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ABSTRACT: The development of hybrid composite antibacterial MOOX’PAN MoOg/PAN V' Ag@MoOs/PAN
agents for wound dressing has garnered significant attention due to ‘ 80 °C/24h AgNO;

their remarkable antibacterial efficacy and their potential to mitigate
microbial resistance. In this study, we present an approach to
designing and fabricating wound dressing membranes, utilizing
molybdenum oxide—polyacrylonitrile (MoO;/PAN) hybrid compo-
sites through electrospinning. Subsequently, we enhanced the
membrane’s effectiveness by introducing silver (Ag@MoO;/PAN)
into the matrix via a rapid (within one min) green synthesis method
under UV irradiation. Initially, we discuss the morphological
characteristics and structural attributes of the resulting membranes.
Subsequent investigations explore the antibacterial mechanisms of
both MoO; and Ag’, revealing that the incorporation of silver
substantially enhanced antibacterial activity. Additionally, we elucidate the surface properties, noting that the introduction of silver
increases the surface area of the composite membrane by 25.89% compared with the pristine MoO;/PAN membrane. Furthermore,
we observe a 9% reduction in the water contact angle (WCA) for the Ag@MoO,;/PAN membrane, indicating improved
hydrophilicity. Finally, we analyze the release behavior of the Ag@MoO;/PAN membrane. Our findings demonstrate an initial burst
release within the first 7 h, followed by a controlled and sustained release pattern over a period of 7 days.
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Bl INTRODUCTION enhancement of ROS production that helps to combat
bacteria.””~"" Moreover, these nanomaterials possess proper-
ties that can be easily modified and tailored according to needs,
making them more flexible compared to antibiotics. Despite
the advantages of using metal-based nanomaterials for their
passive antibacterial properties, they can still have some
drawbacks. For instance, the uncontrolled and sustained
release of metal ions can lead to the development of excessive
ROS, which can cause various diseases. Moreover, the rapid
deterioration of these materials can decrease their effectiveness
over time."” "

To address this challenge, hybrid nanomaterials are being
employed, which combine various nanomaterials to enhance
antibacterial efficacy and mitigate the risk of resistance
development.'”” By the creation of hybrid composites, it
becomes possible to maximize the advantages while minimiz-
ing the drawbacks associated with individual types of

The main purpose of a wound dressing is to create a healing
environment for wounds while protecting them from damage
and the invasion of harmful microorganisms. Whether it is a
sutured wound resulting from surgery or trauma or an open
wound preventing infections is a concern in wound care
worldwide."” However, addressing infection control has
become an issue due to the increasing number of micro-
organisms. Many bacteria have developed resistance to
antibiotics, which focuses on the need to explore new materials
for treating harmful microorganisms.’~> Through reduction in
the production of new antibiotic materials or reduction of their
usage, it is estimated that bacterlal infections could cause
around 10 million deaths by 2050.° Therefore, we must find
new approaches to combat bacteria beyond relying on
antibiotics. To tackle this challenge of preventing infections
of microorganisms, there has been active research in alternative
antibacterial technologies that could replace conventional
remedial treatment.”® Unlike antiseptic drugs that attack Received: November 6, 2023

sites within the cells, metal-containing nanomaterials possess Revised: ~ November 21, 2023
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inherent passive antibacterial mechanisms that make them less
prone to resistance. These mechanisms involve direct

interactions with microorganisms, the release of metal ions
that generate reactive oxygen species (ROS), and the indirect
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Figure 1. Graphical representation of silver nanoparticles doped on the surface of the MoO;/PAN composite membrane with silver release profile

and schematic illustration of bacterial death with silver ions.

nanoparticles (NPs). Additionally, the “combinatorial” ap-
proach allows for an extended duration of effective
antibacterial action, significantly reducing bacterial resistance
development.'>'° Among the diverse array of nanomaterials
available, organic polymerized nanomaterials offer the
advantage of pH-responsive antimicrobial properties and the
ability to mimic the actions of antimicrobial peptides to
combat bacteria.'”"® Inorganic metals, 719 such as gold20 21
(Au), silver™>* (Ag), and copper 2925 (Cu), as well as
transition metal chchalcogemdes2 (TMDs), metal oxides,””**
carbon-based nanomaterials,”> polymers, and their nano-
composites, have all been prominently utilized in the
antibacterial research field.” These materials operate through
distinct antibacterial mechanisms compared with conventional
antibiotics and carry a reduced risk of fostering bacterial
resistance. Consequently, the utilization of nanomaterials holds
significant promise as an alternative to antibiotics for
combating drug-resistant bacteria.

