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ABSTRACT: Severe acute pancreatitis (SAP) is one of the most
common gastrointestinal emergencies in clinical practice. However,
there are many limitations in clinical treatment, such as
complicated processes with a long cycle and poor prognosis. As
one of the emerging therapeutic methods in recent years,
nanomaterial-mediated photodynamic therapy (PDT) has brought
light to the treatment of disease. In this work, we design three
morphologically controlled MoS2 nanoreactors for SAP photo-
dynamic therapy. The hollow MoS2 (H-MoS2) nanoreactor
possesses the highest electric field intensity and light absorption,
resulting in the best therapeutic effects under 808 nm of irradiation.
The amylase and lipase were reduced to one-third of the SAP, and
the apoptosis rate of pancreatic acinar cells was reduced to one-half
of that in the SAP. Our work opens a window for the construction of high-performance nanomedicine for SAP photodynamic
therapy, especially in more inflammatory diseases.
KEYWORDS: severe acute pancreatitis, MoS2, morphology, electric field, photodynamic therapy

1. INTRODUCTION
Acute pancreatitis is one of the most common acute abdominal
diseases in clinical practice, with a mortality rate of over 5% in
confirmed patients.1−3 Due to changes in dietary structure and
lifestyle, its incidence is increasing year by year.4 About 20% of
them will progress to severe acute pancreatitis (SAP) that leads
to multiple organ failure in the human body, including the lungs,
liver, and kidneys and eventually death.5−8 Commonly used
modern clinical acute pancreatitis therapies, including fluid
therapy, analgesia, nutritional support, and treatment for causes
and complications, have several disadvantages, such as a
complicated process with a long cycle and poor prognosis.
Zheng et al. designed a hollow Prussian blue nanozyme
(PBzyme) with a size of about 60 nm and a mesoporous surface
with a large specific surface area. The study showed that PBzyme
significantly reduced the levels of pro-inflammatory factors in
the AP mouse model, and PBzyme may inhibit the expression of
inflammatory genes through the TLRs/NF-κB signaling path-
way.9 However, the cyanide contained in its composition can
cause potential toxicity. Photodynamic therapy (PDT), as a
noninvasive therapeutic approach triggered by light, has recently
attracted widespread interest.10−12 It produces superoxide anion
(•O2

−), hydroxyl radical (•OH), and other types of reactive
oxygen species (ROS) under light irradiation by utilizing
nanomaterials to regulate the chemical environment in the body
of diseased organisms, thus realizing the recovery of normal
biological functions and achieves a therapeutic effect.

Molybdenum is one of the essential trace dietary elements for
organism survival.13 Some molybdenum-containing enzymes
are involved in key metabolic activities such as xanthine oxidase,
aldehyde oxidase, and sulfite oxidase.14 The high safety of many
molybdenum-based compounds has been effectively con-
firmed.15−17 MoS2 nanomaterials show low toxicity and good
biocompatibility in vivo, and the surface is easy to modify, in
addition, due to its unique band gap structure and quantum
limiting effect, MoS2 has efficient photothermal conversion
ability in near-infrared (NIR) light.18−22 In recent years, MoS2
has received increasing attention as a photodynamic nanoma-
terial to treat various diseases and holds an important position in
the field of nanomedicine.23−28

Herein, we designed and prepared three morphologically
controlled MoS2 nanoreactors for SAP photodynamic therapy.
Compared with solid MoS2 (S-MoS2) and yolk−shell MoS2 (Y-
MoS2), the hollowMoS2 (H-MoS2) nanoreactor has the highest
electric field intensity and light absorption, resulting in a
significant therapeutic effect. Under the excitation of light, the
electrons in the valence band of MoS2 jump into the conduction
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band, and the holes remain in the valence band, forming the
electron-rich reducing end and the hole-rich oxidation end,
which react with oxygen and water respectively to generate ROS,
so as to achieve the purpose of treating SAP. Under the
irradiation of 808 nmNIR, the amylase and lipase in theH-MoS2
were reduced to one-third of the SAP, and the apoptosis rate of
pancreatic acinar cells was reduced to half of that in the SAP.

