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RESUMO

O principal objetivo deste estudo foi investigar os efeitos e 0s mecanismos de acao
do hidrogel de celulose bacteriana (BC) incorporado a montmorillonita (BCH-MMT) na
cicatrizacdo de feridas cutaneas usando o modelo de lesdo por pressdo em
camundongos. A bactéria Komagataeibacter hansenii foi utilizada para obter os
compositos de BC, os quais foram incorporados com MMT e caracterizados por
espectroscopia de infravermelho por transformacéo de Fourier (FT-IR) e microscopia
eletrénica de varredura (MEV). O modelo de leséo por presséo foi avaliado por analise
macroscopica e histolégica em camundongos Swiss machos. BC e BC + MMT
apresentaram espectro FTIR tipico de substratos celuldsicos com bandas fortes em
torno de 3344, 2920, 1637 e 1041 cm™, enquanto as microparticulas de MMT se
dispersaram uniformemente por toda BC. Os achados desse projeto demonstram que
0os animais tratados com BCH-MMT apresentaram cicatrizagdo significativa das
lesdes por pressdo com regeneracao tecidual, area reduzida de vermelhidao, inibicao
da hiperalgesia espontanea e células inflamatdrias, bem como reepitelizagédo
completa da epiderme similarmente ao Dersani® - usado como controle positivo. Em
conjunto esses resultados sugerem que o biofilme de hidrogel contendo BCH-MMT
apresenta potencial como novo material curativo para lesbes por pressédo e ainda

podera servir como suporte para a engenharia de tecidos da pele.

Palavras-chave: celulose bacteriana; montmorilonita; regeneracao de tecidos; lesao

por presséao; substituto da pele.
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ABSTRACT

The main objective of this study was to investigate the effects and the underlying
mechanisms of action of BC hydrogel incorporated into MMT (BCH-MMT) for skin
wound healing using mice pressure injury model. Komagataeibacter hansenii was
used to obtain the BC composites, which were incorporated with MMT and
characterized through Fourier transform infrared spectroscopy (FT-IR), and Scanning
Electron Microscopy (SEM). Pressure injury model was assessed by macroscopic and
histological analysis in male Swiss mice. BC and BC+MMT showed a typical FTIR
spectrum of cellulosic substrates with strong bands at around 3344, 2920, 1637, and
1041 cm, and microparticles of MMT showed disperse uniformly throughout BC. To
our knowledge, our findings showed for the first time that animals treated with modified
BCH-MMT showed significant healing of pressure ulcers with tissue regeneration,
reduced area of redness, spontaneous hyperalgesia, complete re-epithelialization of
the epidermis and inhibited inflammatory cells similarly to Dersani® used as a positive
control. Altogether, these findings suggest that a modified BCH-MMT hydrogel film
have the potential to be a novel dressing material for pressure injury and a scaffold for

skin tissue engineering.

Keywords: bacterial cellulose; montmorillonite; tissue regeneration; pressure injury;

skin substitute.



1. INTRODUCTION

The skin is the largest organ of the body and, when intact, has important
physiological functions such as thermoregulation, blood reservoir, sensitivity,
excretion and absorption of substances, and synthesis of vitamin D. Moreover, the
skin also functions as a powerful barrier against external mechanical aggressors and
prevents pathogens from entering the body [1, 2]. However, the discontinuity of the
cutaneous tissue favors microbial contamination, especially in wounds that are difficult
to heal, such as pressure injuries [3].

Pressure injury is a skin injury resulting from the compression between bony
prominences and the patient’s external surface. This condition results in necrosis and
reduced quality of life, especially in elderly individuals with restricted mobility [4].
Ischemia and reperfusion cycles are the main causes of pressure injuries. However,
the lack of mobility, lack of local humidity, diabetes mellitus, and smoking can
potentiate the lesion and form ulcers, impairing the healing of these wounds [5]. The
worldwide epidemiological data described by Zhaoyu and colleagues demonstrated
that the prevalence of pressure injuries is 12.8% [6]. Consequently, pressure injury
represents a significant financial burden for healthcare organizations [7-9]. Thus, the
design and execution of adequate protocols for the prevention of pressure injuries can
help prevent the evolution of these injuries. However, Barker and authors have stated
that prevention strategies do not achieve a significant reduction in the prevalence of
pressure injuries [10]. For this reason, some researchers argue that more specific,
selective, and less toxic therapies are needed to treat pressure ulcers [11, 12]. The
active components derived from non-pathogenic microorganisms have been widely
used as therapy for some cutaneous lesions and have alternated the history of many
types of skin diseases [11, 12].

