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Antibiotic resistance has become a major public health problem generated by their excessive and inappropriate
use. This is worrisome because multiple microbial infections that could traditionally be treated without major
complications are now considerably challenging to treat. In this regard, research in this field has been focused on
searching for new molecules capable of arresting these microbial infections with high effectiveness, including
antimicrobial peptides (AMP) and various nanomaterials. Here, we proposed a novel topical hydrogel treatment
based on a polymeric network of gelatin-polyvinyl alcohol-hyaluronic acid encapsulating a graphene oxide (GO)
nanoconjugate on which silver nanoparticles (Ag NPs) have been grown. This treatment is intended to be stable,
biocompatible, non-toxic, pleasant to skin contact, provide bioavailability of the active agent for a prolonged
period in the affected skin area where its application is required and inhibit microbial growth effectively. The
nanocomposite hydrogels were characterized in terms of microstructure, thermal resistance, rheological behavior,
particle size distribution, texture profile and physical stability, as well as a one-month accelerated stability study.
The satisfactory results in terms of physical chemistry, stability on storage modulus (G’), TSI values, and
microstructure allowed choosing some points of the experimental design to encapsulate the GO-Ag NPs nano-
conjugates. The biological evaluation of these nanocomposites showed that the treatments are biocompatible as
they have a very low hemolytic effect (less than 5%) and a moderate platelet aggregating capacity (35%-45%).
Finally, 100% of bacterial growth was inhibited by the action of the topical nanocomposite hydrogel treatments.
These results led to affirm that these treatments can have an excellent performance in this application as well as in
wound healing and dressing, bioadhesives, tissue engineering, and other biomedical applications.

1. Introduction be counteracted autonomously by the host organism due to the

increasing antibiotic resistance developed by certain strains [2]. More-

In humans, the skin is the largest organ of the body, composed of
several cell layers. It is vital because it plays a central role as the first
barrier against injuries and pathogens. Because of its large size, it is very
susceptible to wounds, burns, trauma and microbial infections [1, 2, 3].
Damaged or compromised tissue is prone to colonization by microor-
ganisms or pathogens such as Staphylococcus aureus (gram-positive bac-
teria) and Escherichia coli (gram-negative bacteria), which upon wound
colonization can even form biofilms or cell aggregates [4, 5]. This can
occur either by hospital infection or community transmission, which
causes inflammation, deterioration of the wound and sometimes cannot
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over, microbial biofilms present low antibiotic penetration, making it
even more challenging to control bacterial growth [6, 7, 8].
Indiscriminate use and self-prescription of traditional antibiotics have
led to the emergence of numerous resistant microbial strains responsible
for the death of nearly 35.000 people each year in the U.S. [9]. This has
spurred the development of several strategies, including synthesizing
highly active nanostructured materials and preparing antimicrobial
micro and nanobioconjugates by interfacing nanostructured materials
with antimicrobial agents such as proteins and peptides [10]. In this
regard, antimicrobial peptides such as Buforin II (BUF-II), LL 37, and
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Aurein 1.2 have attracted significant attention due to stability, antimi-
crobial activity, low cost, and the possibility of recombinant production
[11, 12, 13, 14, 15]. The potency of microparticles and nanostructured
materials stands out mainly due to their area-volume ratio, size, and
capacity to interact with the microbial cell membrane, allowing their
applications in the pharmaceutical, cosmetics, food, and medical devices
industries [16]. Some of the most popular microparticulate materials
include microcapsules, microspheres, and microencapsulation on bio-
polymeric hydrogels.

In contrast, in the case of nanostructured ones, the preferred choices
are metallic (e.g., zinc oxide, copper oxide, iron oxide, silver and gold
NPs), polymeric nanoparticles (e.g., liposomes, micelles, and den-
drimers), and carbonaceous nanomaterials (e.g., graphene, graphene
oxide, carbon nanotubes, and carbon dots) [16, 17]. For instance, these
nanostructured, microstructured, and polymeric materials have a wide
variety of engineering applications, including absorbing electromagnetic
waves in high frequency (GHz) requiring thin thickness, lightweight, and
thermal stability [18]; coating nanomaterials with enhanced magnetic,
optical, electrochemical and mechanical properties to avoid erosion and
corrosion [19, 20]; nanomaterials that could arrest the problems that
affect the efficiency of Li-ion batteries and, improve the storage and
delivering capacity for long term cyclability [21]; and develop potential
anode materials for sodium-ion batteries [22]. Moreover, there are other
exciting materials such as complex iron oxides, dielectric oxides, and
superconducting oxides. For instance, manganese metallic nanoparticles
and spinel-type DyY co-substituted Mn-Zn nano-spinel ferrites have been
successfully evaluated with anti-cancer potential in human colorectal
carcinoma cells and human embryonic kidney cells; and promising
antibacterial activity against E. coli and S. aureus [23, 24]. A study by
Azam Ansar et al. had a similar approach with a mesoporous material
with titanium dioxide (TiO3) nanofibers. This nanomaterial was evalu-
ated against S. aureus and Gram-negative Pseudomonas aeruginosa and
exhibited an excellent ability to prevent bacterial growth and biofilm
formation [25].

One of the most attractive and widely studied nanostructured mate-
rials with antimicrobial activity on its own is silver nanoparticles (Ag
NPs), which also offer high chemical stability, high surface-to-volume
ratio, relatively low synthesis cost, ease of preparation, and high reac-
tivity [26, 27]. Ag NPs’ antibacterial activity has been attributed to their
attachment to bacterial membranes, inducing disruption, leakage of
bacterial inner components, and even inhibition of protein synthesis
[13]. Despite these advantages, silver nanoparticles tend to agglomerate
easily due to the high surface energy and lose their catalytic efficiency
and chemical stability over time [28]. As a result, several strategies have
been considered, including core-shell composites and immobilization on
different supports or substrates, enhancing heterogeneity, available
active sites for interaction, and selectivity [29, 30, 31, 32]. Some of the
most successful supports include silica, quantum dots, fluorescent che-
mosensors, covalent organic microspheres, reduced graphene oxide,
imine-functionalized graphene oxide, and graphene oxide (GO) [31, 33,
34, 35].

Recent reports have revealed that GO offers a large surface area, low
cytotoxicity, and high solubility in aqueous media, which are all needed
to develop relevant applications in the biomedical field [27]. Moreover,
GO is prominent support for dispersing and stabilizing Ag NPs. It com-
bines a large specific surface area and oxygenated functionalities, acting
as the anchoring sites for attaching silver nanoparticles [36]. Further-
more, GO-Ag NPs nanoplatforms exhibit enhanced antimicrobial activity
compared with bare Ag NPs and show superior biocompatibility, ther-
mal, mechanical, and optical properties, suitable for applications in
photothermal therapy (PTT) in cancer treatment or a biosensor as a
diagnostic device [37, 38, 39]. For these reasons, it is a suitable selection
to combine these nanomaterials to include them in our topical
formulation.

Formulations based on nanoparticles, hydrogels, emulsions, creams,
and patches, and their combinations have been extensively explored for
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topical treatments [5, 40]. Among many others, natural polymers such as
chitosan, poly (lactic-co-glycolic acid), guar gum, and alginate have been
successfully implemented to formulate topical vehicles with dispersed
active nanomaterials. This is also the case of synthetic polymers such as
polyethylene glycol (PEG), polyvinyl alcohol (PVA), and polyacrylic acid
(PAA) [5]. Generally, these polymers are predominantly hydrophilic and
can generate porous three-dimensional matrices where an aqueous
environment allows the loading of antimicrobial molecules and antibi-
otics and their subsequent release when in contact with body tissues.
Moreover, they provide a moisturized and cool interface that has proven
helpful for wound healing without sacrificing fluid and exudate absor-
bance while maintaining the physiological function of the skin [3, 4, 41,
42, 43, 44]. Hydrogels have been, therefore, successfully loaded with
drugs and antibiotics such as diclofenac, salicylic acid, dexamethasone,
and gentamicin [2, 45, 46].

