilized for the construction of glucose aptamer
sensors [20]. The light conversion efficiency of visible
light activity on the composite modified sensor was im-
proved due to the small energy gap of Co304. TiO,-
CulnS, core-shell structure also exhibited high photocat-
alytic activity for photoelectrochemical water degrada-
tion [21], which was due to the close matching of the
optimal band gap of CulnS, and TiO, with a higher
absorption coefficient.

As a two-dimensional layered material, MoS, is a
semiconductor belonging to a class of compounds called
layered transition metal dichalcogenides [22].
Structurally, the Mo atom is sandwiched between two
S atomic layers by interacting through a weak van der
Waals. In addition, MoS, has a high charge mobility,
large specific surface area and excellent photoelectron
conversion performance, which is widely used in the fields
of photocatalysis and hydrogen production [23, 24].
Compared with zero dimensional nanoparticles that are only
in point contact, the structure of the layered junction increases
the contact area of effective charge transfer across the inter-
face, shortens the charge transfer time and distance, thereby
promoting the separation of electron-hole pairs and improving
photoconversion efficiency [25]. Most importantly, MoS, has
a layered structure similar to that of graphite and can be peeled
off into a single layer or several layers of nanosheets, and can
adjust the inherent band gap by changing the number of layers
[26]. In particular, the band edge position of TiO, matches
well with that of MoS, nanosheets, which was beneficial to
the transfer of photogenerated charges and the improvement
of separation efficiency [27].

Herein, the TiO, nanorod was prepared using a hy-
drothermal method, which functionalized as templates to
synthesize MoS, nanosheets-TiO, nanorods (MoS,-
TiO,) composites by a one-pot method. The composites
had large specific surface area, excellent electrical con-
ductivity and good band gap matching. In particular,
with the template of TiO, nanorod, the synthesis of
the composites was controlled and the distribution of
the MoS, nanosheet (<5 layer) in the composites was
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stable and uniform. The PEC signal of the MoS,-TiO,
composites was 6 times higher than that of TiO, nano-
rods alone. After immobilizing the MoS,-TiO, compos-
ites on the surface of the ITO electrode, the apoferritin
(APO) was adsorbed, which resulted in the photocurrent
response was severely suppressed to 20% of the original
data due to the insulating effect of the protein. The
presence of trypsin can efficiently decompose the
APO, resulting in the recovery of the photocurrent in-
tensity. The photocurrent intensity was proportional to
the amount of trypsin. The PEC biosensors had a linear
range of 1 to 1000 ng'mL™" for the detection of trypsin,
and the detection limit was 0.82 ng-mL ™.

This effective on-off-on biosensor presented a reliable
protease detection strategy with simple operation, low
background signal, and good sensitivity. The sensor
platform provides high sensitivity and a wide range of
options for trypsin detection, with great potential for
high-throughput protease assay applications. The unique
strategy for trypsin detection in human serum samples
was conducted with satisfactory results, suggesting its
potential application for diagnostic purposes.

Experimental section
Reagents and materials

Titanium tetrachloride (TiCl;) was purchased from Kermel,
(Tianjin, China, http://www.chemreagent.com). Chloroform
(CHCI3) and acetone were ordered from Fuyu Fine
Chemical (Tianjin, China, http://ccn.mofcom.gov.cn/
915596/). Sodium molybdate dihydrate (Na,MoO4-2H,0),
bovine serum albumin (BSA), urea, and human serum
albumin (HSA) were supplied from Aladdin Chemical
(Shanghai, China, http://www.aladdin-e.com). Thiourea and
absolute ethanol were purchased from Sinopharm Chemical
(Shanghai, China, http://www.sino-reagent.com). Apoferritin
(APO), glucose (GL), glucose oxidase (GOx), oc-amylase (o~
AM) and trypsin were purchased from Sigma-Aldrich (USA,
https://www.sigmaaldrich.com). Phosphate buffer saline
(PBS, 0.1 M, pH 7.8) was applied for trypsin incubation and
PEC detection. All reagents were analytical grade and used
directly. The solutions were prepared with deionized water.

