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ABSTRACT: The field of wound healing has seen an increase in research activity in wound care
and hydrogels-based dressings have been targeted as a solution for these applications. Hydrogels with
silver nanoparticles can present many advantages for this field. However, if the aggregation and
sterilization of this product have not been carefully considered, the effectiveness or use could be
limited. Therefore, in the current study, a hydrogel based wound dressing membrane was developed
using polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), agar and Carboxymethyl cellulose
(CMC). Silver ions (Ag+) was dispersed in the polymer matrix and its reduction with formation of a
hydrogel and silver nanoparticles was performed using 60Co gamma irradiation to enhance the
dressings antimicrobial properties. The resulting hydrogel presented a high degree of swelling and a
good size control of silver nanoparticles. The incorporation of AgNPs was confirmed via Raman
spectroscopy and the samples presented no signs of toxicity in vitro as assessed using an elution assay

with neutral red uptake as the cytotoxic endpoint. Membranes were tested in vivo using a full thickness



defeat model in rabbits. Post mortem histopathological analysis indicated that the use of the hydrogel
membranes which incorporated AgNPs had a stimulatory action on wound healing as evidenced by a
high intensity of fibroblasts and neovascularization in the tissue which promoted a faster healing
process when compared to the untreated wounds. We demonstrate the possibility in producing a
hydrogel with good size control of AgNPs which can also be directly sterilized within the formation
of this material via gamma irradiation. Furthermore, the mechanism of hydrogel healing, in vivo, with
silver nanoparticles was found to have a directly correlation of silver nanoparticles with in vitro cells
results.
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INTRODUCTION

Skin is an important organ that protects the internal organs, muscles, bones and ligaments from the
external environment. However, its protection can be decreased or lost as a result of injury and
depending on the extent of the damage it can take several weeks or months to heal. If the wound is
left untreated, the damaged skin is susceptible to invasion of microorganisms leading to a wound
infection 2. Hence much research has being undertaken for the development of wound healing
dressings that can accelerate wound closure.

Ideally, materials for wound dressing must contain certain characteristics such as absorption ability
of wound fluids and pus, act as a bacterial barrier, promote functional adhesion i.e. can adhere to
healthy tissue but not adhere to wound tissue, as well as easy to remove with low cost 34,

Hydrogels can be a potential solution for wound dressings >’ since these materials can produce a
moist environment and help regenerate the skin with no scar while also possessing great ventilation
ability and efficiently absorbing contaminated exudates 8. Although hydrogels are ideal candidates for
wound dressing applications, most common and biocompatible hydrogels lack antibacterial

properties, which help prevent infection. The incorporation of silver nanoparticles (AgNPs) not only



helps to prevent infections but these nanoparticles also have a growth-inhibitory capacity against

microorganisms °

; which unlike conventional chemical antimicrobial agents does not enable
microorganism improve their drug resistance over generations °.

AgNPs have unique properties such as their ability to cover a broad-spectrum of microorganisms
with low toxicity and can be used in medicine or pharmaceutical fields -2, However, AgNPs readily
aggregate due to its strong dipole-dipole attraction and high surface energy. This aggregation leads
to a loss in antibacterial activity 4. For these reasons, various surfactants and polymers are used
enhance dispersion of AgNPs. It has being proposed that hydrogels alleviate these issues by not only
acting as a reservoir for a large quantity of AgNPs but can also address the dispersion problem °.
Furthermore, the release of the nanoparticles in therapeutic doses plays a critical role in the healing
parameter; which can also be optimized using hydrogels *°.

Polyvinylpyrrolidone (PVP) based hydrogels have been found to reduce AgNPs agglomeration as
it can reduce the formation of Ag+ ions which, if found in higher quantity in the solution, could
decrease the biocompatibility and can lead to toxic effects 1”18, However, conventional methods of
incorporating AgNPs into a polymer matrix cause easy lead to aggregation. Hence, an alternative
approach is to use gamma-irradiation to aid dispersion. as this has been successfully used for
preparation of nanometallic/polymer composites since the y-ray irradiation can reduce the metallic
ions to zero valiant metal particles *°.