In various inorganic materials, molybdenum (Mo)-based
nanomaterials have gained significant attention in the
antibacterial research field due to their distinctive physico-
chemical properties.”’ >* Mo also serves as an essential trace
element for microorganisms, plants, and animals.” Further-
more, within organisms, Mo functions as a cofactor for
numerous enzymes (such as aldehyde, xanthine, and sulfite
oxidase), participating in metabolic processes and facilitating
various physiological functions, including protein synthe-
sis.”**> One highly promlsmg antibacterial nanomaterial is
molybdenum trioxide (Mo00O,).* Its antimicrobial mechanism
in the presence of water involves a dissolving process, resulting
in an acidic reaction and the formation of hydronium (H;0%)
and molybdate (MoQj") ions. The infiltration of a hydronium
(H;0%) ion through the bacterial cell wall disrupts the pH
balance, enzyme activity, and transport systems within the cell.
This acidic, low-pH environment induced by MoO; nano-
particles has been reported as an effective antimicrobial agent
against susceptible and resistant strains of bacteria.’’ The
penetration of hydroxonium ions through cell membranes
hindered cell proliferation, affecting enzymes and transport
systen:;, thereby slowing down the growth of bacteria and
fungi.”
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In addition to its antibacterial properties, MoO;_, can also be
combined with other materials to synthesize functionalized
nanocomposites, which can generate synergistic antibacterial
effects.’ Silver ions Ag" have long been recognized as effective
antimicrobial agents with low toxicity to humans and
extensively studied in various in vitro and in vivo
applications.”” Silver molybdates have been explored in fields,
such as lubrication,*' humidity, gas sensors, photoelectronic
devices,""** and surface-enhanced Raman scattering techni-
ques.” While the release of Ag" in wound dressings is a
common practice with several benefits in wound care, it is
crucial to control the release to prevent potential harm from
excessive Ag" release.'”**

In addressing the issue of excessive silver ion release and its
potential environmental impact, the molybdenum—PAN
(MoO;/PAN) membrane can serve as a key element to
absorb and sequester these silver ions, preventing their release
into the environment.* Additionally, it can create a
moderately moist wound healing environment while effectively
controlling the release of silver ions to achieve antibacterial
effects.’® Previous research conducted by our team has
confirmed the efficacy of molybdenum trioxide nanoparticles
(NPs) embedded in polyacrylonitrile (PAN) in promoting
wound healing and controlling the release of silver ions for
antibacterial purposes.”” Notably, these NPs have exhibited
highly promising antimicrobial properties against both Bacillus
subtilis and Escherichia coli.

In this current study, we introduce a novel hybrid composite
named the MoO;/PAN membrane, which doped silver
nanoparticles through a green fast synthesis approach mediated
by UV light. To assess the antibacterial efficacy of this
nanocomposite, we employed representative bacterial models,
including E. coli and B. subtilis. That revealed a correlation
between the silver content of the nanocomposites and their
antibacterial effectiveness. Furthermore, we assessed controlled
silver ion release, a crucial aspect of this research. These
findings illustrate an outstanding advancement in the field of
antibacterial materials and hold the potential to revolutionize
wound dressings. A graphical representation of this study is
shown in Figure 1.
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B RESULTS AND DISCUSSION

The synthesis of the MoO;/PAN composite membrane
followed previous reports’® on the WO;/PAN membrane
with slight modifications, as detailed in the Experimental
Section of the Supporting Information. The incorporation of
silver into the MoO;/PAN composite membrane was
synthesized through a rapid green synthesis method within
one min under UV light. The crystalline structures of both the
MoO;/PAN composite membrane, as shown in Figure 2a, and
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Figure 2. XRD diffraction patterns with (a) representing the MoO,/
PAN composite membrane and (b) corresponding to the Ag@
MoO;/PAN membrane after silver doping.

