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ABSTRACT: For antibacterial purposes, a photothermal and
photodynamic antibacterial membrane was prepared through
electrospinning. We used zein as the substrate and introduced
Protoporphyrin IX (PpIX) into the protein structure. Then, we used £ o oos,
electrospinning technology to weave the modified zein into a fiber /\ &Q_@ "
structure. We finally introduced a metallic polyphenol network AN Fest ,
(MPN) coating on the fiber surface to form the final membrane: \ Temperature
MPN@Zein-PpIX. Then, we investigated the photothermal and
photodynamic properties of the membrane and assessed its
antibacterial activity with in vitro agar plate counting methods. The
MPN@Zein-PpIX membrane exhibited good singlet oxygen
generation and excellent photothermal conversion. Additionally, it
showed good antibacterial capacity in vitro, owing to the combination
of photothermal and photodynamic properties. Our research provides a simple approach to prepare a multifunctional membrane
with excellent antibacterial ability. We used the electrospinning technique to anchor PpIX onto zein to produce a fiber membrane
(Zein-PpIX) that can be adhered in situ to improve the biocompatibility of PpIX, and the MPN makes the membrane surface more
hydrophilic and more accessible to adhere to biological tissues. The MPN@Zein-PpIX membrane provided new ideas for combining
PDT and PTT, and it had great potential for use in the antibacterial application field.
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1. INTRODUCTION thermal effect. Under 808 nm irradiation, the peroxidase-like
activity of the Au complex was significantly enhanced, which
made it have a broad-spectrum antibacterial effect.*” PDT is a
process that can cause bacterial cell death in the presence of
light energy at an appropriate wavelength.'® Similar to PTT,
PDT relies on the involvement of photosensitizers (PSs)."’
The PSs are irradiated with a specific wavelength laser, which
excites the PSs to a singlet excited state. However, the excited
singlet state has a concise life; it can return to the ground state
quickly. The singlet state undergoes intersystem crossing into
the excited triplet state to produce a therapeutic effect.'”
During this process, reactive singlet oxygen ('0,) is produced,
which can cause irreversible damage to the main components
of bacteria, leading to the death of the bacteria."’

With increasing research on PDT and PTT, there are some
shortcomings in the current application of PDT and PTT."
On the one hand, the production of reactive singlet oxygen

Bacterial infection has become one of the top health problems
in the world." It can induce many diseases, such as pneumonia,
meningitis, sepsis, cholera, skin ulcers, and gastric cancer.”® In
particular, the wound is more likely to cause bacterial infection
due to the loss of skin protection. Up until now, antibiotics
have been the first choice for treating bacterial infections.
However, long-term and excessive use of antibiotics may cause
severe side effects.” Thus, it is imperative to develop more
efficient materials with antibacterial capability in a nonanti-
biotic way.

Photodynamic therapy (PDT) and photothermal therapy
(PTT) are two types of light-based local therapies that have
attracted increasing attention among many new antibacterial
strategies.” The PTT technique converts near-infrared
radiation (NIR) into heat using photothermal agents, which
can kill bacteria by damaging the cell membrane or inactivating
essential enzymes and proteins.” PTT has many advantages,

such as high efficiency, controllability, and limited ability to Received:  January 6, 2024
drug resistance.” Therefore, several studies have focused on Revised:  June 2, 2024
designing novel photothermal agents to achieve efficient Accepted:  June 12, 2024

antibacterial activity. The most commonly used photothermal Published: June 27, 2024

agents are metals, such as Au and pt. For example, Liu et al.
combined CeO, nanoenzyme with GNRs, which had a good
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Figure 1. Schematic illustration of the construction of the MPN@Zein-PpIX membrane for combined photothermal and photodynamic

antibacterial therapy.

requires oxygen, and many bacterial infections, such as chronic
infections, occur in a hypoxic environment. It means that the
effect of PDT will decrease in a hypoxic environment."
However, the thermal effect generated by PTT has lower
specificity in response to bacteria, and the tissue penetration of
the specific wavelength laser limits its therapeutic effect.'®
Meanwhile, drugs used for photothermal and photodynamic
therapies often exhibit low biocompatibility and difficulty in
biodegradation. Furthermore, some new reagents with complex
synthesis processes have difficulties in further development.'”