Although, various wound silver dressings have been tested but there is insufficient evidence that
silver nanoparticles actually promotes wound healing 2%%1. Available evidence that confirms the
usefulness of silver is lacking 2. The current study investigates a novel hydrogel which attempts to
provide a better solution for improvement in the healing rates of wounds.

Several polymers have been shown to be suitable candidates for applications on wound dressings

82324 However, for these materials to have the capability of being used with these applications it is



necessary a proper sterilization as to not being contaminated. At the same time, the drug encapsulated
onto the hydrogel, that can act as an anti-infective barrier, need to be well dispersed in the matrix .
In terms of silver nanoparticles an addendum requires its stabilization and good size control 21:2%,
Further methods of sterilization by autoclave, the most used method in medical field, could not only
disrupt the polymer matrix but at the same time reduce the dispersibility of AgNPs 7.

Although, PVP is well-established for their use on this field 282° mainly due to its biocompatibility;
but PVP has inferior mechanical properties and low swelling capability limiting its potential . For
these reasons, this polymer is usually blended with polysaccharides to improve these desirable
properties, while at the same time it can also improve its biodegradability and cytotoxicity *°. The use
of PVP/CMC and PVP/PEG/agar for wound dressings are already known to have great results and
nowadays, these hydrogels are available in market under brand name ‘Kikgel’ and *Aqua-gel’ used

for dressing of wound 3.

There is plenty of material which synthesize PVP/CMC in literature for wound healing but the actual
application of its potential in vitro and in vivo are still lacking a thoroughly investigation, also when
drugs are incorporated into this material, such as silver nanoparticles. In addition, the investigation on
wound healing of PVP-CMC suffered a declined in the recent years being now explored towards bone

regeneration 3233,

Therefore, for this work a PVP based hydrogel was utilized. Polyethylene glycol (PEG) and agar
were incorporated into the polymer structure to enhance the mechanical properties of the hydrogel.
Additionally, Carboxymethyl cellulose (CMC) was added due to its high water solubility, low cost
and high swelling capacity 34.

EXPERIMENTAL PROCEDURES



Materials. Poly(n-2-vinyl-pyrrolidone) (PVP)K90 (Basf,Brazil), Poly(ethylene glycol) (PEG 400)
(Oxiteno,USA), Agar (Exodo, USA) and 22 ppm of colloidal Silver prepared by water electrolysis
with silver electrodes (Khemia, Brazil) were used as received for hydrogels preparation. CMC-Na salt
(Carboxymethyl cellulose sodium salt P.A). (Synth Brazil). Minimum Eagle's medium was obtained
from Sigma Co (Brazil). The NCTC L929 cell line derived from mouse connective tissue was obtained
from American Type Culture Collection (ATCC) tissue bank.

Hydrogel membranes preparation. Hydrogel membranes preparation. Hydrogels  were
prepared from mixture of PVP (8% wi/v), CMC (0.5% w/v), Agar (1.0%) and PEG300 (1.5%) using
the aqueous solution with Ag+ silver ions as the solvent yielding a final concentration of 11% of
polymer and 89% silver solution in the mixture. Samples were incubated at 132 °C in an autoclave
for 40 minutes to allow dissolution to take place. Hydrogel membranes were subsequently obtained
by pouring the resulting solution on plastics supports with approximate dimensions of 80mm x 135mm
and 2 mm thick. After cooling at room temperature, the hydrogels were covered by polyethylene film,
sealed under inert atmosphere (N2) and irradiated with gamma rays from Cobalt 60 (60Co) at total
dose of 25 kGy and dose rate of 10 kGy/h. This step allows the crosslinking of PVP/CMC that forms
the hydrogel, and also reduces the silver ions forming the nanoparticles, stability and sterilization
occur simultaneously by ionizing irradiation. The particle size is about 50 nm. The final composite
hydrogel membranes were designated as PVP+PEG+agar for samples containing only PVP, PEG and
agar; PVP+CMC for samples containing PVP, PEG, agar and CMC; PVP+AgNPs for samples
containing PVP, PEG, agar and AgNPs and finally PVP+CMC+AgNPs for samples containing PVP,
PEG, CMC, agar and AgNPs.