2. EXPERIMENTAL PROCEDURE
2.1. Materials. Hexadecyltrimethylammonium bromide (CTAB)

and sodium molybdate were purchased from MACKLIN (Shanghai,
China). Ethylene glycol, thiourea, and D(+)-Glucose monohydrate
were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Hydrochloric acid and n-butanol were purchased from
XILONG (Guangdong, China). Annexin V-FITC/PI apoptosis kit
was obtained from MULTISCIENCES (Zhejiang, China). Pancreatic
fermentation was obtained from Beyotime Biotechnology (Shanghai,
China). Phosphate buffer solution was purchased from HyClone
(Logan, Utah). Dulbecco’s modified Eagle’s medium was brought from
Cytiva (Washington, DC). All reagents used in this work were analytical
reagents (AR) and were not used in any further purification cases.

2.2. Synthesis of MoS2. In this paper, hollow MoS2 (H-MoS2),
yolk−shell MoS2 (Y-MoS2), and solid MoS2 (S-MoS2) were
successfully synthesized by a hydrothermal method of sodium
molybdate in a mixed solution of hexadecyltrimethylammonium
bromide and n-butanol. Normally, appropriate amounts of sodium
molybdate and glucose were dissolved in pure water and then dropped
into the mixed solution of CTAB and n-butanol at a rate of 2 s per drop.
After stirring the above solution for 2 h, an additional 50 mL of ethylene
glycol was added at a rate of one drop per second. After that, we can
obtain three morphologies of molybdenum disulfide by adding different
concentrations of hydrochloric acid. When the amount of hydrochloric
acid is 0.3−0.5 mL, H-MoS2 can be synthesized, 0.6−0.8 mL of
hydrochloric acid can be obtained Y-MoS2, and when the concentration
of hydrochloric acid reaches 1.0 mL or more, S-MoS2 existed stably.
Finally, thiourea was added to provide a sulfur source. The resulting
solution was transferred to a Teflon reactor for solvothermal treatment
at 220 °C for 24 h. The samples were obtained after thoroughly washing
with water and alcohol five times followed by vacuum drying at 60 °C
until completely dry. The morphology becomes stronger after nitrogen
calcination at 700 °C in a tube furnace (Anhui Kemi Machinery
Technology Co., Ltd.).

2.3. Characterization. Transmission electron microscopy (TEM)
and scanning electronmicroscopy (SEM) images were taken on anHT-
7700 transmission electron microscope and a Hitachi S-4800 cold field
emission scanning electron microscope, respectively. An ultraviolet−
visible spectrophotometer (SHIMADZU, UV-2600i) was used to
analyze the absorption of UV−visible light. Powder X-ray diffraction
(XRD, X’Pert PROMPD) analysis was performed using the Rigaku D/
Max 2500 PC diffractometer (test range: 10−80°). Raman spectros-
copies were conducted by using a wavelength of 532 nm on a Raman
spectrometer (LabRAMHR Evolution, France). The measurements of
the photocurrent response and electrochemical impedance spectros-

copy (EIS) curves were performed at an electrochemical workstation
(CS310M) and xenon lamp source (CEL-HXF300-T3). X-ray
photoelectron spectroscopy (XPS) data were collected on a Thermo
Scientific Escalab (ESCALAB 250Xi, Massachusetts) with a mono-
chromatized Al Kα X-ray source. Characteristic absorption peak in the
infrared spectrum was analyzed via Fourier transform infrared
spectrometry (FT-IR). Electron paramagnetic resonance (EPR) data
were collected by a Bruker A200 instrument.

