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ABSTRACT: Patients dealing with chronic wounds frequently experience persistent pain
and a heightened risk of infection due to microbial contamination. To improve the quality of

life for these patients while reducing treatment duration and costs, advanced wound dressings . &

are being developed. This study aimed to develop a wound dressing from natural bacterial- AR

derived cellulose fibers (BC) and calcium alginate (A), which were functionalized with silver- N -
containing graphene oxide nanoparticles (GOAg). Carbon-based nanomaterials, such as --= pr> 4
GOAg, are recognized for their antimicrobial properties, noncytotoxic nature, and their N
strong ability to absorb exudate, which is crucial for controlling infections in dermal lesions. N S cmbacterialadhesion
In vitro testing revealed that the BC-A-GOAg dressing possessed optimized characteristics, N \/’ C’) ~ 2

including a uniform distribution of GOAg nanoparticles within the polymeric blend of BC ~ @
and A. When in direct contact with bacterial cells in suspension, the BC-A-GOAg dressing bioco%;ﬁ: antibacterial activity
exhibited 74% antimicrobial activity against Staphylococcus aureus and 59% against invitro

Pseudomonas aeruginosa. Additionally, the antimicrobial BC-A-GOAg demonstrated no

significant cytotoxicity to mouse fibroblast cells (L-929), maintaining 90.8% + 5.2% cell viability after 48 h of exposure.
Furthermore, the in vitro assessments showed that the BC-A-GOAg dressing could inhibit the activity of the myeloperoxidase
enzyme, highlighting its effectiveness in reducing inflammation.

1. INTRODUCTION

A wound is characterized by an impairment in the integrity of
the skin or mucous membrane and can arise from intentional,
traumatic, or ischemic origins. Chronic wounds, which persist
beyond 6 weeks and sometimes endure for multiple years,
significantly impact various aspects of an individual’s quality of

indiscriminate use of systemic or local antibiotics to prevent
bacterial resistance, which could render treatment with the
same antibiotics unfeasible in the future.

Bacterial cellulose (BC) is a commonly used polysaccharide
in fabricating wound dressings and hydrogels due to its
biocompatibility and potential to interact with therapeutic

life." This can lead to damage to self-esteem due to associated
disabilities, including pain, infectious symptoms, inflammation,
and compromised sleep quality, all of which disrupt overall
well-being.”” The implications of these factors extend to
various aspects of personal life, self-perception, and the
individual’s societal and familial roles.*

The following characteristics are common to all dressings:
impermeability to water and other fluids, allowing gas
exchange; easy application and removal without causing
trauma; aiding in hemostasis to prevent bleeding; protecting
against mechanical trauma and infection; limiting movement of
tissues around the ulcer; absorbing secretions; and relieving
pain.’ Local treatment of wounds has three fundamental
objectives based on its pathophysiology and behavior: treating
infection, removing necrotic tissue from the wound bed, and
managing excess exudate.” Chronic wounds can be treated
using dressings, as well as topical and systemic antibiotics to
prevent infections. However, it is essential to combat the
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agents, thereby facilitating cutaneous healing.”~” Sodium
alginate is a natural polymer widely used in dressings due to
its comparatively affordable prices, biocompatibility, and high
exudate absorption capacity.'*~"*

Graphene oxide (GO) is a nanosheet material comprising
sp> carbon interspersed with hydroxyl, carboxyl, carbonyl,
epoxide, phenol, lactone, and quinone groups, which promotes
chemical reactivity.m’14 In biomedical contexts, GO has been
shown to enhance drug delivery through its increased surface
area and antimicrobial characteristics.">'® The GO possesses
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Figure 1. BC production by static fermentation, deconstruction of BC in a liquefier, and addition of CMC to stabilize the BC gel (A).
Solubilization of sodium alginate in water by stirring at room temperature (B). Production of GOAg by GO dispersion using ultrasound and silver
reduction using the Turkevich method (C). Production of the GO-A-GOAg sponge involves mixing gels and nanoparticles, followed by freezing,
drying, cross-linking with CaCl,, and processing in a freeze-dryer (D). Created in BioRender. Fonseca de Faria, A. (2025) https://BioRender.com/

1qek893.

surface characteristics, particularly the high density of oxy-
genated functional groups that enable effective hydrogen
bonding with cellulose.'” ™" Its extensive surface area also
contributes to enhanced compatibility within polymeric
matrices and facilitates interactions with bacterial cells.
Additionally, GO exhibits excellent stability and dispersion in
aqueous media,”® which simplifies the integration with
hydrophilic biopolymers such as cellulose.'” Enhancing the
antibacterial potential of GO for contact can be achieved by
incorporating silver nanoparticles (AgNPs), creating a dual
bactericidal effect, where GO interacts through its sheets, while
released Ag' ions cause membrane damage upon bacterial
entry.”"*> The silver incorporated into the GO interacted with
sulfur and phosphorus rich cellular components enhances
bactericidal efficacy.”® Previous work has demonstrated the
potential of AgNPs incorporated into the BC polymer,
showing antimicrobial action against Gram-positive and
Gram-negative strains.”*7%¢