Transmission Electron Microscopy.  To confirm the presence of silver nanoparticles in the
hydrogel, a 2 x2 cm sample was placed in an Erlenmeyer and 20 mL of milli-Q water was added under

stirring for 24 hours to promote the release of the silver nanoparticles. Subsequently, a drop of the



solution was placed on a carbon grid and analysed using a JOEL 2100 Electronic Transmission
Electron Microscope (TEM).

Visible UV spectroscopy.

Visible UV spectroscopy was performed at wavelengths from 300 to 700 nm to confirm the presence
of AgNPs in the prepared hydrogels , using SpectroMax® i3 Molecular Devices equipment.

Swelling.

Irradiated samples were freeze-dried. Dried samples were immersing in pH 7 buffer solution at 25
°C in triplicate. At predetermined time intervals of up to 48h samples were removed from the buffer
and weighed. The swelling was calculated using equation (1) .

Swelling = (ms - md)/md x 100 (1)

where: ms is the mass of swollen and md is the mass of dry hydrogel.

Silver nanoparticles release.

Hydrogel samples were placed into a flask containing 40mL of buffer pH 7.4. Samples were
incubated at 37.0 ° C under shaking at 120 rpm. At time intervals of 1, 3, 7, 9, 24 and 48h, 2 ml
aliquots were withdrawn from each flask and replaced with 2 ml of fresh buffer. The rate of AgNP
release was measured using a Varian AA220-FS Atomic Absorption Spectrometer measured at 328
nm.

Raman confocal Microscopy and Dark Field Microscopy.

Cross section slices of 1 mm were analysed in Alpha300R confocal Raman (WiTec) microscope
using 100x lenses, 532 nm wavelength laser and 10mW potency. Hyperspectral dark-field images
were obtained by placing hydrogel samples between two glass laminas (2 mm and 0.1 mm thickness),
under white light and 100x objective lenses in a Dark Field Hyperspectral microscope (Cytoviva,
Auburn, AL).

Particle size analysis - Dynamic light scattering (DLS).



A dynamic light scattering method was used to determine AgNPs size using a Brookhaven
Instruments Corporation DLS. The particle size (multimodal size distribution) was determined by
measuring the angles at which an incident light beam is scattered as a function of the Brownian motion
of the colloidal silver particles. Standard setting of 35 mW red diode laser and nominal 640 nm
wavelength were utilised.

For DLS analysis, pure AgNPs were measured by heating 22 ppm silver ions solution and then
irradiated. The silver nanoparticles in the PVP and PVP+CMC hydrogels were extracted in aqueous
solution under sonication for 24h prior to testing.

Cytotoxicity.

The methodology for cytotoxicity was based on 3 which is specific for test toxicity of biocompatible
polymers which is a slightly modified version of %.

Test samples were immersed in minimum Eagle's medium (Sigma Co., Brazil) for 24h at 37°C.
Serial dilutions of the extracts were incubated with NCTC L929 cell line, cultured on 96 wells
microplate.

Cytotoxicity tests were evaluated by Neutral red uptake assay, measured in spectrophotometer with
540 nm at the end of the assay.

Negative and positive controls are used to determine the reference limits of the results. The negative
control (no toxic compound) used was high density polyethylene (HDPE) and positive control was
natural rubber latex film, which has a toxic effect on cells.

The cell viability percentage was plotted against extract concentration and the final graphic
corresponds to the viability curves of each sample and controls. Sample with viability curve above
50% cell viability line is considered non-cytotoxic.

In Vivo experimentation



The research project was evaluated and approved by the Research Ethics Committee of the Federal
University of Campina Grande (UFCG) number 002/2006. Ten New Zealand white rabbits with an
average weight of 2kg were used in this study. They were maintained in a temperature — regulated
environment (24°C) on a 12 h light/dark cycle. The animals were housed individually in rabbit cages
under the same feeding and management conditions. The animals were acclimatized for 15 days prior
to the experiments.