To overcome the drawbacks caused by the application of
PDT or PTT alone, the combination of PDT and PTT has
been studied."® Protoporphyrin IX (PpIX) is a widely used PS
that can produce significant photodynamic effects under the
illumination of light sources with 620—630 nm wavelengths.'”
However, free PpIX has poor selectivity and is prone to side
effects, such as low biocompatibility and stability.20 Several
studies have proposed methods to modify PpIX to improve its
biocompatibility and selectivity and enhance its photodynamic
antibacterial effect.”’ In this study, we used the electrospinning
technology to anchor PpIX onto zein to produce a fiber
membrane (Zein-PpIX) that can be adhered in situ to improve
the biocompatibility of PpIX. Zein is the primary storage
protein of corn, and it has good biodegradability, good
biocompatibility, and nontoxicity. It also has unique film-
forming properties. It contains sulfur-containing amino acids
that can be connected by disulfide and hydrophobic bonds,
facilitating the formation of thin films. Ultimately, zein can
form a hard, smooth, hydrophobic, and antibacterial
membrane.”” To achieve the combination of PDT and PTT,
we constructed a metal polyphenol network (MPN) on a Zein-
PpIX fiber membrane. MPN is a polyphenol network structure
formed by chelating the phenol hydroxyl group of polyphenols
with metal ions.”” It acts as a photothermal agent in the
photothermal effect. It has excellent photothermal conversion
ability, which can convert nearly infrared light energy into heat
energy and kill bacteria through thermal damage.24 In addition,
it is easy to synthesize and has good biocompatibility, which
has attracted wide attention in the field of antibacterials. In this
study, MPN is composed of TA and Fe**. We used zein as the
substrate and introduced PpIX into the protein structure.
Then, we used the electrospinning technology to weave the

Zein-PpIX into a fiber structure and finally introduced an
MPN coating on the fiber surface to form the final membrane:
MPN@Zein-PpIX. In this system, zein served as an excellent
film-forming polymer material, supporting the photosensitizer
PpIX and the photothermal agent MPN. PTT and PDT were
combined on one platform, where PpIX produces singlet
oxygen and MPN produces a significant thermal effect under
different wavelengths of light. Both work together to play the
antibacterial role. The MPN@Zein-PpIX membrane provided
a new idea for combining PDT and PTT therapies (Figure 1).
The experiments indicated that the MPN@Zein-PpIX
membrane shows high antibacterial performance and favorable
biocompatibility, which ensures the MPN@Zein-PpIX mem-
brane’s great potential in clinical applications for antibacterial
material.

2. EXPERIMENTAL SECTION

2.1. Materials. Zein was supplied by Macklin (Shanghai,
China). PpIX was provided by Shanghai Yuanye Biology
Science and Technology Co. Ltd. Vitamin C (Vc), N-
hydroxysuccinimide (NHS), and N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC-HCI) were pur-
chased from Shanghai Aladdin Biochemical Technology Co.,
Ltd. The Luria—Bertani (LB) broth, Dulbecco’s Modified
Eagle Medium (DMEM), and Fetal Bovine Serum (FBS) were
obtained from Solarbio Reagent Co., Ltd. (China). Tannic acid
(TA) was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Iron(III) chloride hexahydrate (FeCl,-
6H,0) and Penicillin-Streptomycin Solution were purchased
from Innochem Reagent Co, Ltd. (Beijing, China). 1,3-
Diphenylisobenzofuran (DPBF, 97%) and 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
provided by Acros Organics (Shanghai, China). Guangdong
Huankai Microbial SCI. and Tech Co., Ltd. (China) supplied
us with Mueller Hinton (MH) Agar. Unless otherwise
specified, all solvents and chemicals were of analytical grades,
and used according to the received standard.