PVA stands out as one of the most versatile synthetic polymers for
hydrogel synthesis. It is also a promising cutaneous dressing for wound
healing due to its high biocompatibility and biodegradability [47]. As
active antimicrobial agents, Ag NPs have been dispersed in PVA hydro-
gels. Further improvement of tissue regeneration and wound recovery
abilities have been achieved by mixing it or crosslinking it with polymers
such as gelatin and hyaluronic acid, which have been thought to mimic
the microenvironment of native tissues [48]. Gelatin is an animal protein
obtained by hydrolysis of fibrous insoluble collagen that has been used in
the synthesis of hydrogels, capsules, and microspheres for different
biomedical applications, including drug delivery systems, wound dress-
ings, and regenerative scaffolds. This is because gelatin has proven
helpful in exudate absorption and in providing a moist environment that
accelerates wound healing by promoting cell adhesion, differentiation,
and  proliferation  mainly due to the  presence of
arginine-glycine-aspartate (RGD) active motif domains sequences [49,
50]. Hyaluronic acid is a linear polysaccharide found in the extracellular
matrix of connective tissues. Additionally, it has viscoelastic, biocom-
patibility, biodegradability properties, and the capacity to retain a high
amount of water. This makes it unique for promoting healing [51] and
helping induce relevant cell signaling for tissue regeneration [52]. The
hydrogel's mechanical properties and physical stability are typically
assured by chemical or physical crosslinking [47]. Finally, another
polymer that has been often incorporated into topical and cosmetic for-
mulations is PAA, which is commercially known as Carbopol®. This
polymer is also very biocompatible, has been well accepted by patients,
and shows compatibility with the most active ingredients [53].

This work seeks to formulate topical antibacterial treatments based
on a mixture of gelatin and PVA with dispersed GO-Ag NPs nano-
conjugates as active agents. To determine whether the obtained attri-
butes were sufficient for the final application, the prepared
nanocomposites were characterized physicochemically, mechanically,
microstructurally, thermally, and rheologically. Also, the routes for
exfoliating the GO-Ag NPs nanoconjugates properly into the hydrogels
were studied. Moreover, their biocompatibility was estimated through
cytotoxicity, hemolysis, and platelet aggregation assays. Finally, anti-
microbial assays against E. coli and S. aureus were conducted.

2. Materials and methods
2.1. Preparation of graphene Oxide-Ag nanoparticles conjugates

GO was synthesized according to our previous work and illustrated in
Figure S 1 [54]. Briefly, 90 mL of sulfuric acid (95%) and 10 mL of
phosphoric acid were mixed and added slowly to 0.75 g of graphite
powder and 4.5 g of potassium permanganate. The resulting solution was
left to react at 50 °C under constant magnetic stirring for 12 h. Next, 150
mL of type I water ice cubes were added to stop the oxidation. Then,
hydrogen peroxide was added dropwise until a visual change was
observed (from dark purple to yellow). Next, the solution was filtered
with polyester fiber and centrifuged (Thermo Electron Corporation, TEC



J.L. Patarroyo et al.

CL40R, Waltham, Massachusetts, USA) at 4000 RPM for 4 h, supernatants
were discarded, and pellets were resuspended on a washing solution of
HCl 37%, ultra-pure ethanol, and type I water (1:1:1). This washing
process was completed in triplicate. GO was washed twice with
ultra-pure ethanol and type I water (1:1) and once with type I water.
Finally, GO was stored at 4 °C until further use.

Then, silver nanoparticles were grown on the GO surface via a silver
ion reduction reaction based on the work by Philip et al. with some
modifications [55]. Briefly, a precursor solution of GO was prepared at
1.0 mg/mL and 0.01 M silver nitrate (AgNO3), sonicated in an ultrasonic
bath (Branson, 2510 CXP, Brookfield, Connecticut, United States) for 5
min, and left under magnetic stirring for another 10 min. In parallel, a
solution of 20 g of pure bee honey, which acts as a reducing agent, was
prepared in 80 mL of type II water. 75 mL of the honey solution were
added for each 100 mL of the precursor solution. This mixture was
sonicated for 5 min and left under magnetic stirring for ten more minutes.
Then, the reduction reaction and growth of silver nanoparticles on the
surface of GO was initiated. For this, the pH was adjusted to 8.5 quickly
with 5M NaOH, where a color change from black to dark brown was
observed, indicating the silver nanoparticles' formation. The
as-synthesized material was left under magnetic agitation for 30 min and
subsequently centrifuged (Thermo Electron Corporation, TEC CL40R,
Waltham, Massachusetts, USA) at 4000 RPM for 4 h to concentrate it.
This washing step was repeated five times with type II water. The final
solution was stored at 4 °C until further use. This process is illustrated in
Figure S 1.

2.1.1. Characterization of graphene Oxide-Ag nanoparticles

Graphene oxide and Graphene Oxide-Ag Nanoparticles were char-
acterized via FTIR, TGA, UV-Vis, Z-potential, Raman spectroscopy, XRD,
SEM-EDX, and TEM analysis. Fourier transform infrared spectroscopy
spectra were recorded in a Bruker Alpha II (Bruker, Germany) in a range
of 4000-600 cm™! with a spectral resolution of 2 cm™!. Thermogravi-
metric analysis was performed in a Q600 Simultaneous TGA/DSC (TA
Instruments, New Castle, DE, USA) for a temperature range from 25 to
600 °C and a heating rate of 10 °C/min under a Nitrogen atmosphere
(gas flow: 100 mL/min). UV-Vis spectra were recorded using a UV-Vis
spectrophotometer (Mettler Toledo V 670, United States) in a range of
300-700 nm. Raman spectra were recorded in the range of 100-3000
em ™! with a laser of 532 nm and an objective 100x/0.75 NIR using an
XPlora Raman Horiba confocal (Horiba Scientific, Japan). XRD spectra
were recorded using a Malvern-Panalytical-Empyrean model (45kV,
40mA) (Malvern Panalytical, United Kingdom) in the range of 5°-80°.
SEM-EDX analyses were carried out in an FE-MEB LYRA3 (Tescan,
Czech Republic) attached with an energy-dispersive X-ray spectroscopy
system for elemental analysis. Transmission electron microscopy (TEM)
images were collected on a Tecnai F30 TEM (FEI Company, Fremont,
CA, USA).

2.2. Preparation of gelatin/polyvinyl-alcohol hydrogels

Sterile milli-Q water was heated up to 50 °C and 80 °C in a hot plate
and mixed with gelatin Type A (food grade) and polyvinyl-alcohol (PVA)
(Mw 89,000-98,000, 99+% hydrolyzed, Sigma Aldrich, Germany),
respectively. Then, each polymer solution was sterilized by syringe
filtration with a 0.22 pm filter (Sartorius, Minisart, Gottingen, Germany).
The mixture was degassed for 5 min in an ultrasonic bath (Branson, 2510
CXP, Brookfield, Connecticut, United States). The mixture was kept at 50
°C under constant stirring with a mechanical agitator (Heidolph,
Schwabach, Germany) at 250 RPM while slowly adding hyaluronic acid
and triethanolamine. The GO-Ag NPs nanoconjugates (if needed) were
added for about 7 min until a homogeneous mixture was formed. For
hydrogels in the absence of the nanoconjugates, Carbopol 940® was
added, and stirring continued at 500 RPM for 30 more minutes. In the
case of hydrogels in the presence of nanoconjugates, stirring at 1000
RPM continued for 45 more minutes [56]. Finally, the obtained
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Table 1. Experimental design used to study the influence of the concentration of
gelatin and polyvinyl alcohol in hydrogels as a topical antimicrobial treatment.