Prior to surgery the animals received neurolept analgesia with acepromazine 0.2 mg/kg associated
to tramadol 2mg/kg intramuscularly. EMLA® (AstraZeneca LTDA, S&o Paulo, Brazil) was
used topically 30 min before the surgery procedure for viability of the local blocking, this
blocked was achieved with lidocaine 2% (9mg/kg), 1.5 ml/site of incision. Anti-inflammatory
meloxicam was used via SC 0.2 mg/kg. In addition, antibiotic therapy was performed via
intravenously with enrofloxacin 5 mg/kg. The animals also had trichotomy in dorsal region, the
antiseptic of skin was performed with chlorhexidine 0.5% in the surgery location. The surgery was
performed using a scalpel, making incisions in the skins of the animals with the help of a caliper with
1.5 cm? of area. These incisions were followed by divulsion of the subcutaneous and exposure of
muscular fascia in the animal dorsal thoracic region, between T4(fourth thoracic vertebra) and T13
(13th thoracic vertebra), where it was further removed two fragments of skin with 1.5
cm2 area (Figure 1) which was approximately 5 cm of length between each surgery wound.

After removal of the two fragments, the animals were divided by random, to compose the
experimental groups. Named as Biofilm-2 (GB-2) for the wounds that received the hydrogel
membrane that were changed after each 2 days and for the group that the hydrogel was changed after
4 days was named as Biofilm-4 (GB-4). The untreated wound was named as Control Group (GC).
Finally, the wounds were covered with sterile gauze, microporous surgical tape and compressive

bandage. Daily care on the site of the wounds was performed in all subjects. The dressing materials



were changed according to the experimental group. The experimental endpoints for these groups were
days 7, 14, 19, 21, 23 and 25 to evaluate the dimension of the wounds in all experimental groups until

complete regression of the wound on all groups.

Figure 1 - (A) Immediate preoperative, surgical field after trichotomy. (B) Measurement of the size
of the surgical lesions with digital caliper. (C) Removal of cutaneous fragment with 1.5 cm? extension

in the back region of the animal.

Microscopic analysis were conducted and compared with the control group and group GB2. The
experimental endpoints of microscopy analysis were days 3,7 and 14.Post mortem of the area
comprising the wound was removed for histological analysis. The samples were fixed in formalin
solution. Afterwards, the samples were embedded with paraffin and sectioned longitudinally in 5 um
thick sections, the sections were surface stained with haematoxylin and eosin. The stained sections
were analysed under a light microscope considering the following data: level of inflammation,
fibroblasts and neo-vascularisation. These cells were counted via glass slide dividing it by ten different

fields, in each of these fields the number of cells was gathered individually, and the mean value was



used for statistical analysis. The number of epidermis layers were counted on the wound and compared
with health skin tissue.

Statistical analysis.

Statistical analysis was performed with Graph pad Instat software. A comparison between the
experimental parameters within each group was performed using analysis of variance for repeated
samples, followed by the non-parametric Friedman test. For comparison between groups, at each
experimental moment the parametric Student's t-test was used for independent samples. Both tests

were applied at the 5% level of significance.

RESULTS

Silver Nanoparticles Solution

AgNPs were formed following autoclaving and irradiation of silver solutions. Fig. 2 shows the
evolution of AgNPs formation from transparent ionic silver solution (A); to the initial stages of AgNPs
formation after autoclaving (B) and the final intense brown colour evidenced by the AgNPs formation
after autoclaving and irradiation (C), which can be verified by the UV-Vis spectra (D).

Usually, in silver nanoparticles, the conduction band and valence band lie very close to each other
in which electrons move freely. These free electrons give rise to a surface plasmon resonance (SPR)
absorption band (380-500 nm range) due to the collective oscillation of electrons of silver
nanoparticles in resonance with the light wave of UV-Vis spectroscopy *'. A significant improvement

in the absorption peak (Amax =420 nm) was observed due to the SPR effect as seen in Fig.2 (D).
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Figure 2 - Solution containing silver ions (A); after autoclave(B); after autoclave and irradiation (C)

and UV-Vis spectra of AgNPs (D).