The bacterial cellulose membrane (BC) is a natural biopolymer synthesized by
different strains of bacteria, such as Acetobacter, Achromobacter, Aerobacter,
Agrobacterium, Alcaligenes, Azotobacter, Escherichia, and Komagataeibacter [13].
BC has important biological properties such as biocompatibility and non-toxicity as
well as essential mechanical properties, including moisture retention. In this way, BC
is a suitable candidate for biomedical and biotechnological applications and can help
in the healing of skin lesions [2]. However, BC has limited antimicrobial activity, and
for this reason, BC has been used as a matrix for the production of nanocomposites,

aiming to integrate new properties [14]. Montmorillonite (MMT), also called smectite



(Mx(Ala-xMgx)SisO20(OH)a4), is the main component of clay. Previous studies have
demonstrated that MMT has important therapeutic activity and can be applied in the
medical field for skin cleaning and protection. Moreover, MMT can repair tissue,
activate blood clotting and has demonstrated antibacterial properties, as it is able to
adsorb bacteria such as Escherichia coli and Staphylococcus aureus and neutralize
toxins [15, 16]. MMT hydrogel is a transparent compound, consisting of approximately
77.7% water, 2.3% carboxymethylcellulose, and 20% propylene glycol. Previous
studies have demonstrated that hydrogels have therapeutic efficacy in removing crusts
from devitalized tissue, present in open wounds, through autolytic debridement.
Furthermore, hydrogels also moisturize cutaneous lesions, thus favoring debridement
and, subsequently, healing [1, 17-19]. Keeping the above data in mind, the main
objective of this study was to investigate the potential of the bacterial cellulose
hydrogel incorporated into montmorillonite (BCH-MMT) for tissue healing and repair

using the pressure injury model in mice.

2. MATERIALS AND METHODS

2.1. Materials

Montmorillonite cloisite 20A (Cloisite®) was acquired from Buntech Tecnologia de
Insumos (Séo Paulo, SP, Brazil). Glucose, peptone and yeast extract were purchased
from Acumedia® (Neogen Culture Media, Lansing, MI, USA). Anhydrous sodium
bicarbonate, citric acid monohydrate and sodium hydroxide were obtained from
Neon® (Suzano, SP, Brazil). Hydroxyethylcellulose (Cellosize® QP-4400H
Hydroxyethyl Cellulose) from Dow® (Dow Way Midland, MI, USA). Propylene glycol
(Kollisolv® PG) from BASF (Sao Paulo, SP, Brazil). Methyl 4-hydroxybenzoate
(Nipagin®), paraffin, and Mallory’s trichrome from Sigma-Aldrich (St. Louis, MO, USA).
Formaldehyde was obtained from Merck (Frankfurt, Darmstadt, Germany).
Hematoxylin and eosin were purchased from Solarbio Science & Technology (Beijing,
China). Neodymium magnets from Magnetic Source (Castle Rock, CO, USA).
Dersani® (hydrogel with alginate) was obtained from Laboratério Daudt Oliveira LTDA
(Rio de Janeiro, RJ, Brazil). Paracetamol plus codeine phosphate was purchased from
EMS Laboratory (S&o Bernardo do Campo, SP, Brazil). Ketamine hydrochloride and
xylazine hydrochloride were obtained from Agener Unido® and Dopaser®, all from

Brazil, respectively. Ethanol was obtained from Dinamica Quimica Contemporanea



(Indaiatuba, SP, Brazil). Potassium bromide p.a. (KBr) was purchased from Vetec
Quimica Fina (Duque de Caxias, RJ, Brazil). The other reagents used were of

analytical grade and obtained from different commercial sources.

2.2. Synthesis of bacterial cellulose membrane (BC) and montmorillonite (BC+MMT)
incorporation

Komagataeibacter hansenii (ATCC line 23769) and Hastrin & Schramm culture
medium were used to obtain the BC [20, 21]. BC was produced according to the
following steps: culture, lyophilization, spraying, and rehydration. The culture medium
had the following composition glucose (20 g/L), peptone (5 g/L), yeast extract (5 g/L),
anhydrous sodium bicarbonate (2.7 g/L), and citric acid monohydrate (1.15 g/L). Then,
for BC purification, a solution of 0.1 M NaOH was used at 90°C for 20 minutes to
remove bacterial impurities and culture residues [21, 22]. After this procedure, the BC
was washed with running water, then washed with sterile distilled water, and finally
stored in 20% ethanol solution at 10°C. After 24 hours, BC sheets circular in shape,
measuring 5 cm in diameter, were submerged in a suspension of MMT at 0.1% and
were stirred at 100 rpm for 24 hours at 28°C. After that, BC sheets incorporated with
MMT were removed from the suspension and stored at 10°C, for the further
preparation of BCH+MMT [2, 21].