2.2. Synthesis and Characterization of the MPN@
Zein-PpIX Membrane. PpIX (0.02S g) and zein (1 g) were
separately dissolved in 80% ethanol. Then, EDC-HCI (0.02 g)
and NHS (0.02 g) were added to the PpIX solution while
being stirred to activate the carboxyl group for 0.5 h. The
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Figure 2. (A) UV—vis spectra of zein, PpIX, and Zein-PpIX. (B) FTIR spectra of zein, PpIX, and Zein-PpIX.

resulting solution was added to the zein solution and stirred
overnight. The supernatant was transferred to a dialysis bag
(MWCO: 1000 D, MYM Biological Technology Company)
and dialyzed against 80% ethanol for 6 h. The resulting
product (0.82 g) was obtained through freeze-drying.

To prepare the MPN@Zein-PpIX membrane, Zein-PpIX
was dissolved in ethanol for electrospinning. The product was
cut into round specimens with a uniform size, shape, and
thickness (@ 10 X 0.2 mm). The sample was then soaked in
TA solution (24 mM, 1 mL), and Fe>* solution (4 mM, 0.2
mL) was added gradually to form the TA—Fe®" network.
Finally, a black membrane was obtained after drying.

A scanning electron microscope (SEM, Zeiss Gemini SEM
300) was used to observe the morphology and contact angle of
the zein, Zein-PpIX, and MPN@Zein-PpIX membranes. The
UV-—vis absorption was recorded with a UV-—visible
spectrophotometer (UV-6000PC, Shanghai Metash Instru-
ments Co., Ltd.). Fourier-transformed infrared (FTIR) spectra
were obtained by the KBr pellet method with an FTIR
spectrophotometer (Bruker, TENSOR 27, Germany). 'H
NMR spectra were obtained by nuclear magnetic resonance
(NMR) spectroscopy (Bruker 400M, Bruker, Germany).

2.3. Photothermal Properties. The photothermal con-
version ability of the membranes was monitored by continuous
irradiation. Briefly, zein, Zein-PpIX, and MPN@Zein-PpIX
membranes (® 10 X 0.2 mm) were immersed in 0.5 mL of
water in a 24-well plate. They were irradiated under an 808 nm
NIR laser (0.7S W-cm™) irradiation (Zhongjiao Jinyuan
Technology, 16 Ltd., Beijing, China) for 10 min, respectively.
Temperature changes were recorded by using an infrared
thermal camera. To investigate the effect of laser power on
MPN@Zein-PpIX membrane, the sample (® 10 X 0.2 mm)
was immersed in 0.5 mL water in a 24-well plate and irradiated
under an 808 nm NIR laser with different power (0.25/0.5/
0.75/1 W-cm™2). To test its photothermal stability, the
MPN@Zein-PpIX membrane was exposed to 808 nm laser
light (0.5 W-cm™?) for 10 min and cooled to room temperature
naturally. The process was repeated in four cycles, and the
temperature changes were measured by an infrared thermal
camera.

2.4. Detection of '0, Generation. DPBF was used as a
probe to detect the production of 'O,, and it can react with
'0,, resulting in a decrease in the absorption peak at 410 nm.*®
The Zein-PpIX and MPN@Zein-PpIX membranes (® 10 X
0.2 mm) were added to DPBF/acetonitrile solution (0.04 mM,
2 mL) with or without Vc solution (0.5 mg/mL) and

irradiated under 620—630 nm LED light for 10 min. The Vc
was used as the ROS scavenger. The absorbance spectrum was
measured every two minutes. In addition, the same membranes
were measured in a DPBF/acetonitrile solution under dark
treatment.