Luz et al. developed a bacterial cellulose (BC) and GOAg
membrane by immersing BC (in its natural form) in a GOAg
suspension.”” The authors reported significant surface
adsorption of the GOAg nanocomposite, resulting in fast
release of silver and subsequent loss of antimicrobial activity.
This present work proposes the production of a membrane
with GOAg in a more homogeneous and distributed fashion
throughout the BC/calcium alginate foam matrix, creating an
antimicrobial membrane for wound dressing applications. The
nanoparticles were produced using the Turkevich method and
modified for AgNPs with GO to prevent them from clumping
together.”**” A sponge composed of deconstructed cellulose
(BC), calcium alginate (A), and GOAg was developed through
the drying of the hydrogel and the cross-linking of sodium
alginate with calcium chloride (CaCl,). This process resulted
in the formation of a water-resistant membrane made of
calcium alginate. The spongy structure created a membrane
that adsorbed significantly more water than what was reported
by Luz et al.”” In this study, BC-A-GOAg demonstrated a
precisely controlled, point-by-point release of silver over 3

days, resulting in slower and more sustained release of the
silver, which extended its antimicrobial activity. We also
created BC-A and BC-A-GO controls to compare the
antimicrobial effectiveness of the GOAg composite in the
BC-A-GOAg membrane and to identify any differences in
physicochemical properties.

2. MATERIALS AND METHODS

2.1. Materials. Sodium carbonate (Na,COj;), potassium
carbonate (K,COj;), potassium bromide (KBr), Dulbecco’s
Modified Eagle Medium and mitomycin C were obtained from
Sigma-Aldrich LTDA. Sodium chloride (NaCl), potassium
chloride (KCl), dibasic sodium phosphate (Na,HPO,) and
potassium phosphate monobasic (KH,PO,) from Dinamica
Quimica Contemporanea LTDA were used to PBS solution.
Ethanol (C,H4O), calcium chloride (CaCl,), sodium bicar-
bonate (NaHCO;) and sodium alginate were bought from
Dinamica Quimica Contemporanea LTDA. Glucose, peptone,
citric acid monohydrate yeast extract, anhydrous dibasic
sodium phosphate, carboxymethylcellulose sodium salt
(CMC) and potassium carbonate from Neon were used to
produce membranes. Silver nitrate (AgNO;), SYNTH, sodium
citrate (NayC¢H;O,), Vetec, and graphene oxide purchased
from Cheap Tubes were used in the nanoparticle synthesis
reaction. Brain Heart Infusion Broth (BHI) (K25—1400) and
Mueller-Hinton medium (MHB) (K25—1400) from Kasvi. All
reagents were of analytical grade and used without further
purification.

2.2, Methods. 2.2.1. BC Production and Purification.
Bacterial cellulose (BC) was produced by static fermentation
of Komagataeibacter hansenii (ATCC 53582) in HS (Hestrin
and Schramm) medium™ following Vasconcelos and collab-
orators.”’ The bacteria and culture medium were removed
entirely, and purified BC was washed with an alkaline solution
under heating. The BC was immersed in distilled water (DI) at
80 °C for 1 h, and the liquid was discarded; this procedure was
repeated. The membranes were immersed in a 0.3 mol L™!
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potassium carbonate solution at 80 °C for 1 h. The solution
was discarded, and the process was repeated. The excess base
was removed by successive washes with distilled water until
neutralization (pH 7.0). The membranes were stored in a
Scotch bottle at 4 °C until use.

2.2.2. Preparation of GOAg Nanocomposite. The reaction
to produce silver-anchored graphene nanoparticles (GOAg)
was based on the methods described by Luz et al. and
Turkevich et al.””*® The GO was initially dispersed in DI at a
concentration of 312.5 ug mL™". This dispersion was achieved
utilizing a tip ultrasonicator (Hielscher, UP100H) for a
duration of 30 min operating at a frequency of 50% within a
0.5 cycle, and conducted under cooling conditions in an ice
bath. Subsequently, a silver nitrate solution at a concentration
of 420 ug mL™" was incorporated into the dispersion. The
resultant mixture was maintained under magnetic stirring at
1100 rpm for 30 min while ensuring it remained shielded from
light and continued to be cooled in the ice bath. Following this,
the mixture underwent further sonication using the same
parameters for an additional 5 min while stirring at 500 rpm. A
reaction system was then established comprising a round-
bottomed flask, which was heated to 130 °C and was also
subjected to stirring at 500 rpm, with a condenser in place for
cooling purposes. Upon reaching boiling point, a sodium
citrate solution at a concentration of 250 ug mL™ was
gradually added to the flask, and the mixture was maintained
under heat for a period. The Raman spectroscopy (WITec
alpha300, with an Andor optical system and coherent anti-
Stokes scattering) was conducted to identify characteristic
bands of graphene and silver doped into the sheets. The
thermogravimetric analysis (TG) of GO and GOAg (S mg)
was conducted using a simultaneous thermal analyzer (STA)
(STA 6000, PerkinElmer, Massachusetts, USA). The samples
were heated from 20 to 700 °C at a rate of 10 °C/min under a
synthetic air atmosphere composed of 20% O, and 80% N,,
with a flow rate of 20 mL/min. The TGA data were processed
using the OriginPro 8 software (OriginLab Corp., North-
ampton, Massachusetts, USA). For the Fourier transform
infrared spectroscopy (FTIR), the GO and GOAg samples
were mixed with KBr at a ratio of 3% (m/m). The mixture was
then pressed into tablets under a pressure of 3 tons. The FTIR
analysis was performed using a PerkinElmer Spectrum.

2.2.3. Foam Dressing Production. The process of
producing the functionalized membranes is illustrated in
Figure 1. The foams were produced from a hydrogel base
consisting of bacterial cellulose (BC) and sodium alginate (A),
forming BC-A, hydrogel with GO nanoparticles (BC-A-GO),
and hydrogel with GOAg nanoparticles (BC-A-GOAg).

