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Abstract

The most important goals of burns treatment suppose a fast skin regeneration to promote healing, the initial pain reduction
and minimal scars forming. The development of new biopolymers-based wound dressings to ensure a proper healing process
is nowadays a major challenge considering the incidence and consequences of burns. Our previously designed anti-
inflammatory drug-loaded biopolymeric spongious matrices were initially tested by in vitro analysis and revealed proper
morphological structure, swelling ability, degradation profiles and drug release patterns, indicating their potential use for
burns treatment. Thus, the study aims to evaluate some collagen-sodium carboxymethylcellulose spongious matrices with or
without mefenamic acid as non-steroidal anti-inflammatory drug in experimentally induced burns on Wistar rats, a frequently
used animal model for the assessment of wounds healing. The treatment with the designed sponges promoted the wound
healing compared to the classical treated control group. The sponges with mefenamic acid accelerated the healing process
with a faster epithelial regeneration and a minimal scarring in comparison with the formulations containing no anti-
inflammatory drug.

Rezumat

Cele mai importante tinte in terapia arsurilor presupun regenerarea rapida a pielii cu favorizarea vindecarii, reducerea durerii
initiale si formarea unor cicatrici minimale. Dezvoltarea de noi pansamente pe baza de biopolimeri pentru a asigura un proces
de vindecare adecvat este o provocare actuald avand in vedere incidenta si consecintele arsurilor. Matrici spongioase
biopolimerice cu medicamente antiinflamatoare realizate anterior au fost initial testate prin analize in vitro demonstrand
structurd morfologica, capacitate de gonflare, profile de degradare si de cedare adecvate, indicate pentru utilizarea acestora in
tratamentul arsurilor. Astfel, studiul isi propune sa determine efectul unor matrici spongioase pe baza de colagen si
carboximetilceluloza sodica cu sau fara continut de acid mefenamic ca medicament antiinflamator asupra arsurilor induse
experimental la sobolanii Wistar, un model animal folosit frecvent in evaluarea procesului de vindecare a ranilor.
Tratamentul cu matricile spongioase proiectate a favorizat procesul de vindecare comparativ cu lotul martor care a primit
tratamentul clasic. Matricile spongioase ce contin acid mefenamic au accelerat procesul de vindecare cu o regenerare mai
rapida si cu formarea unor cicatrici minime, comparativ cu formularile care nu contin agent antiinflamator.
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Introduction The healing of this type of injury consists of four
sequential, overlapping and integrated events: homeo-
stasis, inflammation, proliferation and remodelling [24,
35, 36, 40].

The most important goals of burns treatment are
supposing a fast skin regeneration to promote healing,
reducing the initial pain and preventing the formation

Burns with different severity degrees affect a significant
part of population [6, 24, 36] and are associated with
a long healing period, involving high treatment costs
for patient’s recovery and reintegration [23].
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of thick layer scars [36]. Classic burn therapy is
insufficient in achieving these goals. The development
of new biopolymers-based wound dressings for
promoting a proper healing process is nowadays a
target and a major challenge considering the incidence
and secondary effects of burns [24].

Among these biopolymers, an increased interest is
given to collagen, a good candidate in the wound
management due to its unique biological characteristics:
excellent biocompatibility, haemostasis, biodegradability,
low antigenicity, promoting cell attachment and
proliferation [8, 22, 25, 38, 39].

Collagen can be used in various forms [36], the
spongious matrices or sponges obtained by lyophilisation
of collagen solutions/gels being widely used as wound
dressings [20] due to their proven capacity in different
aetiology lesions healing [11, 13, 14, 16].

To overcome the drawbacks related to the poor
mechanical strength and low resistance to enzymatic
biodegradation of the un-denatured collagen, either
crosslinking agents such as glutaraldehyde [11, 19, 31]
or co-blending with other biopolymers for stabilizing
the spongious matrices are used [31, 41].

