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This study compares a wound dressing based on bacterial cellulose/collagen (BC/COL) hydrogel
in rat dorsum with commercial collagenase ointment and untreated wound. The hydrogel was
characterized by Scanning Electron Microscopy (SEM), Thermogravimetric Analysis (TGA), Fourier
transformed - Infrared spectroscopy (FT-IR) and X-ray diffraction (XRD). According to the In vivo
test and macroscopic evaluation, BC/COL hydrogel showed a better repair of wounds and promoted
statistically significant differences of tissue repair between treatments on the 7th day after surgery.
Better quality, quantity and orientation evaluation of collagen fibers (p=0.0001) were observed in the
BC/COL hydrogel and collagenase ointment groups in relation to the control group. The BC/COL
hydrogel promoted better wound healing than collagenase and the control group, therefore, it can be
considered a potential wound dressing for skin regeneration.
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1. Introduction

Skin provides a natural barrier against the environment
and performs a variety of essential protective functions'~.
However, it is the most frequently injured part of the human
body. When it is hurt, the connective tissue becomes exposed
and a series of local-cellular and biochemical events are
triggered to repair its integrity.

The inflammation stage begins immediately after injury,
first with vasoconstriction, which favors homeostasis and
releases inflammation mediators. The proliferative phase is
characterized by an angiogenesis process and proliferation
of the granulation tissue, formed mainly by fibroblasts®*.

The early healing promotes the coagulation of blood
and is completed by the remodeling of the cell layers of the
skin. When an injury occurs, the vascular integrity of the
area is disrupted and blood extravasates to the surrounding
tissue or plasma, where the damage is minor®. The healing
process is activated when platelets have come into contact
with the exposed collagen, which leads to their aggregation
and release of clotting factors. Such a process results in is
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the deposition of a fibrin clot at the site of the injury®.
Factors that influence the healing process are believed to
also influence the final aspect of the scar.

Biocompatibility is the basic requirement for a material
to be used for tissue repair. Biodegradability is also one
of the most important biological properties, therefore,
significant advances have been made for the development
of resorbable polymers.

Alternative methods for wound healing have been
developed and refined over the past decades. Some forms
of treating chronic wounds include debridement, irrigation,
administration of antibiotics, tissue grafts, and use of
proteolytic enzymes’.

Wound dressings play a substantial role in the healing
of certain types of open wounds (e.g. traumatic, thermal or
chronic), unless the moist, warm and nutritious environment
of wound beds provides an ideal condition for microbial
growth. Therefore, the wound healing process can be
interfered by bacterial colonization and subsequent infection,
which may cause an excessive and prolonged inflammatory
response from the host tissues®.
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In comparison with other biopolymers, such as collagen,
chitosan and gelatin, bacterial cellulose (BC) displays
excellent biological properties for tissue regeneration,
mainly for the treatment of chronic and burn wounds®!’.
It is produced as never-dried membranes free of lignin
and hemicelluloses, which show high elastic modulus and
tensile strength when wet'". Since the 80s and 90s, BC-based
dressings (as Biofill® (Fibrocel, Brazil)) have been used as
temporary dressings for the treatment of skin wounds mainly
in burns, graft and chronic ulcers. In comparison to other
wound dressings, Biofill® has shown positive indications
of biocompatibility, immediate pain relief and consequent
decrease in the post-surgery discomfort, faster healing with
absence or appearance of scars, and a significant reduction
in the time and cost of treatments. Moreover, it protects the
wound against infections and is permeable to liquids and
gases, acting as a suitable artificial skin®'>!7.

Collagen provides strength, integrity, and structure to
normal tissues. When tissues are injured, its synthesis is
required for repairs in defects, anatomical structure and
functions. It is also one of the most common materials
used for tissue repair because of its biological properties
and ability to promote wound healing and an important
component of the extracellular matrix's.