The dressing was produced following an adapted method
from Kirdponpattara et al.*> This involved mixing 20 mL of
deconstructed bacterial cellulose hydrogel (2% w/v) stabilized
with CMC (0.5%, w/v CMC in H,0) and sodium alginate
(2%, w/v alginate per hydrogel) combined with 10 mL of
either GO or GOAg dispersion, totalizing 30 mL of hydrogel
with 41.6 ug mL™" GO and 56 ug mL™" Ag anchored to GO.
The mixture was spread on Petri dishes (90 X 15 mm), frozen
at —20 °C, and then dried. A solution of calcium chloride (0.5
mol L") was added dropwise, acting as a cross-linking agent
for the sodium alginate. After cross-linking, the dressings were
thoroughly washed thrice with 50 mL of distilled water each to
remove any excess cross-linking agent. The dressings were then
frozen again at —20 °C and freeze-dried. Finally, the

membranes were sterilized using an autoclave at 121 °C for
15 min at 1 atm.

2.2.4. Physicochemical Characterization of the Function-
alized Membranes. The morphological characteristics of the
BC-A, BC-A-GO, and BC-A-GOAg membranes were acquired
through a Scanning Electron Microscope (SEM) (Quanta 450
FEG — FEI). Chemical characteristics of the same membranes
were obtained using a PerkinElmer Spectrum Two coupled to
a Pike Technologies ATR/MIRacle. The absorbance readings
of the ZnSe crystal ranged from 4000 to 800 wavelengths with
a resolution of 4 cm™". Thermogravimetric analysis (TGA) was
conducted to investigate the thermal stability of the of the BC-
A, BC-A-GO, and BC-A-GOAg membranes (model STA 6000,
PerkinElmer, Massachusetts, USA). The temperature was
swept from 20 to 700 °C at a heating rate of 10 °C/min
under a synthetic air atmosphere of 20% O, and 80% N, at a
flow rate of 20 mL/min. The in vitro release of silver was
performed using Franz diffusion cells,**** which consist of
donor and receptor compartments with an effective diffusion
area of 1.8 cm”. The donor chamber was sealed with parafilm
to prevent evaporation. A nylon screen with 150 ym openings
(Sefar Filtration, USA) was placed beneath the film for
mechanical support. The receiving chamber was filled with
buffer solution, serving as the release medium to ensure
optimal dissipation conditions. The experiments were carried
out at 37 °C with agitation at 100 rpm. The medium in the
receiving chamber was routinely replaced with an equivalent
volume of fresh buffer. The concentration of silver ions
released was measured using atomic absorption spectrometry
(AAS). A calibration curve was established in advance using a
silver standard within a concentration range of 0.1 to 20 ppm.
The degree of swelling was determined following the
methodology established by Liu and collaborators.” The
dressings produced were immersed in distilled water to observe
their swelling behavior in this solvent, in triplicate. After each
immersion, the excess water was removed using a filter paper
and weighed at intervals of 0, 1, 3, 5, 7, 10, 20, 30, 40, 50, and
60 min at 25 °C. The degree of swelling was calculated as the
percentage of mass gain relative to the initial mass, as described
in eq 1.

DS = (W, — Wy)/W, (1)

Where DS is the degree of swelling, Ws is the mass of the
sample after immersion, and Wd is the mass of the dry sample
before immersion. All measurements were carried out in
triplicate. X-ray diffraction (XRD) patterns of the membrane
samples were recorded using a PANalytical X'Pert PRO
(Netherlands). The results were acquired in continuous
scanning mode with a step size of 0.013° (26). Monochromatic
Co—Kal radiation was utilized, operating at 40 kV and 40 mA.
The mechanical testing procedure adhered to the ASTM D
638—99 standard.”® Samples were cut into strips measuring 12
X 60 mm, with 12 replicates prepared and stored at 23 °C in a
50% humidity environment for 48 h. Each sample was
individually measured for height, width, and thickness. The
uniaxial tensile test was conducted using the DL-3000
apparatus from EMIC, with a crosshead displacement rate of
12.5 mm/min and a 100 N load cell (S10). A Student’s ¢ test
was employed to analyze the mechanical parameters, with
significance determined at a p-value of less than 0.0S.

2.2.5. Antibacterial Activity. Minimum inhibitory concen-
tration (MIC) tests were conducted on GO and GOAg in
suspension. The BC-A, BC-A-GO, and BC-A-GOAg mem-
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branes were evaluated for their direct antimicrobial activity
after 4 h, as well as for bacterial adhesion and indirect
antimicrobial activity of 10-day extracts of the dressings. The
experiments using bacteria were conducted in quadruplicate.

2.2.5.1. Minimum Inhibitory Concentration (MIC) of GO
and GOAg. This assay used Staphylococcus aureus (ATCC
25923) and Pseudomonas aeruginosa (ATCC 27853) as model
microorganisms. The minimal inhibitory concentration (MIC)
of GO and GOAg was determined using the microdilution
method, performed in 96-well polystyrene plates. This
procedure was standardized under the M7-A 10th edition of
the "Methods for Dilution Antimicrobial Susceptibility Tests
for Bacteria That Grow Aerobically,” which is a guideline
developed by the Clinical and Laboratory Standards Institute
(CLSI).”” The plates were subsequently analyzed using a
microplate reader at a wavelength of 620 nm.