Sodium carboxymethyl cellulose (NaCMC) is a semi-
synthetic non-ionic cellulose ether derivative with
many applications in pharmaceutical and cosmetic
formulations due its intrinsic properties: biocompatibility,
biodegradability, bioadhesivity, non-toxicity, high
swelling degree, gelation ability, low manufacturing
cost and high drug loading capacity [4, 5, 7, 12, 28,
29, 32]. Moreover, NaCMC used as wound dressings
showed a significant potential in improving lesion
healing and maintaining a moist environment [7, 29,
32,37].

To improve the burn healing process, the biopolymer-
based wound dressings are loaded with non-steroidal
anti-inflammatory drugs (NSAIDs), avoiding in this
way further inappropriate cicatrizing process determined
by the elevated post-traumatic inflammation [11, 27].
Topical NSAIDs, used to inhibit the associated pain
and the enhancement of inflammation occurred in the
first hours of a burned wound, represent a reliable
alternative to the systemic administration that does
not reach the affected tissue in an effective and
sufficient drug concentration, has a high toxicity at
gastro-duodenal level and secondary renal and hepatic
effects [3, 9, 10, 21].

Mefenamic acid (MA), a non-steroidal anti-inflammatory
drug (2-[(2,3-dimethylphenyl)amino]benzoic acid),
belongs to Biopharmaceutics Classification System
class II (low solubility and high permeability) [26, 34].
MA, available on market in different forms as tablets,
capsules, suspensions, is used to reduce pain and
the first phase of post-traumatic inflammation by
inhibition of cyclooxygenase-2 and prostaglandin
synthesis [2, 33, 34], proving also its efficiency in
various topical designed formulations [17, 18]. Due
to its short elimination half-life (2 hours) [34] and

784

side effects specific to the NSAIDs, using the MA for
the topical route of administration is a viable option.
Initial screening for a potential therapeutic use in burn
healing of some collagen-NaCMC spongious matrices
with or without mefenamic acid was previously
determined by in vitro tests [30]. Thus, the biopolymeric
spongious matrices were investigated by optical
microscopy, FT-IR spectroscopy, water absorption,
enzymatic degradation and drug release kinetics
analysis. FT-IR analysis indicates that collagen macro-
molecule preserves the triple helix structure, while
optical images indicate a structure specific to collagen
with interconnected pores. The matrices showed
adequate degradation profiles as well as good swelling
capacity, facilitating the penetration of the absorption
medium into the porous structure, and consequently
the drug diffusion through the gel network. The
kinetic patterns recorded an initial fast drug release
that reduces the inflammation and pain associated to a
burn wound, followed by a progressive and sustained
release securing the protective anti-inflammatory and
analgesic effect for a longer period of time. These
physicochemical, biopharmaceutical and biological
properties of the designed formulations indicate the
possibility of their use in burn treatment [30].
Testing the designed formulations on animal model
like Wistar rats is critically important and frequently
used in preclinical in vivo studies for the evaluation
of the pharmacologic effect and the advancement in
burn injury therapy due to the reticence on testing
directly on human subjects [24].

Thus, the aim of this study was to test the therapeutic
potential in burn healing and identify any possible
major side effect induced by the treatment with the
designed biopolymeric spongious matrices from our
previous researches on experimentally induced burns
to Wistar rats.