Dynamic light scattering

In Fig. 3 the DLS multimodal size distribution histograms correspond to (A) AgNPs solution,
(B) AgNPs released from PVP hydrogel and (C) AgNPs released from PVP+CMC hydrogel. The
silver nanoparticles appear to indicate slightly varied groups of aggregates with different mean
diameters.

As expected, the pure silver nanoparticles presented a large particle size and standard deviation
(Figure 3) while the addition of PVP largely reduces these values; the further addition of CMC affects
the silver nanoparticles sizes since it exhibits a small standard deviation with a particle size mean of

31 nm.
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Figure 3 - Silver nanoparticles size distribution: (A) AgNPs solution 22 ppm, (B) AgNPs released

from PVP+AgNPs hydrogel, (C) AgNPs released from PVP+CMC+AgNPs hydrogel

Morphology Inspection

TEM confirms the formation of Ag nanoparticles (Fig.4) which exhibit a monodisperse
structure with spheroidal shape and, in the specific sample analysed on TEM, PVP+CMC+AgNPs
average diameter with standard deviation of 21 + 4 nm which closely matches values obtained from

DLS measurements.
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Figure 4 - (A) TEM of PVP+CMC and (B) size AgNPs distribution histogram

Swelling and AgNP release

The presence of AgNPs in the hydrogel has little effect on the swelling behaviour of the

hydrogels produced with PVP (Fig.5). However, the addition of small amounts of CMC, increases the

swelling from ~ 100% to values higher than 400%. Crosslink density is noticeably one of the most

important factor concerning the swelling, followed by the presence of functional groups . In this

study chemical crosslinking was a result of recombination of free radicals generated by irradiation “°.
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The release profiles for AgNPs from the PVP+CMC samples exhibited an initial burst release up to
the 3 h time point with relative stability of release thereafter up to 40 h after which the release
plateaued.

Microstructure profile

Raman and dark field hyperspectral images obtained from PVP+CMC hydrogel with AgNPs
confirm the presence of AgNPs which presented as illuminated spots in the photomicrograph (Fig.6a-
b) and as new peaks in the Raman spectrum between 1500 and 1800 cm™ (Fig.6¢), when compared to
the hydrogel without AgNPs. These peaks are characteristic for silver particles and their presence

suggests formation of AgNPs.
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Cytotoxicity



Cytotoxicity tests exhibit identical behaviour for the test sample and that of the negative
control (Fig.7). Therefore, it is possible to state that the elations from the hydrogels synthetized by
gamma crosslinking, in this study, do not harm the mammalian cell; they can thus be characterized as

non-cytotoxic. Positive controls as expected did cause a cytotoxic response lower than 50% cell

viability.
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Figure 7 - Cell viability curves based on the neutral red cytotoxicity assay which illustrated the
cytocompatibility of the hydrogel membranes tested.

In vivo Macroscopic evaluation

The healing process of the experimental wounds is shown in Figure 8. The animals studied in this
work had a good recovery from the surgeries with no signs of infection. During the trans- and post-
operative period, no aseptic failure or surgical problems that could compromises the results of the
experiment occurred. In addition, the animals also exhibited a healthy status in the post-operative
period. This strongly suggest the effect of AgNPs which indicates that these nanoparticles have
immediate and residual antimicrobial effect which assists in the process of wound healing of the skin

by reducing the risks of infection in the wound, as reported by several other authors 51° The local



exudates results indicates that after the first change of bandages, it was observed a large quantity of
serum absorbed by the compressed gauze, positioned between the wound of the untreated group. By
removing the compressed gauze, the wound of CG presented a dried aspect while the GT exhibited a

humid environment between the hydrogel membrane and the wound (figure 8a-b).

Figure 8 - GB4 at 4 days during first dressing exchange. (A) Presence of exudates absorbed by the
dressing on the GC (arrow) when compared to GT (*). (B) After removal of the first dressing (*)
GT. (C) GB4 at seven days - GT (*) and GC (arrow). (D) GB2 at seven days GT (*) and GC
(arrow). (E) GB4 at 21 days, GT (*) and CG (arrow).