2.4. Finite-Different Time-Domain Simulations (FDTD). We
have employed FDTD to calculate the electric field distribution of
MoS2 in three surface morphologies. In the calculation process, we
configured the x, y, and z directions to perfectly match the layer
conditions to prevent unphysical scattering. We divided the region of
calculation into a 0.5 nm × 0.5 nm × 0.5 nm mesh to obtain precise
calculation results. Crucially, we adopt a total scattering field light
source as the excitation source, which is incident perpendicular to the
nanostructures along the Z-direction. Finally, we used an electric field
monitor to obtain the electric field distribution of the nanostructures.

2.5. In Vitro Biocompatibility. To verify the biocompatibility of
MoS2, we selected mouse fibroblasts (L929) in vitro experiments. First,
different concentrations of MoS2 were placed on a 96-well culture plate,
and the recovered L929 cells were seeded on the plate and incubated
overnight at 37 °C. After 48 h, we replaced the old cell culture medium
with a fresh RMPI1640 containing CCK-8 test solution. After
incubation for 2 h, absorbance was measured to calculate the cell
activity of each group. Moreover, we conducted in vitro hemolysis
experiments using Sprague−Dawley (SD) rat red blood cells to evaluate
the hemolysis rate of MoS2. First, whole blood was obtained from
healthy SD rats using the eyeball blood collection method, collected in
an anticoagulant tube, shaken evenly, and centrifuged at 3000 rpm for
10 min to obtain red blood cells. Different concentrations of MoS2 were
prepared, and 1 mL of different concentrations of MoS2, 1 mL of
phosphate-buffered saline (PBS) solution, and 1 mL of ultrapure water
were taken, and they were placed in an EP tube. 20 μL of red blood cells
was added and incubated for 2 h. Finally, the hemolysis rate was
calculated by measuring the absorbance value of the supernatant after
centrifugation.

2.6. MoS2 Treatment Alleviated Severe Acute Pancreatitis in
Mice. Our animal experiments have been approved by the Animal
Experiment Ethics Committee of the Second Affiliated Hospital of
Anhui Medical University. Male SD rats weighing 240 ± 10 g, 3−4
months old, were obtained from the experimental center. All rats were
randomly divided into 6 groups, including normal, SAP, MoS2, H-
MoS2+NIR, Y-MoS2+NIR, and S-MoS2+NIR. All rats were fed
adaptively for 1 week before the start of the experiment. After an
intraperitoneal injection of pentobarbital (50 mg/kg), it was confirmed
that all rats had entered an anesthetic state and maintained normal
breathing and heartbeat with no significant abnormalities in vital signs.
20% arginine was injected into the abdominal cavity twice at a rate of
12.5 mL/500 g, with an interval of 1 h between each injection. 24 h after
the completion of the SAP model, 1 mL of MoS2 solution was injected
intraperitoneally, and the control group was replaced with the same
volume of physiological saline. After 24 h of injection of MoS2 solution,
all rats were exposed to the 808 nm light at the intensity of 275.52 J and

Scheme 1. Schematic Illustration of the Synthesis Process and Morphological Control of Three MoS2 Nanoreactors for SAP
Photodynamic Therapy
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dose of 366.97 J/cm2 for 15 min, conducted twice a day. Within 24 h
after irradiation, all experimental rats were euthanized and blood and
tissue samples were collected for testing. Biochemical indicators testing
was conducted on collected blood samples. The collected pancreatic
tissue samples were fixed with 4% paraformaldehyde for 1 h and then
embedded in paraffin. Next, the sample was cut into sagittal slices of
thickness 4 μm and stained with hematoxylin and eosin (H&E). Finally,
the obtained pathological sections were scored and photographed for
observation.