Materials and Methods

Preparation of biopolymeric spongious matrices
The biopolymeric spongious matrices were obtained
as previously described [30]. Briefly, type I fibrillar
collagen gel (COLL) was extracted from calf hide
using the technology developed at The National
Research & Development Institute for Textiles and
Leather, Division of Leather and Footwear Research
Institute, Department of Collagen Research, Bucharest,
Romania [1]. Carboxymethylcellulose (NaCMC) was
supplied from Fluka, glutaraldehyde (GA) from Merck
and mefenamic acid (MA) from MP Biomedicals. The
collagen gel and NaCMC gel with a final concentration
of 1%, and of 2% respectively, were mixed in different
ratios, as shown in Table 1. For the drug-loaded hydro-
gels, the MA concentration was 0.5%. All hydrogels
were cross-linked with glutaraldehyde for 24 hours
at 4°C.
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Table I
Composition of biopolymeric hydrogels
Hydrogels composition CC1 CcC2 CC3 CC4 CCMS | CCM6 | CCM7 | CCM8
COLL (%) 100 85 70 55 100 85 70 55
NaCMC (%) - 15 30 45 - 15 30 45
MA (%) - - - - 0.5 0.5 0.5 0.5
GA (%) 0.0025

The spongious matrices were than obtained by
lyophilization (Delta 2-24 LSC Martin Christ lyophilizer)
of corresponding hydrogels and coded as CC1 - CC4
(samples with no-anti-inflammatory drug) and CCMS5 -
CCMS8 (samples loaded with mefenamic acid).
Animal model of experimentally induced burn wound
The experiment was performed on 50 Wistar rats
weighing 180 £ 10 g purchased from the Animal
Biobase of the “Carol Davila” University of Medicine
and Pharmacy, Bucharest, Romania.

All animals used in the study were kept in standard
laboratory conditions, were fed twice a day and received
water ad libitum. The experiment was performed in
compliance with the European Communities Council
Directive 2010/63/UE and Law No. 43 of the
Romanian Parliament from 11 April 2014.

The animals were distributed in 9 groups of 5 individuals
each as it follows: Group 1 — Control (not-treated),
Group 2 — CCl1, Group 3 — CC2, Group 4 — CC3,

_ (Wound size at t = 0)— (Wound size at t)

Group 5 — CC4, Group 6 — CCMS5, Group 7 — CCM6,
Group 8 — CCM7, Group 9 — CCMS.

The animals were anesthetized with ether ethylic
and the hair was removed from the dorsal area. The
experimental wound was induced using a special
metallic device of 1 cm diameter. The device was
heated in boiling physiological serum and applied on
the shaved dorsal area for 15 seconds. The severe
burns measuring 1 cm diameter were sterilized and
the biopolymeric spongious matrices were applied
and fixed with a silk plaster. A control group was
used in this study and the wounds were covered
with sterile cotton dressing usually used for burns.
The surface morphology of the wounds was recorded
using a digital camera (Olympus SP-590UZ) in the
absence of biopolymeric sponges and the wound
diameter was measured for 20 days.

The re-epithelialization process was calculated according
to the size profile of wound according to the following
equation (eq. 1):

x 100

Re-epithelization % =

where the wound size was an average measurement
from the longest and shortest dimensions of the affected
area [11, 32, 39].

Any aspects of inflammation or infection of the
wounds, as well as any modification on the animal
health status were also monitored. In the last day of the
monitoring, the animals were ethyl-ether anesthetized
and slaughtered. The blood was collected in Ks3EDTA
anticoagulant vacutainers for haematological tests to
evaluate any possible general inflammation or anaemia
as secondary effects induced by the treatment. A
supplementary negative control group (n = 5) with
no experimentally induced burn or treatment and
monitored for 20 days was used for the comparison
of the haematological data.

The blood analyses were performed using Abacus
Junior haematological equipment. The specific reagents
were purchased from Diatron Company.

Statistical analyses

Statistical analyses were performed using the GraphPad
Prism 7 software. All data were expressed in mean
and standard deviations (SD). Normal distribution
was calculated using Kolmogorov-Smirnov test. The
experimental data were evaluated using the student
t-test and analyses of variance followed by Dunnett’s
multiple comparison test. The results were considered

Wound size att =0
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significant at p < 0.05, high significant at p < 0.01 and
not significant at p > 0.05.