2.2.5.2. Antimicrobial Activity for Direct Method. The
protocol was adapted from de Faria et al. to evaluate the
dressing’s direct antimicrobial activity in contact with
suspension microorganisms.‘?’8 Staphylococcus aureus (ATCC
25923) and Pseudomonas aeruginosa (ATCC 27853) were used
in the test. The cells were activated in brain heart infusion
broth (BHI) and incubated for 24 h at 37 °C. Following
incubation, the microorganism suspension was centrifuged at 4
°C at 9000 rpm for 5 min. The supernatant was discarded, and
the cells were resuspended in a saline solution (0.9%) to reach
a cell concentration equivalent to 105 CFU mL™". A 0.9% (w/
v) saline solution (30 mL) was poured into sterilized Falcon
tubes. A saline control containing bacteria was carried out to
assess the normal state of the cells. Additionally, a control of
the dressing in contact with the saline solution was conducted
to evaluate the effectiveness of the sterilization process and to
verify the presence or absence of live microorganisms. Three
membrane coupons measuring 4 cm” were placed in the same
tube, and the triplicate was reproduced. After 3 h of contact
(37 °C) between the coupons and the solution, 10 yL of the
suspension was diluted (10-fold, in 0.9% saline solution) and
plated in BHI agar. These plates were incubated for 12 h at 37
°C, after which the cell colonies were counted. The values were
expressed as a percentage and compared with the control.

2.2.5.3. Evaluation of the Antiadhesion Properties of
Membranes. The antiadhesion properties of the membranes
were determined using a protocol adapted from Faria et al. and
S. aureus and P. aeruginosa as model microorganisms.”® The
microorganisms were activated in BHI and incubated for 24 h
at 37 °C. After incubation, they were centrifuged at 4 °C for 5
min at 9000 rpm and then resuspended in a 0.9% saline
solution to achieve a concentration of 10° CFU mL™". Four
cm” coupon samples were placed in contact with a 30 mL
suspension of microorganisms in triplicate at 37 °C for 3 h.
Following the incubation period, the samples were washed
with 2 mL 0.9% saline solution to remove nonadhered cells.
The membranes were transferred to a new tube containing 10
mL of saline solution and sonicated for 20 min to detach the
adhered cells. The resulting sonicated suspension, prepared in
triplicate at each dilution (10-fold dilutions ranging from 107"
to 1075 in 0.9% saline), was then dripped (10 uL) onto Petri
dishes containing BHI agar. These plates were incubated for 12
h at 37 °C, after which the cell colonies were counted. The
results were expressed as a percentage and compared to the
control.

2.2.5.4. Indirect Antimicrobial Activity. The indirect
antimicrobial activity was evaluated using extracts of BC-A,

BC-A-GO, BC-A-GOAg, and the commercial dressing Aquacel
Ag Extra. One cm”® of each membrane type was placed in 1 mL
sterile pH 7.4 PBS containing 10° CFU mL™" As described in a
previous study,” these samples were incubated for 3 days at 37
°C to release the active ingredients, producing membrane
extracts. Then, 100 uL of the sample and 100 pL of the
microorganism suspension were placed in 96-well polystyrene
plates with U-shaped bottoms. After 18 h of incubation,
bacterial growth was evaluated by measuring absorbance at 620
nm using an automated microplate reader (SpectraMax i3x,
Molecular Devices, Sunnyvale, USA). The graph was plotted
by expressing the data as a percentage relative to the control
group of bacteria with normal growth in the culture medium,
according to eq 2.

sample —

E F
Inhibition of microorganisms (%) = ( ) X 100

)
2.2.6. Cytotoxicity Test. The cytotoxicity assay was
conducted using fibroblasts from the L-929 cell line, following
the guidelines outlined.* The membranes were placed in
contact with a cell culture medium to obtain an extract,
according to ISO 10993—12.*" The tests were conducted in
quadruplicate, with three repetitions (n = 3) between different
cell passages to a new culture bottle. The cells were seeded in
96-well plates, and the extract was then added to the wells. The
extract was kept in contact with the cells for 24 and 48 h at 37
°C. A solution of resazurin (25 mg mL™") was added to the
wells. The metabolization of resazurin was assessed by
measuring fluorescence at an excitation wavelength of 560
nm and an emission of 590 nm, which allowed for the
calculation of cell viability. Cell viability was calculated
according to eq 3.

control

P;umple - F) % 100

P;ontrol (3)

The fluorescence is respectively: Fy,,, with the sample in
contact with cells, F with extract without cells, and F,,,,,; with
cells in contact with DMEM supplemented with 10% (v/v)
fetal bovine serum (FBS) and containing 1% (v/v) penicillin-
streptomycin antibiotic.