the Ag@MoO;/PAN membrane, displayed in Figure 2b, were
analyzed by using X-ray diffraction (XRD). In the MoO;—
PAN composite membrane, prominent peaks were observed at
9.6, 16.69, 19.30, 25.65, 29.25, and 35.31°, corresponding to
the (100), (110), (200), (210), (111), and (211) planes,
respectively. These findings align with the JCPDS reference
number (JCPDS No. 00-065-0033) and confirm the
molybdenum oxide membrane. After the introduction of silver
nitrate (AgNO;) into the MoO;/PAN composite membrane
under UV light, XRD analysis confirmed the conversion of the
ions into metallic silver. Strong corresponding peaks were
observed at 27.21, 32.03, 33.49, 38.87, 48.09, 51.22, and
56.14°, corresponding to the (220), (311), (222), (400),
(422), (511), and (440) planes of silver molybdenum oxide
(Ag;Mo00,). These peaks matched the JCPDS reference
number (JCPDS No. 01-075-0250). Importantly, no additional
peaks were observed, confirming the absence of other
impurities and attesting to the excellent crystalline quality of
the Ag@MoO;—PAN composite membrane. A typical
polyacrylonitrile PAN peak was observed near 17.50°.*

The morphology of the MoO;/PAN nanofiber composite
was characterized using scanning electron microscopy (SEM),
as depicted in Figure 3a, while Figure 3b illustrates the SEM
analysis of the Ag@MoO;/PAN membrane. SEM provides
valuable insights into the membrane structure and their
corresponding elemental distribution mappings. In the case of
the MoO;/PAN composite, the distribution of Mo and O
elements appeared consistent and evenly dispersed, indicating
a uniform mixture of the inorganic MoO; and organic
components, resulting in a homogeneous phase. No other
impurities were observed. Additionally, in the silver-deposited

5um
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4 5
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0 2 3 4 5
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Figure 3. (a) SEM images of MoO;/PAN and (b) SEM images of the Ag@MoO;/PAN nanofiber membrane and their corresponding elemental
mapping images of Mo, O, C, and Ag elements, and EDS spectrum and TEM images, respectively.
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Figure 4. (a) Wide XPS spectrum of MoO;/PAN and silver-doped membrane. High-resolution deconvoluted XPS spectrum for (b) Mo 3d for the
MoO,;/PAN membrane, (c) Mo 3d for the Ag@MoO;/PAN membrane, and (d) Ag 3d for the Ag@MoO;/PAN membrane.

composite membrane, Ag was well-distributed across the
membrane, as evidenced by the TEM image and elemental
distribution, which revealed the presence of Mo, O, and Ag
elements within the nanofibers. Furthermore, Figure 3 includes
their energy-dispersive X-ray spectroscopy (EDS) spectra,
while the comprehensive EDS spectra of MoO;/PAN and
Ag@MoO;/PAN were presented (Figures S5 and S6,
respectively).

XPS analysis was conducted to examine the surface
elemental composition and chemical states of both the
MoO;/PAN membrane and the silver-doped composite
membrane. The wideband spectra of both membranes, along
with their corresponding Mo 3d and Ag 3d spectra, are
depicted in Figure 4ab. In the Mo 3d spectra of the
membranes, it was observed that the Mo 3d doublet could
be effectively fitted by using a Gaussian function. The primary
contributing peaks at 230.0 and 233.1 eV corresponded to the
characteristic values of the Mo®" 3d doublet, and no minor
peaks were detected. Figure 4c,d represents the Ag@MoO;/
PAN composite membrane and its corresponding Mo 3d and
Ag 3d spectra, respectively. The introduction of silver
nanoparticles did not result in any noticeable shifts in the
Mo spectrum, indicating that the presence of silver did not
affect the transition state of molybdenum.””*" In the Ag 3d
spectra, the major contributor peaks at 365.8 and 3719 eV
exhibited slight shifts in binding energy toward lower values.
This shift was attributed to the reduction of silver ions to
metallic silver (Ag’). The dominant peaks confirmed the
presence of metallic silver, while no minor peaks were
observed, implying the complete reduction of silver ions to
the metallic state” (Ag’). A prominent oxygen peak, around
532 eV, was evident in both membranes, substantiating the
formation of MoO; and AgMoO,. Additionally, the N 1s
spectrum was observed in the range of 397-399 eV,
corresponding to the binding energies of Mo 3p and Mo—N,
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as well as amine N bonds. These results indicated that
molybdenum is not only physically adsorbed but also
chemically bonded to polyacrylonitrile (PAN), forming Mo—
N bonds. Consequently, a coexistence of amorphous and
crystalline structures was established.”'