The scabbing formation that naturally protect the wounds exhibited an increase between the untreated

wound compared to the treated groups. However, no differences were observed between the treated



groups of two and four days — GB2 and GB4. Additionally, granulated tissue were observed in higher
quantity, with a more vivid red colour in the treated groups when compared to the control group and
a visual difference of the same effect was observed in GB2 when compared to GB4 (Figure 8c-
d).Regarding the wound size, treated wounds presented a fast reduction ratio when compared to the
untreated wound (Figure 8e-9a) with no significant differences between the GB2 and GB4 in day
seven of the experiment. The contraction and consequent closure of the wound occurred faster in GB2
when compared to GB4 in the final stages of wound healing. Finally, no visual differences and side-

effects were perceived in local inflammation in between the studied groups.
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Figure 9 - Results for (a) macroscopic and (b) microscopic analysis of the wounds in the evaluation

period of (i) three days, (ii) seven days and (iii) fourteen days.

In Vivo Microscopic analysis



The number of fibroblasts after 11 days for the hydrogel membrane increased significantly
compared to 3 days in the PVP+CMC+AgNPs (p value <0.03) group and was significantly higher
compared to the untreated wound (Figure 9b-10a-b). Neovascularization increased significantly after
11 days compared to 3 days in both groups (Figure 8b-9c-d). The number of epidermis layers in the
untreated wound was significantly higher after seven days compared to three days. At the three-day
time-point the hydrogel membrane had significantly increased epidermis (p value <0.03) layers

compared to the untreated wound. All the other comparisons were non-significant (Figure 9b).
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Figure 10. Photomicrograph of haematoxylin-eosin stained histology of sections at 14 postoperative
days, with a 20x and 50x magnification, showing the amount of fibroblasts (small dark spots on the
slide) for untreated (a) and treated (b) wound; the intensity of neoformed vessels (arrows) for untreated
(c) and treated (d) wound.

DISCUSSION



PVP based hydrogels have being utilized for a variety of biomedical applications however, PVP is
frequently used in conjunction with other polymers to improve its undesirable properties 02, The
incorporation PEG into the PVP system acts as a plasticizer to adjust the gelation and the maximum
swelling of the hydrogel, while CMC and PEG both act as reducing agents and stabilizer for AgQNPs
4344 In addition, the incorporating agar can improve the mechanical properties of the final gel *°. The
agar was used prior gelation of the PVP in the package, so it can facilitate handling until crosslinking
occurred. The use of PEG for this hydrogel 1 to 2% as a plasticizer is sufficient to promote the mobility
of the chains and make the hydrogel flexible.

These conditions were selected for optimal wound dressing application with the main focus of this
work to investigate the in vivo behaviour of these hydrogels with special attention to the inflammatory
reaction of the membranes in the in vivo environment. The hydrogel membrane produced in this work
forms a protective gel cover of limited absorptive capacity and can be considered an interactive
dressing as it can hydrate the wound and facilitate autolytic debridement. Furthermore, the selected
hydrogel membrane was able to maintain hydrated state even after three days due to diffusion
mechanism that controls this process “°.

To avoid the aggregation of AgNPs, the preparation of colloidal systems is usually carried out in
the presence of species called stabilizers, which adsorb on the surfaces of the nanoparticles, forming
a self-organized layer that prevents adhesion. To this end, some of the most effective stabilizers are
those polymeric, such as, for example, polyvinylpyrrolidone (PVP) having in their structures basic
Lewis sites with high affinity for the nanoparticles and long enough organic chains which create a
steric hindrance, avoiding interactions between them.

The AgNPs solution presented a broader peak of SPR in UV-Vis spectra, which is characteristic of
the broader size distribution. After gamma irradiation, there is an increase in SPR peak indicating an

increase in the quantity of AgNPs and hence indicates an increase in intercalation of the AgNPs. The



decrease in the particle size is beneficial since the particle size plays an important role in the
applications of AgNPs as their efficiency depends on its size.