2.3. Synthesis of hydrogel (BCH-MMT)

Initially, BC+MMT was solubilized in distilled water under magnetic stirring at room
temperature — high-speed dispersing element (Ultra-Turrax®, model T25, Germany).
After complete homogenization, a suspension of BC+MMT particles was obtained and
sifted in a 37-mesh sieve to remove water, leaving only a paste with BC+MMT
microparticles. Next, hydrogel formulation (BCH-MMT) was prepared by mixing the
reagents. For the formulation of 100 g of BCH-MMT the following reagents were used:
4.5 g hydroxyethylcellulose, 7.5 g propylene glycol, and 0.30 g methyl 4-
hydroxybenzoate [23, 24]. Briefly, methyl 4-hydroxybenzoate was solubilized in hot
propylene glycol under manual stirring. Subsequently, these reagents were poured
into a beaker containing 12 g of bacterial cellulose. Thereafter, the
hydroxyethylcellulose was slowly added to obtain the gel consistency of the gel.
Finally, 75.7 g of distilled water was added, finalizing the hydrogel (BCH-MMT) [23].



2.4. Chemical and morphological evaluation of BC and BC+MMT

BC and BC+MMT chemical evaluations were performed by Fourier transform infrared
spectroscopy (FT-IR). First, BC and BC+MMT were ground to a powder, pressed into
KBr pellets, and finally analyzed. FT-IR was recorded on Agilent Technologies Cary
600 Series spectrometer with a spectral range from 500 to 4,000 cm™. BC and BC+MM
morphological evaluations were performed by scanning electron microscopy (SEM).
BC and BC+MMT were dehydrated with an increasing ethanol series (20%, 50%, 70%,
and 100%), dried, and metalized with gold in a critical-point chamber using carbon
dioxide as the exchange agent [25]. The electron microscopy work was performed on
a JEM-1011 microscope at Central Laboratory of Electronic Microscopy-UFSC,

Florianopolis, Brazil.

2.5. Mechanical properties of BC and BC+MMT

The tensile evaluation was performed on TA.HDplus Texture Analyser machine
(Stable Micro Systems) at room temperature, at a 1 mm/minute speed with a 1000 N
sensor loaded. The mean value was obtained from at least five strip samples with a 1
x 5 cm size, and the thickness of 5 random points on the strip was measured with a

micrometer.

2.6. Animals

The experiments were performed in male Swiss mice (30-40 g), 10-12 weeks old,
obtained from the Universidade Federal de Santa Catarina, and experiments were
performed in the Laboratory of Autoimmunity and Immunopharmacology. The mice
were housed in individual cages under standard conditions of temperature and light
(12:12 h light/dark cycle, lights on at 07:00) and were given free access to food and
water. All procedures used in the present study were approved by the Animal Ethics
Committee of the Federal University of Santa Catarina (CEUA-UFSC, protocol number
4816200917), and were performed in accordance with the “Principles of Laboratory
Animal Care” from NIH publication No. 85-23. The number of animals and the intensity
of noxious stimuli used were the minimum necessary to demonstrate consistent
effects. All of the experimental procedures were conducted according to the guidelines
of CONCEA and CEUA/UFSC, based on the principles of the 3Rs (Replacement,
Reduction, and Refinement).



2.7. The experimental model of pressure injury

For pressure injury induction, animals were randomly divided into the following groups:
i) control group (n = 9), pressure injury without treatment; ii) BCH-MMT group (n = 9),
pressure injury treated daily with 0.25 g BCH-MMT; iii) Dersani group (n = 10),
pressure injury treated daily with 0.25 g Dersani®. After dividing the groups, the
animals were intraperitoneally anesthetized with 10 pl ketamine hydrochloride (90
mg/kg) associated with xylazine hydrochloride (10 mg/kg). The animals were placed
on a properly cleaned surgical bench to perform the trichotomy and asepsis (70%
alcohol) of the dorsal region [26, 27]. On the subsequent days, two neodymium
magnets (dimensions: 12 mm in diameter and 0.5 mm in thickness) were used to
induce the pressure injury. The experimenters formed a fold in the skin of the animals’
back and placed two magnets, thus exerting compression of the skin positioned
between the magnets. A magnetic force of 1800 Gauss was used, totaling an average
force of 3600 Gauss. Four cycles of ischemia-reperfusion were necessary. Each cycle
consisted of 12 hours with the magnets, followed by 12 hours without the magnets
(ischemia-reperfusion), resulting in two injuries per animal [28]. After the installation of
the pressure lesion, the animals received a combination of paracetamol (200 mg/kg)
and codeine phosphate (30 mg/kg), which were administered in water available in the
drinking fountain during three consecutive days. Finally, the animals were evaluated

for 15 days to check the healing of the wounds [29, 30].

2.8. Macroscopic evaluation and hyperalgesia behavior

Pressure injuries were assessed macroscopically to investigate the effect of BCH-
MMT. On days O, 3, 5, 7, 10, 12, and 15 after induction, the length and width of each
wound were measured using a universal analog steel manual caliper (Mitutoyo, series
530, capacity 200 mm/8”, 0.02 mm/0.01”, Japan), positioned at the edges of the
lesions. The wound size was calculated based on the area of an ellipse: length radius
x width radius x 1. In addition to the lesion contraction parameters, the presence of
exudate, redness and wound moisture was also observed, using the following scores:
+. absent; ++. moderate, and +++: intense [30]. Finally, the evaluation of the
hyperalgesia score using the animals’ facial expressions was performed, according to
the grimace scale [31]. All behavioral data were measured manually, and the observer

was totally blind to the experimental protocol for all tests.