2.2.7. Fibroblast Migration. An aliquot of 1 mL of L-929
cell suspension, containing 2.5 X 10° cells mL™", was added to
each well in a 24-well plate. The plate was incubated for 24 h at
37 °C in an atmosphere of 5% CO, and 95% humidity to allow
for cell adhesion and growth until 100% confluence was
achieved. After 24 h, the supernatant was removed and
Mitomycin C (10 ug mL™") was added to inhibit cell mitosis.
A total of 1 mL of Mitomycin C solution, prepared in DMEM,
was added to the plate, which was then incubated at 37 °C for
2 h. The cytostatic agent solution was removed and washed
with PBS buffer. Next, an artificial lesion (scratch) was created
using a sterile 200 uL plastic tip, made in a vertical direction,
radial to the center of the bottom of each well. The cells were
then gently washed again with PBS pH 7.4 to remove detached
cells. After removing the PBS, 1 mL of extract from the BC,
BC-A-GO, and BC-A-GOAg samzples was added, following the
protocol outlined by Silva et al.** The analysis was performed
in duplicate for each sample, along with a control using only
the culture medium. Using a guideline marked on the bottom
of the plate, photographs were taken of the same area with a
digital camera attached to an inverted microscope (Nikon) at

Cell viability (%) = (
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Figure 2. Digital photographs of the GO and GOAg solution and BC-A-GO and BC-A-GOAg membranes (A). The transversal SEM micrographs
of BC-A-GO (B) and BC-A-GOAg (D) show irregular porosity. SEM micrographs of superficial BC-A-GO (C) and BC-A-GOAg (E).
Physicochemical characterization of the GO nanosheets, nanocomposite GOAg, and the functionalized membranes (BC-A, BC-A-GO, and BC-A-
GOAg) (F, G). Thermogravimetric analysis (F), FTIR (G), and XDR (H) for the samples.

0, 6, 12, 18, and 24 h after the addition of the extract. The
scratch area from the photographs taken at the specific times
was determined usin§ Image], and the migration rate was
calculated using eq 4.

Migration rate (%)
_ (Scratch distance (0 h) — Scratch distance (N h) )
Scratch distance (0 h)

X 100 (4)

2.2.8. Inflammation Test by Myeloperoxidase (MPQ)
Enzyme Activity. Activated or dying neutrophils release
myeloperoxidase (MPQO), a protein capable of inducing an
inflammatory response. Blood samples from healthy individuals
was collected in tubes containing EDTA. We followed the
Cayman-adapted Neutrophil Myeloperoxidase Activity Assay
Kit protocol for the experiments. The neutrophil isolation
procedure began by transferring S mL of the collected blood
into a tube, followed by the addition of an equal volume of
Cell-Based Assay Buffer. To separate the blood cells according
to density, histopaque from a kit was added to the tube. The
blood was diluted and then centrifuged at 500 g for 30 min at
25 °C and the clear yellow supernatant was discarded. A Cell-
Based Assay Red Blood Cell Lysis Buffer was added to the
neutrophil layer, which was vortexed and left to stand for 10 to
1S min. The tube was then centrifuged at 1200 rpm for 10 min
to separate the lysed red blood cells. The supernatant was
discarded, and the neutrophils were resuspended in RPMI
containing 1% BSA, followed by another centrifugation at 1500
rpm for 5 min. This step was repeated to further remove cell
debris. Aliquots of 100 uL of the cells at a concentration of 1 X
10° cells/100 uL were added to conical-bottomed microtubes
and treated with membrane extract for 4 h. A positive control
from the kit was used with human leukocyte polymorphonu-
cleocytes, neutrophils with an inhibitor, and PMA (phorbol-
12-myristate-13-acetate) to stimulate the release of MPO from
the neutrophils. Tetramethylbenzidine (TMB) was then added
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to check the reaction with MPO, which indicated an increase
in blue color. The increase was measured by absorbance at 650
nm and recorded 1 to 10 min after the first reagent was added.
The enzyme activity calculated using eq 5.

A650(TimeSmin) — A650(Timelmin)
4min (5)

AA650 =

To obtain the dressing membranes extract, 1 cm” pieces
were placed in contact with PBS for 10 days. They were
evaluated for induction of inflammation on the first day at 2, 4,
6, 8, and 10 min and on the 10th day at the same times
mentioned above. The tests were conducted in duplicate to
calculate the mean and statistical standard deviation.