Apparatus

The morphology, internal structure and composition of
the prepared material were observed by a scanning elec-
tron microscope (SEM: JSM-6700F) and transmission
electron microscope (TEM: JEM-2100). The X-ray dif-
fraction (XRD) pattern was determined using a
MiniFlex600 (Rjgaku Co. Japan). X-ray photoelectron
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spectroscopy (XPS) spectra was obtained from an
ESCALAB 250Xi spectrometer (Thermo Fisher, USA)
with a light intensity of 300 W cm ? estimated by a
radiometer (Ceaulight Corporation, China). All the ex-
periments were measured on a CHI 660E electrochemi-
cal workstation (Shanghai Chenhua Instrument Co.,
China) with a three-electrode system. A modified
MoS,-TiO, photoanode with a geometric square area
(1.0+£0.1 cm?) was the working electrode, a Pt wire
was the counter electrode, and a saturated Ag/AgCl
electrode was the reference electrode.

Photoelectrochemical (PEC) biosensor fabrication

Indium tin oxide (ITO) glass substrate treatment: ultra-
sonic cleaning with ethanol, acetone and deionized water, dry-
ing at 50 °C for 3 h. 10 pg'mL " trypsin solution was prepared
in 0.1 M PBS buffer (pH 7.8). The ITO electrode was modi-
fied with MoS,-TiO, (ITO/MoS,-TiO,) by drop-coating in
10 uL of MoS,-TiO, solution (1 mg~mL71). After drying,
10 uL of APO (1 mg:mL ") solution was coated on an ITO/
MoS,-TiO, electrode and dried at 50 °C for 3 h to ensure
effective fixation of APO. The ITO/MoS,-TiO,/APO elec-
trode was thoroughly rinsed with 0.1 M PBS buffer and dried
naturally at room temperature for further use.

PEC detection of trypsin

The PEC measurement was conducted by using a three-
electrode system which comprised with a material mod-
ified ITO electrode saturated Ag/AgCl and platinum
wire as a working electrode, a reference electrode and
an auxiliary electrode, respectively. A potential of +
0.4 V (vs. Ag/AgCl) was applied to the working elec-
trode using a CHI 660E electrochemical workstation to
record photocurrent. PBS buffer containing various con-
centrations of trypsin with a final volume of 30 mL was
used as test solution. The Xe lamps with a spectral
range of 200-2500 nm are excitation sources that turn
on and off every 20 s. The length between ITO and
visible light is 10 cm.

Results and discussion
Choice of materials

The TiO, has nontoxic, inexpensive properties, high spe-
cific surface area, excellent biocompatibility, strong opti-
cal absorption and favorable band edge position [12, 13].
MoS,, layered transition metal dichalcogenides, has
large specific surface area, high charge mobility and
excellent photoelectron conversion property [23, 24].

Furthermore, TiO, nanorods have good matching with
the edge positions of MoS, nanosheets, which was ben-
eficial to the transfer of photogenerated charges [27].