2.5. Bacteria Culture. Staphylococcus aureus (S. aureus,
ATCC 25923) and Escherichia coli (E. coli, ATCC 25922) were
generously provided by Guangzhou Institute of Microbiology.
The single colony of bacteria was selected from an agar plate
and suspended in LB medium. After incubating at 37 °C under
110 rpm shaking for 12 h, the logarithmic growth bacteria were
obtained by centrifugation and resuspended in fresh LB
medium.

2.6. In Vitro Antibacterial Tests. The antibacterial
activities of the MPN@Zein-PpIX membrane were evaluated
with E. coli and S. aureus as model bacteria. The MPN@Zein-
PpIX membrane (@ 10 X 0.2 mm) was placed at the bottom of
48-well plates, and 0.5 mL of the bacterial suspension (10°
CFU) was added to each plate. The samples were then
incubated in a shaker at 37 °C and 110 rpm for 3 h to facilitate
bacterial adhesion. Next, the suspension was removed, and the
free bacteria on the membrane surface were washed away with
a NaCl solution (0.9%). Then, 100 uL of NaCl solution
(0.9%) was added to the MPN@Zein-PpIX membrane surface,
and the samples were irradiated with an 808 nm NIR laser or
LED light. The PTT group was irradiated with an 808 nm laser
(0.5 W-cm™ ?) for S min. The PDT group was irradiated with
LED light (620—630 nm) for 30 min. PTT and PDT groups
were subjected to simultaneous irradiation with an 808 nm
NIR laser (0.5 W-cm™ ?) for 5 min and LED light (620—630
nm) for 30 min. The control group was not subjected to light
treatment. After irradiation, the MPN@Zein-PpIX membrane
was placed in a 1 mL 0.9% NacCl solution and ultrasonicated
for 3 min to free the attached bacteria. After treatment, 10 uL
of bacterial solution was diluted 10° times with 0.9% NaCl and
coated on MH solid agar plates to culture overnight at 37 oC.
Finally, the number of colonies (CFU) was counted, and the
bacteriostatic rate was according to the following formula:

Bacteriostatic rate(%) = (CFU. — CFU,)/CFU, X 100%
(1)
where CFU; represent the number of colonies treated with
the MPN@Zein-PpIX membrane under light, and CFU, is
without light.
2.7. In Vitro Cytotoxicity Assays. The MTT assay was
used to measure the cytotoxicity of the MPN@Zein-PpIX
membrane.”® The mouse fibroblast cells (1929) were used to

https://doi.org/10.1021/acsomega.4c00180
ACS Omega 2024, 9, 29274-29281


https://pubs.acs.org/doi/10.1021/acsomega.4c00180?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00180?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00180?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00180?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

A

D

-*—-

—————

— ‘.‘.'q"-d::
ﬁi_.__ !

Figure 3. SEM images of (A) zein, (B) Zein-PplX, and (C) MPN@Zein-PpIX membranes. The small images in the picture represent the statistical
result of the diameter of the corresponding fiber membrane. Contact angles of (D) zein, (E) Zein-PpIX, (F) MPN@Zein-PpIX, and (G) MPN.
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Figure 4. (A) Photothermal curve of zein, Zein-PpIX, and MPN@Zein-PpIX membrane under 808nm NIR (0.75 W-cm™2). (B) Photothermal
curve of MPN@Zein-PpIX membrane under an 808 nm NIR (0.25/0.5/0.75/1 W-cm™). (C) The photothermal curve of the MPN@Zein-PpIX
membrane with four irradiation on/off cycles. (D) Photothermal images of DI—water, zein, Zein-PpIX, and MPN@Zein-PpIX membrane.

assess the cell biocompatibility of the MPN@Zein-PpIX
membrane, which were obtained from Guangzhou Medical
University (Guangdong, China). Briefly, L929 cells (10*) were
first grown in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin. The MPN@Zein-PpIX and zein
membranes were incubated with L929 cells in a 96-well plate
at 37 °Cin a 5% CO, atmosphere for 24 and 48 h, respectively.
The light groups were irradiated differently (LED: 620—630
nm, 808 nm laser, and LED + 808 nm laser). Next, 10 uL of
MTT (5 mg/mL) was added to each well and incubated for