Results and Discussion

The experimentally induced burns to Wistar rats treated
with new developed biopolymeric spongious matrices,
previously in vitro tested [30] and with composition
shown in Table I, were monitored for 20 days. The
sponges were applied after inducing the burns and the
healing process was compared to the control group
which was classically treated with sterile cotton pad.
The wound was considered healed after the crust of
the lesion fell off.

The wound diameter evolution after the treatment
with biopolymeric spongious matrices is presented
in Table II. The macroscopic aspect of the wounds
evolution is presented in Figure 1. The wounds healing
process is presented in Figure 2.

Initially, the wounds were characterized by a white
eschar and the skin layers, epidermis and dermis,
were affected. A hyperaemic area appeared in the
periphery and during the next hours it extended to a
fully hyperaemic lesion due to erythrocyte extravasation
and the post-traumatic inflammation. This initial phase
of the burn injury comprises several homeostatic
processes which are activated like platelets aggregations,
immune defence and blood clotting. The biopolymeric
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sponges applied in the initial homeostasis phase of the
burns decreased the local damage in the treated group
by supplying a scaffold-/ike matrix for the migration
of the cells belonging to the first line defence
barrier like fibroblast, keratinocytes, leukocytes and
endothelial cells and by promoting the secretion of
growth factors [24].

The initial homeostatic phase is generally followed by
an inflammatory phase for 1 - 3 days characterized
by an increased level of pro-inflammatory cytokines

which stimulates neutrophils migration and the
transformation of the monocytes into activated
macrophages. Strong inflammatory signals in the local
affected area could interfere with remodelling tissue
process delaying the skin regenerations and promoting
the formation of thick scars by increasing the secretion
of extracellular matrix [15]. Short term use of non-
steroidal anti-inflammatory drugs like MA applied in
topical formulations proved to be efficient in generation
of normal skin with minimal scarring [11, 27].
Table 11

Wound diameter (mm) evolution after treatment with biopolymeric spongious matrices in experimentally

induced burn to Wistar rats

Day| Control CC1 cC2 cC3 CC4 CCM5 CCM6 CCM7 CCM8 | ANOVA
Mean £ SD| Mean = SD | Mean + SD | Mean + SD | Mean = SD | Mean = SD | Mean + SD |Mean + SD | Mean + SD P
1] 10£00 | 10£0.0 10+0.0 10+0.0 10+ 0.0 10+ 0.0 10+ 0.0 10+0.0 10+ 0.0 -
3[11+055] 10+045 | 10+£045 | 10+£045 | 10+045 | 10+045 | 10+0.45 10+ 0.45 10+ 0.0 0.7331
5/98+045|88+084 | 9.6+0.55| 94+0.55 | 88+0.84 |86 +£0.55| 7.67 +£0.55 [ 8.6 +0.55 | 84" +0.55 | <0.0001
7192+045(747+£0.55(7.47£055|747+£0.55(68" +£0.45(7.6" £0.55| 747 +0.55 [6.67+£0.89| 6.07+£0.71 |<0.0001
10 [ 8.4+0.89 | 7.2°+045|647+£0.55[6.87£045(6.0"£0.71| 7.0"£0.0 | 647 +£0.55 |62 £0.84| 5.6~ +£0.89 |<0.0001
12| 7+05 6+0.8 6+2 6+0.7 5+0.5 6+0.8 6+1 5+2 47 +3 0.0079
14 [ 58+045| 54055 | 42+24 | 50+£071 | 3.6+25 | 50+12 | 44+055 | 38+16 | 1.6 +£26 | 0.0135
17| 42+25 | 40+12 | 3.6+2.1 | 32+15 | 3.0+27 | 32+20 32422 28+2.6 1.0£22 0.5236
20| 3+27 | 22+25 1£14 1+14 1622 | 12+1.6 | 04+089 | 14+19 0+0 0.3129
Statistical significance calculated using Dunnett's Multiple Comparison Test (vs. Control): "(p < 0.05), "(p < 0.01), " (p < 0.001).
Day S

cc1

cC2

CC3

CC4

CCMS5
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CCM7

Day 20

Figure 1.
The evolution of the wound healing after the treatment with biopolymeric spongious matrices
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The wound healing process (%) after the treatment with biopolymeric spongious matrices