2.9. Histological analysis

On days 5, 10, and 15 animals were euthanized, and the tegument tissue was
collected, fixed in 4% paraformaldehyde solution, and subjected to conventional
histological processing [32]. First, the tissue was cut in halves and divided into anterior
and posterior fragments. Only the posterior fragment was used for this analysis and,
therefore, it was dehydrated, diaphanized, and embedded in paraffin to obtain blocks
[32]. The blocks were then adapted in a semi-automatic microtome to obtain sections
of 6 um thickness. As a standard, 18 consecutive sections of tissue blocks were
collected, and six histological slides were prepared. The slides were stained using
Mallory’s trichrome or hematoxylin and eosin (H&E). Then, the slides were
photographed using the Top View program and a camera attached to a light
microscope. The images were recorded at 400x magnification and analyzed using the
Image J program by a single examiner. The wound healing process and the presence
of collagen were demonstrated using descriptive analysis. The number of
inflammatory cells at the borders of the lesion was examined by histomorphometric

analysis. The quantified values were compared between the groups.

2.10. Statistical analysis

Data were analyzed using GraphPad Prism software version 8.2.1 for Windows (San
Diego, CA, USA). The one-way and two-way analysis of variance (ANOVA) was
performed to analyze the differences among experimental groups, and p < 0.05 was
defined as statistically significant. Results are expressed as the mean + standard error
of the mean (SEM).

3. RESULTS

3.1. Chemical, morphological and mechanical evaluation of BC and BC+MMT

The FT-IR analysis for BC and BC+MMT is shown in Fig. 1. All the corresponding
bands of BC in the fingerprint region can be seen in the spectrum of BC+MMT. BC
and BC+MMT showed a typical FTIR spectrum of cellulosic substrates with strong
bands at around 3344, 2920, 1637, and 1041 cm™. These bands are associated,
respectively, with the vibrations of the OH, CH, C = O, and C-O-C groups of cellulose
[33, 34]. Bands at around 1425-1100 showed evidence of contamination with residual
proteins. After MMT incorporation, BC+MMT presented bands at around 3344, 1637,



1062, and 646 cm™. The increase in the band around 3344 is related to the OH
stretching of the constituent of the octahedral sheet and adsorbed water on the MMT
surface. At 1637 cm™ 1, the band raise refers to OH bending vibration of adsorbed H20
[2]. The one at 1062 cm™ is related to Si-O stretches. The bending vibration peaks for
Mg single bond O appeared at ~886 cm™ [22]. Deformation vibrations at 646 cm™ refer
to Si-O-Al [35]. Taken together, the FT-IR spectra give convincing clues of the
formation of the BC+MMT composites. Additionally, Fig. 2 shows a possible interaction
between BC and MMT particles based on both structures and FTIR results. MMT is
composed of two tetrahedral silica layers sandwiching an octahedral alumina layer.
The silica layers are inward-pointing toward the octahedral layer. It has an interlayer
gallery with exchangeable cations where inter-chain hydrogen bonds between the
hydroxyl groups of cellulose chains can be attached. The SEM micrographs of BC
presented the typical homogeneous surface of bacterial cellulose (Fig. 3A). Results of
SEM on Fig 3B showed that BC was successfully modified with MMT adhered on BC
surface. The tridimensional network of nano and microfibrils of cellulose in the
approximate range of 10-70 nm could be observed in Fig. 3C. Microparticles of MMT
presented disperse uniformly throughout BC (Fig. 3D). MMT was much bigger than
the diameter of nano and microfibrils of cellulose and tightly and uniformly attached at
microfibers' surface. Finally, Fig. 3E and F showed a macrostructure of BC
membranes without MMT and MMT, respectively. Interestingly, it was observed that
MMT particles turned the BC membrane-less translucent and with a whiter coloration,
typical of MMT.

Mechanical properties are important parameters for estimating the quality and
biomedical applications of BC composites. Herein, our results indicated that the
maximum tensile strength at the breaking point for BC+MMT was higher than for pure
BC (Fig. 4). Similar increases in the polymer's tensile properties—clay composites have
also previously been reported [22, 36]. The tensile strength for pure BC was found to
be 30 MPa, which increased to 38.5 MPa. It is known that MMT particles get attached
to the BC network through hydrogen bonding and Van der Waals interactions [37, 38],
which strengthens the fibrils and enhances the overall toughness of the BC. Moreover,
the MMT particles incorporated into the BC sheets restrict the polymer chains' mobility
and thus increase the toughness and mechanical strength of the composites [36, 39].
Similarly, Young’s modulus for BC+MMT was 7.08 + 2.2 MPa, slightly higher than pure

BC (6.7 £ 3.1). The elasticity of the composite materials decreased with clay



incorporation shown in Fig. 4 because these can result in fractures of the composite
surface. Thus, the breaking point is attained at a lower strain for BC+MMT. The strain
on the breaking point was at ~16%, while pure BC was ~17% (Fig. 4). The results
showed that the mechanical properties of BC-MMT hydrogels were improved
compared to those of pure BC by incorporating MMT particles. Taken together, this
could be an important driving factor for the industrial and biomedical applications of
BC-MMT composites.