2.2.9. Statistical Analysis. The results obtained were
initially subjected to descriptive analysis and normality
determination. The statistical analysis was performed using
GraphPad Prism 8.0 software. Given that the samples
demonstrated a normal distribution, a two-way Analysis of
Variance (ANOVA) was employed for inflammatory analyses
and water uptake ability. At the same time, one-way ANOVA
was utilized for the other analyses. P values lower than 0.05
were considered statistically significant. Symbol Meaning
according the software: ns for P > 0.05; * for p < 0.05; **
for p £ 0.01; *** for p < 0.001 and **** for p < 0.0001.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Characteristics of GO, GOAg,
and the Functionalized Membranes. Figure 2A displays
the dispersion of GO and GOAg in water, along with the BC-
A-GO and BC-A-GOAg membranes. The Raman spectra
reveal the characteristic D (1335 cm™), G (1589 cm™), and
2D (1671 cm™") bands associated with GO, as well as peaks
indicative of Ag* ions (983 and 454 cm™"), as shown in Figure
S1, Supporting Information. The SEM images of the
membranes revealed the presence of large pores in both BC-
A-GO and BC-A-GOAg (Figures 2 B-E). Additionally, the BC-
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A-GO and BC-A-GOAg displayed numerous overlapping
porous sheets. Evaluating thermal stability is essential for
assessing mass loss and ensuring temperature resistance during
autoclave sterilization, which is commonly employed for
biomedical materials.** The TG analyses were conducted to
investigate the effect of sterilizing the GO, GOAg, and
membrane solutions through autoclaving at 121 °C, as well
as the impact of residual silver on the degradation of the BC
and alginate membranes (Figure 2F). A mass loss of
approximately 15% was observed across all three samples
during the initial thermal event up to 100 °C, which is typically
associated with water loss or membrane degradation. Notably,
GOAg exhibited less mass loss compared to GO alone. At 500
°C, GO and GOAg retained a mass of 35.86% and 62.00%,
respectively, indicating that residual silver was retained up to
that temperature. The BC-A, BC-A-GO, and BC-A-GOAg
membranes displayed similar profiles, maintaining masses of
82.66%, 77.29%, and 78.40%, respectively, Figure 2F. There-
fore, while autoclaving may be suitable for dressing sterilization
while preserving material properties, it is recommended that
future studies consider alternative sterilization methods such as
ethylene oxide or y radiation. Although sodium alginate begins
to thermally degrade at around 180 °C, the interactions with
BC and graphene composites were explored to determine
whether the degradation would occur in a similar or different
temperature range.”> The BC membrane began to degrade at
approximately 280 °C, thereby providing the polymer matrix
with enhanced thermal stability.””*” GO can exhibit a mass
loss of up to 21% at 200 °C, as previously reported.** The BC-
A, BC-A-GO, and BC-A-GOAg samples exhibited similar
vibrational bands, as illustrated in Figure 2G. The presence of
calcium alginate is indicated by the elongation of the 1601 and
1429 cm™! bands, which appear asymmetrically. Similarly, BC-
A-GOAg exhibited comparable vibrational bands (Figure 2G).
The presence of calcium alginate can be identified by the
asymmetrical elongation of the vibrational bands at 1601 and
1429 cm™". Jiang et al.* noted that purified BC displays these
bands with less intensity, as emphasized by Vasconcelos et al.”*
Moreira Filho et al,, highlight that only alginate displays the
characteristic bands corresponding to O—H (3348 cm™),
symmetrical bending (1336 cm™), symmetrical stretching of
C—H/-CH, (2892 cm™"), as well as bending (1422 cm™’, 1370
em™!, and 895 cm™!), and asymmetrical stretching of C—O—C
(1170 cm™).*° The characteristic bands of the aromatic rings
of the GO and GOAg sheets appear superimposed on that of
the matrix at around 1600 cm™". In Figure 2H, the XRD peaks
for BC-A were observed at the angles of 16.2° and 26° for the
control BC-A. These peaks are characteristic of bacterial
cellulose, as previously demonstrated by Kirdponpattara et al.**
According to the literature, calcium alginate shows a more
amorphous structure, without peaks.”’ The XDR peaks
corresponding to the AgNPs anchored at the GOAg sheets
in the BC-A-GOAg membrane appear at 31°, 39.5°, 44.5°
60.1°, 64.6°, and 68.5°. In their data, Forouzandehdel et al.
showed silver-related peaks at $7.1° and 67.2°.>” The study of
Torabi et al. displayed peaks at 38.20°, 44.56°, and 64.60°,
corresponding to the (111), (200), and (220) planes of
crystallized silver with face-centered cubic structure.””* The
peaks at 31° and 60° may be attributed to cross-linked
impurities on the membrane surface.”>*°

In terms of water absorption, both BC-A and BC-A-GO
exhibited. In terms of water absorption, both BC-A and BC-A-
GO exhibited comparable absorption profiles for the initial 60

min, absorbing 21.38 and 22.30 times their dry weight values,
respectively (Figure 3A). In contrast, BC-A-GOAg demon-
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Figure 3. Water uptake ability of BC-A, BC-A-GO, and BC-A-GOAg
membrane dressings over 1h (A), accumulated silver released from
BC-A-GOAg membrane up to 3 days (B), and until 8 h quantified by
AAS (C).

strated a reduced water absorption profile, capturing only
15.70 times its weight. The water absorption capacity of BC-A-
GOAg was enhanced through the sponge-forming procedure,
achieving an absorption rate of up to 15.70 times its dry
weight. In contrast, Luz et al. reported a significantly lower
water absorption of 0.9 times its dry weight for BC/GO-Ag,
indicating lower swelling in relation to the values found for BC
in the literature.”” Vasconcelos et al. studied the BC polymer
matrix used by Luz et al. in physiological saline solution (PS),
and only for BC showed swelling of 1.5 times its dry weight.””
In this study, the swelling ability of BC-A-GOAg was lower
than that reported by Kirdponpattara et al.,*” who observed
absorption of 48 times its dry weight. This discrepancy may be
due to Kirdponpattara et al. using a higher cellulose to sodium
alginate ratio of 70:30,>” whereas this study used a lower ratio
of 50:50.

The BC-A-GOAg dressing incorporates silver nanoparticle
technology, along with GO, at a concentration of 33 yg cm™
Data shows that the dressing releases a maximum cumulative
concentration of 18.8 yg cm ™, accounting for 57% of the total
silver content (Figure 3B). Notably, within the first hour,
11.45% of free silver is released, and with prolonged contact
with PBS, the concentration of silver ions steadily increases,
reaching 47.34% in 8 h (Figure 3C) and 53.74% in 24 h, as
confirmed by AAS. This sustained release of silver offers
significant advantages, including a reduction in dressing change
frequency to minimize patient discomfort and delivering a
robust and lasting antimicrobial effect.>®

The BC-A-GO and BC-A-GOAg hydrogels exhibit a lower
resistance profile compared to the pure BC membrane, which
has a tensile strength of 1.1 + 0.05 MPa, an elongation at break
of 26.6 + 1.28%, and a Young’s modulus of 5.3 + 0.79 MPa.*!
This difference arises because, during the hydrogel production
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process, the natural BC fibers are broken down, while the
membrane structure is preserved through the cross-linking of
sodium alginate with calcium chloride, resulting in the
formation of calcium alginate. The presence of GO-Ag sheets
enhances the interaction between the nanomaterial and the
polymer matrix, leading to a more robust structure. Previous
studies on the mechanical strength of BC, alginate, and AgNPs
have indicated a final tensile stress of 0.05 + 0.06 MPa for the
BC/alginate membrane and 0.17 + 0.05 MPa for the BC/
alginate/AgNPs composite.59 Therefore, the presence of GO-
Ag strengthens the polymeric framework of the BC-A-GOAg
dressing (Table 1).