There is a variation on the particle size, as exhibited on DLS, and the AgNPs have at least three
groups leading to a large mean diameter and standard deviation which is a common behaviour
depending on the process of formation of these nanoparticles 4. When the AgNPs were incorporated
into the hydrogel, only two groups were detected by the DLS and exhibited a more continuous
dimension — very small mean diameter and standard deviation compared to pure AgNPs. The addition
of CMC not only can help the mechanical properties of the hydrogel but it also can stabilize metallic
nanoparticles *°. These results are in agreement with DLS result which showed a more concise
diameter and smaller standard deviation. It is surmised that the gamma irradiation, which produces a
3D polymeric matrix have inter-and intra- molecular bonding with radical linkage which inhibits the
aggregation of AgNPs forming nanoparticles of smaller sizes “.

Furthermore, the nanoparticles exhibited uniform structure with little aggregation based on TEM
results; this lower aggregation might have happened since these polymers are known to stabilize the
AgNPs #°. However, the results obtained from TEM are the core size of particles and usually gives
smaller results for coated particles than the ones obtained by DLS *°. The size of PVP-coated AgNPs
are correlated with apoptosis and decrease of cell viability °, if the size of AgNPs are too small they
tend to have a higher activity due to surface area regulating oxidation stress and its dissolution into
ions %2,

Swelling results shows that there is no variation when adding AgNPs into the hydrogel structure.
However, the incorporation of CMC increases the swelling by up 400%. This can be explained by two
factors, one is the high hydrophilicity of CMC >* and the second is that any chain network of
polyelectrolyte with ionisable groups induces the mobile counter-ions presented into the hydrogel to

develop a large swelling pressure due to intermolecular noncovalent interaction which, in this case, is



hydrogen-bonding °. This resulted in an increase in the swelling capability with the incorporation of
CMC %, The AgNPs release profiles for the PVP hydrogels with CMC resembled that of other groups
where a burst release was observed initially, followed by relatively stable release profile up to 40 h 7.
The release mechanisms of AgNPs in PVP hydrogels is controlled by the interdiffusion of the ions
within the hydrogel.

Dark field hyperspectral images exhibit a well disperse AgNPs into the hydrogel membrane and the
Raman results show in the spectra two new intense bands formed at 1600 cm™ and 1800 cm,
confirming the incorporation of the AgNPs into the hydrogel. The peak at 1605 cm™ is attributed to
the carbonyl stretch group which is formed via the coordination between Ag+ and O, helping form a
link between Ag+ and N atom on the pyrrolidone ring °8. Borodko et al (2006) illustrates that metallic
nanoparticles might link with PVP via the pyrrolidine rings and its assigned bands consists of the ones
we obtained in this work °°,

Cytotoxicity tests exhibit no negative reactions through the cells and the hydrogel membrane
followed the pattern of the negative control. The hydrogel membrane since it contained PVP+CMC
results in a highly biocompatible material. The AgNPs incorporated into the hydrogel might have
lowered the numbers of silver ions in the structure making the nanoparticles cytocompatible 5062,

The macroscopic analysis of the wound on in vivo procedures revealed that the hydrogel membrane
promotes a hydrophilic environment by inducing liberation of signalling that can stimulate the tissue
regeneration 2. In addition, increased formation of scabbing was observed in the untreated wound
compared to when the hydrogel membrane was used. The prevention of scab formation helps promote
the epithelization of experimental superficial wounds 2 and the smaller amount of scab observed in
the hydrogel membrane might be due to the hydrophilic properties of the hydrogel, which increases
the absorption of liquid from the wound, while also softening and removing the devitalized tissue

helping angiogenesis and accelerating the tissue granulation process .