3.2. Macroscopic and hyperalgesia analysis

Healing is a dynamic and complex sequence of several events that begin shortly after
an injury to restore tissue integrity [2]. In this study, the parameters used for the
assessment of macroscopic healing were analysis of the wound area, percentage of
contraction of the lesion, exudate, redness, moisture, and spontaneous hyperalgesia.
The periodic evaluation of these parameters showed pattern of healing of the lesion.
The wound area analysis is shown in Fig. 5A and 5B. Starting day 3, the group treated
with BCH-MMT showed wound reduction when compared to the control group. The
effect of BCH-MMT started right at the injury induction stage, thus preventing its
progression and development. Moreover, this effect accelerated the process of
complete healing, similarly to Dersani®, a medication clinically used to treat pressure
injuries. Relevantly, treatment with BCH-MMT showed a statistically significant
difference on days 3, 5, and 7 when compared to the control group (Fig. 5B). The
exudate analysis is shown in Fig. 5C and no significant differences are observed
between groups. The redness analysis is shown in Fig. 5D. Starting day 3, the BCH-
MMT treatment significantly inhibited the redness of the lesion when compared to the
control group. This effect was even better than the effect of Dersani®, which reduced
redness only on day 7. The effect of BCH-MMT on redness characterized the
effectiveness of this product in reducing one of the five cardinal signs of inflammation.
The moisture analysis is shown in Fig. 5E. On days 3, 5, and 7, the BCH-MMT group
showed similar moisture to that observed in the baseline period. This effect showed
that BCH-MMT could maintain adequate moisture from pressure injuries, which favors
healing, similarly to Dersani®, used as a positive control. The spontaneous
hyperalgesia analysis is shown in Fig. 5F. The group treated with BCH-MMT showed
a reduction in spontaneous hyperalgesia, markedly in the first days after the injury was

induced, similarly to Dersani®, used as a positive control. Importantly, BCH-MMT



treatment markedly inhibited hyperalgesia behavior on day 3 when compared to the

control group.

3.3. Microscopic analysis

The conventional histological technique using light microscopy is widely employed to
assess wound healing and regeneration progress at the tissue level [2]. In the present
study, microphotographs of H&E and Mallory’s trichrome stained sections showed an
interesting pattern of wound regeneration. These results are shown in Fig. 6, 7, and 8.
After 5 days of treatment, the BCH-MMT treated group showed a normal wound
healing cascade, with an area of congestive blood vessels (hyperemia), fluid
accumulation (edema), fibroblasts (Fig. 6), and fine collagen fibers deposition beneath
the wound (Fig. 7). Furthermore, an intense inflammatory infiltrate was observed (Fig.
8). On day 10, part of the wound re-epithelialized, and a granulation tissue plus
proliferation of blood vessels were noticed below the wound, filling the tissue area that
was destroyed (Fig. 7). After 15 days of treatment, the BCH-MMT treated group
showed a decrease in the number of inflammatory cells (Fig. 8). Moreover, the wound
surface of the BCH-MMT group was covered with healthy regenerated epithelial cells,
without ulcerations, and achieved complete re-epithelialization, similarly to the
Dersani® group (Fig. 6). Furthermore, reabsorption of the granulation tissue, reduction
of blood vessel numbers, reduction of edema, more aligned fibroblasts (Fig. 6), and
more resistant collagen fibers (Fig. 7) were observed. On the other hand, in this period,
the control group showed greater inflammatory cells, the presence of necrotic tissue,
and ulceration, which indicates that the wound healing process progressed only to the
inflammatory stage, without re-epithelialization (Fig. 6 and 8). In brief, the present
results showed improvement in wound healing and tissue regeneration in BCH-MMT
treated groups in comparison to the control group. This improvement effect
accelerated the process of complete healing, similarly to Dersani®, a medication used

clinically to treat pressure injuries.

4. DISCUSSION

Pressure ulcers have a significant impact on patients’ lives, health care, and society.
Despite the increase in preventive care, the prevalence of pressure ulcers has
remained virtually unchanged, while the associated costs and care continue to be

lower. Therefore, the development of new prevention and treatment strategies are



necessary to complement the quality of care and reduce the financial burden imposed
on health services [6-8]. Evidence refers to the need to improve the understanding of
the pathophysiology of these lesions to develop new techniques and therapeutic
approaches to wound care [10].