29277

another 4 h. The supernatant was removed carefully, following
the addition of DMSO (100 uL) to each well along with a 15
min incubation and shaking. The relative cell viability was
calculated after measuring the absorbance at 570 nm. Three
parallel experiments were conducted for each group, and the
cell viability rate was calculated according to the following

formula:

Viability rate(%) = (A, — A4,)/(A, — 4,) X 100% (2)
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Figure S. UV—Vis absorption spectra of DPBF solution photo-oxidized at different times by (A) zein—PpIX with light, (B) MPN@Zein—PpIX
with light, and (C) Summary of the changes in the clearance of the DPBF solution incubated with Zein-PpIX and MPN@Zein-PpIX with or
without irradiation at 410 nm. (D) Zein-PpIX with light and Vc. (E) MPN@Zein-PpIX with light and Vc. (F) Summary of the changes in the
clearance of the DPBF solution incubated with Zein-PpIX and MPN@Zein-PpIX with Vc and with or without irradiation at 410 nm.

where A, is the absorbance of cells treated with zein or the
MPN@Zein-PpIX membrane, A, is the absorbance of cells
treated with PBS, and A, is the absorbance of solution treated
without cells and membranes.

2.8. Statistical Analysis. All the results were reported as
mean + SD. The differences among groups were determined
using one-way ANOVA analysis and Student’s ¢ test: * p <
0.05, ** p < 0.01, *** p < 0.001.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of the MPN@
Zein-PplX Membrane. Zein was first connected with PpIX
by an amido bond to obtain Zein-PpIX, which was dissolved in
ethanol for electrospinning. The UV—vis spectrum showed
that Zein-PpIX exhibited characteristic absorption peaks of
PpIX, indicating that zein and PpIX were successfully
connected (Figure 2A). Based on UV—vis analysis, the
conjugation ratio of PpIX was calculated to be 2.4%. We
further characterized Zein-PpIX by FTIR and 'H NMR
(Figures 2B, S1, and S2). FTIR showed that zein included a
broad peak at 3381 cm™' due to the stretching of the N-H
group. The peaks at 2960 cm™' and 2814 cm™' indicated
aliphatic C—H stretching bands.”” The sharp peak of zein at
1600 cm™ represented amide I on the peptide groups, which is
the characteristic vibrational band of zein. In addition, 1415
cm ™' was the C—N stretching vibration peak on the pyrrole
ring of PpIX. 1278 cm™' was the stretching vibration peak of
C—O, which was also the internal vibration of the porphyrin
ring. The stretching vibration peak of C—O at 1278 cm™" was
decreased in Zein-PpIX, and all peaks were shifted to higher

frequencies, which may be due to the reaction between the
carboxyl group on the porphyrin ring and the amino group of
zein. Due to the introduction of the porphyrin ring, the zein
amide band at 1600 cm ™" shifted to 1608 cm™". These changes
demonstrated the interaction between zein and PpIX*® (Figure
2B).

The resultant Zein-PpIX fiber membrane was immersed in
the TA solution, and the MPN coating was formed after
adding Fe®* solution. SEM was used to observe the membrane
morphology and diameter distribution (Figure 3A—3C). Zein
and Zein-PpIX fibers exhibited a smooth, uniform, and
homogeneous morphology. The average diameters of zein
and Zein-PpIX ranged from 2 to 4 ym (Figure 3A, 3B). After
being coated with MPN, the membrane became rough. The
average diameter of MPN@Zein-PpIX increased to 5 ym, and
the bottom was covered because of the increased density of the
MPN (Figure 3C). Zein has unique solubility, i.e., it cannot
dissolve in water or anhydrous alcohol but dissolves in alcohol
aqueous solutions with a volume fraction of 60—95%.
Therefore, the zein and Zein-PpIX fiber membranes had larger
contact angles (zein: 51.8°; Zein-PpIX: 45.0°), indicating that
they exhibit hydrophobicity (Figure 3D, 3E). However, after
coating with MPN, the contact angle of MPN@Zein-PpIX
decreased to 36.5°, similar to MPN’s (36.8°) (Figure 3F, 3G),
which was due to the phenolic hydroxyl groups in the
polyphenol structure.