Collagenase is an enzyme that breaks the peptide bonds of
collagen. It can be extracted from the culture of Clostridium
histolyticum and is commonly used in therapies to remove
cellular debris and extracellular tissue necrosis'*?. Its use
in the treatment of wounds, ulcers and bedsores promotes
new tissue formation and re-epithelialization and does
not affect the healthy collagen and newly formed tissue?!.
Several pharmaceutical forms for its therapeutic application,
such as cream, ointment and sterile unguent are available?.

Although various materials can be used for wound repair,
the healing occurs in different ways®. However, no low-cost
and effective dressing to prevent long hospitalizations of
patients has been obtained.

This manuscript addresses the preparation and
characterization of a new wound dressing based on bacterial
cellulose/collagen (BC/COL) hydrogel and its respective
application to wound healing in rats.

2. Materials and methods

2.1 Preparation of BC/COL Hydrogel

Bacterial cellulose (BC) membranes were obtained
from cultures of Gluconacetobacter hansenii (ATCC
23769 strain). G. hansenii bacteria were cultivated in
100 mL flasks with a 20 mL static culture medium for
120 h at 28 °C. The nutrient medium contained 2 wt%
glucose, 0.5 wt% peptone, 0.5 wt% yeast extract, 0.27 wt%
disodium hydrogen phosphate, and 0.115 wt% citric acid.
Bacterial cellulose pellicles formed on the air/liquid
interface were harvested and purified by immersion in a
2 wt% NaOH solution at 80 °C for 1 h. Subsequently, they
were immersed in a 1 wt% NaClO solution for 30 min,
washed with deionized water and sterilized by autoclave
at 120 °C for 15 min.
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Type I collagen was obtained from bovine tendon pieces
of approximately 1 cm, according to the methodology by
Goissis?. Such pieces were treated with acetone for the
removal of adipose tissue. 5 g of tendon were washed with
distilled water and immersed into a 10 wt% NaCl solution
for 24 h at 4 °C. The tendon was then washed with distilled
water and immersed in 0.02 mol L' citrate buffer (pH 4.3)
for 48 h at room temperature (RT) for the swelling of the
tissue, which was subsequently homogenized in 500 mL
of a 0.5 mol L' acetic acid solution containing pepsin at
a 1:50 (w:w) ratio in relation to the initial weight of the
tendon. A gel was formed and maintained for 24 h at 4 °C.
The protein was precipitated by the salting out method and
5 wt% of an NaCl solution were added. The precipitated
collagen was dialyzed against distilled water for 72 h*.

BC/COL hydrogel was prepared with sterilized instruments
and BC membranes by autoclave and the solutions were
sterilized by filtration in a Millipore® system.

Never-dried BC membranes were triturated in an
aqueous medium by a high-speed disperser element type
Ultra Turrax T18 Ika. The BC particles suspension was
sieved (37 mesh) for the removal of excess of water.
The BC pulp was used in the preparation of the BC/COL
hydrogel. Subsequently, 0.2 wt% Nipagin® (Henri Farma,
Brazil) were solubilized in 5 wt% propyleneglycol (Pharma
Nostra, Brazil) under orbital shaking at 50 °C. The mixture
was poured into a beaker containing 10 wt% bacterial
cellulose pulp under mechanical stirring at RT. 3 wt%
Natrosol (Hydroxyethylcellulose) (Pharma Nostra, Brazil)
were slowly added under shaking until the obtaining of gel
consistency at RT. Finally, 8 wt% collagen and deionized
water were added to the gel under shaking for 3 min at RT.
The BC/COL hydrogel was stored in a sterile vial.

2.2 Physicochemical Characterization

2.2.1 Scanning Electron Microscopy (SEM)

SEM images were obtained by a JEOL/EO - JSM-6610
scanning electron microscope for the analysis of changes
in the microfibrilar structure in lyophilized samples.
The samples were coated with a 10 nm carbon layer by a
metallizer Balsers model CDS 050. The morphology was
observed at an accelerating voltage of 15 kV.