Over the last decade, promising results have been reported and applied to bacterial
cellulose membranes (BC) as a wound healing biomaterial [40]. Previous studies
showed that hydrogels from BC have hydrophilic properties and efficacy in maintaining
the appropriate water balance [12, 41]. However, BC failed to inhibit bacteria during
infections [2]. On the other hand, MMT has demonstrated antibacterial properties [15,
16] and the ability to activate blood coagulation factor Xll, leading to the triggering of
the intrinsic blood coagulation pathway [42]. Given this information, it can be
suggested that the incorporation of MMT into BC improves the properties of BC for
biomedical applications [21]. Herein, in this work, BC was incorporated with MMT to
produce a hydrogel, and to further investigate the effect of this product on the healing
of pressure lesions in mice.

In this study, BCH-MMT showed a complex structure, with adsorbed water
molecules. According to Portela and colleagues, BC fibers are composed of glucan
chains linked through inter and intramolecular hydrogen bonds. This feature allows BC
to be elastic and mechanically robust [21]. The absorbed water molecules are
responsible for maintaining the crucial level of BC hydration, a fundamental
characteristic of this compound for medical applications. BCH-MMT maintained
adequate moisture in pressure injuries. Other studies have confirmed and extended
these previous data, which demonstrated that BC promotes healing, keeps the wound
moist, and controls wound exudates [43, 44]. Some of the main characteristics
necessary for healing injuries are the water content and water retention properties, to
keep the wound hydrated, and to absorb large amounts of exudates [21]. The
presence of exudates causes the separation of tissue layers from the wound, which
slows down the healing process. Therefore, exudates must be eliminated from the
wound and good drainage capacity is recommended [21]. Drainage capacity and
adequate control of moisture generally increase healing rates and protect the wound
from infections [45]. The ability to maintain moisture also prevents the dressing from
dehydrating and prevents it from attaching to the wound, and reducing pain during
dressing changes [46]. As a moist environment encourages rapid healing, hydrogels

are ideal candidates for the development of dressings [45, 47]. Therefore, BCH-MMT



may have maintained adequate moisture from pressure injuries due to the
abovementioned properties.

Additionally, BCH-MMT treatment decreased ulcer size, contracted the lesion, and
reduced redness in pressure lesions in treated mice. The results demonstrate the best
capacity of BCH-MMT dressings for faster wound healing compared to the control
group. Interestingly, our data corroborate those found by Sajjad and colleagues [2].
Nonetheless, we do not intend to directly compare or dispute results since most
discrepancies reside on the differences between experimental models, and the
methodology applied is mostly different. A pressure injury used in this study is defined
as a skin lesion resulting from compression between bony prominences and the
patients' external surface, which induces necrosis, pain, and reduced quality of life,
mainly in aging individuals. Herein, we used a pressure ulcers model, in which two
neodymium magnets were compressed in the skin, inducing microvascular occlusion
and soft tissue blood supply depletion. Consequently, oxygenation is restricted,
resulting in tissue ischemia and hypoxia. Ischemia followed by hypoxia induces a pro-
inflammatory environment. During reperfusion, excessive leukocytes and neutrophils
migrate to the wound and produce inflammatory cytokines and reactive oxygen and
nitrogen species (RONS). The repetition of periods of ischemia followed by reperfusion
can lead to deleterious effects on the tissue, causing necrosis and tissue ulceration in
the region affected by pressure. Therefore, the pressure injury is a wound that occurs
from the inside out, as previously described [48]. In the present work, once the ulcer
inflicted the skin, we applied the BCH-MMT. Additionally, the composites' application
was facilitated by the production of the hydrogel, which was daily applied on the lesion.
On the other hand, Sajjad et al. (2019) used a completely different experimental model
induced by a burn, in which a designed metal bar heated on flame was applied to the
skin [2]. Importantly, burned model and burned injury occurs from outside to inside.
Burn follows after the skin is damaged by heat, electricity, chemicals, or radiation. After
damage, the skin's integrity is lost, and it becomes susceptible to fluid loss, electrolyte
dysregulation, and infection by pathogens. Moreover, the release of pro-inflammatory
mediators, such as tumor necrosis factor (TNF) and interleukins (IL-6, IL-8, and IL-
18), can lead to systemic repercussions, depending on the degree and extent of the
burn through nuclear factor kB (NF-kB) pathway inducing biphasic response. The first
phase is systemic inflammatory response syndrome, and the major immune cell is M1

type macrophages, which release cytokines and inflammatory mediators involved with