FTIR spectra were conducted in the range of 400—4000
cm™' to identify various functional groups, as illustrated in
Figure S. The presence of the nitrile group (C=N) in PAN is

Ag-MoO3/PAN

MoO,/PAN

Absorbance

2500 2000 1500 1000 500
Wavelength (cm'1)

4000 3500 3000

Figure 5. Fourier transform infrared analysis for the hybrid membrane
of MoO;3/PAN and Ag@MoO;/PAN.

indicated by the peak at 2242 cm™', while the bending and
stretching vibrations of the C—H, functional group in PAN are
represented by peaks at 1451 and 2918 cm™, respectively.
Additionally, weak ether peaks (C—O—C) are observed at
1063 and 1249 cm™'. Notably, the MoO; peak primarily
appears below 1000 cm™'. Peaks at 862 cm™ correspond to
the bending vibrational modes of Mo—O—Mo, while the peak
at 562 cm™! is attributed to the stretching mode vibration of
the Mo—O—Mo entity.”’ Small peak shifts are observed,
potentially arising from the composite nature of the MoO;/
PAN membrane. Upon the introduction of Ag into the MoO;/

https://doi.org/10.1021/acsomega.3c08814
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Figure 7. (a) BET surface area of both the MoOj; and silver-doped membrane and (b) isotherm linear plot fit.

PAN membrane, significant changes occur, including the
appearance of two new peaks at 1356 and 1619 cm™,
accompanied by the disappearance of the Mo bending peak.>!
These changes suggest potential bonding interactions between
molybdenum and silver.”” Raman spectra are also shown
(Figure S3).

Thermal gravimetric analysis (TGA) of the molybdenum
nanocomposite is shown in Figure 6a, revealing distinct two-
step weight loss events in the as-prepared membrane. The
initial small weight loss was due to moisture evaporation. The
initial weight loss occurring before 450 °C is attributed to the
decomposition of the PAN component, while the subsequent
stages, ranging from 450 to 550 °C, correspond to the
dehydration and transformation of amorphous MoOj; into a
crystalline state.’”® Upon the introduction of silver nano-
particles into the composite, as shown in Figure 6b, the T,
shifts toward SO0 °C. This shift in T, toward a higher
temperature range is attributed to increased lateral forces
within the bulk state, which might be due to the restricted
steric effect™ (TGA analysis of 10% PAN is shown in Figure
S4).

The BET analysis of the as-prepared membrane is
conducted using N, adsorption and desorption kinetics.”*
Figure 7a presents the BET surface area data. The surface area
for MoO; measures approximately 13.25 m*/g. Notably, upon
incorporation of silver nanoparticles into the membrane, the
surface area increased by 23.89% as compared to the pristine
MoO;/PAN membrane. This enhancement of the area can be
attributed to the enlargement of nanofiber diameter, as verified
by SEM images larger nanofibers provide a greater surface area.
There could be a chemical interaction of silver nanoparticles
on the surface of the membrane, such as the adsorption of gas
molecules onto the silver nanoparticles themselves.”> The
linear plot fit coefficient factor R* for the isotherm analysis was
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determined to be 0.991, indicating a good fit with the values
displayed in Figure 7b.

The DPPH antioxidant assay for the prepared nanofiber
membrane was conducted using the 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) free radical scavenging method. To assess the
antioxidant activity of the produced fibers, a 30 mg sample of
the fiber was combined with 100 uL of DPPH solution in
ethanol and 80 uL of assay buffer. This mixture was then
incubated for various time intervals: specifically, 0.5 1, 2, 3, 4,
S, 6, and 7 h. After each specified incubation period, the
absorbance at 517 nm was measured by using a UV—vis
spectrophotometer (Lambda 900, PerkinElmer). The DPPH
free radical scavenging activity was calculated as a percentage
using eq 1°¢

. - Ac B As
scavenging activity (%) = Y X 100

c (1)
where Ac (control) and A, (sample) is the absorbance of
DPPH solutions without and with nanofiber mats at 517 nm.