After 3 days, a slight inflammatory post traumatic effect
was noticed in case of the control group reflected by
an increased wound diameter in comparison with all
treated groups (Table II, Figure 2). Following the
next days, the re-epithelization process was accelerated
in treated groups and was associated with decreasing
wound diameters in these groups comparing to control.
In day 5, the healing process was significant (p <0.001)
in case of the CCM6 followed by CCMS8 with a
decrease of wound diameter by 34% and 26%
comparing to control group (Figure 2, Table II). In
all cases, the addition of the anti-inflammatory drug
in the biopolymeric spongious matrices formulations
(CCM groups) improved the wound healing in
comparison with the respective sponges control groups
(CC) after 5 days (CC1 vs. CCMS5, CC2 vs. CCM6,
CC3 vs. CCM7, CC4 vs. CCMB).

The treatment with wound dressings containing or
not the mefenamic acid demonstrated a significant
(p <0.05) decrease of the lesion diameters in days 7
and 10 compared to control group. Moreover, the bio-
polymeric spongious matrices without anti-inflammatory
agent also proved to be more efficient in comparison
with the control group due to the known capacity of
healing and regeneration of both collagen and NaCMC.
The epithelial tissue remodelling phase associated
with the complete healing process in all animals of
the group was noticed after 17 days for the treatment
with CCMS8 sponge (Figure 1, Table II, Figure 2)
followed by CCM6 group after 20 days. In case of
the other treated groups (CC1, CC2, CC3, CC4,
CCM5, CCM7), the results were similar (p > 0.05)
when comparing to each other with a slight delay of
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healing in case of CC1 group. The less visible scars
generally correlated with an optimal tissue remodelling
process were noticed in case of CCM8 and CCM6
treatment groups. The control group showed the slowest
and uncompleted healing process sustained by the
presence of the thick layer scars in all animal injuries
(Figure 1).

The haematological analysis of some blood parameters
after the treatment with biopolymeric spongious matrices
was performed for determining possible systemic effects
of the treatment with these new developed wound
dressings (Tables III and IV). Post traumatic secondary
effects commonly developed after burn injuries are
secondary infections or anaemia.

The classical haematological parameters usually used
to detect the presence of anaemia are red blood cell
(RBC), haemoglobin (HGB), haematocrit (HCT), mean
cell volume (MCV), mean cell haemoglobin (MCH),
mean cell haemoglobin concentration (MCHC), red
blood cell distribution width (RDW).

No significant variation of the haematological parameters
correlated with anaemia or other erythrocyte pathologies
were observed after the experimentally induced burns
treatment with biopolymeric spongious matrices
compared to negative control.

The leucocyte formula (white blood cells count —
WBC, lymphocytes % — Ly, monocytes % — Mi,
granulocytes % — Gr) is an usual blood analysis for
detecting the possible secondary infection or
inflammation induced by the treatment. The wound
dressings containing or not the mefenamic acid induced
no significant changes within the leucocyte formula.
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Table 111

The variation of the red blood cell level, haemoglobin and erythrocyte indices after experimentally induced
burns to Wistar rats and treated with biopolymeric spongious matrices