The mechanism of the sensing scheme

The sensing mechanism of the sensing platform is illus-
trated in Scheme 1. MoS,-TiO, composites with high
PEC signal were synthesized successfully by a one-pot
method using TiO, as a template, which were modified
on the ITO electrode by drop-coating method. The PEC
signal was dramatically decreased after the effective im-
mobilization of APO on the ITO/MoS,-TiO, because of
the insulating effect of the protein. Trypsin catalytically
hydrolyzed APO specifically and induced the PEC sig-
nal recovery. A simple and sensitive PEC platform for
trypsin detection was constructed as the trypsin activity
was positive correlation to the decreased PEC signal. In
addition, the electron-hole separation and transport
mechanism of MoS,-TiO, is shown in the inset illustra-
tion of Scheme 1. As indicated by the dashed lines, the
conduction band (CB) level of the bulk or multilayer
MoS, is lower than that of TiO,, so electrons cannot
be injected into the TiO, from MoS, [28]. Furthermore,
changing the thickness of MoS, can adjust the band gap
of MoS, [29]. The S-Mo-S layer is composed of bulk
MoS, through van der Waals interconnect, and the in-
direct band gap is 1.2 eV. More importantly, as the
number of layers decreases, the band gap of MoS, in-
creases gradually because of the quantum confinement
effect [30]. With irradiation, electrons in the valence
band (VB) of MoS, are excited to the CB to generate
electron-hole pairs. Then, the photoelectrons are rapidly
injected into the CB of the TiO, nanorods and trans-
ferred to the ITO to obtain a photocurrent. It is worth
noting that the excited holes from the TiO, nanorods
can jump back to the VB of MoS,. Therefore, the pho-
tocurrent of MoS,-TiO, composites increases, and the
PEC signal can be realized.

Characterization of the MoS,-TiO, composites

Figure 1 shows an XRD pattern of MoS,, TiO, and MoS,-
TiO, composites. Separate MoS, (curve a) exhibits different
diffraction peaks at 14.38°, 32.68° and 58.33°, which can be
attributed to the (002), (100) and (110) crystal faces of MoS,
[31]. In addition, the curve b shows eleven peaks at 27.45°,
36.09°,39.19°,41.23°,44.05°, 54.32°, 56.64°, 62.74°, 64.04°
and 69.01°, corresponding to (110), (101), (200), (111), (210),
(211), (220), (002), (310) and (301) crystal plane reflection of
rutile TiO, [32]. In the case of MoS,-TiO, composites, all
diffraction peaks of rutile TiO, are still present, suggest-
ing that the MoS, nanosheets loading has no impact on
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Scheme 1 Schematic illustration of PEC detection of trypsin based on MoS,-TiO, composites and separation mechanism of photogenerated electron

hole pairs of MoS,-TiO, composite

the crystal phase of TiO,. In curve c, three peaks are
observed corresponding to the (002), (100) and (110)
crystal faces of MoS,, demonstrating the successful syn-
thesis of MoS,-TiO, nanomaterials. Furthermore, the
MoS, diffraction peak at 14.38° in curve c is much
weaker than in curve a. This is attributed to the fact

v TiO,
v * MoS2

Intensity (a. u.)

30 40 50 60 70 80
20 (degree)

Fig. 1 XRD pattern of (a) pure MoS,, (b) TiO, nanorod and (¢) MoS;-
TiO, composite
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that the formation of TiO, and MoS, composites are
very beneficial to the generation of few layer nanostruc-
tures for MoS, [33].

SEM and TEM were utilized to acquire the features
of TiO,, MoS,, and MoS,-TiO, composites. Figure 2a
displays the TEM and high-resolution TEM (HRTEM)
images of pure TiO, nanorod with the average diameter
of ~ 20 nm and length of ~ 180 nm. The HRTEM
image in Fig. 2a inset shows that the interplanar spacing
of TiO, nanorod is 0.325 nm, corresponding to the
(110) plane of TiO,. The TEM image of MoS,-TiO,
composite (Fig. 2b) shows that the ultra-thin MoS,
nanosheets are combined with TiO, nanorods, indicating
the successful preparation of MoS,-TiO, composites.
HRTEM image of MoS,-TiO, composite (Fig. 2c)
shows a well-resolved lattice fringe spacing with
interplanar distances of 0.61 nm, corresponding to the
(002) plane of MoS,. The crystal plane results are co-
incident with Fig. 1. In the hydrothermal reaction pro-
cess, TiO, nanorods were used as growth templates to
prevent the re-stacking of MoS,, and the TiO,-MoS,
composites were successfully synthesized [34]. As
shown in Fig. 2d, pure MoS, microspheres are prepared
using a synthetic procedure similar to the complex.
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Fig. 2 TEM images of (a) TiO,
nanorods, the inset plots is the
HRTEM image of TiO, nanorods;
(b) MoS,-TiO, composite; (¢)
HRTEM images of MoS, in
MoS,-TiO, composite; SEM
images of (d) MoS, micropheres

