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Abstract

This study presents a novel approach to obtaining nano-antimicrobial hybrid material by integrating electrospun nanofibers
based on cellulosic biopolymer (BP) associated with antimicrobial agents, specifically silver nanoparticles (AgNPs)
and Clavanin A (ClavA), an antimicrobial peptide obtained from the marine tunicate Styela clava. The electrospinning
technique produced the blended polyvinyl alcohol:BP nanofibers. Chemical crosslinking was performed to ensure
the stability of the nanofibers. The nanofibers had an average diameter of 568 nm for PVA nanofibers and 648 nm for
PVA nanofibers functionalized with silver nanoparticles. The nanohybrid material demonstrates significant inhibition
zones against Gram-positive (Bacillus subtilis, Staphylococcus aureus) and Gram-negative (Pseudomonas aeruginosa,
Klebsiella pneumoniae) bacteria. P. aeruginosa exhibits a substantial inhibition zone of 15 mm. Thus, the nanohybrid
material was effective against this challenging pathogen. Combining electrospun nanofibers, bacterial cellulose hydrogel,
and antimicrobial agents establishes a solution that could combat microbial threats in wound care.
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1. Introduction

Chronic or acute wounds create a conducive environment
for microbial colonization, posing a severe threat to healing
processes. Microorganisms in wounds amplify the risk of
infections, complicating treatment and potentially leading to
systemic issues!!). The increase in healthcare expenditures arises
from the need for specialized wound care, antibiotics, and
surgical interventions®. Chronic wounds demand prolonged
treatment, escalating healthcare costs and contributing to
productivity losses as individuals grapple with persistent
health challenges. Additionally, the economic impact is related
to increased antibiotic resistance, requiring more resources
for research and development of alternative treatmentst®.
Effectively managing wound-related microbial issues is
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imperative for the public health and alleviating the strain
on healthcare systems and global economies!?.

Current wound dressings, while effective, often face
limitations in addressing diverse wound types and promoting
optimal healing. Traditional dressings may lack specificity in
managing infections, controlling inflammation, or facilitating
tissue regenerationt*.. The need for new alternatives stems
from the increasing prevalence of complex wounds, such
as chronic ulcers and traumatic injuries, which demand
advanced materials and technologies for personalized
care. Innovative wound dressings, incorporating bioactive
compounds, nanomaterials, and smart polymers, are essential
to enhance therapeutic outcomes, reduce healing time, and
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minimize the economic burden associated with prolonged
treatments!®.

The electrospinning technique, when associated with
synthetic polymers such as polyvinyl alcohol (PVA) and
natural polymers such as bacterial cellulose biopolymer, results
in biocompatible and biodegradable nanofibers with broad
biomedical potential®. PVA is a semi-crystalline hydrophilic,
biocompatible, non-toxic polymer with remarkable chemical
and thermal stability that favors the polymer in multiple
medical, cosmetic, food, and pharmaceutical applications!”.

Electrospun nanofibers, with their high surface area
and structural similarity to the extracellular matrix (ECM),
provide an ideal platform for wound healing applications!®!.
Mimicking the ECM architecture with a nanometer scale of
50-500 nm in diameter, these nanofibers offer a biomimetic
environment that promotes cell adhesion, migration, and
tissue regeneration!®. As healing dressings, electrospun
nanofibers facilitate efficient moisture management, enhance
drug delivery, and accelerate wound closure, making them
promising candidates for advanced wound care solutions!..

The cellulosic biopolymer (BP), synthesized through
the enzymatic action of the bacterium Zoogloea sp. on a
sugarcane molasses substrate, demonstrates remarkable
potential for biomedical applications!!®!!). Cellulose is a linear
homopolysaccharide composed of units of f-D-glucopyranose
joined in long unbranched chains with p-glycosidic compounds
(1—4). This sustainable and bio-derived material offers
versatility in drug delivery systems, tissue engineering,
and wound healing due to its biocompatibility and unique
mechanical properties. The synthesis process aligns with
the growing demand for eco-friendly alternatives in the
biomedical field!'?.