Sample Gelatin PVA Carbopol Triethanolamine Hyaluronic
(% w/v) (% w/v) (% w/v) (w/v) acid (% v/v)

1 0.7 0.1 0.2 0.2 0.5

2 0.7 0.4

3 0.7 0.7

4 1.1 0.1

5 1.1 0.4

6 1.1 0.7

7 1.5 0.1

8 1.5 0.4

9 1.5 0.7

hydrogels were stored at room temperature in closed glass containers
until further use. The entire procedure was completed using sterilized
materials and equipment in a laminar flow cabinet.

2.3. Experimental design

For characterization purposes, a 32 experimental design (2 factors
with three levels each one) was used. The factors evaluated were the
concentrations of gelatin and PVA in the hydrogel. The three gelatin
concentrations selected for this study were 0.7%, 1.1% and 1.5% (w/v)
while those of PVA were 0.1%, 0.4% and 0.7% (w/v). The triethanol-
amine and hyaluronic acid concentrations were kept at the same level for
all treatments. The selected concentrations were also previously reported
for other hydrogels [42, 57, 58, 59]. The nanoconjugate encapsulation
proceeded according to the results of the thermal, mechanical, rheolog-
ical, morphological, particle size, and stability characterization of the
hydrogels (see below for details). The experimental design followed is
presented in Table 1. The best performing formulations were selected for
nanoconjugate encapsulation. For such analyses, the experimental design
is shown in Table 2. Additionally, commercially available topical treat-
ments in Colombia were included in the experimental design as controls.
The selected products were Zudenina Plus Gel® (Medihealth, Colombia)
and Microdacyn Top Hydrogel®™ (More Pharma Corporation, Mexico). All
the characterizations were applied to both the prepared hydrogels and
the commercial products.

2.4. Microscopic characterization of topical formulations

The structure and morphology of the prepared hydrogels were
imaged with a JEOL scanning electron microscope (model JSM 6490-LV).
The observation was performed directly on a cooling stage at —15 °C
with a liquid nitrogen-mediated fracturing setup to avoid alterations of
the gel structure. Twelve high-resolution images per treatment were
obtained at 1500X and 3000X magnifications (10 kV). These images were
analyzed further to determine the average pore size of each hydrogel
aided by the software ImageJ® [61]. This software develops a mask for
identifying pores with sphericity between 0.4 and 0.9 and a table of re-
sults where possible pores or wrongly identified values can be discarded.
Additionally, hydrogels with dispersed nanoconjugates were observed to
investigate possible changes in their microstructure and, consequently, in
pore size.

2.5. Thermal stability analyses

Thermogravimetric analyses (TGA) were conducted in the range of
20-650 °C to estimate the thermal stability of the hydrogels when they
were heated up at a constant rate (10 °C/min). TGA was carried out for a
sample of about 15-20 mg under a controlled inert atmosphere by a
supply of 100 mL/min ultra-high purity (UHP) Nitrogen. The instrument
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Table 2. Experimental design used to study the influence of the concentration of gelatin in hydrogels on the encapsulation of GO-Ag NP nanoconjugate as a topical

antimicrobial treatment.

Sample Gelatin (% w/v) PVA (% w/V) Carbopol (% w/v) Triethanolamine (w/v) Hyaluronic acid (% v/v) GO-Ag NP nanoconjugate (ug/mL) [60]
1 1.1 0.7 0.2 0.2 0.5 20
2 1.5 0.7

used for the tests was the Q600 Simultaneous TGA/DSC (TA Instruments,
New Castle, DE, USA).

2.6. Rheological response

The rheological analyses were carried out in a Discovery Series
Hybrid Rheometer-1 (TA Instruments, New Castle, DE, USA) by running
an oscillatory frequency scan between 0.62 and 62 rad/s, or its equiva-
lent between 1 and 10 Hz [62], at a constant amplitude of 100 Pa and 20
°C. A flow sweep was evaluated between 0.1 and 200 1/s and 20 °C. A
parallel plate (diameter 20 mm) geometry was used with a fixed gap
distance (1.0 mm) between the plates. A sample amount corresponding to
20 mm diameter and 1 mm thickness was used for this characterization
(200-300 mg). The power law (Eq. 1.) was used to calculate the flow
index and to know the behavior of the fluid [54, 63, 64].

r=ky" (€Y

Where 7 is the shear stress, y is the shear rate, k is the consistency index,
and 7 is the flow index.

2.7. Textural properties analysis

The traditional texture profile analysis (TPA) was evaluated with the
aid of a TA.HDplusC Texture Analyzer (Stable Micro Systems, God-
alming, United Kingdom). The tests measured hardness, compressibility,
adhesiveness, and cohesiveness through a double compression cycle at 5
mm/s with a 35 mm cylindrical probe and 20 mm depth penetration
[64]. Measurements were conducted for hydrogels in glass containers by
maintaining the same fluid height at room temperature for all treatments.

2.8. Hydrogel particle size evaluation

The particle size distribution of each hydrogel sample was evaluated
with a static light scattering (SLS) technique on the Hydro MV unite in
Mastersizer 3000 (Malvern Panalytical, Malvern, Worcestershire, En-
gland). The volume-weighted average diameter (d43) was regarded as the
mean diameter for all measurements. Gelatin was used as reference
material, and the obscuration was set between 5 and 15% using water as
a dispersant at 1300 RPM constant agitation [65, 66, 67].

2.9. Hydrogel stability

Two routes were assessed for interrogating the stability of topical
treatments. The first one was the physical stability by monitoring in the
Turbiscan LAB instrument (Formulaction Smart scientific analysis, Tou-
louse, France) through Multiple Light Scattering — MLS technology. The
second one was by tracking the aging of the treatment under a controlled
environment in the RGX-250E stability and growth chamber (Thomson,
Ningbo, China).

2.9.1. Physical stability

The stability of the treatment was measured by the Turbiscan stability
index (TSI) over one month of aging in the stability chamber. The sample
was transferred to borosilicated cylindrical glass vials without any dilu-
tion and scanned from bottom to top at 25 °C. A 25 s scan was performed
periodically (every 2-3 days) for a month [68].

2.9.2. Aging under controlled conditions

The treatment was based on the “Guide for the development and
submission of stability studies of chemically synthesized drugs” of the
Ministry of Health and Social Protection of Colombia [69]. This was
performed for the short-term under accelerated stability conditions at 40
°C and 75% relative humidity (RH) for one month [70]. Particle size
analysis, TPA, and rheological behavior were measured at 7, 14, and 28
days of aging in the stability chamber compared with a freshly prepared
hydrogel sample.

2.10. Hemolysis assay

A hemolysis activity assay was conducted to evaluate the hemo-
compatibility of the topical hydrogels’ formulations. This assay was
performed following the guidelines of ISO 10993-4 with slight modifi-
cations [71]. Briefly, blood was withdrawn from a healthy human donor
and transferred to EDTA tubes. The samples were obtained with the
approval of the Ethical Committee at the Universidad de los Andes
(minute number 928-2018). The sample was centrifuged (Thermo
Electron Corporation, TEC CL40R, Waltham, Massachusetts, USA) at
1800 RPM for 5 min. The supernatant was discarded, and the sample was
then washed with 150 mM NaCl solution and centrifuged again. This
procedure was performed in triplicate. The supernatant was checked for
low turbidity and discarded. PBS 1X at pH 7.4 was added to gently
resuspend the erythrocytes. A 1:10 dilution of a concentrated solution of
erythrocytes in PBS 1X was performed to obtain ~ 3 x 107 eryth-
rocytes/mL according to a Neubauer chamber count. Previously,
flat-bottomed 96-well microtiter plates were prepared with 100 pL of PBS
per well, where serial dilutions of the formulated and commercial topi-
cals were formed. PBS 1X was used as the negative control and Triton
X-100 as the positive control. 100 pL of erythrocyte suspension was then
transferred to the well. The microplates were incubated at 37 °C for 1 h
and subsequently centrifuged (Thermo Electron Corporation, TEC
CL40R, Waltham, Massachusetts, USA) at 1260 RPM for 5 min at room
temperature. The supernatant was carefully removed and placed in
another microplate to read the absorbance at 450 nm in the microplate
absorbance spectrophotometer (Thermo Scientific, Waltham, Massa-
chusetts, United States) [72].