2.2.2 Thermogravimetric Analysis (TG)

The themogravimetric curves of the samples were
recorded by a TA SDT 2960 from TA Instruments Co.
All samples were heated in alumina pans at a 25 °C to
800 °C temperature range under nitrogen atmosphere
(flow rate of 100 mL min) and 10 °C min™ heating rate.

2.2.3 X-ray Diffraction (XRD)

X-ray diffraction patterns of pure collagen, BC and
BC/COL samples were run by a Kristalloflex Siemens
diffractometer, with an Ni filter and Cu (KD) radiation.
The angular scan ranged between 4° and 70° with 0.02 s
(20) step and 3 s acquisition time. The peaks for BC were
identified by ICDD - PDF - 2 (International Centre for
Diffraction Data - Power Diffraction File-2) standard
data base.
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2.2.4 Fourier Transform Infrared (FT-IR)

Fourier transform infrared (FT-IR) spectra were obtained
with lyophilized powdered samples by a Perkin Elmer
Spectrum 2000 spectrophotometer. Pellets were prepared
from mixtures of the samples and KBr (1:100 in weight).
Sixty-four scans were accumulated at a 1 cm™ resolution
in the 4000 to 400 cm™ range.

2.3 Animal Experimentation

The experiment was approved by the Ethics Committee
on Animal Experimentation at the Faculty of Pharmaceutical
Sciences at Araraquara, UNESP, Sao Paulo, Brazil. Twenty-four
adult male rats (Rattus norvegicus, albinus, Holtzman)
weighing approximately 200 g were used and randomly
allocated into three groups: two treatment groups - BC/COL
hydrogel (GI) and collagenase ointment (Kollagenase
base, Cristalia Laboratory, Brazil) (GII) - and a control
group (GIII). Six animals were studied per group/period.
The periods for macroscopic and histological analyses were
3,7, 15 and 30 days after the surgery. General anesthesia
was induced by intramuscular injections of ketamine
hydrochloride (25 mg kg'; Agener Unido, Brazil) and
xylazine hydrochloride (5 mg kg™'; Bayer, Brazil). All surgical
procedures followed standard aseptic protocols. After the
shaving and preparation of the dorsal region, three wounds
were made (2 cm distance between them) in the medium
line of the dorsal region with a circular scalpel of 6 mm
diameter. The depth of the wound reached epidermis, dermis,
hypodermis and muscular layers until fascia superficialis.

The BC/COL hydrogel wound dressing (GI) was applied
in the superior wound. The wound in the middle region
was filled with collagenase ointment (GII) and the inferior
wound was filled only with a blood clot (GIII). The wound
dressings were applied once per day in all treatment period.

The animals were transferred to separate cages
properly isolated and identified and kept at controlled
room temperature (22 + 2 °C), humidity (60-70%) and
light (12 h light/dark cycles) under appropriate conditions
of food, water and hygiene. Their recovery was monitored
daily. In the immediate postoperative period, all animals
received intraperitoneal administration of a single dose of
12.5 mg kg'! tramadol analgesic (Medley Pharmaceutical
Industry Ltda., Brazil).

After 3,7, 15 and 30 days, four animals in each group
were anesthetized again, according to the protocol, for
macroscopic analysis and removal of wounds. Subsequently,
they were euthanized with an intramuscular administration
of Thiopentax (thiopental, 0.16 mL 100 g body weight;
Cristalia).

2.4 Macroscopic Analysis

The wounds were macroscopically evaluated after 3, 7,
15 and 30 days after surgery. The diameter of the injured
area was measured by a digital caliper. Differences were
observed between the wounds treated with BC/COL hydrogel
(GI) and collagenase ointment (GII), and between BC/COL
hydrogel (GI) and the control group (GIII).

Materials Research

The quantitative data obtained were tested for normality
by Lilliefors Test. The one-way ANOVA followed by the
post-hoc t test (LSD) were then applied for the evaluation
of differences among the groups and effect of the follow-up
period. All statistical analyses were performed with BioEstat
5.3 software. The level of statistical significance was
established at 5%.