Figure 8 presents the assessment of the antioxidant activity
of the prepared MoO;/PAN nanofiber membranes utilizing
ethanol as the solvent for the DPPH scavenging assay. MoOs,
as a composite material, is recognized for its antioxidant
properties,34’57 yielding an initial activity of approximately 62%
after a 30 min evaluation. Interestingly, after 7 h, this
percentage only increased by 2% compared to the initial 30
min measurement. Conversely, the silver-doped MoO;
composite membrane initially exhibited relatively low anti-
oxidant activity, measuring approximately 15%. This reduction
in activity could potentially be attributed to the presence of
silver metal incorporated into the MoO; composite material.”®
Indeed, it seemed that the presence of silver applied an
inhibitory effect on the antioxidant activity of MoO;/PAN,
possibly involving chemical interactions with the MoO;/PAN
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100 MoOTPAN applied 25 uL of a 107° dilution of the bacterial strains onto
= sterile agar plates. Subsequently, two fiber samples were cut
i; g™ AI@MOO,/PAN into 10 mm round shapes and gently positioned on the agar
% surface. Gentle pressure was applied to ensure close contact
< 604 I ' I I ' I I between the fibers and the agar. The plates were then
5 I incubated at 37 °C for 20 h. Figure 9a—c visually demonstrates
g 401 the antibacterial activity of the MoO;/PAN nanofiber
§ I I membranes, as evidenced by the presence of inhibition zones
I, - on the corresponding agar plates. These inhibition zones serve
% = m B P as indicators of the membrane’s efficacy in impeding the
0 ] growth of both E. coli and B. subtilis bacteria. The mechanism
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Figure 8. DPPH free radical scavenging activity of the MoO;/PAN
composite membrane and silver-doped composite membrane.

components. Over time, the scavenging activity increased by
approximately 30%, which may be associated with the gradual
release of silver ions and potential oxidation of the DPPH
molecules themselves.*”*

Antimicrobial assessments were conducted using a method
explained in our previous research.”” To evaluate the
antimicrobial properties of the produced fibers, we employed
the agar disc diffusion assay following the standard test method
(AATCC 147-1998). Specifically, bacterial strains, E. coli and
B. subtilis, were utilized for the experiment. In this assay, we

underlying bacterial death is attributed to hydroxonium ions.*
Initially, molybdenum trioxide (MoO;) reacts with water to
form molybdic acid (H,Mo00O,). Upon contact with water,
molybdic acid releases hydroxonium ions (H;O%). These
hydroxonium ions interact with the bacterial cell membrane,
causing DNA damage, inhibiting the synthesis of new proteins,
and ultimately resulting in cell destruction, as schematically
demonstrated in Figure 9d. At equilibrium, hydroxonium ions
are transformed back into molybdic acid.’

The introduction of silver, referred to as “silver doping,”
further enhances the inhibition of bacterial viability, especially
in the case of E. coli. Ag" ions are released from the Ag@
MoO;/PAN membrane and interact with the cell membranes
of both E. coli and B. subtilis, leading to the disruption of these
bacterial cell membranes. AgNPs exhibit antibacterial effects by
binding to bacterial surfaces and subsequently penetrating the
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Figure 9. (a) B. subtilis agar plates of antibacterial performance by inhibition zone diameter. (b) E. coli agar plate, (c) inhibition zone diameter of
as-prepared nanofiber membranes, (d) schematic illustration of bacteria-killing behaviors of Ag@MoO;/PAN, and (e) schematic illustration of
bacteria-killing behaviors by the MoO;/PAN composite nanofiber membrane.
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bacteria to modulate their activities by dephosphorylating
tyrosine residues.'”®* It is widely accepted that protein
dephosphorylation can inhibit the enzyme activity. When the
activity of enzymes related to bacterial growth is inhibited, the
behavior of the bacteria is disrupted or altered.® Concurrently,
this interaction damages DNA and ribosomes, resulting in cell
death, as illustrated in Figure 9e. This effect is particularly
pronounced in the case of E. coli, where the inhibition zone is
larger for the Ag@MoO;/PAN composite nanofiber mem-
brane compared to the MoO;/PAN composite nanofiber
membrane.

Water contact angle (WCA) is shown in Table 1, with the
MoO;/PAN composite nanofiber membrane exhibiting

Table 1. Water Contact Angle of the As-Prepared MoO;/
PAN Composite Membrane and Silver-Dopped Ag@MoO;/
PAN Membrane

water contact angle (6)
77°
70°

nanofiber membranes

MoO,/PAN
Ag-MoO;/PAN

contact angles of approximately 77°. These angles indicate
the hydrophilic nature of the material, facilitating enhanced
absorption of wound exudate.®* This property helps maintain a
moist wound environment, preventing the formation of a dry
scab. Upon introduction of silver into the MoO;/PAN
composite, the water contact angle decreases by 9%. This
reduction can likely be attributed to the higher surface area of
the membrane, as confirmed by our BET surface area
measurements. Consequently, the Ag@MoO;/PAN nanofiber
membrane exhibits improved wettability, enhancing its ability
to interact with liquids.