3. RESULTS AND DISCUSSION
As shown in Scheme 1, H-MoS2, Y-MoS2, and S-MoS2 were
prepared by a hydrothermal method of sodium molybdate in a
mixed solution of thiourea providing the sulfur source (Figure
S1). The structural models of H-MoS2, Y-MoS2, and S-MoS2 are
shown in Figure 1a,e,i. Scanning electron microscopy (SEM)
images show that H-MoS2 exhibits a bridal bouquet-like
morphology (Figures 1b,c and S2). Compared to H-MoS2, Y-
MoS2 and S-MoS2 have smoother surfaces (Figures 1f,g,j,k, S5,

Figure 1. Structural models of H-MoS2 (a), Y-MoS2 (e), and S-MoS2 (i). (b, c) SEM images and (d) TEM images of H-MoS2. (f, g) SEM images and
(h) TEM image of Y-MoS2. (j, k) SEM images and (l) TEM image of S-MoS2.

Figure 2. Corresponding simulated electric field distributions (808 nm) of S-MoS2, H-MoS2, and Y-MoS2 resulted from FDTD simulations. (a−c)
Distribution of electric field around H-MoS2. (d−f) Distribution of electric field around Y-MoS2. (g−i) Distribution of electric field around S-MoS2.
The electric fields from left to right are distributed along the x−y, x−y, and y−z planes at the center of the sample, respectively.
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and S7). Transmission electron microscopy (TEM) images
reveal that H-MoS2 is hollow inside while Y-MoS2 has a solid
sphere inside that has a gap with the outer wall. The S-MoS2 is a
solid sphere (Figures 1d,h,i, S4, S6, and S8). Energy-dispersive
spectrometry (EDS) mapping shows that Mo, S, and C elements
were uniformly distributed in the MoS2 (Figure S3).
The intensity of the local electric field is directly related to the

light absorption efficiency of themolecule, and the enhancement
of the electric field helps to improve the catalytic effect.29−31

Figure 2 studies the simulation results of electromagnetic field
distributions for different light absorption nanoreactors. We
employ the finite-difference time-domain (FDTD) to calculate
the x−y, x−z, and y−z electric field distribution of three

nanoreactors. The results indicate that H-MoS2 has a stronger
electric field than Y-MoS2 and S-MoS2. The strong electric field
is located in the sphere for S-MoS2, which cannot be used well
during light absorption, resulting in the light absorption being
weakened. The electric field of Y-MoS2 is mainly distributed in
the gap between the solid core inside and the shell, forming a gap
model that reduces light absorption. The electric field of H-
MoS2 is distributed outside the sphere, with its surface lamellar,
thus giving H-MoS2 a high light absorption and an enhanced
electric field, so the photocatalytic activity of H-MoS2 is the
highest, which is conducive to the generation of ROS, to achieve
the effect of treating SAP.

Figure 3. (a) XRD pattern, (b) UV−vis spectra, (c) photocurrent response, and (d) EIS of the S-MoS2, H-MoS2, and Y-MoS2.

Figure 4. Safety ofMoS2 in vivo. (a) Cell viability of L929 after cultured with different concentrations of S-MoS2, Y-MoS2, andH-MoS2. (b)Hemolysis
ratio of red blood cells incubated with MoS2 and photographs of red blood cells after centrifugation in the set.
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Figure 5. MoS2 treatment alleviated the SAP. (a) Experimental scheme. (b) Fatality rate of the normal mice, SAP mice, and SAP mice treated with
MoS2, S-MoS2+NIR, Y-MoS2+NIR, and H-MoS2+NIR.