3.2. Photothermal and Photodynamic Behaviors of
the MPN@Zein-PpIX Membrane. We investigated the
photothermal conversion properties after introducing the
MPN coating on the Zein-PpIX fiber membrane. As shown
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Figure 6. Antibacterial effect of the MPN@Zein-PpIX membrane against S. aureus and E. coli was evaluated by the (A) agar plate counting method.
The bacteriostatic rate against (B) E. coli and (C) S. aureus was measured according to the results.
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Figure 7. Cytotoxicity of zein and the MPN@Zein-PpIX membrane
with or without different light sources.

in Figure 4A—4D, the temperature of MPN@Zein-PpIX
membranes increased to approximately 60 °C after irradiating
with an 808 nm laser (0.75 W-cm™2, 10 min). In comparison,
zein and Zein-PpIX fiber membranes without MPN coating
exhibited more minor temperature changes under the same
conditions of illumination. So, the MPN coating endowed the
Zein-PpIX fiber membrane with excellent photothermal
conversion properties. To investigate the effect of laser
power on the MPN@Zein-PpIX membrane, we studied the
temperature effect of the MPN@Zein-PpIX membrane at
different power levels. The temperature of the MPN@Zein-
PpIX membrane increases with the increase of laser power
(Figure 4B). However, we need to choose a suitable
temperature that can effectively kill bacteria without causing
too much harm or pain to the human body. Therefore, we
ultimately decided to use a laser power of 0.5 W-cm™
throughout the entire experiment. Subsequently, we inves-
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tigated the photothermal conversion stability of the MPN@
Zein-PpIX membrane with multiple cycles of the light cooling
process. As shown in Figure 4C, the water temperature around
the sample kept increasing to S0 °C after the laser was
switched on and off for four circles. The photothermal
conversion ability of the MPN@Zein-PpIX membrane can be
demonstrated stably.

Besides, because of the presence of PplIX, the MPN@Zein-
PpIX membrane could generate singlet oxygen.”” This ability
of the MPN@Zein-PpIX membrane to generate singlet oxygen
was measured in the presence of the ROS indicator, DPBF.
DPBF possesses high specificity for singlet oxygen and can
form inner peroxides to decompose into 1,2-dibenzoylbenzene.
Once combined with singlet oxygen, DPBF is irreversibly
oxidized, and its absorption intensity decreases rapidly at UV—
visible light (410 nm).”* The more singlet oxygen, the greater
the decrease in the absorption intensity. And the higher the
clearance of DPBF, the higher the efficiency of ROS
production. After LED irradiation (620—630 nm), the
absorbance of DPBF in the Zein-PpIX group and the
MPN@Zein-PpIX group showed a time-dependent reduction
(Figure SA, SB). After 6 min of LED irradiation, the DPBF
clearances of the Zein-PpIX group and MPN@Zein-PpIX
group were 55.1% and 88.2%, respectively. After 8 min of LED
irradiation, the DPBF clearances of the Zein-PpIX group and
MPN@Zein-PpIX group were 78.6% and 97.2%, respectively.
These results indicated that within 8 min of LED irradiation,
the ROS generation efliciency of the MPN@Zein-PpIX group
was higher than that of the Zein-PpIX group (Figure SC).
Thus, the MPN coating did not weaken singlet oxygen
generation by PpIX. In addition, the generation of singlet
oxygen relied on the LED light of 620—630 nm because it