In recent decades, nanomaterials have attracted the
interest of the biomedical industry due to their applications
against various diseases. In this sense, silver nanoparticles
(AgNPs) are among the most studied nanomaterials mainly
due to their highly efficient antimicrobial characteristics!*1°.
Their mechanism of antimicrobial action originated by
binding to the negatively charged bacterial cell wall, causing
subsequent destabilization of the cell envelope and alteration
of the membrane permeability!'”).

The innate immune system has key components, such
as antimicrobial peptides (AMPs), which form the first line
of defense against pathogens. Clavanin A (ClavA) is an
antimicrobial peptide (AMP) extracted from hemocytes of
the tunicate of the invertebrate Styela Clava, revealed to be
an excellent alternative against antimicrobial resistance!'®!.
The association of the antimicrobial properties of the peptides
with AgNPs yields a synergistic approach to combating
infections and enhancing wound healing!"!. Antimicrobial
peptides exhibit broad-spectrum activity against bacteria,
fungi, and viruses, while AgNPs provide sustained release
of antimicrobial ions. Incorporating these components
into healing dressings, such as electrospun nanofibers,
creates a multifaceted solution that prevents infection and
accelerates the healing process. Their synergistic action
offers a promising avenue for developing advanced wound
dressings with improved efficacy and reduced antibiotic
resistance concerns’.,
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ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species) are
frequently associated with infections. In addition, these
species are known to be drug-resistant®!!. Furthermore,
damaged tissue from an injury can acquire infection caused
by several bacterial species, such as Pseudomonas spp.,
Staphylococcus aureus, Klebsiella spp., Escherichia coli,
and Proteus spp®?.

The present study focuses on the development,
characterization, and evaluation of antimicrobial polymeric
electrospun nanofibers based on polyvinyl alcohol (PVA),
AgNPs, BP, and ClavA peptide. It focuses on antimicrobial
activity against Gram-positive (B. subtilis and S. aureus) and
Gram-negative (K. pneumoniae, E. coli, and P. aeruginosa)
bacteria.

2. Materials and Methods

2.1 Reagents

Silver nitrate (AgNO3), sodium borohydride (NaBH4),
potassium ferricyanide (K,[Fe(CN),]), and potassium
ferrocyanide (K,[Fe(CN),]) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Polyvinyl alcohol (PVA)
hydrolysis: Mol % = 87-89%; viscosity (20 °C, 4% CP)
40-48 and trisodium citrate were obtained from Dindmica
(Brazil). All chemicals were of analytical grade and used
as received. Ultrapure water (18.2 Q.cm™) used in the
experiments was obtained using a Millipore Milli-Q plus
purification system (Billerica, USA).

BP hydrogel from sugarcane molasses and synthesized
by Zoogloea sp. through a flotation process!**! was obtained
by the Sugarcane Biopolymers Research Group (POLISA,
Brazil - https://www.polisa.ind.br). Clavanin A (ClavA) peptide
(amino acid sequence VFQFLGKIIHHVGNFVHGFSHVF-
NH,) was synthesized by Aminotech (Sao Paulo, Brazil)
using the fluorenylmethyloxycarbonyl (F-moc) technique,
purified by high-performance liquid chromatography (purity
> 95%) and lyophilized.

2.2 Preparation of PVA nanofibers hybrid composite
membranes

Initially, 10% PVA was prepared in deionized water,
remaining under constant stirring for 2h at 80 °C until a
homogeneous solution was obtained. After that, the solution
passes through an ultrasonic bath to remove bubbles. Then,
the solution was poured into a 25 mL syringe with a metal
needle (gauge 18) at room temperature. The needle was
fixed at a distance of 15 cm from a grounded collector
plate covered with aluminum foil. A voltage of 24 kV
was applied to the polymer solution through an electrode
connected to the needle. In addition, a fixed flow rate of
0.75 pL.min"! was used.