2.11. Platelet aggregation assay

Blood was withdrawn from a healthy human donor and transferred to
sodium citrate tubes. The samples were obtained with the approval of the
Ethical Committee at the Universidad de los Andes (minute number
928-2018). The sample was centrifuged (Thermo Electron Corporation,
TEC CL40R, Waltham, Massachusetts, USA) at 1000 RPM for 15 min to
obtain platelet-rich plasma (PRP). Previously, flat-bottomed 96-well mi-
crotiter plates were prepared with 70 pL of PBS per well, where serial di-
lutions of the formulated and commercial treatments were formed.
Platelet-poor plasma was used as the negative control and Thrombin
(6U) as the positive control. 30 pL of PRP solution was then added to each
well. The microplates were incubated at room temperature for 3 min. Next,
the absorbance was read at 620 nm in a microplate spectrophotometer
(Thermo Scientific, Waltham, Massachusetts, United States) [73].

2.12. Antimicrobial activity determination

This assay was based on “Performance Standards for Antimicrobial Disk
Susceptibility Tests” from the Clinical and Laboratory Standards Institute
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Figure 1. Surface morphology described by scanning electron microscope (SEM) micrographs of cross-linked hydrogels in the presence and absence of GO-Ag NPs.
First row is for 0.7% (w/v) gelatin concentration and varying PVA concentrations from 0.1% (A), 0.4% (B) to 0.7% (w/v) (C). Additionally, the Zudenina® micrograph
is presented (D). Second row is for 1.1% (w/v) gelatin concentration and varying PVA concentrations 0.1% (E), 0.4% (F) to 0.7% (w/v) (G). Additionally, the
Microdacyn®™ micrograph is presented (H). Finally, 1.5% (w/v) gelatin concentration and varying PVA concentrations from 0.1% (I), 0.4% (J) to 0.7% (w/v) (K).
Average pore size for all treatments is shown (L). 0.7% (w/v) PVA, 20 pg/mL GO-Ag NPs, 1.1% (M) and 1.5% (N) (w/w) gelatin hydrogel are presented at 0 days and

at 28 days aging (P) and (Q) respectively with average pore size (O).

with slight modifications [74]. Wild-type bacterial strains of E. coli and
S. aureus were used for this assay. 10 pL of cryostat culture were seeded
on Lysogeny broth (LB) agar (casein peptone 1.0% w/v, yeast extract
0.5% w/v, sodium chloride 0.5% w/v, agar 2.0% w/v) plates. These were
then incubated for 16 h at 37 °C. One isolated colony was selected and
inoculated in 5 mL of liquid LB in 15 mL Falcon tubes followed by in-
cubation at 37 °C and 250 RPM for 3 h. This culture was centrifuged
(Thermo Electron Corporation, TEC CL40R, Waltham, Massachusetts,
USA) at 3000 RPM and 4 °C for 5 min. The supernatant was discarded,
and 2 mL of 9.45 mM disodium phosphate (NagHPO4) buffer solution at

pH 7.4 was added and resuspended. This procedure was repeated twice,
and at the end of the washing process, the absorbance of the culture was
recorded at 595 nm in a microplate spectrophotometer (Thermo Scien-
tific, Waltham, Massachusetts, United States). This was used to determine
the concentration (CFU/mL) aided by a previous calibration curve for the
growth of each bacterial culture. A dilution in buffer solution was per-
formed to obtain a culture with 1 x 107 CFU/mL. In parallel, 500 pL of
each formulation and the commercial topical treatment was added to 2
mL Eppendorf tubes, to which 500 pL of bacterial culture was then
pipetted. Only bacterial culture was considered the positive control, and
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Figure 2. The minimum weight (%) loss at 100 °C is indicated in each plot. Thermograms for hydrogels with 0.7% (A), 1.1% (B) and 1.5% (C) (w/v) gelatin
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shown. Thermal degradation after GO-Ag NPs incorporation for hydrogels with 1.1% and 1.5% (D) (w/v) gelatin concentration.

the medium was the negative one. These experiments were conducted in
triplicate at 37 °C for 2 h. At the end of incubation, they were resus-
pended, and the next 10> serial dilutions were carried out starting with
100 pL. The last dilution tube was seeded in Mueller-Hinton agar (3.7%
(w/Vv)) plates with sterile swabs and incubated at 37 °C for 18 h. Finally,
the colonies per plate were counted to calculate the percentage of bac-
terial growth [75].

2.13. Evaluation of cell viability via MTT assay

Cytotoxicity of 1.1% and 1.5 % Gelatin-20ug/mL GO-Ag NPs hydro-
gels was evaluated by quantifying the metabolic activity of Vero cells
(ATCC® CCL-81) via MTT assay. Briefly, cells suspended in supplemented
DMEM medium (10% FBS) were seeded on 96-well microplates at a
cellular density of 10* cells/well and then incubated at 37 °C, 5% CO,, for
24 h. Next, supplemented DMEM medium was replaced by the non-
supplemented DMEM medium extracts of the different hydrogels at se-
rial dilutions from 50 to 1.56 % (v/v). The extracts of the hydrogels were
made according to the guideline of the international standard ISO 10993-
5:2009. Cells were then incubated at the same conditions for 24 and 48 h.
After the incubation time, 10 pL of MTT solution (5 mg/mL) were added
to each well, and the microplates were incubated for 2 h. Finally, su-
pernatants were carefully discarded, and DMSO (100 pL/well) was added
to dissolve formazan crystals. Absorbance was read at 595 nm in a
microplate reader, and cell viability was finally calculated by following
the equation: Cell viability (%) = Abs (sample) * 100/Abs (negative
control).

2.14. Statistical analysis
In all experiments, a Q test was performed to discard outliers, and

then the statistical analysis of the results was performed by analysis of
variance (ANOVA), with a p-value <0.05 considered as statistically

significant. Also, a student's t-test was conducted to determine significant
differences between treatment means. The statistical analyses were per-
formed in the software Minitab®.

3. Results and discussion
3.1. Morphological structure

The collected SEM micrographs shown in Figure 1 A-K present an
interconnected 3D polymeric network for all hydrogel topical treatments
without observable signs of phase separation [76]. This is because of the
physical crosslinking between the polymeric chains of gelatin, PVA and
Carbopol®. A strong mesh interaction is observed, becoming more
evident and cross-linked as the amount of gelatin and PVA included in
the formulation increases [77]. Similarly, in hydrogels with lower poly-
mer concentration, occluded water predominates, so the pores will tend
to be more prominent [78]. After dispersing the nanoconjugate in the
topical hydrogel treatment formulation, the microstructure and its mean
pore size are shown in Figure 1 M-O. As shown in Figure 1 L and Figure 1
O, no observable and statistically significant differences in the micro-
structure were found as reported in previous studies [76]. No GO-Ag NPs
aggregates were identified, which was not expected due to the resolution
of the imaging instrument. This allowed us to conclude that their
dispersion within the polymeric matrix was successful without signifi-
cant changes in the structural conformation of the 3D matrix. The
average pore size analysis performed in Figure 1 L shows no significant
difference between treatments. Still, they show a tendency to pore
reduction as PVA concentration increases or when gelatin increases
(Figure 1 O). This is favorable for the application of this study, which
requires encapsulation of GO-Ag NPs nanoconjugates within pores [79,
80]. Figure 1 D and H show the microstructure of commercial treatments,
which are much less porous and organized than our formulations. This is
most likely due to aggregates of dispersed active compounds and water.
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Figure 3. Storage modulus for hydrogels at 0.7% (w/v) gelatin, 0.1% (A), 0.4% (B), 0.7% (C) (w/v) freshly prepared PVA after 28 days of accelerated aging conditions
at 40 °C and 75% RH. Commercial treatments Zudenina® and Microdacyn® are also included for comparison.