The macroscopic analysis evaluated the redness in the
wound region, presence of excessive exudate and humidity.

2.5 Histological Analysis

After euthanasia, the areas of the wounds were surgically
removed, fixed in a Bouin solution for 48 h and processed
according to the histological routine for light microscopy.
The specimens were cut into semi-serial 6 pm sections
in the longitudinal direction of the skin and stained with
hematoxylin-eosin (H&E). They were analyzed and photographed
under a microscope (Olympus X51; Olympus, WA) coupled
to a digital camera (Olympus DP71, 12.5 Mpixels; Olympus)
of 6.3x magnification. The images were captured by Leica
Application Suite software.

Scores of inflammatory reaction evaluations were
applied according to the inflammation degree (scores 0—4:
0 — no reaction; 1 - very slight reaction; 2 — mild reaction;
3 — moderate reaction; 4 — marked reaction) and the ASTM
F981-04 standards . The statistical analysis was descriptive
and consisted in dividing the samples of each lamina
according to the periods of 3, 7 and 15 days. Six laminas
of each specimen with six cuts were analyzed. The first and
last cuts were discarded.

The tissue repair pattern was also evaluated regarding
quality, quantity and orientation of collagen fibers and epithelium
regeneration. The scores used are shown in Tables 1 and 2.

The data obtained were tested for normality by Lilliefors
Test. The Kruskal-Wallis test evaluated the inflammatory
degree of the specimens and quantity and quality of collagen
fibers among groups. The ANOVA test was used for the data
of epithelium regeneration degrees. All analyses, conducted
by BioEstat 5.3 software, were subjected to a post-hoc Dunn’s
test so that the differences between groups and the effect of
the period on each group could be measured. The level of
statistical significance was established at 5%.

Table 1. Classification of the tissue repair pattern regarding quality,
quantity and orientation of collagen fibers.

Classification Score
Absence 0
Disorganized fibers 1
Poorly organized fibers 2
Medium organization of fibers 3
Well organized fibers 4

Table 2. Classification of the tissue repair pattern in relation to the
epithelial repair.

Classification Score
Unrepaired 0
Healing process 1
Repaired 2
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3. Results and Discussion

3.1 Physicochemical Characterization of
BC/COL Hydrogel

3.1.1 Scanning Electron Microscopy (SEM)

Figure 1 shows SEM images of lyophilized pure collagen
and BC/COL hydrogel, respectively. The BC/COL hydrogel
images display a porous material, typical of a hydrogel
and the SEM micrographs show a structure of randomly
disposed fiber arrangements, with some more compact
points. The fibers exhibit an irregular morphology and appear
more compact than those of collagen (Figures 1c and 1d).
Interconnected pores in three-dimensional directions
throughout the BC/COL sample are extremely important
for the tissue repair, as such morphology enables the
ingrowth of fibroblasts?’.

3.1.2 Thermogravimetric Analysis (TG)

The TG curves for pure collagen (a) BC/COL hydrogel
(b) and pristine BC (c) are shown in Figure 2.

The Thermogravimetric analysis estimated the thermal
stability and degradation profiles of all samples. The pure
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collagen, BC/COL hydrogel and pure BC showed a first step
formed by an initial smooth weight loss from room temperature
up to 85 °C (14%), 75 °C (10%) and 245 °C (8%), respectively,
due to the loss of structural bound water®-°. Important weight
losses were observed at approximately 325 °C in the collagen
and BC/COL samples, attributed to the decomposition of
both collagen and bacterial cellulose, and at around 355 °C
for the BC sample.

The onset temperature (Tonset) observed in the TG curve
for the BC/COL hydrogel revealed a 30 °C decrease in the
thermal stability of BC in the presence of collagen.

The TG/DTG curves indicate the BC/COL hydrogel
exhibits excellent thermal properties, despite a considerable
change in its thermal stability after the incorporation of
collagen. This decrease may be related to a decrease in the BC
crystallinity after the preparation of the hydrogel, as observed
in the XRD results, Figure 3.