The electrospinning process was carried out for ~5h.
After, the fiber was removed from the collector and dried in
air. Finally, the fibers were subjected to chemical crosslinking
in a solution containing glutaraldehyde and hydrochloric
acid®!. After 5 min, the nanofibers were washed thoroughly
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with deionized water. After drying, the nanofibers were
stored at 5 °C until use.

2.3 Synthesis of AgNPs

AgNPs were prepared according to Acharya et al.l*!
with some modifications. NaBH, and tri-sodium citrate
were used as reducing and stabilizing agents, respectively.
Initially, the nanofibers were cut (1x1 cm?) and inserted into
abeaker containing 10 mL of | mM AgNO, and 0.5 mM tri-
sodium citrate and were then subjected to magnetic stirring
for 30 min. Then, 1 mL NaBH, (2 mM) was dripped into
the solution, which immediately changed color, indicating
the formation of nanoparticles impregnated into the fiber
structure. The solution remained stirring for another 30 min.
Finally, the fibers were washed three times in deionized
water, dried, and stored.

2.4 Functionalization of nanofibers with BP and Clav

The functionalization of the nanofibers was carried out
through absorption, with ImL of BP applied to each disc,
and the remaining submerged for 1 hour, then the excess
was removed. Peptide incorporation was achieved by adding
10 pL of Clav A peptide (100 pM) to each disc.

2.5 Characterization

Scanning electron microscopy (SEM) was performed
using a Tescan MIRA3 microscope 200 V - 30 kV (Czech
Republic). The nanofibers were deposited on a sheet and
placed directly on a double-sided carbon tape fixed to the
sample port. To obtain SEM images, a thin layer of gold was
deposited over the samples using an SC-701 Quick Coater
metallizer (Sanyu, USA). The diameter distribution of the
nanofibers was obtained using ImagelJ software. Histograms
were prepared using OriginPro9.

Differential scanning calorimetry (DSC) curves were
obtained using a calorimeter model DSC-50 (Shimadzu®) ata
heating rate of 20 °C.min"". The experiments were performed
under a dynamic nitrogen atmosphere (50 mL.min™), and
a temperature range from 25 °C to 250 °C. The tests were
carried out using a sample mass of 2.00+£0.10 mg in closed
aluminum crucibles. Blank curves were obtained to evaluate
the system’s baseline. Indium metal (Tfusion=156.6 °C;
Afusion=28.7 J.g") with a purity of 99.99% was used for
DSC cell calibration.

Fourier Transform Infrared Spectroscopy (FTIR)
measurements were performed using an Agilent Cary
630 FTIR spectrometer (Agilent Technologies, Australia)
connected to a diamond-attenuated total reflectance (ATR)
sampling accessory. Spectra were recorded between 1.000-
4.000 cm™! with a resolution of 2 cm'.

For electrochemical analysis, the samples were immobilized
in a corrosion cell, with the nanofiber as the working
electrode, Ag/AgCl saturated with 3M KCl as the reference
electrode, and platinum wire as the auxiliary counter electrode.
The electrodes were immersed in the electrochemical cell
containing a solution of 10 mM K, [Fe(CN), /K, [Fe(CN),]
(1:1, v/v) in phosphate buffer (PBS, pH 7.4), used as a redox
probe. The experiments were carried out inside a Faraday
cage. Square Wave Voltammetry (SWV) was performed
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with a sweep potential between 0 V and 1.2 V with a sweep
rate of 50 mV.s™!, step potential 0.010 V, amplitude 0.025V,
and frequency 5 Hz.

2.6 Antimicrobial activity assay

The antimicrobial activity was evaluated against
S. aureus ATCC 25923, K. pneumoniae ATCC 700603,
P. aeruginosa ATCC 27853, E. coli ATCC 35218, and
B. subtilis ATCC 6633, the inoculum concentration being
used is 10® cells.mL"". The antibiotics used in the control
discs were gentamicin 10pg for gram-positive bacteria,
meropenem 10pg for gram-negative bacteria, and 300ug
polymyxin. The inhibition zones were evaluated by the
disk diffusion method®. Initially, the bacterial inoculum
was distributed on the surface of Mueller-Hinton Agar and
allowed to rest for 3 min. After, the nanofibers were cut into
discs and equally distributed on the plate surface, which
were incubated at 35 + 1 °C for 24 h. The growth inhibition
halo was measured using a millimeter ruler, and unmodified
nanofiber disks were used as a control.