Micrographs collected after 28 days of aging (see Figure 1 P-Q) show
that the pore size of the topical treatments increased slightly, which may
be related to the mobility of polymeric chains, and the molecular
destabilization due to heat and humidity under accelerated stability
conditions.

The study of the microstructure of the topical treatment showed
compact and evident crosslinking between the incorporated polymers.
For the evaluated gelatin, PVA, and the nanoconjugate amounts, no
apparent alteration of the microstructural conformation of the hydrogel
was observed, contrary to what Khorasani et al. described for high
nanoparticles concentrations [81]. It was also concluded that these mi-
cropores or microchambers are suitable for releasing our active com-
pound when applied to the infected skin area [82].

3.2. Thermal resistance evaluation and characterization of GO-Ag NPs

Thermogravimetric analyses were conducted in the range of room
temperature to 650 °C to estimate the nanocomposite hydrogels’ thermal
stability before and after GO-Ag NPs dispersion in the formulations. As
observed in our previous work [54, 83], Figure 2 shows an initial
noticeable weight loss at 100 °C that varies from approximately 28%-—
65% depending on the formulation. This can be directly related to the
evaporation of the water occluded within the hydrogel. However, it is
remarkable that the polymeric material can retain and adsorb water in its
interior due to the crosslinking of the polymer network, which is a critical
feature for wound skin healing [77, 84, 85]. In general terms, no clear
trend is observed in the thermal resistance of the prepared topical
treatments. The presence of PVA leads to no impact on the thermal sta-
bility of the formulations. For the cases of 0.7% and 1.1% (w/v) gelatin
(Figure 2 A and B), the polymeric structure is stable up to 250 °C, where
decarboxylation is likely present, as has been reported previously [86].
At that point, the 1.5% (w/v) gelatin formulation (Figure 2 C) shows a
subtle improvement, evidenced by 6%-9% remaining weight up to 350
°C. This indicates a much more stable structure, followed by decompo-
sition into carbonaceous residues, and finally, the complete disintegra-
tion of the network [87].

The commercial topical treatment Zudenina® is highly thermally
unstable, evidenced by almost a complete degradation at 100 °C. On the
contrary, Microdacyn® showed superior performance, retaining about
8% of its weight up to 650 °C. When the same study was carried out for
topical treatments with the nanoconjugate already included, a decrease
in thermal resistance was observed with respect to the pristine material.
The main difference primarily occurs between 100-150 °C, where
oxygen-containing functional groups from GO are degraded [88]. This is
consistent with the thermal stability evaluation of the GO-AgNPs nano-
conjugate, which can be seen in Figure S 2. As a result, an even more

pronounced drop in weight was observed by dispersing a material that is
not very thermally resistant such as the GO-AgNPs nanoconjugate in the
hydrogels. This behavior agrees well with previous studies [89].

3.2.1. Characterization of GO-Ag NPs

Figure S 2 shows the different characterization techniques imple-
mented to confirm the correct synthesis of GO and GO-Ag NPs. Figure S 2
A shows the Raman spectra for GO and GO-Ag NPs. The characteristic
peaks at 1320 and 1570 em™! corresponding to the D and G bands are
identified. A ratio ID/IG higher than 1 in both spectra confirms the
presence of hydroxyl and epoxide groups and the presence of Ag NPs that
increases the GO's degree of disorder [90]. Figure S 2 B shows the FTIR
spectra of GO and GO-Ag NPs. FTIR spectra of both materials show
several peaks, in particular, peaks at 3240 cm ™! related to OH groups,
1684 cm ™! that corresponds to stretching vibrations of C=0 carboxylic
moieties, 1621 cm ! to aromatic C=C bond vibrations, as well as peaks at
1365 cm ™}, 1215 cm * and 1054 cm™! corresponding to C-O-H
deformation, C-H (epoxy) stretching and C-O (alkoxy), respectively.
Moreover, the GO-Ag NPs spectrum shows an increase in the intensity of
the peaks related to C=C, C-H, and C-O, confirming the interaction
between Ag NPs and the oxygen-containing functional groups on the
surface of GO nanosheets [90, 91]. Figure S 2 C shows the thermograms
of GO and GO-Ag NPs. In both spectra, we can observe the presence of a
substantial weight loss, 43.5% for GO and 95.2% for GO-Ag NPs, related
to the release of oxygen-containing functional groups. These results
demonstrated poor thermal stability for both materials at temperatures
above 100 °C. However, that does not pose a limitation for their appli-
cability in the synthesis of topical treatments in which the manufacturing
and application temperatures are lower than 40 °C. Z-Potential analysis
showed large negative values for GO (—43.5 &+ 1.5 mV) and GO-Ag NPs
(39 + 2 mV), confirming high dispersity, significant long-term stability,
and no aggregation in type I water at pH = 7 [91]. Figure S 2 D and E
show the UV-Vis spectra for GO and GO-Ag NPS and the XRD patterns,
respectively. UV-Vis spectrum for GO-Ag NPS exposes a critical absor-
bance peak at 400 nm that confirms the synthesis of Ag NPs on the sur-
face of GO. This result is confirmed via TEM image analysis (Figure S 2
F), where the presence of Ag NPs of different sizes throughout the surface
of the GO nanosheets is easily identifiable [91, 92]. XRD pattern of GO
exposed a remarkable peak at 9.3°, which corresponds to the (001) plane,
and an additional one at 29.1° associated with the (002) plane. The
pattern of GO-Ag NPs showed four intense peaks at 38.4°, 46.5°, 64.7°
and 77.46°, which are assigned to (111), (200), (220) and (311) planes of
Ag NPs (JCPDS No. 04-0783), respectively [92]. In addition, the peak at
28.1° is associated with the (002) plane of GO with a slight shift. These
results confirm the presence of the Ag NPs in the face-centered cubic
phase deposited on the surface of GO [91]. Finally, the presence of Ag
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Table 3. Storage modulus at 1 and 62 rad/s for 1.1 and 1.5% (w/v) gelatin concentration at O and 28 aging days.

Formulation G’ [Pa] at 1 rad/s G’ [Pa] at 62 rad/s

Gelatin PVA od 28 d od 28 d

1.1 0.1 8.67 + 5.48 0.008 + 0.0009 470.19 £+ 11.97 73.98 + 2.66
1.1 0.4 7.87 + 6.67 0.043 + 0.014 422.92 + 31.78 44.07 + 14.58
1.1 0.7 64.45 + 63.63 4.46 + 0.002 515.27 + 160.57 164.37 + 7.92
1.5 0.1 24.24 +£17.15 0.045 + 0.014 440.54 + 52.54 36.13 + 13.54
1.5 0.4 10.65 + 1.72 0.026 + 0.0003 463.67 + 8.09 56.30 + 10.31
1.5 0.7 40.22 + 29.74 3.2 + 0.0004 693.04 + 269.04 112.30 + 0.27

NPs on the surface of GO was also confirmed via SEM-EDX analysis
(Figure S 3), in which the EDS spectra exposed typical peaks for C and O
for GO and GO-Ag Nps and a remarkable one for Ag for GO-Ag NPs [92].