3.1.3 X-ray Diffraction (XRD)

The XRD patterns for BC/COL hydrogel, pure collagen
and BC membrane are shown in Figure 3.

WDidmm 5540

Figure 1. SEM surface images of pure collagen (a) and BC/COL hydrogel (¢). SEM crosssection images of pure collagen (b) and BC/COL

hydrogel (d).
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BC peaks were identified as native cellulose (ICDD
PDF #50-2241, PDF-2, International Centre for Diffraction
Data, Power Diffraction File-2) and characteristic peaks
observed at 2 6=15° and 22.5° were attributed to the cellulose
lo and 1P phases, respectively?®?’. A semi-crystalline
standard was observed for BC and a broad peak at the 20
range 10°- 25° was verified for the diffraction pattern of
collagen (Figure 3b), whose characteristic is typical of
pure collagen. All such features proved collagen a quite
amorphous polymer?'.

Mdnus loss (%)

Tolsn loss (%)

T ss loss ()

Figure 2. TG curves (----) and DTG (-----): (a) pure collagen,
(b) BC/COL hydrogel and (c) pristine BC.

Materials Research

The XRD pattern of the BC/COL hydrogel also showed a
broad peak at 20 = 10°-25° and peaks at 20 =15°, 17° and 25°
related to BC. This result has confirmed the incorporation of
collagen into BC/COL hydrogel and also suggests a more
amorphous profile than the XRD pattern for pure BC. A decrease
in the intensity of the pristine BC peaks may be attributed to
the presence of collagen in the sample®.

3.1.4 Fourier Transform Infrared (FT-IR)

Figure 4 shows the FT-IR spectra of the lyophilized
pure collagen, BC/COL and pristine BC samples.

The integrity of the collagen structure could be
verified by the relation between the relative absorbance
intensity values of the bands, which should be near or
equal to 13233, The absorbance intensity values of the bands
at 1235 and 1450 cm™ were 1.1690 and 1.1755, respectively.
Such bands were attributed to amide I1I and the C-H bond
of the pyrrolidine ring of proline and hydroxyproline*.
Therefore, the extracted collagen revealed a ratio near 1
(1.1690/1.1755=0.995), which proved the secondary

P 8.aal)

10 10 g 40 39

1 8{grads)

Figure 3. XRD diffraction patterns of the BC/COL hydrogel (a),
pure collagen (b) and pristine BC (c).
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Figure 4. FT-IR spectra: (a) BC/COL hydrogel, (b) pure collagen
and (c) pristine BC.
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structure (triple helix) was preserved during the collagen
extraction process. If this ratio is not near the unit value
(1), the collagen may be denatured (gelatin), which is not
interesting for the study purpose.

Typical IR bands for pure collagen are shown in
Figure 4 (b): N-H stretching at ~3520 cm™ and 3230 cm!
for amide A, CH, asymmetric stretching at ~2930 cm™,
C=0 stretching at 1670 cm™ for amide I, and N-H bending
at 1545 cm! for amide T1783433,

The BC spectrum showed typical bands for cellulose, such
as OH stretching around 3450-3300 cm™!, C—H stretching
for alkanes and CH, asymmetric stretching at ~2895 cm™,
H-O-H bending of adsorbed water at 1640 cm™, CH,
deformation at 1435 cm™', CH, deformation at 1370 cm,
OH deformation at 1336 cm™ and C-O deformation at
1320-1030 cm™ 2%,

Bands at 1450 and 1235 cm™ were observed for the
pure collagen spectrum. The BC/COL hydrogel spectrum
showed slight differences in these bands. The band localized
at 1439 cm! suffered a 11 cm™ blue shift, and the one at
1260 cm! suffered a 20 cm' red shift, which also suggests
interactions between BC and collagen. The change in
the intensity of the bands in relation to the pure collagen
spectrum may be due to the addition of other components
to the hydrogel. No typical protein bands were observed
at 1670 and 1545 cm™ for the BC/COL hydrogel, but for
pure collagen.