3. Results and Discussions

3.1 ATR-FTIR analyses

Figure 1 shows the ATR-FTIR of pure PVA and its
mixtures with BP, Ag, and ClavA peptide. The spectrum
of pure PVA electrospun nanofibers exhibited bands of
O-H stretching vibrations at 3332 cm™ and C-H stretching
vibrations at 2925 cm' 2%, A particularity is the existence
of close absorption bands at 1740 cm™ for PVA and
1718 cm™ for PVA-BP fibers that are generally associated
with the stretching vibration of CO carbonyl groups of
PVA chains®?’). The increase in the concentration of the
other components results in a PVA peak decrease, such as
occurring at 1435 cm™ to 1425 cm™ in the PVA-BP fibers.
Also, a decrease in the intensity of the 840 cm™ peak of
the sample containing PVA to 820 cm™! corresponding to
PVA-BP-Ag-ClavA samples?®).

An intense absorption band was observed at 1376 cm’!,
associated with the presence of the Ag+NO, ion. The vibration

3332 2295 ——FVEAY
3 3 — PVA-Ag- ClavA 1.036
—— PVA-Ag-BP-ClavA |

1740 1435 Y

Absorbance (a.u.)

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 1. ATR-FTIR spectra of the tested samples at wavenumbers
ranging from 4.000 cm™ to 1.000 cm™.
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peak detected at 1164 cm™ in samples containing the
biopolymer is related to the bending vibration of the C-H
and C-O bonds in the aromatic rings of polysaccharides!”".

Figure 2. PVA nanofibers functionalized with Ag-BP-ClavA.

The peak at 1036 cm ' can be attributed to the C-O-C and
C-O-H stretching vibration of the sugar ring®’.

3.2 SEM analysis

The morphology of the synthesized nanofibers (Figure 2)
was analyzed by SEM (Figure 3). The micrographs showed
that the nanofibers in different compositions formed a
homogeneous three-dimensional matrix. Agglomerates were
not observed for all samples®!. Figure 3 shows SEM images
and histograms with the diameter distributions corresponding
to the functionalized PVA nanofibers. As expected, the average
diameters of the nanofibers varied slightly. The PVA nanofibers
had a diameter of 568 nm, while the PVA-Ag nanofibers had
the largest diameter measuring 648 nm. The morphology of
the AgNPs-containing nanofiber (Figure 3B) shows surface
changes suggesting the incorporation of the particles?®?.

The images obtained from energy dispersive X-ray
spectroscopy (Figure 4) demonstrated the distribution of
AgNPs in the nanofibers.

The EDS spectrum presents the elemental analysis of
carbon and oxygen peaks corresponding to their binding
energies. As predicted, cellulose mainly contains carbon,
oxygen, and hydrogen®!. Elemental mapping revealed
the homogeneous dispersion of silver nanoparticles on the
surface of the nanofibers!®3).

3.3 DSC analysis

PVA nanofibers favor a decrease in the melting peak
due to morphological modification®. The thermal behavior
of the samples was investigated by measuring endothermic
melting events (Figure 5).

The highest melting peak of PVA-Ag-Bp-ClavA
nanofibers was 207.03 °C. A similar melting temperature
was previously found in a study on the preparation and
characterization of PVA microfibers associated with titanium
dioxide, where thermograms of the synthesized fibers
indicated the melting temperature at 223.7 °CB). Another

500 600 700 800 900

Diameter (nm) = -

500 600
Diameter (vm)

Average: 555 nm

[}
700 800 900 400

00 00
Diameter (am)

Figure 3. Scanning electron microscopy of the tested samples, as follow: (A) PVA; (B) PVA-Ag; (C) PVA-Ag-ClavA; (D) PVA-Ag-BP;