3.3. Hydrogel topical treatment rheological behavior

The oscillatory frequency test shown in Figure 3 reveals that the
elastic modulus (G') is angular frequency-dependent, indicating that the
crosslinking density was insufficient to lead to a material with a com-
plete solid-like behavior, which is a favorable attribute for a topical
treatment that should spread easily and remain attached to the skin.
This pseudoplastic behavior ensures that the product flows after stress
application to form a thin film on the epidermis. Still, when the stress is
decreased, a viscosity increase is expected to help maintain it attached
to the surface [64]. G’ in all samples exhibits an increasing trend in
magnitude as the angular frequency increases. This behavior is even
more pronounced when the sample has completed 28 days at acceler-
ated aging conditions. At that time and low angular frequencies, G/
varies between 1 x 107! and 1 x 107° Pa. Figure 3 shows that the
hydrogels with 0.7% (w/v) gelatin and all PVA concentrations have a
significant structural loss of integrity as evidenced by a decrease in G’
by about four to six orders of magnitude after 28 days of aging. This is
confirmed in Figure S 4, where it is observed that their viscosity has
drastically reduced, evidencing that the pseudoplastic behavior fails to
continue. This notion is also supported by the proximity of the flow
index to 1 (Figure S 6), resembling a Newtonian fluid. These results
indicate that, after one month under the accelerated aging test, the
material with this level of gelatin no longer behaves like a hydrogel (in
a pseudoplastic regime). This can be explained by a considerable chain
rearrangement, changes in orientation or chain mobility, induced dis-
order at the molecular level, and unstable or insufficient cross-linking
[54]. For this reason, hydrogels with this gelatin concentration were
discarded as viable candidates for nanoconjugate encapsulation.

Table 3 presents the storage modulus behavior for the other freshly
prepared formulations and, after the month of aging, observed at angular

frequencies representing the extremes of the oscillatory sweep. There is
an average loss of 99% in the G’ magnitude at 1 rad/s for the samples
with 0.1 and 0.4% PVA and both gelatin concentrations. But in the in-
stances with 0.7% PVA, the elastic modulus resistance was between 7 and
9% higher at low frequencies and between 9 and 21% at high fre-
quencies, which helped us select these hydrogels as candidates for
encapsulation. In other words, the rheological behavior performs better
at high concentrations of PVA and gelatin. For hydrogels with 1.1% (w/
v) gelatin, the molecular structure degradation occurs at a lower level,
presenting a decrease in G’ between two and four orders of magnitude at
low frequencies after 28 days under accelerated aging conditions.
However, the material manages to recover as the angular frequency in-
creases, which occurs more clearly at the higher PVA concentrations.
Similar behavior was observed for the viscosity at this gelatin concen-
tration level (Figure S 4). The viscosity remained more stable with
increased PVA concentration, allowing to retain the typical pseudoplastic
behavior of hydrogels [44]. For topicals with 1.5% (w/v) gelatin, the
effect on the molecular structure is more subtle, as evidenced by the high
G’ and viscosity values. In this case, again, high concentrations of PVA
help maintain a marked pseudoplastic behavior [79, 93]. The trietha-
nolamine makes the matrix even more elastic [63]. Importantly, data
variability was relatively low, making the material synthesis repeatable.

Interestingly, the G’ of Zudenina® shows a behavior similar to our
freshly prepared topical treatments. It even presents higher stability after
28 days of aging conditions since the decrease in G’ was below one order
of magnitude. A similar trend was also observed for the viscosity, with no
appreciable change in time. In contrast, Microdacyn® performs differ-
ently from all other samples. G’ decreases smoothly at low frequencies
until it reaches a minimum of a specific frequency where the modulus
increases. This is probably due to a metastable equilibrium state that
changes the conformation of the base polymer and the presence of hy-
pochlorous acid. Somewhat surprisingly, after 28 days, G’ shows a subtle
increase that could be explained by the loss of moisture in the micro-
structure, which in turn leads to a less flexible material and, conse-
quently, to the observed increase in G' at low frequencies. Further

= 10
&,
- 1
o
0.1
0.01
0.001 +rrr———rrrrr——rrrrrm
1 10 100
Angular frequency [rad/s]
- G'0D
G'0D- 20

" ug/mL GO-Ag NP

g
O 01
0.01
0.001
0.0001 =+rrrry T ——rrm
1 10 100
Angular frequency [rad/s]
G'28D
G'28D- 20

ug/mL GO-Ag NP

Figure 4. Storage modulus for nanocomposite hydrogels with 0.7% (w/v) PVA, 20 pg/mL GO-Ag NPs, 1.1% (w/v) gelatin (A), and 1.5% (w/v) gelatin (B), freshly

prepared and after 28 days of accelerated aging conditions at 40 °C and 75% RH.
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Figure 5. Texture profile analysis for freshly prepared hydrogels at 1.1% (w/v) gelatin and evaluated after 7-, 14-, and 28-days exposure to accelerated aging
conditions at 40 °C and 75% RH. Commercial treatments Zudenina® and Microdacyn® are also included for comparison. *, p < 0.05.

evidence supporting this notion has been observed for the viscosity,
where one order of magnitude increase was detected after 28 days of
aging (see Figure S 4).

Figure 4 shows that for both formulations (1.1% and 1.5% (w/v)
gelatin), the presence of the nanoconjugates led to higher G’. This
behavior was observed for both freshly prepared and aged samples (after
28 days). This increase in mechanical strength and stiffness has also been
reported for other hydrogel nanocomposites, e.g., carbon quantum dots,
collagen, and polyacrylamide hydrogels with silver nanoparticles [2, 94,
95]. Despite this superior behavior, there is still some degradation, as
evidenced by a decrease in G’ after 28 days compared with the fresh
samples. In line with these results, Figure S 5 shows that the viscosity
increases and is more stable in samples that contain the nanoconjugate.

G’ depended not only on the angular frequency but also on the con-
centration of the different polymers incorporated in the formulation
[64]. In contrast to the work by Park et al. [96], our results strongly
suggest that by including the nanoconjugate, the polymeric network
might be reinforced at the nanostructure level, thereby allowing an
enhanced rheological behavior over time [89].

3.4. Texture profile analysis (TPA)

TPA experiments allowed us to estimate hardness (maximum force of
the first compression), compressibility (the work required to deform the
product during compression), adhesiveness (area under the zero-force
line, which represents the amount of work needed to overcome attrac-
tive forces of the formulation to the compression plate), and cohesiveness
(the ratio of work done on the sample during the second bite divided by
the work done on the sample during the first bite) of the formulations.
Hardness is related to the ease of application on the skin, while

compressibility and adhesiveness with the ability to stay attached to the
skin. However, the cohesiveness is related to whether the hydrogel can
recover its structural stability [64, 93].

Figure 5 shows the texture profile analysis of the topical formula-
tions with 1.1% (w/v) gelatin. The hardness of the material showed a
relatively stable behavior and remained in the range of 0.5-3.5 N with
no statistically significant difference after 28 days between the fresh
hydrogel and the aged one. The lower hardness of the hydrogels cor-
relates well with the uneven microstructure observed in the SEM mi-
crographs (Figure 1) [97]. This behavior was also observed for the
commercial topical treatments, which present modest hardness values,
considering their mode of use and application objective. Compressibility
showed significant variability among formulations. However, no clear
trend was observed. What is evident is that at the end of the 28 days of
aging, the compressibility was compromised for the three PVA con-
centrations evaluated compared with the fresh formulations. In contrast,
the commercial treatments showed little variability over time, albeit at a
lower level. Adhesiveness starts at values between 10-15 N.mm; how-
ever, as time passed, it consistently decreased below 5 N.mm, even
reaching values close to zero for formulations with high PVA concen-
trations. This likely indicates a high degree of degradation and in-
capacity to remain attached to surfaces for relatively long periods. The
commercial treatments show no marked changes in adhesiveness after
28 days of aging. In contrast, cohesiveness started with values between
6 and 15, decreased with time, and ended close to zero for formulations
with high PVA concentrations. In other words, these formulations
degrade under the harsh conditions of accelerated aging, which is likely
due to a loss in intermolecular strength. The properties of the com-
mercial treatments are again consistent and remain at the starting levels
[93, 97, 98, 99].
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Figure 6 shows the texture profile for topical treatments prepared
with 1.5% (w/v) gelatin. As in the previous case, the hardness shows no
recognizable trend, ending the 28 days of age with a decrease of about
50% with respect to the fresh sample. Compressibility also starts very
high with values between 50-60 N.mm but decreases steadily to values
below 10 N.mm by the end of the entire aging period. For the same
period, adhesiveness also drops drastically from values between 20-25
N.mm to values below 2 N.mm, showing better results at higher PVA
concentrations. Finally, except for the 0.7% (w/v) PVA, cohesiveness
showed a decreasing trend reaching relatively stable values after seven
days of aging. The commercial treatments show no significant changes at
any of the evaluated time points during the entire accelerated aging
period [93, 97, 98, 99].