Table 1. Mechanical Properties of the Control and
Functionalized Dressings”

tensile strength  elongation at break  Young’s modulus

sample (MPa) (%) MPa)
BC-A-GO 0.18 + 0.12 ¢ 1.46 + 0.62 a 14.79 £ 10.21
BC-A- 0.69 + 045 a 126 + 042 b 58.24 + 33.78
GOAg

“Values are expressed as mean =+ standard deviation (n = 8) and show
nonstatistical difference (@ = 0.05) by Tukey test.

3.2. Antibacterial Activity. A minimum inhibitory
concentration (MIC) analysis was conducted, as shown in
Figure 4, to evaluate the antimicrobial activity of GOAg.
Dilutions of the GOAg suspension were made and exposed to
Staphylococcus aureus and Pseudomonas aeruginosa cells.
Successive dilutions were prepared from the initial concen-
trations of 97.65 ug mL™' of GO and 131.25 ug mL™' of
AgNO; using a 2-fold serial dilution method. The results
indicated significant antimicrobial activity, with inhibition
levels exceeding 75.4% for S. aureus and 79.1% for P. aeruginosa
up to the sixth dilution of GOAg.

The pristine GO sheets did not exhibit inhibitory action at
the two base serial dilution concentrations tested. A previous
study demonstrated that GOAg inhibited S. aureus cells at
concentrations of released silver ions ranging from 30 to 60 ug
mL™" and P. aeruginosa from 15 to 60 ug mL~1.3*% Our
findings reveal that concentrations 35—70 ug mL™' GOAg are
enough to inactivate S. aureus cells, while P. aeruginosa is
inhibited within the 17.5—-70 ug mL™" of released silver.
Furthermore, the AgNO; solution demonstrated strong
bacteriostatic properties, exhibiting effectiveness at a minimum
tested concentration of approximately 3.28 yg mL™".

The BC-A-GOAg material demonstrated 93% effectiveness
against S. aureus and 84% against P. aeruginosa, as shown in
Figures SA and SB, in its ability to prevent adhesion and
biofilm formation. Faria et al. found similar efficacy, ranging
from 90% to 100%, against the same bacteria in cellulose
acetate membranes incorporated with GOAg.*® In a direct
assay, BC-A-GOAg exhibited approximately 74% antibacterial
activity against S. aureus and 59% against P. aeruginosa (Figures
SC and SD). These results are consistent with earlier
observations by Faria et al, who reported a 79.4 + 6.1%
reduction in the activity of GOAg on PLGA-chitosan against S.
aureus.’® However, the authors achieved better results against
P. aeruginosa, with a 98% reduction.

In the context of indirect testing, the primary focus was on
the bacterial activity against S. aureus resulting from silver
released into a solution (PBS), as illustrated in Figures 6A and
6B. The antimicrobial results within the first 4 h of the assay
indicate a 75% S. aureus inactivation under direct contact
compared to S50% obtained from indirect contact. This
suggests that direct interaction with the dressing surface
significantly enhances bactericidal activity. Moreover, It was
noted that the BC-A-GOAg dressing demonstrated antimicro-
bial properties comparable to those of Aquacel Ag Extra
commercial dressings over a three-day period. This prolonged
silver release is advantageous, as it allows for less frequent
dressing changes, reducing unnecessary mechanical debride-
ment during removal.” When comparing the three types of
membranes, it becomes evident that only a small quantity of
silver was released in the first hours from BC-A-GOAg (Figure
31), which primarily contributes to its antimicrobial activity.
Additionally, the degradation products of the membranes in
PBS released more Ag" ions, further improving their
antimicrobial properties.

3.3. In Vitro Cell Tests. The BC-A-GOAg extract
demonstrated low cytotoxicity, with fibroblast viability of
57.03% at 24 h and 85.06% at 48 h (Figure 7). Although
fibroblasts cultured in vitro showed reduced viability when
exposed to the BC-A-GOAg extract, they demonstrated
recovery within 48 h. In contrast, commercial dressings
contain silver at concentrations approximately 30 times higher,
which results in a cytotoxic effect on cells in vitro with no
viability recovery, unlike the BC-A-GOAg extract.”” It was
observed that increased concentrations of silver resulted in a
more pronounced decrease in cell viability.”> This test
indicates that isolated cells are notably highly sensitive to the
effects of silver on the cell membrane. Future in vivo studies
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can further investigate the cytotoxic response in a complete
organism.