the innate immune response. Furthermore, burn injury triggers significant apoptosis of
organ cells by proapoptotic factors, like caspase-3, Bcl-xl, and Bax proteins.
Importantly, bradykinin (BK), a powerful vasoactive mediator, is produced at the burn
injury site and induces vascular dilation, upregulation of microvascular permeability,
smooth muscle contraction, and pain. The second phase is a pro-resolution syndrome,
which depends on M2 type macrophages and T lymphocytes of helper Th-2
associated to three principal mediators: IL-4/IL-10 and TGF- [49, 50]. Additionally,
Sajjad and colleagues used another Gram-negative aerobic bacteria
(Gluconacetobacter xylinus) to obtain a BC membrane incorporated with MMT to
investigate this product's effect in wound healing activities. Another difference
between Sajjad and our study resides in the fact that after burn induction, they applied
3 x 3 cm BC-MMT membrane on the lesion and fixed it with a disposable skin stapler.
Their wound healing experiment continued for 15 days, and the membranes were
changed on days 5 and 10. Taken together, these researchers found that the
membrane decreased ulcer size, contracted the lesions, and enabled a good healing
pattern without signs of lesion infection [2]. Despite the great progress observed in the
preceding decades using cellular and pharmacological techniques regarding the
mechanisms that underlie the control of pressure injury, few effective and safe
biotechnological and immunomodulatory therapies have emerged. According to
Shpichka and colleagues, skin wound healing is a serious interaction between cell
types, cytokines, mediators, the neurovascular system, matrix remodeling, and tissue
regeneration technology that remarkably enhances skin repair re-epidermalization,
epidermal-stromal cell interactions, angiogenesis, and inhabitation of hypertrophic
scars and keloids [50]. Although Sajjad and co-authors made the similar analysis
demonstrated in the present work, we highlight that there were differences in the
methodology applied, such as i) way in which the product was applied, ii) the frequency
of changing the dressing, iii) the preclinical model used, and last but not least, iv) the
pathophysiology of the studied disease. Therefore, we emphasize that the results
describe by Sajjad et al. (2019) cannot be extrapolated to the results of the present
work — in turn, and it is impossible to compare our results with Sajjad data directly.
Moreover, the previous manuscript does not compromise the novelty of our data.
However, instead, it reinforces our initial proposal about the relevance of modified
montmorillonite-bacterial cellulose composites as a novel dressing system for

pressure or burns injuries, since the accumulation of evidence enables scientific



progress on the subject, promotes the deepening of knowledge of the facts and the
improvement of investigation methods. Relevantly, this epistemological consensus is
fundamental to the scientific paradigm, as it establishes agreement and legitimacy
around important issues for society and is responsible for advancing scientific
responses to problems. In this context, Kuhn (2012) challenge long-standing linear
notions of scientific progress, arguing that transformative ideas do not arise from the
day-to-day, gradual process of experimentation and data accumulation but that the
revolutions in science, those breakthrough moments that disrupt accepted thinking
and offer unanticipated ideas, occur outside of “normal, neutral, conventional and
obvious science” [51-53].

Another study conducted by Xu and colleagues found that the application of
cellulose hydrogel also decreased lesion size [54]. These results agree with other
studies that used hydrogel nanocomposite dressings and observed that the wound
surface of the treated group was reduced when compared to the control group [42].
Interestingly, the deposition of the hydrogel forms a thin layer with small fibers of
cellulose, serving as a barrier against external agents and favoring healing [55]. Taken
together, these findings can be attributed to the creation of a moist environment on the
wound surface in the presence of the dressing. This fact favors the migration of
epidermal cells, which is faster on a moist surface compared to the conditions that
exist under a scab on a dry wound [42].

Added to the data discussed above, the present study also demonstrated that, after
15 days, the BCH-MMT treated group had completely healed wounds, with extensive
epithelial re-epithelialization. These findings corroborate the studies of Loh and
authors, who also observed re-epithelialization and complete healing in their hydrogel-
treated mice [55]. In a study conducted by Kawak and colleagues, where burned skin
tissues of rats were treated with BC, marked dermal and epidermal healing were
observed [56]. Even, Sajjad and colleagues observed that the lesions contracted more
quickly in the treated groups compared to the control [2]. After injury, the healing
process involves a sequence of several events to restore tissue integrity. First, blood
clotting occurs, with stimulation of the immune system, called cell homeostasis. After
that, inflammatory cells, such as neutrophils, lymphocytes, monocytes, and
macrophages migrate into the wound to initiate tissue repair, i.e. the typical
inflammatory phase. Then cell proliferation occurs (fibroblasts), as well as

angiogenesis and re-epithelialization (mainly via keratinocyte proliferation). In the



latter stage, called the remodeling phase, increasing resistance of the damaged tissue
shows characteristics close to those of the original tissue [57, 58]. Sirousazar and
colleagues stated that hydrogels may favor the first phase of the healing process
because of the negative charge on its surface, which activates blood clotting factors.
Furthermore, complete healing can be attributed to the presence of growth factors,
fibroblast activity, increased deposition of fibrinogen and fibronectin, and accelerated
debridement. All of these factors may have contributed to the easier and faster
migration of epidermal cells under the dressings [42]. Herein, we speculate that BCH-
MMT may stimulate an increase in tissue regeneration factors and reach the
remodeling phase quicker after pressure injury, similar to the Dersani® group,
although further in vivo and molecular experiments are needed to confirm this
hypothesis. These results indicate that the BC derivatives incorporated into MMT
exhibit an important therapeutic potential for the treatment of skin lesions [2].