(E) PVA-Ag-BP-ClavA.
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Figure 4. X-ray energy dispersive spectroscopy (EDS) of PVA-Ag-BP nanofibers shows the main chemical elements identified in the
sample: C (blue), Ag (green), and O (red). On the right, the elemental map and its respective energy peaks are shown.

study developed electrospun nanofibers with cephalexin
prepared from PVA associated with different biopolymers
presented a melting temperature of pure PVA nanofibers of
176.50 °C; when associated with carboxymethylcellulose,
there was an increase in the temperature of melting to
195.47 °CBU. A previous study that evaluated the thermal
behavior of PVA showed a similar result, with a peak melting
temperature of 189 °CE®. The melting peak of pure PVA
nanofibers was 130.92 °C since the presentation of nanofibers
favors a decrease in the melting peak due to morphological
modification and is associated with changes resulting from
crosslinking®®". According to the melting peak value of the
sample containing BP, Ag, and ClavA, it is evident that the
thermal stability was significantly higher than that of pure
PVA. The increase in thermostability from 130.92 °C to
207.03 °C may be caused by the formation of hydrogen
bonds between PVA and the biopolymert3!l.

3.4 Electrochemical measurements

The electrochemical behavior of PVA, Ag, and
BP-embedded nanofibers was studied. SWV technique
provided values related to surface modification, facilitating
the monitoring of current responses as a function of the
applied potential and allowing the characterization of the
sample’s charge transfer ratesl®”). PVA nanofibers have
insulating properties®®. PVA nanofibers have improved
electron transport properties when associated with metal
nanoparticlesi®. The modifications of the PVA fibers with
Ag and BP showed increased peaks (Figure 6), indicating
a greater concentration or activity of redox species.

Arecent study showed that the electrical conductivity
of bacterial cellulose increases when associated with metal
nanoparticles?®?).

After adding the compounds to the fibers, the degree
of interaction can be evaluated through the percentage of
relative deviation of the anodic current variation Al, using
the following Equation 114041:
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Figure 5. Thermal analysis of the PVA, PVA-Ag, PVA-Ag-BP,
and PVA-Ag-BP-ClavA.
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Table 1 shows the Al results for the studied systems.
Al values revealed an increase in the peak current of fibers
containing Ag and BP, when compared to PVA nanofibers.

AL(%) x100 M

3.5 Antimicrobial activity

The antimicrobial activity of the pure PVA fiber and
functionalized nanofibers was investigated against Gram-
positive and Gram-negative bacteria using the disc diffusion
method. The results are shown in Figure 7 and summarized
in Table 2. PVA fiber did not reveal inhibitory activity
against all microorganisms evaluated. On the other hand,
functionalized nanofibers showed significant antibacterial
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activity. The nanofibers composed of PVA-Ag, PVA-Ag-
ClavA, and PVA-Ag-BP showed satisfactory inhibitory action
against gram-positive bacteria (S. aureus and B. subtilis).
There was a formation of an inhibition zone for P, aeruginosa,
with a larger halo of 15mm for PVA-Ag, PVA-Ag-ClavA,
and PVA-Ag-BP-ClavA systems. In addition, PVA-Ag-BP
showed a halo of 13mm against S. aureus and 12mm for
B. subtilis.

PVA-Agand PVA-Ag-BP-ClavA demonstrated inhibitory
activity against K. pneumoniae. Of note, the most common

7x10°4 | —— pPVA
——PVA-Ag
—— PVA-Ag-BP

Current (A)

.0 0.2 0.'4 0?6 0?8 ‘ITO 1.2
Potential (V) vs. Ag/AgCI

Figure 6. The electrochemical behavior of the PVA, PVA-Ag, and
PVA-Ag-BP using square wave voltammetry.