3.2 In Vivo Experiment

Different types of wound dressings have been developed
because of the existence of several types of acute and
chronic wounds caused by multiple pathophysiologies,
which affect the soft tissues in different chronicity levels
and several phases of wound healing. Alternative methods
of wound closure have been designed and refined over the
past decades’. An ideal wound dressing should prevent
exacerbated healing, promote no foreign body reaction,
and be easily removed, if necessary, without damaging
the newly formed tissue’.

Healing depends on two pillars, namely vascularization
and capacity of the cell to synthesize collagen. Vascularization
promotes the transport of cells to the inflammatory site and
supply of nutrients and oxygen. Furthermore, epithelial
integrity is an important parameter for the definition of time
and effectiveness of second intention healing®’. Several factors
can influence any stage of healing. The principal local
factors include bleeding, oxygen tension and infection.
Some extrinsic factors are surgical technique, topical
antiseptics and dressings®. Regarding wound dressings,
several types have been developed based on plant herbs®#,
hydrocolloid, alginate and collagen*' and can be applied
as ointment, film*, foam and gel* for various purposes
of treatment*.

This manuscript reports on the development of a wound
dressing for tissue repair based on bacterial cellulose and
type I collagen.

Hydrogels promote suitable physiological conditions for
wound healing® and a barrier against microorganisms and
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enable the permeation of only water and nutrients. They also
retain water, therefore, a favorable environment for the
wound must be maintained for tissue repair. Hydrogels have
been indicated to the treatment of deep and contaminated
wounds with high amounts of exudate. Their soft and
rubbery feature minimizes irritation in adjacent tissues®’.
All such characteristics favor the obtaining of efficient
results when hydrogel is used for wound repair.

However, the BC/COL hydrogel showed an efficient wound
dressing and promoted a faster and better re-epithelialization
within 7-15 days of postoperative period in relation to
other groups. It also improved adhesion and caused no
complications during the healing period.

The macroscopic analysis aimed at the observation of
a possible erythema near the region of the lesion, presence
of excessive exudate and maintenance of humidity in the
wound. The BC/COL hydrogel promoted a macroscopically
better result of tissue repair in relation to wound dressing
based on dextran hydrogel*, whereas the histological analysis
showed similar results in comparison to the hydrogel based on
chitin®. It also exhibited most of the desirable characteristics
for an ‘ideal dressing’, was suitable for the cleansing of dry
wounds and promoted autolytic debridement. The hydrogel
dressing was not reactive with the biological tissue, was
permeable to metabolites, and promoted a decrease in the
temperature of the wound bed, which may lead to a marked
reduction in pain. It left no residue on the wound bed and
improved the re-epithelialization of wounds**-2.

No group showed formation of purulent exudate on the
wounds. Such exudate is a sign of exacerbated inflammatory
response that may be caused by factors, such as infection
on the site or failure of material due to its cytotoxiaty®>.

The BC/COL hydrogel showed a wound dressing of
easy application and good adhesion on the wound bed.
The collagenase ointment showed more difficult for
application due to its bad adhesion on the wound bed.

The mean values + standard error of the wound sizes
in relation to the experimental periods and groups are
shown in Figure 5. The values in percentage were based
on a previous study conducted by Sanchez*.

120
100 4 mBC-COL
hydrogel
-5 80 1 Collagenase
53
s 60
% u Control
= 40 |
<
20 +

3 7 15 30
Periods (days)

Figure 5. Values measured for the tissue repair of wounds of the
GI, GII and GIII groups for experimental periods of 3, 7, 15 and
30 days. Values are expressed as mean + standard error; * p<0.05.
The one-way ANOVA followed by the post-hoc t test (LSD) were
applied.
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No exudate was observed in the wounds in the first days
of the postoperative period. At day 3, all wounds showed
a decrease in size in relation to the day of the surgery,
however, only a small difference was visually perceived
in comparison to the studied groups. The lesions remained
clean and a granulation tissue (mainly in the margins) was
formed. No exudate, inflammatory reaction or apparent
contamination (pus, edema and severe erythema) were
observed.