HRTEM image of MoS,-TiO, composite (Fig. 2¢) defi-
nitely illustrates that thin MoS, nanosheets are less than
5 layers after MoS, and TiO, composite. The SEM and
TEM images demonstrate that pure MoS, is a flower-
like microsphere, but forms less than five-layer nano-
structure after compounding with TiO, nanorods.

As shown in Fig. 3a, the XPS survey spectrum of the
MoS,-TiO, composites suggest the existence of Mo, S,
O, and Ti elements, demonstrating the successful syn-
thesis of MoS,-TiO, composite. As shown in Fig. 3b
and Fig. 3c, four peaks are observed at 464.6, 458.9,
531.6, and 530.0 eV, which can be attributed to Ti
2p12, Ti 2p;3, and Ti-OH groups on the surface of
TiO, nanorods [32]. Figure 3d illustrates the high-
resolution XPS spectra of Mo 3d which contains Mo
3ds, at 232.0 eV and Mo 3ds,, at 228.9 eV. The peak
at 226.1 eV actually corresponds to the S 2 s of MoS,.
In addition, the peaks at binding energies of 163.0 eV
and 161.8 eV are observed (Fig. 3e), which are attrib-
uted to the S 2p;, and S 2p;, for the MoS,, respec-
tively [34]. The XPS measurements confirmed that the
layered MoS, was successfully supported on the surface
of TiO,.

PEC and EIS characterizations

To further investigate the step-by-step manufacturing
process, the interface properties of the electrode was
characterized by PEC measurements and electrochemical
impedance spectroscopy (EIS) (Fig. 4a, b). The PEC
characteristics of the nanomaterials were characterized
using the photocurrent generated by irradiating the mod-
ified ITO electrode with intermittently visible light. As
shown in Fig. 4a, the ITO/TiO, electrode and ITO/MoS,
electrode (curve i and curve ii) all shows the minimum
photocurrents of 2.4 pA and 0.4 pA respectively as the
absorption of visible light for the TiO, nanorods and
MoS, nanosheets is weak. As expected, the photocur-
rent of the MoS,-TiO, composites-modified ITO elec-
trode (curve iii) is ~ 6 times that of the TiO,
nanorods-modified ITO electrode (curve i). The
matching band level enhances absorption of visible light
and separation of charge due to the close interfacial
contact between the MoS, nanosheets and the TiO,
nanorods. The following incubation with the APO re-
sulted in a significant decrease of the photocurrent
(curve iv) due to the insulating effect of the protein.
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Fig. 3 XPS survey scans of (a)
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However, after the cleavage of APO by trypsin, the
photocurrent is obviously increased (curve v).

As shown in Fig. 4b, each EIS consists of a semicircular
and linear portion of the reaction electron transfer and diffu-
sion limited process. EIS Nyquist plots of MoS,-TiO, (curve
iii) presents a relatively lower electron-transfer resistance
(Ret) compared with the pure TiO, (curve i) and pure MoS,
(curve ii) as a result of strong conductivity of the composite
material. This is attributed to the rapid electron transfer caused
by the close interfacial contact between TiO, and MoS,.
When the APO is immobilized on the surface of the ITO/
MoS,-TiO; electrode, the Ret gradually increases due to the
insulation of the protein molecule (curve iv). The trypsin spe-
cifically catalyzes the hydrolysis of APO after the ITO/MoS,-
TiO,-APO electrode is incubated with the trypsin solution,
resulting in the electron-transfer resistance and the Ret value
decreased (curve v). This result also confirms the feasibility of
PEC biosensors for trypsin detection.