The texture profile parameters of the formulations must be balanced
to achieve the needs of topical use. For example, low hardness and
compressibility are desired to prolong their contact time with the
affected skin area. This is critical to avoid any detrimental impact on the
newly formed skin cells while maintaining sufficient consistency [100].
In addition, it is important to prevent excessive adhesion to the surface as
this could hinder the diffusion of the treatment towards the bacterial
biofilm [98]. Therefore, according to Figure 5 and Figure 6 and based on
intermediate-low hardness and compressibility, low adhesiveness, in-
termediate cohesiveness, and lower variability of textural properties, it
was decided to choose the formulations of 1.1% and 1.5% (w/v) gelatin
with 0.7% (w/v) PVA to proceed with the encapsulation of GO-Ag NP.

Figure 7 shows the texture profile analysis for the topical treatments
as they were subjected to aging in the presence and absence of the GO-Ag
NP. The nanocomposite hydrogels showed about the same hardness after
completing the aging study. This was not the case for the treatments in
the absence of the nanoconjugates, where it was declining markedly.

10

Also, the presence of the nanoconjugates led to an increase in hardness
stability after aging, especially for the formulations with 1.5% (w/v)
gelatin concentration. Compressibility during the first 14 days was
similar for the formulations in the presence and absence of the nano-
conjugates, especially the treatment with 1.1% (w/v) gelatin. However,
at the end of the aging test, a statistically significant difference was found
for the 1.5% (w/v) treatment, which showed an increase of 350% with
respect to the formulation in the absence of the nanoconjugates. As for
hardness, a lower variability over time was observed, which would
indicate greater stability. When looking at the adhesiveness of the
nanocomposite hydrogels, it can be observed that during the first 14
days, the behavior is similar to that of the treatment with 1.1% (w/v)
gelatin in the absence of the nanoconjugates. After 28 days, it is observed
that the degradation continues, leading to adhesiveness values below 1.5
N.mm. This suggests that including the nanoconjugate in the formulation
results in no alteration of the formulation adhesiveness at the end of the
aging study compared with the pristine hydrogel. The cohesiveness
exhibited by the topical formulations in the presence of the nano-
conjugates from baseline and after 14 days of aging was lower than that
in the absence of the nanoconjugates. Notably, after the aging study, the
cohesiveness of the nanocomposite hydrogels was significantly higher
than that of pristine formulations. Moreover, they showed an almost
perfectly elastic behavior, given that cohesiveness is close to 1.0 [44],
which is an attribute needed for patient administration [64]. These re-
sults agree with the obtained rheological data as evidenced by Figure 3
on both G’ and viscosity for the 0.7% (w/v) gelatin hydrogels (see
Figure S 7), in the sense that the degradation is higher for formulations
prepared at such gelatin concentration. Moreover, the presence of the
nanoconjugates in the formulation help maintain properties about con-
stant over time.
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3.5. Particle size determination

Particle size distribution analysis of the topical treatments in Figure 8
A and B and Figure S 8 A and B for freshly prepared hydrogels showed
multimodal distributions peaking predominantly between 600-800 pm.
This might be due to the presence of polymeric chains of gelatin, PVA,
Carbopol®, and hyaluronic acid with different molecular weights. As the
chains interact under shear stress, they can form structures or aggregates
of varying sizes [101, 102]. A much less abundant proportion of particles
was detected in the range between 10-300 pm, indicating that shorter
chains were less prevalent in the starting polymeric blend. Independent
of the multimodality obtained, the dominant particle size ranges have
been reported to be well suited for drug delivery and encapsulation
purposes [103]. No apparent concentration-dependent trend is observed,
but the freshly prepared formulations exhibited similar behavior.

In contrast with our formulations, Zudenina® showed much smaller
particle sizes (between 0.1 and 10 pm) due to the presence of two
microparticulate antibiotics and Carbopol® (according to the formulation
presented in the packaging box). A small peak was also identified at
around 800 pm, attributed to the thickening polymer [63]. Microdacyn®
offers a monodisperse distribution mainly due to the simplicity of its
formulation that is principally based on hypochlorous acid. According to
Figure S 9, the volume-weighted diameter of the hydrogels prepared
with 1.1% and 1.5% (w/v) gelatin showed only a 10-20% reduction after
completing the accelerated aging test. This indicates that agglomeration
processes are largely avoided even in the presence of the nanoconjugates
[104]. Somewhat surprisingly, at the end of the aging month, the topical
treatments showed narrower and much sharper monodisperse distribu-
tions [105]. Similar results were found for Microdacyn®, which showed a
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very sharp distribution (at around 800 pm) towards the end of the aging
test month. On the contrary, Zudenina® presents a decrease in its
volume-weighted diameter distribution after the aging test, losing such a
peak.

Figure 9 shows that for the 1.1% (w/v) gelatin in the presence of the
nanoconjugate, the distribution peaks at a higher value than the freshly
prepared hydrogel. This may be related to the reinforcement of the
polymeric matrix [106]. After 28 days, there is no difference with the
pristine hydrogel, and the level of degradation is comparable. In the case
of 1.5% (w/v) gelatin, no difference was observed between the freshly
prepared hydrogels in the presence or absence of the nanoconjugates. In
this case, degradation occurs after 28 days, shifting the distribution peak
towards smaller particle sizes and making it sharper. The addition of the
nanoconjugates to the blend appears not to induce any further agglom-
eration. This might be due to superior interactions of the nanoconjugates
with the nitrogen and oxygen atoms and carboxylate anions along the
main backbones of the polymeric components [106, 107].

3.6. Stability profiles

Figure 10 presents the Turbiscan stability index (TSI), which con-
siders all processes taking place within the sample (sedimentation,
clarification, and coalescence) [108]. The higher the TSI value, the more
unstable the topical treatment is. This parameter was evaluated during
33 days under accelerated aging conditions, which showed different
processes depending on the formulation of the topical treatment. In the
case of the 0.7% (w/v) gelatin, the lowest TSI was obtained mainly due to
its translucent appearance. However, with the passing of the days, these
formulations lost their structural integrity and even liquefied, as
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evaluated at 28 days exposure to accelerated aging conditions at 40 °C and 75% RH.

evidenced in the rheological behavior. They also show the greatest
variability due to insufficient crosslinking, greater mobility of the poly-
mer chains, and molecular disorder due to aging. Even though the 1.1%
and 1.5% (w/v) gelatin formulations tend to destabilize more, cross-
linking tends to prevent such processes, as was observed for high con-
centrations of PVA [109, 110]. Importantly, the collected data showed
low variability and constant TSI values at high PVA concentrations after
7-10 days of aging. The commercially available Zudenina® showed su-
perior stability and maintained its TSI below 0.5 throughout the aging
study. This is in complete agreement with the results of rheological
behavior. In contrast, Microdacyn® showed visual evidence of phase

12

separation, which failed to correlate with the TSI since it ended the aging
study with a value of 12.