BC-A-GOAg exhibited significant wound closure compared
to the negative control, as shown in Figure 8A. The BC-A
membrane achieved a notable percentage area difference of
29.4% at 18 h and 7% at 24 h in terms of scratch closure, as
shown in Figure 8B. According to Choudhary et al, the
addition of GOAg to membranes containing another polymer,
such as chitosan, positively influenced wound closure out-
comes in comparison to the control."'
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The inflammation test results were conducted using
membrane extract (BC-A, BC-A-GO, and BC-A-GOAg) in
contact with PBS over periods of 1 and 10 days. The
absorbance was read at 650 nm with intervals ranging from 1
to 10 min, as described in the methodology (topic 2.2.8).
These results are illustrated in Figure 9. As the duration of
exposure increased, both BC-A and BC-A-GOAg samples
showed promise in reducing inflammation. A lower absorbance
value corresponds to a decreased inflammatory potential,
reflecting the release of MPO by activated neutrophils. In
contrast, the BC-A-GO sample exhibited minimal changes
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Figure 7. Cytotoxicity assay for BC-A, BC-A-GO, and BC-A-GOAg
(A). Digital photographs of the BC-A, BC-A-GO, and BC-A-GOAg
after 24 h (B) and 48 h (C) of contact with fibroblast cells. The
control consisted of fibroblasts in supplemented DMEM.
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Figure 8. Digital photographs taken from the BC-A, BC-A-GO, and
BC-A-GOAg as they underwent the scratch test with fibroblast cells
(A). Scratch closure rate at 0, 3, 6, 12, and 24 h (B). The control
group consisted of fibroblasts cultured in supplemented DMEM.

throughout the test, as the absorbance values remained
practically stable, suggesting a lower anti-inflammatory
potential of GO.

In Figure 9, the samples were assessed individually over
periods of 1 and 10 days. The variation in absorbance at 650
nm was measured during the first S min using the Cayman kit.
The assessment included the kit’s positive reference control,
which contains an MPO enzyme that triggers an inflammatory
response, as well as a negative control, made of dressing
samples containing an enzyme inhibitor to suppress any
inflammatory reaction.
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Figure 9. Inflammation assay performed to evaluate the release of
MPO from neutrophils upon exposure to the BC-A, BC-A-GO, and
BC-A-GOAg membrane extract over 1 and 10 day periods. Reading
absorbances at 620 nm were conducted at 2, 4, 6, 8, and 10 min after
a total 4 h interval of contact between the membrane extract and the
cells.

The results indicated that BC-A-GOAg has the potential to
reduce inflammation. This potential is more evident in Figure
9, which evaluates the activity of the enzyme MPO per minute
over the tested periods using eq 5. Figure 9 displays a
significant decrease in the activity of the MPO enzyme in the
BC-A-GOAg extract after 10 days, when compared to the
activity observed at the 1-day mark.

The activity of the MPO enzyme in the inflammation test
was measured after one and 10-day periods, as illustrated in
Figures 10A and B. As shown in Figure 9, the BC-A-GOAg
dressing exhibited a reduction in the release of enzymes from
neutrophil granules. This was particularly evident in the
enzyme activity observed in the 1-day extract test (Figure 10B)
membrane compared to the 10-day extract samples. This
suggests that the dressing may have a potential anti-
inflammatory effect throughout its application.

Graphene has found numerous applications in health and
medicine.”** In vivo tests conducted on male Wistar rats
involved the implantation of chitosan-graphene (CS-GO) films
to evaluate their biocompatibility in subdermal tissues over a
60-day period. The results showed that the film composed of
graphene oxide demonstrated excellent biocompatibility,
characterized by a low inflammatory response, effective
healing, and notable tissue regeneration after the 60-day
implantation period.66 However, the dressing sample that
lacked silver exhibited a reduced anti-inflammatory potential
when using isolated graphene. This potential was enhanced in
the presence of silver, indicating a synergistic effect between
silver and graphene oxide, which resulted in improved
antimicrobial properties of BC-A-GOAg compared to BC-A-
GO. These findings support the anti-inflammatory potential of
graphene when combined with other compounds.

In this study, the properties of graphene combined with
silver, forming BC-A-GOAg, were evaluated, resulting in a
noticeable reduction in inflammation over time. Initially, the
dressing extracts displayed inflammatory responses. Never-
theless, as time progressed, the pro-inflammatory potential
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inhibitor kit), and GO and GOAg synthesis samples, in the 1—5 min range (A). Measurement of MPO enzyme activity (#mols/min/mL) against
tests with BC-A-GOAg, positive and negative controls in the 4 h test interval (B).

diminished, likely due to the sustained release of silver and the
initial activity of myeloperoxidases—an enzyme crucial for the
bactericidal functions of the dressing in mammals, particularly
in polymorphonuclear leukocytes and neutrophils, which are
directly involved in O,-dependent bactericidal mechanisms.®”
Consequently, this initial enhancement, followed by a decrease
in inflammation, proves beneficial, as it is vital for preventing
infections and promoting efficient wound healing.

4. CONCLUSIONS

The BC-A, BC-A-GO, and BC-A-GOAg membranes exhibited
large, overlapping pores that enhanced water absorption.
Direct and indirect antibacterial in vitro studies revealed that
GO-Ag nanoparticles contributed to the membranes’ anti-
microbial efficacy. Analysis of silver release indicated a
mechanism through which the released silver maintained
continuous and effective antimicrobial activity, achieving
effectiveness of up to 93% against S. aureus and 84% against
P. aeruginosa, thereby preventing bacterial adhesion. The
findings suggest that BC-A-GOAg exhibited no cytotoxicity
within 48 h. Additionally, the reduction in myeloperoxidase
enzyme activity may indicate potential anti-inflammatory
properties of the functionalized membranes. Given these
promising results, future studies should focus on evaluating the
dressing’s effectiveness in vivo models for a more compre-
hensive understanding of its properties and benefits in wound
healing processes.
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