RBC (x 106/uL) HGB (g/dL) HCT (%) MCV (f) |MCH (pg/cell)| MCHC (g/dL) RDW

Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD
Control 8.22+04 15.0+0.2 41.65+131 | 50.75+1.89 | 18.28+1.17 3598 +1.35 |18.25+0.47
CcC1 7.45+0.25 14.57+0.59 | 37.94+0.67 | 51.00+1.73 | 19.60+0.53 38.73+1.42 |18.00+0.40
CcC2 8.19+0.29 15.80+0.90 | 39.00+2.07 | 47.67+0.58 | 19.23+0.47 40.47 +£0.32 |18.00 + 0.69
CC3 8.17+0.12 15.70+0.30 | 38.52+0.88 | 47.00+1.00 | 19.13+0.42 40.57+0.50 |18.50+1.37
CC4 8.34+0.21 16.10+0.17 | 39.33+0.38 | 47.00+1.00 | 19.30+0.26 40.87+0.21 |17.77+0.70
CCM5 7.69+0.12 14.85+0.47 | 36.93+£0.98 | 48.75+1.26 | 19.65+0.21 40.23 +0.80 |18.03+0.47
CCM6 7.66 +0.34 14.80+0.54 | 36.72+1.03 | 48.00+0.82 | 19.30+0.42 31.25+1.85 |18.85+0.50
CCM7 8.07+0.15 15.50+0.14 | 37.11£0.33 | 46.00+0.82 | 19.23+£0.26 41.87+0.56 |18.83+0.84
CCMS8 8.43 +0.52 16.40+0.01 | 38.36+2.74 | 4533+0.58 | 18.80+0.44 41.37+1.12 |18.20+0.62
Negative 8.40 £ 0.36 1493 +£03 | 42.22+0.78 | 50.33+2.08 | 17.77+0.71 35.30+0.10 |18.13+£0.50
Control

RBC = red blood cell, HGB = haemoglobin, HCT = haematocrit, MCV = mean cell volume, MCH = mean cell haemoglobin, MCHC = mean
cell haemoglobin concentration, RDW = red blood cell distribution width, SD = standard deviation

Table IV

The variation of the white blood cell count after experimentally induced burns to Wistar rats and treated with
biopolymeric spongious matrices

Group WBC (x 103/uL) Ly% Mi% Gr%
Mean + SD Mean + SD Mean + SD Mean + SD

Control 426+ 1.06 52.50+8.46 | 14.55+3.16 | 32.95+8.08
CC1 4.18 +1.55 33.63+£2.19 | 17.27 £4.48 |49.10 + 14.62
CcC2 4.82+0.60 4320+8.51 | 13.87+1.32 | 42.93+7.20
CC3 3.84+£1.06 46.93 +£3.50 | 13.63+2.85 | 39.43+1.93
CC4 3.59+0.85 4527 +£3.04 | 13.37+£3.16 | 41.37+1.77
CCM5 446 +1.80 37.70+£2.24 | 1293 +2.56 | 49.38+1.09
CCM6 4.56 +0.68 4525+3.04 | 14.20+2.05 | 40.55+2.82
CCM7 4.09 +0.70 3440+536 | 23.70+2.24 | 41.90+0.74
CCMS8 424+ 1.64 4487 +4.03 | 16.33+2.70 | 38.80+6.42
Negative Control 441 +1.25 54.84 £8.65 | 15.03+3.67 | 30.13+7.09

WBC = white blood cell, Ly = lymphocytes %, Mi = monocytes %, Gr = granulocytes %, SD = standard deviation.

Conclusions

The designed biopolymeric spongious matrices increased
the healing properties with no secondary systemic or
topic effects compared to the classical treated control
group. The presence of mefenamic acid accelerated the
wound healing with a faster epithelial regeneration and
a minimal scarring in comparison to the formulations
containing no anti-inflammatory drug. The best results
were obtained with CCM6 and CCMS8 biopolymeric
spongious matrices (mefenamic acid-loaded and with
a ratio between collagen and sodium carboxymethyl-
cellulose as follows: 85:15, and 55:45 respectively),
sustaining our previously in vitro studies regarding their
physicochemical, biopharmaceutical and biological
properties.

The results are optimistic regarding the possible use
of these new developed formulations in the therapy
of moderate burns, with beneficial effects in the
homeostatic and inflammatory phases and with long
term consequences on the remodelling phase of the
cicatrizing process.
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