For the nanocomposite hydrogels, it was observed that the TSI of the
1.5% (w/v) gelatin improved drastically from 70 to 8 as described pre-
viously by Sun et al. in a similar study [111]. In contrast, for the 1.1%
(w/v) gelatin, the inclusion of the GO-Ag NPs nanoconjugate tends to
favor increased stability during the first two weeks of aging. Still, at the
end of the test, no significant differences were identified with respect to
the pristine material. This behavior would indicate a strong interaction
between the gelatin polymeric chain and the nanoconjugate, which, at a
greater proportion, would facilitate the physical stabilization of the
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topical treatment. The aging test showed that destabilization kinetics of
formulations in the presence of GO-Ag NPs nanoconjugates (Figure 10 D)
is superior to that of pristine materials, as evidenced by higher TSI values.
However, the resilience of the nanocomposites appears responsible for
slowing down processes such as coalescence or sedimentation [110,
112].

3.7. Hemolysis assay

This biocompatibility assay conducted in vitro is important to estimate
whether hemolysis is induced if, by chance, the topical formulation
comes in contact with blood. Figure 11 A shows that the developed
topical treatments cause the same level of hemolysis of the negative
control, which was below 5% in all cases. Similar results were obtained

120,
100
80+
60
40
20

Platelet aggregation [%)]

Concentration [%]
=3 1.1% Gelatin w/v
3 1.5% Gelatin w/v

treatments with 0.7% (w/v) PVA, 20 pg/mL GO-Ag NPs. In addition, commercial

with Zudenina®. However, Microdacyn® showed a hemolytic effect be-
tween 25 and 50% for the different concentrations evaluated. This
experiment allowed us to conclude that our nanocomposite hydrogels
have high hemocompatibility [113, 114, 115, 116].

3.8. Platelet aggregation assay

Figure 11 B shows the platelet aggregating capacity of our topical
hydrogel formulations and the commercially available ones. The results
suggest that the nanocomposite hydrogels with 1.1% and 1.5% (w/v)
gelatin have a moderate to low platelet aggregating capacity (at the same
level of the negative control), which might be helpful for regeneration
purposes. This might be attributed to the collagen present in the poly-
meric blend, as it has been reported previously as a biomaterial capable

13
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Figure 12. Representative photos of bacteria colonies counting on Mueller-Hinton agar plates after 18h incubation at 37 °C and exposed to our topical formulations
with 1.1% and 1.5% (w/v) gelatin with 0.7% (w/v) PVA and 20 pg/mL GO-Ag NPs, the commercial treatments, and the positive control (n = 15).
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Figure 13. Bacterial growth for the 1.1% and 1.5% (w/v) gelatin with 0.7% (w/
v) PVA and 20 pg/mL GO-Ag NPs treatment, the commercial treatments, and the
positive control (n = 15). *, p < 0.05.

of adhering platelets to its surface and facilitating aggregation and
degranulation to form clots [117]. This also allowed us to infer that the
macrostructure of gelatin is likely retained to a large extent in our for-
mulations. This result adds up to the promissory list of attributes of the
prepared formulations and even the possibility of extending it for addi-
tional applications such as wound dressing and bleeding arrest devices
for patients with coagulation disorders [118, 119, 120, 121]. Zudenina®
and Microdacyn® showed a superior platelet aggregating capacity, which
even approached the positive control; however, the results also indicate
that as their concentration decreases, the platelet aggregating capacity
slightly declines.

3.9. Topical treatments antimicrobial activity

Figure 12 shows the bacterial colony count (quintuplicate) in Mueller
Hinton agar plates for the different formulations. In this regard, our
topical nanocomposite hydrogel treatments with 1.1% and 1.5% (w/v)
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gelatin showed high antimicrobial activity, evidenced by a 100%
reduction in bacterial growth. This is a satisfactory performance
considering the exceedingly low dose of the nanoconjugate required (i.e.,
20 pg/mL). These results align well with the already demonstrated
antibacterial activity of PVA, which would increase even further by the
presence of the GO-Ag NPs nanoconjugates within the polymeric blend
[87]. This activity was statistically different with respect to the com-
mercial treatments and the positive control (see Figure 13). The anti-
bacterial mechanism is likely related to the ability of AgNPs to disrupt
bacterial cell walls and/or internalize cells to induce permanent damage
of the intracellular machinery and, in turn, cause cell death [48, 60, 94].
Zudenina® and Microdacyn®™ showed a much less effective reduction of
bacterial growth for Gram-positive and Gram-negative strains.

Figure 13 shows the calculated bacterial growth percentage for all
topical formulations and the commercial controls [122]. As described
above, our formulations eliminated 100% of bacteria. However, Zude-
nina® eliminated about 50% of S. aureus and E. coli. In comparison,
Microdacyn® failed to eliminate E. coli and only about 30% of S. aureus
without a statistically significant difference with respect to the positive
control. The inefficacy of these commercially available products might be
related to the limited shelf-life of the active compounds or instability
issues.

Our results hold much promise as they prove the high quality of the
developed topical treatments against E. coli and S. aureus, responsible for
severe healthcare-associated infections (HAI) [123]. Moreover, they
open the possibility for further engineering the materials to incorporate
additional excipients such as anti-inflammatory or immunomodulatory
compounds for addressing more comprehensively wound healing [124].

3.10. Evaluation of cell viability via MTT assay

Figure 14 shows the cell viability percentage of Vero cells after 24 and
48 h of exposure to the extracts of 1.1% and 1.5% (w/v) Gelatin — 20 ug/
mL GO-Ag NPs hydrogels. Results show high biocompatibility (viability
above 80%) at concentrations below 12.5% (v/v). However, at a con-
centration above 12.5% (v/v), the extracts led to cytotoxicity that
increased in a concentration-dependent manner. This behavior can be
related to the increase in the concentration of GO-Ag nanocomposites
due to an increase in the concentration of the extracts. In addition, the
extracts of 1.1% (w/v) Gelatin — 20 pg/mL GO-Ag NPs hydrogel exposed
higher toxicity than extracts of 1.5% (w/v) Gelatin hydrogel. This ten-
dency can be related to a decrease in the release rate of GO-Ag NPs. The
gelatin concentration impacts the nanocomposites' encapsulation effi-
ciency and, therefore, the release rate. These results confirm the high
biocompatibility of the hydrogels at middle to low concentrations,
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Figure 14. Cell viability of Vero cells for extracts of 1.1% and 1.5% (w/v) Gelatin — 20 pg/mL GO-Ag NPs. Cell viability after 24 (A) and 48 h (B) of exposure.

suggesting their applicability as a promising antimicrobial topical treat-
ment with low impact on healthy cells.

4. Conclusions

In this work, we synthesized, characterized, and evaluated physico-
chemically and biologically topical antibacterial treatments based on a
polymeric gelatin-polyvinyl alcohol network loaded with antimicrobial
GO-Ag NPs nanoconjugates and compared them with commercially
available formulations. The antibacterial activity of the formulations
prepared at 20 pg/mL was remarkable, as evidenced by 100% inhibition
of bacterial growth for E. Coli and S. aureus. Moreover, the treatment
showed high biocompatibility and a marked pseudoplastic rheological
behavior. Taken together, these results hold much promise and
encourage us to investigate their performance further prior to reaching in
vivo and clinical studies. For instance, it would be desirable to extend the
aging study instead of considering accelerated conditions under real-time
constraints for at least six months.

Additionally, we believe that it is vital to evaluate the biological
response of the topical treatments after accelerated and real-time aging
periods. This should be accompanied by a precise determination of the
minimum inhibitory concentration and an evaluation of potency against
resistant bacterial strains. Finally, it would be worth testing the topicals
in vitro using infected organotypic skin models and ex vivo in an infected
porcine skin model.
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