After 15 days, the BCH-MMT treated group showed a significant decrease in the
number of inflammatory cells, similar to the Dersani® group. These findings
corroborate the studies of Loh and colleagues who also observed a reduction in the
number of inflammatory cells in the mice treated with a pure hydrogel biomaterial [55].
Kawak and colleagues showed that BC treatment inhibited mast cell proliferation from
day 5 to day 15 in a skin burn model [56]. All these results are in accordance with the
findings of Brassolati, who propose that the satisfactory evolution of the healing
process and inflammation is due to a decrease in the inflammatory infiltrate [59].

Finally, a reduction in spontaneous hyperalgesia was observed in the group treated
with BCH-MMT when compared to the control group, through the evaluation of the
grimace scale. According to Langford and colleagues, the grimace scale is used to
analyze the degree of hyperalgesia of animals through facial expressions [31].
Importantly, we have not found any studies in the literature that verify this parameter
in a preclinical cutaneous lesions model. Thus, we suggest that the reduction of the
spontaneous hyperalgesia level observed in the BCH-MMT treated animals was due
to the control of inflammatory manifestations. Bourakadi and colleagues found that
MMT showed effective antibacterial action, as it absorbs bacteria from the
microenvironment and immobilizes them on its surface [60]. Moreover, MMT also
promotes hygiene, skin protection, healing, and blood clotting [61]. Therefore, it is
possible to suggest that all these factors contributed to the control of the inflammatory

process and infection, resulting in a decrease in hyperalgesia as evidenced by the



grimace scale. Relevantly, the characteristics described for BCH-MMT, together with
biocompatibility, non-toxicity, and a favorable cost-benefit ratio, demonstrate the
fundamental properties for dressing applications.

The limitation of our study was the lack of antimicrobial property of the composite,
which could reinforce the advantages of BC-MMT hydrogel as a dressing material
compared with native BC hydrogel. In fact, we carried out a pilot protocol to investigate
the antimicrobial potential of the composites using Escherichia coli DH10B. However,
the results were inconclusive, thus justifying future experiments and new repetitions.
Additionally, due to the current coronavirus COVID-19 pandemic — a global health
crisis — that affected the routine of the university, further investigations are

permanently suspended, making it unfeasible to conduct additional experiments.

5. CONCLUSIONS

In summary, the BCH-MMT used in the present study represents a novel compound
for the treatment of pressure injuries. This biotechnological product induced cutaneous
healing of pressure lesions in mice with a significant reduction in the lesion area,
reduced inflammatory signs such as redness and hyperalgesia, and the maintenance
of adequate humidity. Moreover, BCH-MMT treatment completely re-epithelialized the
wound 15 days after reperfusion. Taken together, this study suggests that modified
BCH-MMT hydrogel films could be a novel dressing material for pressure injury and a

scaffold for skin tissue engineering.
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APENDICE A - Figure legends

Fig. 1. FTIR analysis of BC and BC+MMT membrane showing the presence of peaks
for different chemical groups.

Fig. 2. lllustration scheme of structure and possible interaction between MMT and
BCH.

Fig. 3. SEM analysis of BC and BC+MMT membranes. (A, C) The typical
homogeneous tridimensional network of nano and microfibrils of BC surface. (B, D)
Microparticles of MMT presented disperse uniformly throughout the BC surface. (E, F)
Gross observation of BC membranes without MMT and with MMT, respectively.

Fig. 4. Stress strain curves of BC (black line), and BC+MMT (blue line) composites.

Fig. 5. Effect of BCH-MMT on wound healing and inflammatory signs using the
pressure injury model in mice. (A) Wound area (cm?), (B) wound contraction, (C)
exudate, (D) redness, (E) moisture, (F) pain. Data are expressed as mean * standard
error of the mean. Statistical analysis was performed using two-way ANOVA followed

by Bonferroni’s post-hoc test. *p<0.05, **p<0.01, ***p<0.001 vs. control.

Fig. 6. Representative photomicrography of wound healing in the control, Dersani®,
and BCH-MMT groups during the course of treatment. Cross-section. CL, clot; EP,
epithelium; NE, necrosis; GT, granulation tissue; *, interstitial fluid (edema); **, clot

surface (hematoxylin and eosin, 400x).

Fig. 7. Representative photomicrography of the wound healing in the control,
Dersani® and BCH-MMT groups. Cross-section. — thin collagenous fibers, *, thick

and resistant collagen fibers. (Mallory’s trichrome, 400x).

Fig. 8. Effect of BCH-MMT on the number of inflammatory cells using the pressure
injury model in mice. Data are expressed as mean * standard error of the mean.
Statistical analysis was performed using two-way ANOVA test followed by Bonferroni’s
post-hoc test. *p<0.05, **p<0.01, ***p<0.001 vs. Control.



APENDICE B - Figures
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