Figure 6. MoS2 treatment alleviated the SAP. (a, b) Serum amylase and lipase levels at the end point of the experiment. (c) Histological score of
pancreatic. (d) Representative H&E staining of pancreatic sections at the end point of the experiment.
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X-ray diffraction (XRD) patterns in Figure 3a show that all of
the diffraction peaks correspond well to MoS2. The peaks
located at 8.78, 33.15, and 58.9° correspond to (002), (100),
(101), and (110) of 2H-MoS2, indicating that the morphology
does not affect the crystal structure ofMoS2. There is no obvious
difference among three MoS2 nanoreactors in Raman peaks
(Figure S9) and Fourier transform infrared spectroscopy (FT-
IR) (Figure S10). The UV−vis spectra shown in Figure 3b
demonstrate that H-MoS2 has a wider adsorption range than Y-
MoS2, and S-MoS2, which is consistent with the FDTD results
above. The chemical states of H-MoS2 are checked by X-ray
photoelectron spectroscopy (XPS). In the high-resolution S 2p
spectrum of H-MoS2, two peaks at 162.1 and 163.3 eV belong to
S 2p3/2 and S 2p1/2 of S species, respectively (Figure S11).
Furthermore, the specific surface areas are 30.855, 16.331, and
6.6515 m2 g−1 for H-MoS2, Y-MoS2, and S-MoS2, respectively
(Figure S12).
The photocurrent−time curves of H-MoS2, Y-MoS2, and S-

MoS2 were recorded through the light turning up/off process of
the chronoamperometry method in Figure 3c. The H-MoS2 has
a higher photocurrent density than Y-MoS2, and S-MoS2,
demonstrating an effective separation of photogenerated
electron−hole pairs. Electrochemical impedance spectroscopy
(EIS) (Figure 3d) was conducted to measure the charge-transfer
resistance (Rct) across the electrolyte/semiconductor interface.
The semicircle of H-MoS2 was smaller than those of Y-MoS2,
and S-MoS2, implying a lower charge-transfer resistance. As
stated thus, H-MoS2 exhibits excellent superiority in charge
separation and transfer.
As shown in Figure 4a, the activity of cells treated with

different concentrations was almost unaffected, indicating the
noncytotoxicity of MoS2. Moreover, to further investigate the
blood compatibility of MoS2, we incubated Sprague−Dawley
(SD) rat red blood cells for 2 h and removed the supernatant for
absorbance detection. Figure 4b shows that almost all red blood

cells in the ultrapure water group were ruptured with a hemolysis
rate of 100%. However, when phosphate-buffered saline (PBS)
solution and different concentrations of MoS2 were added, red
blood cell rupture was relatively rare, and the hemolysis rate was
generally below 5%. This result indicates that MoS2 will not
cause damage to red blood cells.
Considering the above results, we chose a MoS2 concen-

tration of 100 μg/mL for subsequent experimental operation. As
shown in Figure 5b, after successful induction of the SAP model
in 3 days, the mortality rate of untreated rats was as high as 50%,
while the mortality rate of SAP treated with MoS2 alone was
more than half. On the contrary, SAP rats induced by MoS2
under NIR have a higher survival rate. The survival rates of rats
using S-MoS2 and Y-MoS2 were not significantly different, but
both were higher than those without NIR, while the survival rate
of H-MoS2 under NIR was the highest among others, reaching
100%.
Amylase and lipase are the twomost used indicators in clinical

practice to evaluate the efficacy of pancreatitis. Laboratory
examination of acute pancreatitis showed elevated serum
amylase and lipase levels, and the specificity of lipase elevation
in the diagnosis of acute pancreatitis was better than that of
amylase. As shown in Figure 6a,b, compared with the normal,
the levels of amylase and lipase in the blood of SAP rats were
absolutely increased, and the levels of amylase and lipase in the
blood using MoS2 alone were also higher than those of the
normal. On the contrary, the levels of amylase and lipase in the
blood of the MoS2 under NIR remained relatively low, slightly
higher than the normal, but lower than the SAP. In addition,
when different forms of MoS2 were used, the amylase and lipase
levels of H-MoS2 under NIR were significantly lower than those
of S-MoS2 and Y-MoS2 under NIR, and both amylase and lipase
levels were reduced to 1/3 of those of SAP. The results show that
H-MoS2 had excellent phototherapy effect on SAP.