https://doi.org/10.1021/acsomega.4c00180
ACS Omega 2024, 9, 29274-29281


https://pubs.acs.org/doi/10.1021/acsomega.4c00180?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00180?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00180?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00180?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00180?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00180?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00180?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00180?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

showed that the clearance of DPBF did not change in the
absence of LED light irradiation. To further confirm the
production of singlet oxygen, we conducted experiments using
vitamin C as a reactive oxygen species scavenger. Only a small
reduction of the absorbance was observed in the presence of
irradiation and vitamin C when the DPBF incubated with
Zein-PpIX and MPN@Zein-PpIX (Figure SD, SE), and after 8
min, the DPBF clearances of Zein-PpIX and MPN@Zein-PpIX
were only 14.1% and 13.0%, respectively (Figure SF). The
results showed that vitamin C effectively cleared away the
singlet oxygen produced by PpIX, which proved that the
MPN@Zein-PpIX membrane can produce singlet oxygen to
play the role of PDT. Overall, the MPN@Zein-PpIX
membrane provides photodynamic and photothermal proper-
ties with different wavelengths of light.

3.3. In Vitro Antibacterial Assay. The antibacterial
properties of the MPN@Zein-PpIX membrane were assessed
by using the agar plate counting method. After incubation with
the MPN@Zein-PpIX membrane, S. aureus and E. coli were
treated with 808 nm NIR and 620—630 nm LED light
irradiation, respectively, or both types of irradiation (Figure
6A). Owing to the presence of PpIX, the sample showed PDT
ability, achieving a bacteriostatic rate of 64.6% (S. aureus) and
49.9% (E. coli). In addition, the MPN-based photothermal
conversion properties allowed the sample to achieve a
bacteriostatic rate of 86.9% (S. aureus) and 31.1% (E. coli)
(Figure 6B, 6C). After treatment using the two types of
irradiations, the antibacterial effects of the MPN@Zein-PpIX
membrane were significantly enhanced. The bacteriostatic rate
increased to 97.5% (S. aureus) and 66.8% (E. coli) with the
combination of PDT and PTT (Figures 6B, 6C). In summary,
conducting only PDT or PTT could prove significantly
disadvantageous for antimicrobial therapy, especially in the
case of E. coli. However, the synergistic effect of the
combination of PTT and PDT can cause damage to bacteria,
eventually resulting in bacterial death, because of the
simultaneous use of singlet oxygen and high temperature.

3.4. In Vitro Biocompatibility Assay. We used the MTT
assay to evaluate the in vitro biocompatibility of the MPN@
Zein-PpIX membrane. As shown in Figure 7, after incubation
with Zein or the MPN@Zein-PpIX membrane for 24 and 48 h,
the cell viability in both groups was above 90%, which indicates
that the MPN@Zein-PpIX membrane has no potential
cytotoxicity to 1929 cells. The zein showed a similar trend
to MPN@Zein-PpIX membrane, indicating that zein is a safe
material and the addition of PpIX and MPN has no significant
effect on its biocompatibility. In addition, the survival rate of
L1929 cells also reached more than 90% under different light
sources, indicating that the MPN@Zein-PpIX membrane can
maintain its biocompatibility during PDT and PTT.

4. CONCLUSIONS

This study proposed a membrane MPN@Zein-PpIX, which
combines PDT and PTT as an antibacterial agent. It combines
the photosensitizer PpIX with the photothermal conversion
agent MPN, and the synthesis method is very simple. Under
different wavelengths of light, the membrane exhibited
excellent capabilities for singlet oxygen generation and in
vitro photothermal conversion. Due to the combination of
PDT and PTT, the in vitro antibacterial experiments showed
that the MPN@Zein-PpIX membrane had an excellent
antibacterial effect on plankton bacteria. Furthermore, in
vitro cytotoxicity experiments proved that the MPN@Zein-

PpIX membrane demonstrates excellent biosafety and is
expected to be used as an efficient antibacterial dressing.
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