Atday 7, the granulation tissue had covered all the area
of the wounds, mainly those treated with either hydrogel
or ointment. In this period, all lesions decreased in size,
however, the measured values revealed no statistically
significant differences among the treatments and the control
group (p>0.05).

At day 15, the size of the wounds decreased and a
complete reepithelization was observed in the 3 groups.
A statistically significant difference was observed in the
tissue repair among the groups (p=0.0025). The GI and GII
groups showed no statistical difference (p>0.05), however,
the BC/COL hydrogel revealed a slight tendency for a better
repair of wounds. The repair values for GI and GII were
higher in comparison to the control group and statistically
different, i.e., p=0.001 and p=0.0117, respectively. The results
showed the BC/COL hydrogel promoted a faster wound
healing than the collagenase ointment and the control group.

At day 30, all wounds had been completely healed and
no statistical differences were observed among the groups.

No sign of acute inflammatory response was observed in
the animals treated with collagenase ointment. The bacterial
cellulose dressings also promoted no exacerbation or
prolongation of the inflammatory process because of
their biological and physical properties and non-toxic,
biocompatible and hydrophilic nature. An important
aspect is the ability of the dressing to contain exudate in
the wound and form a capsule to immobilize pathogenic
microorganisms, which could promote an infectious
process and consequent exacerbation and prolongation of
inflammatory reactions.

At day 3, the wounds treated with BC-COL hydrogel (GI)
showed a moderate inflammatory reaction in comparison
to GII and GIII (p<0.05). However, GI showed a tendency
to an earlier tissue repair. GII and GIII revealed a stronger
presence of the granulation tissue and discontinuity of the
epithelium in relation to GI (Figure 6). No statistically
significant difference was observed among the treatments
(p>0.05) regarding quality, quantity and orientation of
collagen fibers.

At day 7, a moderate inflammatory reaction was
observed in all specimens, but no statistically significant
difference (p>0.05). The BC-COL hydrogel showed faster
epithelial repair than the collagenase and the control groups
(p=0.0364). Although the angiogenesis was similar in
the three groups, the quality, quantity and orientation of
collagen fibers were better for GI and GII in comparison
with the group control (p=0.0001) (Figure 7).

Atday 15, a mild inflammatory reaction was observed
in all groups, but no statistically significant difference

Materials Research

Figure 6. 3-day period, (a) — GI shows early neovascularization,
crust and disorganized granulation tissue and moderate inflammatory
reaction in the epithelial healing process; (b) — GII shows absence
of epithelium, crust and disorganized granulation tissue and mild
inflammatory reaction; (c¢) — GIII shows absence of epithelium,
disorganized granulation tissue and mild inflammatory reaction.
Inflammatory infiltrates were predominantly composed of
polymorphonuclear cells, such as macrophages and neutrophils.
Epithelium (A), crust (B), neovascularization (C), inflammatory
infiltrate (D) and granulation tissue (E). Staining: H&E.
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Figure 7. 7-day period, (a) — GI shows early neovascularization,
crust, granulation tissue with early organization of collagen fibers
and moderate inflammatory reaction in the epithelial healing process;
(b) — GII shows absence of epithelium, early neovascularization,
crust, moderate inflammatory reaction with early organization
of collagen fibers; (c) — GIII shows absence of epithelium, early
neovascularization, disorganized granulation tissue and moderate
inflammatory reaction. Epithelium (A), crust (B), neovascularization
(C), inflammatory infiltrate (D) and organization of collagen fibers
(E). Staining: H&E.
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(p>0.05). GI showed completely repaired, thicker and
organized epithelium and dermis with organized collagen
fibers and tissue rich in blood vessels, in comparison to
GII. Although the wounds in GII had been completely
repaired, the epithelium showed thinner than that of GI.
The epithelial repair in GIII was similar to that of GII;
nevertheless, the dermis was still under a repair process
with presence of numerous inflammatory cells (Figure 8).
A statistically significant difference among the treatments
was observed regarding quality, quantity and orientation
(p=0.0001) of collagen fibers. Such fibers showed an
advanced organization characteristic of normal healing
in GI and GII. No statistically significant difference was
observed between these two groups (p>0.05).