The release profile of Ag" ions plays a crucial role in
determining the antibacterial activity of Ag-incorporated
nanofiber membranes (NFMs).'” We conducted an evaluation
to quantify the release rates and amounts of silver (ppm) from
Ag-MoQO;/PAN membranes, as illustrated in Figure 10a. To
assess the release behavior across Ag-MoO;/PAN samples, we
employed inductively coupled plasma optical emission spec-
troscopy (ICP-OES) and prepared standard solutions with
silver concentrations of 0.5, 1, 5, 10, and 20 ppm to establish a
calibration curve. The coefficient factor R* was determined to
be 0.999, as shown in Figure 10b. This procedure for
measuring the release profile aligns with previous reports.

When it comes to traditional silver nanoparticles (AgNPs)
and nanomaterials loaded with AgNPs, it is not easy to control
how silver ions are released. So, how effective these materials
are at killing bacteria often depends on how much they are
exposed to in each situation. Initially, having a lot of silver ions
inside bacteria helps to quickly and effectively eliminate the
bacteria and hinders microorganisms from being resistant
against antibiotic materials.">** After the initial burst, there
must be control and maintenance of silver release, and
excessive silver will not damage the skin.”® The release of these
silver ions from materials containing AgNPs usually happens
slowly or rapidly increases continuously.’® This is why it is
important to find ways to initially increase the amount of silver
ions and then steadily maintain the release of ions.

The results indicate that the release of silver ions is
controlled by the MoO;/PAN composite membrane. These
results show that initially, there is a rapid release of silver ions
within the first 7 h, followed by a significant decrease in the
release rate after 1 day. During the initial 7 h, there is a
continuous increase in silver ion release, reaching a peak of
31.95 ppm. However, after the initial burst, there is a
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Figure 10. (a) Silver release of the Ag@MoO;/PAN nanofiber membrane, (b) standard solution of Ag with different concentrations, and (c, d)
first-order and Peppas model fitted curves of silver release data of hours and days, respectively. The error bars correspond to the standard deviation

of three measurements.
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noticeable decrease in the rate of silver ion release. At the end
of the Ist day, the release was 10.71 ppm, which is a 33.56%
reduction from the peak value. The release then remains
relatively stable with minor fluctuations over the next 7 days.
This reduction in silver ion release rate after the initial burst
could be attributed to the MoO3;/PAN composite membrane
having functional groups that can interact with silver ions.
These interactions can lead to the binding or complexation of
silver ions on the membrane surface or within its structure.”**
This binding reduces the concentration of free silver ions
available for release. Additionally, at the start, the membrane
has many available binding sites for silver ions, but over time,
these binding sites might be decreased, resulting in reduced
release.”*"°

Furthermore, we analyzed the release data of the Ag@
MoO;/PAN composite membrane using different models, as
described in a previous report.”® The release data showed a
better fit with the Peppas and first-order models, as shown in
Figure 10c for hours and Figure 10d for days release,
suggesting that multiple mechanisms may be involved in the
release process. The Korsmeyer—Peppas model is a general
approach used to describe the release of drugs and other
substances.”’

F=kt" (2)

The drug, which is encapsulated within porous materials, can
be described by the first-order equation.”’

F=1-¢" (3)

B CONCLUSIONS

In summary, we have successfully synthesized a hybrid
composite material comprising molybdenum oxide and
polyacrylonitrile (MoO;/PAN) through electrospinning. Addi-
tionally, we have developed a rapid green synthesis method
that can reduce silver ions to metallic silver on the surface of
the composite material within one min, resulting in the
formation of a Ag@MoO;/PAN membrane. Our research has
confirmed that molybdenum oxide exhibits highly effective
antimicrobial activity against both E. coli and B. subtilis
bacteria. Furthermore, the incorporation of silver nanoparticles
into the composite material has enhanced its antibacterial
properties, particularly against E. coli bacteria. Moreover, we
have increased the surface area of the molybdenum composite
material by 25.89% through the incorporation of silver
nanoparticles, leading to a 9% improvement in surface
wettability. We have also addressed the issue of uncontrolled
silver release by this new composite hybrid material of MoO5/
PAN, reducing the excessive release of silver ions by 33.52%
within 24 h. This intelligent hybrid material, Ag@MoO;/PAN,
has also proven to be effective in combating multidrug-
resistant bacterial strains. We firmly believe that this study
opens possibilities for extensive research, not only in the field
of antimicrobial activity but also in other applications such as
water filtration and the use of MoO;/PAN membranes as
surface-enhanced Raman spectroscopy (SERS) substrates.
These applications can be further optimized by controlling
the morphology of the materials.