Regarding the hydrogel membranes, no significant differences were perceived in the amount of
scabbing if periodically changed from two to four days (GB2 and GB4). The reduced scabbing formed
by the hydrogel is an interesting factor because it can promote a better oxygenation since cells in
regeneration greatly reduces the need to secrete enzymes to dissolve the scab and the cicatrisation
formed is visually more aesthetic pleased. In addition, an increase in granulated tissue and reduction
of the wound size with the treated hydrogel which are related to the hydrogel membrane since when
changing at each two or four days in the initial stages of regeneration might promote an improvement
in the upcoming macrophages cells in the local of the wound, with consequent proliferation and
activation of fibroblasts forming the granulated tissue. The consequent closure of the wounds occurred
faster in GB2 compared to GB4 in the final stages of cicatrisation. These observations were possible
because in the final stages, when changing the hydrogel at each two days, is capable of promoting
increased quantity of myofibroblasts and increased contraction of the borders of the wound. There
was a visual improvement in cicatrisation of the wound with the hydrogel membrane, our hypothesis
is that in the beginning of the wound healing there was little scab formation as the hydrogel membrane
creates a humid environment in the region of the wound, which led to a targeted delivery of the AgNPs.
This led to an increase in tissue neoformation, even if not statistically significant.

In vivo microscopic analysis shows that inflammation exhibited low values, and the treated wound
had further reduced it indicating the healing properties of these membranes with the aid of AgNPs.
The large number of fibroblasts indicates that the hydrogel stimulated the migration phase of the tissue
healing 4. Even though large quantity of fibroblasts was detected, the amount of collagen remained
the same within the time of the study. Indeed the last time period for the hydrogel membranes revealed
a decrease, although not significant, and this have been reported by researchers that AgNPs could
reduce the formation of collagen by fibroblasts by driving their differentiation into myofibroblasts °°.

Myofibroblasts contracts the wound via intracellular contraction during the wound healing. This



behaviour can further be compared to the macroscopic images of the wound where 21 days the wound
is more compacted than the untreated wound. This process occurs faster than re-epithelization because
no cell proliferation is involved. The re-epithelization occurred with greater intensity in the hydrogel
membrane during all the periods observed, exhibiting an increased thickness of the neoformed
epithelium, and the layer thickness formed was similar to the normal tissue. The layers formed a dense
connective tissue with new dermal layer. According to Liu et al., the faster re-epithelization may be
induced by the AgNPs where it can promote the migration of keratinocytes from the edge of the wound
to the centre and further differentiate and maturate it. The underlying mechanism of this process seems
to be attributed to the Notch signalling pathway ©°.

The hydrogel membranes promoted intense neovascularization when compared to the untreated
wound, which have great importance for cell migration and nutrition with consequent tissue healing,
and formation of new epidermis which correlates to reports in the literature 2. Furthermore, faster the
re-epithelialization lowers the risk of developing wound infection with accelerates healing of the
wound. This can further be compared by the fact that the AgNPs can promote neovascularization via
the promotion of angiogenesis and VEGFR signalling 5.

The characteristics of the materials used in these membranes provided the maintenance of an
environment favourable for wound healing

CONCLUSION

The hydrogel membrane produced in this work exhibited varying sizes of AgNPs with uniform
sphere shape. When CMC was added in the structure, it increased the swelling ratio to up 400%, which
was attributed to the stabilization and due to inter- and intra- molecular bonding with radical linkage.
Raman results confirmed the incorporation of AgNPs by the presence of bonds formed via carbonyl

stretch group. Furthermore, the hydrogels studied in this work presented no sign of toxicity.



In vivo results indicated that scab formation was lower in the wound treated with the hydrogel
membrane, which also exhibited increased cicatrisation. The analysis of the cell proliferation in the
wound identified different inflammatory cells, which were suppressed or increased due to the AgNPs.
Furthermore, large quantity of fibroblasts was detected with little formation of collagen, which was
attributed to the differentiation into myofibroblasts. Finally, intense formation of re-epithelization and
neovascularization was observed.

Therefore, we demonstrate in this work that this process is extremely original since not only
provides in just one step, the reduction of Ag+ leading to stabilization of nanosilver but also PVP
hydrogel formation with terminal sterilization via gamma irradiation. Therefore, there are two
optimized processes that guarantee reproducible nanoparticles, stable, level of gelation. In addition,
the developed membrane presented a very fast wound regeneration associated with AgNPs but at the
same time, we were able to identify the mechanisms of silver nanoparticles with cell regeneration

which was also correlated with in vitro results.
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