Staphvlococcus aureits

bacterial species in sepsis are S. aureus (30% of cases, 14% of
which are methicillin-resistant) and Pseudomonas spp. (14% of
cases)”. Of note, the antimicrobial action of AgNPs is linked to
the surface area of the nanomaterial. The highest concentrations
of Ag+ ions released were identified in AgNPs with greater
surface area. Favorably, the low release of Ag + ions was
found for AgNPs with low surface area, resulting in failures of
antimicrobial characteristics™l. It is well known that cellulose
compounds utilized to functionalize the AgNps-impregnated
PVA nanofiber are poorly soluble in agar and water. On the
other hand, AgNPs coated in substances that dissolve in water
demonstrate advantageous antibacterial properties. It is worth
mentioning that bacterial cellulose acts as a physical barrier to
prevent infections but does not have any antibacterial features.
Therefore, adding recognized bacteriostatic and bactericidal
substances to surfaces, like AgNPs and antimicrobial peptides,
enables the BC to exhibit antimicrobial activity as therapeutic
materials. Thus, these agents were adsorbed by BP matrices
due to their large surface area and the presence of hydroxyl
groups that can interact chemically and intermolecularly*+.

Table 1. Variation in the anodic current (iPA) of the nanofibers.

Samples iPA (nA) Ai
PVA 3.56
PVA-Ag 11.06 -202.41%
PVA-Ag-BP 21.029 -744.87

Bacillus subtilis

Figure 7. Inhibitory halos against bacteria, represented by (1) PVA; (2) PVA-Ag; (3) PVA-Ag-ClavA; (4) PVA-Ag-BP; (5) PVA-Ag-BP-

ClavA; G = Gentamicin; P = Polymyxin B; M = Meropenem.
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Table 2. Evaluation of the antibacterial activity of the nanofibers, as follows: absence of inhibition halo PVA, PVA-Ag, PVA-Ag-ClavA,
PVA-Ag-BP, PVA-Ag-BP-ClavA, Gentamicin (letter G), Polymyxin B (letter P), Meropenem (letter M), and not applicable (-).

Microorganisms
Sample Staphylococcus aureus ~ Pseudomonas aeruginosa  Klebsiella pneumoniae Bacillus subtilis
ATCC 25923 ATCC 27853 ATCC 700603 ATCC 6333
PVA 0 0 0 0
PVA-Ag 13mm 15Smm 8mm 12mm
PVA-Ag-Clav A 13mm 15 mm 0 12mm
PVA-Ag-BP 13mm 14mm 0 12mm
PVA-Ag-BP-ClavA 12mm 15mm 8mm 10mm
G 20mm - - 17mm
M 30mm 28mm 30mm

P - 14mm 13mm 11mm

Subtitle: 0 = absence of inhibition halo; G = Gentamicin; P = Polymyxin B; M = Meropenem; (-) = Not applicable.

No significant results were obtained for E. coli. The low
antibacterial activity against E. coli can be justified by
the presence of lipopolysaccharides that defend against
antibacterial agents*sl. Gopiraman et al.’** Investigating
the antimicrobial activity of anionic cellulose nanofiber
composites coated with silver revealed an absence of halo
formation in the studied samples.

Clavanin A is highly effective against Gram-positive
bacteria, such as methicillin-resistant Staphylococcus aureus,
Gram-negative bacteria and fungi'?. However, in this study,
there was no significant increase in the antibacterial action
of the nanofibers functionalized with the peptide; there was
a slight increase in the inhibition halo for Pseudomonas
aeruginosa.

4. Conclusions

This study presents a new and eco-friendly alternative
for preparing nanofibers with antimicrobial activity based
on PVA associated with BP obtained from sugar cane
molasses. AgNPs and ClavA peptide were effectively
incorporated into the polymeric nanofibers. Modified
nanofibers revealed electrical variation with the increase in
charge transfer. The nanofibers showed inhibitory activity
against microorganisms frequently associated with wound
infections such as B. subtilis, S. aureus, P. aeruginosa, and K.
pneumoniae. Nanofibers containing ClavA peptide were more
effective against P. aeruginosa. The developed nanofibers
stand out as potential candidates in the biomedical field, such
as wound dressings and surgical instrumentation coatings,
environments known to be favorable for the colonization
of microorganisms.
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