At day 30, the wounds treated with BC-COL hydrogel
showed a higher score and a significant statistical difference
(p<0.05) for inflammatory reaction in comparison to
GIII and similar results to those of collagenase (p>0.05).
Both epithelium and dermis were completely repaired at day
30 in the 3 groups and displayed characteristics of normality,
as organized collagen fibers, numerous blood vessels,
glands and hair follicles. The two proposed treatments,
i.e., BC-COL hydrogel and collagenase, showed a pattern
of similar tissue repair, with dense and oriented collagen
fibers, differently from GIII, which showed collagen fibers
with a lower degree of organization (Figure 9).

Winter> described the importance of maintaining the
humidity of the wound bed for better collagenase and
proteases actions. When a wound bed dries, a crust is
formed and promotes the migration of the cells to a deeper
and humid level in the wound. Vogt*® observed the wound
healing favored by a humid environment (wounds treated
with hydrocolloid dressing) was significantly faster in
comparison to dry wounds (wounds treated with sterile
gauze). In fact, the BC-COL hydrogel and collagenase
ointment used favored a humid environment for the wound
bed and promoted an earlier and better tissue repair in
relation to the dry wound (control group). However, the
BC-COL hydrogel was more efficient than the collagenase
ointment. One of the reasons may be the excellent biological
properties of BC3*¥%%; moreover, the synergism between
cellulose and collagen may have favored the conditions
for tissue repair.

According to the literature, collagen provides strength
and integrity of tissue matrix and promotes homeostasis
with breakage and synthesis of type II collagen and
epithelialization in the later phase of healing®.

The characteristics of bacterial cellulose, as translucent
wound dressing and easy application and removal may be
advantageous in cases of exacerbated healing (fibrosis) and/or
exudate’®. Bacterial cellulose has been successfully used
as a dressing for chronic ulcers, burns, dermabrasion and
skin donor areas®*¢!. Barud** developed a wound dressing
based on BC/propolis that proved an effective material for
use in infected wounds because of its antibacterial action.

A disadvantage of collagenase ointment is its low
adhesiveness on the wound bed, mainly in the first days of
treatment, which can limit its use when a bandage cannot
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Figure 8. 15-day period, (a) — GI shows complete epithelium and
dermis repair, neovascularization, keratin layer and mild inflammatory
reaction; (b) - GII shows epithelium in formation and dermis
repair, keratin layer, neovascularization and mild inflammatory
reaction; (c) — GIII shows re-epithelialization process, keratin
layer, disorganized granulation tissue and moderate inflammatory
reaction. Epithelium (A), keratin layer (B), inflammatory infiltrate
(C), neovascularization (D) and organization of collagen fibers
(E). Staining: H&E.

Materials Research

Figure 9. 30-day period, (a) — GI shows complete epithelium
and dermis repair, keratin layer and hair follicle; (b) — GII shows
complete epithelium and dermis repair with hair follicle and glands;
(c) — GIII shows organized tissue, re-epithelialization, keratin
layer and presence of glands. Epithelium (A), keratin layer (B),
neovascularization (C), organization of collagen fibers (D), glands
(E) and hair follicle (F). Staining: H&E.
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be applied®>. Therefore, the adhesive property of the BC-
COL hydrogel on the wound bed showed advantageous
for the treatment of wounds.

4. Conclusions

The BC-COL hydrogel showed a potential wound
dressing for the treatment of skin wounds, as it yielded more
favorable results in comparison to collagenase ointment.
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