B EXPERIMENTAL SECTION

Materials. All chemicals were of analytical grade and used
as received without further purification. Molybdenum penta-
chloride (MoCl;) and PAN (MW 150,000 g/mol) were

purchased from Sigma-Aldrich, Tokyo, Japan. N,N-dimethyl-
formamide (DMF, 99.8%) and silver nitrate (AgNO;, 99.8%)
were purchased from FUJIFILM Wako Pure Chemical Ltd.,
Japan. E. coli (Hrf 3000) was provided from the Coli Genetic
Stock (CGSC; Yale University, New Haven, CT). B. subtilis
(168) was provided from Dr. Ogasawara, Shinshu University,
Japan. Luria—Bertani broth was supplied in an analytical grade
from Nacalai Tesque, Inc., Kyoto, Japan. The Petri dishes were
purchased from Sansei Medical Co., Ltd., Japan. Milli-Q water
(Direct-Q UV3) was used in the experiments.

Characterization. Field-emission scanning electron mi-
croscopy (FE-SEM; JSM-IT800SHL) and high-resolution
transmission electron microscopy (TEM; JEOL, JEOL2010;
accelerating voltage, 200 kV) were used to record the
morphology and elemental composition of the membrane.
Crystal structuring was characterized by X-ray diffraction
(XRD; Rigaku, MiniFlex300) with monochromatic Cu Ka
radiation at 33 kV. Fourier transform infrared (FT/IR-6600)
and X-ray photoelectron spectroscopy (XPS, AXIS-ULTRA
HSA SV) analyses were performed to thoroughly characterize
the chemical structure and morphology of NFMs. For FTIR
analysis, 72 scans at a resolution of 4 cm™" were performed for
each sample, and all spectra were presented in the wavenumber
range 400—4000 cm™'. Thermogravimetric analysis (Thermo
plus TG-8120) of polymers was measured as a weight change
analysis. Silver release content was measured by inductively
coupled plasma optical emission spectrometry (ICP-OES, SPS
5000). An ultraviolet (UV) lamp light (WFH-204B, Shanghai
Int.) was used as a reducing agent.

Membrane Fabrication. For the synthesis of the MoO;—
polyacrylonitrile (PAN) composite membrane, a typical
procedure was employed. Initially, a solution was prepared
by dissolving 10% PAN in 10 cm® dimethylformamide (DMF),
resulting in a transparent solution. Subsequently, 60% of
molybdenum pentachloride (MoCl;) relative to the polymer
content was introduced into the 10% polymer solution with
vigorous stirring. The reaction occurred under ambient
conditions, where the presence of atmospheric oxygen and
residual water in DMF facilitated the oxidation and hydration
of MoCl; precursors. During the initial 3 min of the reaction,
the generation of white smoke, primarily composed of
hydrogen chloride (HCI) gas, was observed continuously.
Within 5 min, the solution underwent a transition from being
colorless to exhibiting a jacinth hue and eventually transformed
into a blue coloration. This change in color was attributed to
the formation of numerous small clusters of MoO;. Once the
dispersion process was complete, the solution was loaded into
a 10 mL plastic syringe equipped with a needle with a diameter
of 0.7 mm. A syringe pump was operated at a flow rate of 0.8
mL h™!, with the collector positioned at 18.0 cm from the
needle. An applied voltage of 20 kV was maintained
throughout the process. The humidity was controlled at 40
+ 5%. The electrospun fibrous membranes initially appeared to
be yellow in color. Subsequently, these membranes were
carefully detached from the substrate and subjected to vacuum
drying at 80 °C for a duration of 24 h. This drying process
served the dual purpose of removing DMF and enabling the
formation of a stable MoO;/PAN membrane. Notably, this
membrane underwent a color transition from yellow to blue
during the drying process. The resultant blue nanofiber
membranes were then ready for subsequent characterization
and analysis. The photoreduced, blue-colored membrane was
submerged in a 0.1 M silver nitrate (AgNO;) solution under
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UV light, leading to the spontaneous reduction and deposition
of silver nanoparticles (AgNPs) onto the membrane.
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