Performance of the biosensor

The constructed sensing platform was applied to investigate
the activity of trypsin under optimal conditions (See the
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Electronic Supplementary Material for specific optimization),
which can be expressed sensitively by the degree of photocur-
rent change. As shown in Fig. 4c, the photocurrent signal
increases as the increasing amount of trypsin linearly with
the logarithm of trypsin concentrations from 1 to 1000 ng-
mL ™" (Fig. 4d). The regression equation is A =5.66+
0.84logCyypsin, and the correlation coefficient is 0.995. The
detection limit is 0.82 ng'mL ™" at S/N of 3. It is worth men-
tioning that the detection range and the LOD of the MoS,-
TiO, PEC biosensor are superior compared to other previous
reports, which are given in Table S1 in the electronic supple-
mentary material.

To investigate the selectivity of the biosensor towards
trypsin, the photocurrent response was evaluated against
other common substances such as BSA, HSA, GOx, o-
AM, GL, urea and the corresponding mixture (Mix) with
trypsin. As can be seen from Fig. 5, the photocurrent
responses caused by the interfering substancescan be
neglectable. Only the presence of trypsin triggers a signif-
icant photocurrent response, no matter the trypsin is alone
or in the mixture. Such a high specificity can be attributed
to the specific enzymatic catalysis reaction between APO
and trypsin.
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Fig. 4 (a) Photocurrent responses a 20 b 18
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Detection of trypsin in serum samples

Common concentration of trypsin in healthy human se-
rum is 4.1-7.4 ng'mL""' [35]. To demonstrate the poten-
tial application of the trypsin assay in clinical diagnosis,
the assay for trypsin detection in healthy human serum
samples was performed. The serum was provided by the

H
(o

¥

v
0 %

[CRE d

Fig. 5 Selectivity of the trypsin PEC sensor. The trypsin concentration,
10 p.g-mLfl; the concentrations of BSA, HSA, GOx, «-AM, GL, Mix,
and Urea are all 10 pg'mL ", The PEC measurements were recorded in a
bias potential of + 0.4 V (vs. Ag/AgCl). The error bars were derived from
the standard deviation of five measurements. Error bar = SD (n = 5)

Qufu Normal University School Hospital. The trypsin
content in the samples was derived from the calibration
plot and the regression equation. The average recovery
test was performed using standard addition methods and
relative standard deviation (RSD). Specifically, a serum
sample diluted 100 times was added into PBS buffer for
30 min at 40 °C to measure the PEC signal. Different
concentrations of trypsin were added in the above solu-
tion, which was incubated for 30 min to detect the PEC
signal. It can be seen that the recoveries of the serum
samples are found to be in the range 98-104.3% from
Table S2, which are satisfactory for quantitative assays
performed in biological samples.

Conclusion

MoS,-TiO, composites with high PEC signal were suc-
cessfully prepared in one pot using TiO, nanostructures
as growth templates to prevent re-stacking of MoS,
nanosheets. The photocurrent response of the composite
was significantly reduced by the incubation of APO due
to the insulating effect of the protein. Trypsin enzymat-
ically catalyzed APO hydrolysis specifically, which
decomposed the APO and induced the PEC signal re-
covery. A simple, fast, low cost and sensitive PEC plat-
form for trypsin detection was constructed as the trypsin
activity was positive correlation to the increased PEC
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signal. The stability and compatibility of the MoS,-TiO,
composites, along with the simple operations and no
additional modification procedure ensured the excellent
analytical performances of the trypsin biosensor. The
biosensor allowed the detection of trypsin in the range
of 1 ng'mL™" to 1000 ng'mL™" with a detection limit of
0.82 ng'mL™'. The unique strategy was conducted in
human serum samples for trypsin detection with satis-
factory result. This strategy is the simplest PEC method
for trypsin detection up to now to our best knowledge,
revealing its potential applications in clinical testing.
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