Figure 7. Cell apoptosis and necrosis distribution in the normal (a), SAP (b), and SAP treated with MoS2 (c), S-MoS2+NIR (d), Y-MoS2+NIR (e),
and H-MoS2+NIR cells (f).
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We further evaluated the efficacy of obtaining H&E staining
for pancreatic tissue. As shown in Figure 6d, a large number of
inflammatory cells such as neutrophils were observed in the
pancreatic tissue of SAP rats, with significant tissue edema and
accompanied by a certain degree of bleeding and necrosis
compared to the normal rat pancreatic tissue. The original
structure of the pancreatic lobes was observed in the pancreatic
tissue of rats treated with MoS2 under NIR, without significant
tissue edema and necrosis. The pancreatic tissue morphology
was intact, with H-MoS2 under NIR being the closest to the
normal. Using MoS2 alone has more severe pancreatic tissue
damage, similar to the SAP. At the same time, to better evaluate
the damage to pancreatic tissue, we quantitatively scored
inflammation, edema, bleeding, and necrosis in the tissue
(Figure 6c). Compared with the normal, it can be seen that SAP
has the highest score, indicating the most severe damage to
pancreatic tissue. Using MoS2 alone has the same score as the
SAP, and the damage was also more severe. The score of the
MoS2 under NIR was slightly higher than that of the normal, but
significantly lower than that of the SAP. It was found that in
terms of pancreatic pathological evaluation, the treatment effect
of the H-MoS2 was better than that of the S-MoS2 and Y-MoS2
under NIR.
In addition, we explore the mechanism of photodynamic

therapy for SAP. Through flow cytometry analysis, the apoptosis
rate of pancreatic acinar cells in all groups was significantly
reduced underNIR (Figure 7). This was because electrons in the
MoS2 band jumped into the conduction band under light,
resulting in the separation of electron holes and the formation of
electron-rich reducing end and hole-rich oxidizing end, and ROS
was generated through oxidation−reduction reaction to inhibit
the apoptosis of pancreatic cells. Among them, H-MoS2 has the

most significant therapeutic effect under NIR, which is basically
close to the apoptosis rate of normal cells (Figure S13).
Meanwhile, the result of Inflammatory marker analysis to
measure the levels of IL-6 and TNF-α is that H-MoS2 under NIR
had the lowest IL-6 and TNF protein expression levels, which
were close to normal (Figure 8a,b). Furthermore, IL-1β and IL-6
staining detection revealed that H-MoS2 under NIR had an
inhibitory effect on the secretion of inflammatory factors in
pancreatitis (Figure 8c). The electron paramagnetic resonance
(EPR) was used to detect the presence of free radicals, and 5,5-
dimethyl-1-pyrroline (DMPO) was used as a spin capture
reagent; •O2

− and •OH radicals can be captured. As shown in
Figure S13, there is a clear signal of •O2

−, while the signal of
•OH is weak, indicating that •O2

− inhibits the apoptosis of
pancreatic acinar cells (Figures S14 and S15).

4. CONCLUSIONS
We designed three morphologically controlled MoS2 nano-
reactors for SAP photodynamic therapy. In vitro biocompati-
bility studies show that MoS2 nanoreactors have high safety and
biocompatibility. In vivo experiments in rats verified that H-
MoS2 has a good therapeutic effect on SAP compared to that of
S-MoS2 and Y-MoS2 nanoparticles under NIR excitation at a
wavelength of 808 nm. This could be due to the production of
•O2

− by MoS2 under NIR, which reduces pancreatic cell
apoptosis and thus has therapeutic effects. However, the specific
functional formulations still need further research and proof
from us. This work opened up a new path for constructing high-
performance nanomaterials for the photodynamic therapy of
SAP, especially in inflammation diseases.

Figure 8. (a, b) Inflammatory marker analysis to measure the levels of IL-6 and TNF-α. (c) IL-1β and IL-6 staining detection of the effects of three
different treatments on pancreatic acinar cell proliferation.
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