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ABSTRACT

This project's purpose was to evaluate the healing effects of chitosan (CS) hydrogels loaded with extracts from Aloe
vera (CS+AV) and Calendula officinalis (CS+CO) on wounds of diabetic and non-diabetic Wistar rats. A total of 24 rats
were used; animals were randomly divided into three diabetic and three non-diabetic groups (one control and two
treated groups) and monitored for 13 days. A biopsy on the wound site was recovered to assess the collagen and
n-acetyl glucosamine content. The wound area ratio was reduced since day 1 on both non-diabetic treated groups. A
similar effect was observed on the diabetic group treated with CS+AV, while the diabetic group treated with CS+CO
showed a reduction in wound area compared to the diabetic control until day 11 after being wounded. Collagen and
n-acetyl glucosamine content were higher in every treated group. Further studies are needed to clarify the underly-
ing mechanisms through which they promote wound healing. These results suggest that the hydrogels prepared are
potential material to be used as wound dressings.
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RESUMEN

El propésito de este proyecto fue evaluar los efectos curativos de los hidrogeles de quitosano con extractos de Aloe
vera (CS + AV) y Calendula officinalis (CS + CO) en heridas en ratas Wistar diabéticas y no diabéticas. Se utilizaron
un total de 24 ratas; los animales fueron divididos aleatoriamente en tres grupos diabéticos y tres no diabéticos (un
grupo control y dos tratados) y se monitorearon durante 13 dias. Se recupero6 una biopsia del sitio de la herida para
evaluar el contenido de colageno y n-acetilglucosamina. El area de la herida se redujo desde el dia 1 en ambos grupos
no diabéticos tratados. Se observé un efecto similar en el grupo diabético tratado con CS + AV, mientras que el grupo
diabético tratado con CS + CO mostr6 una reduccion del area de la herida en comparacion al control diabético hasta
el dia 11 después de la creacion de la herida. El contenido de colageno y n-acetilglucosamina fue mayor en todos
los grupos tratados. Se necesitan mas estudios para aclarar los mecanismos subyacentes a través de los cuales estos
tratamientos promueven la cicatrizaciéon de heridas. Estos resultados sugieren que los hidrogeles preparados son
materiales con potencial para usarse como apositos para heridas.

PALABRAS CLAVE: Aloe vera, Calendula officinalis, Quitosano, Herida diabética, Modelo animal
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INTRODUCTION
Diabetes mellitus is a chronic disorder defined by
impaired insulin secretion or insulin resistance of tar-
get tissues, resulting in high blood glucose levels.
Diabetic Foot Ulcer (DFU) is a complication of this dis-
order; it is defined as a full-thickness chronic wound
located at a level distal to the diabetic patient ™. DFU
is responsible for amputating a lower limb in the world
every 30 s @, and any diabetic patient has a 25%

chance of developing this wound B3I,

The wound healing process comprises four overlap-
ping phases:

Hemostasis: This stage aims to prevent further bleed-
ing immediately upon injury, but in the long-term, this
process provides a matrix for cells needed in later
phases “Ws16],

Inflammation: This stage establishes an immune
barrier against pathogens “ © 7, The wound healing
process is impaired in chronic wounds, typically pre-
senting a self-perpetuating inflammation state " with
abundant neutrophil infiltration, which increases pro-
teases and reactive oxygen species (ROS) levels that
further damage the tissue #, thus a frequent goal on
wound management is to reduce inflammation ™.

Proliferation: This phase forms a granulation tissue
6, Consisting primarily of macrophages, fibroblasts
and blood vessels, its function is to provide a barrier to
infection and a matrix for cellular migration 0.
Re-epithelialization and angiogenesis also occur in
this phase 2103l

Remodeling: The remodeling process gradually
transforms the granulation tissue into scar tissue 04,
The wound's tensile strength increases as the unar-
ranged type III collagen deposited on the granulation
tissue is degraded and replaced with type I collagen,
organized in parallel bundles along tension lines and

becomes highly cross-linked o511 Qther structural
components of the extracellular matrix (ECM) that
were primarily produced in earlier phases of wound
healing diminishes as well, such as fibronectin, pro-
teoglycans and glycosaminoglycans 51051,

Wound management involves using different materi-
als such as films, sponges, fibers, nanoparticles and
hydrogels 7. Wound dressings should protect the
wound from contamination and moisture loss and pro-
vide a structure that allows oxygen permeability and
mimics ECM properties 7 18], Hydrogels are three-di-
mensional structures composed primarily of water
and a cross-linked polymer network. Their high water
content provides physical properties that resemble the
ECM, giving them excellent biocompatibility (191201 211,

Chitosan is a heteropolysaccharide made up of glu-
cosamine and n-acetyl glucosamine derived from chi-
tin 22, It has many properties such as biocompatibility,
biodegradability, antimicrobial and hemostatic capa-
bility, and bio-adhesiveness 23! 4, Furthermore, it
enhances wound healing by averting the accumula-
tion of exudate, promoting gas exchange and drainage
of the wound, and improving re-epithelization and the
functions of polymorphonuclear leukocytes (PMN),
macrophages and fibroblasts U7 2311251,

Plant extracts contain growth factors and compounds
with antioxidant, antimicrobial and anti-inflammatory
potential, representing a viable alternative to lessen the
financial burden of long-term use of antibiotics and to
be used in a topical wound treatment %, Aloe vera
plant enhances fibroblasts and leukocyte's activity, and
its wound healing mechanism has been positively cor-
related with glucomannan and acemannan [7 281 2],
Extracts of C. officinalis have shown positive effects on
wound healing, enhancing the proliferation of fibro-
blasts and keratinocytes, increasing angiogenesis,
reducing collagenase activity, and having antibacterial,
anti-inflammatory and antioxidant activity 33132
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Glucosaminoglycans (GAGs) are mainly formed by
repeated units of an amino sugar attached to a uronic
acid. In the early stages of healing, they are secreted to
create the fundamental substance on which collagen
and elastin deposition takes place to form the extracel-
lular matrix 33134, N-acetyl glucosamine (NAGA) is a
monosaccharide and a basic component of hyaluronic
acid and keratin sulfate on the cell surface, promotes
the proliferation of keratinocytes and fibroblasts and
increases the production of hyaluronic acid in the
skin; it has also been successfully used to heal wounds.
In the wound healing process, in the late stages of
fibroplasia, the maturation of collagen fibers reduces
the cellularity of the wound and increases tensile
strength 351, Collagens are the most abundant pro-
tein family in the extracellular matrix. The main types
of collagen present in the skin are type I (80%) and
type I1I (15%). During the early stages of the formation
of granulation tissue, the expression of Collagen III
increases, from 20% to 50%. Later, during the matura-
tion of the wound, Collagen III content decreases to
normal levels, increasing the content of Collagen I,
which contributes to the recovery of the tensile
strength of the tissue © 61361, In the present research
article, we investigated the effect of chitosan hydro-
gels loaded with plant extracts on the wound healing
process of full-thickness cutaneous wounds of dia-
betic and non-diabetic animals by analyzing wound
contraction rates and the biochemical assessment
(NAGA and collagen content) of wounded tissues.

MATERIALS AND METHODS

Materials

Chitosan with a 75-85% deacetylation and low molec-
ular weight degree was purchased from Sigma-Aldrich.
Aloe vera plants were purchased from a local green-
house in Morelia and dried Calendula officinalis flow-
ers were purchased from a local market in Morelia. All
other reagents used were of analytical grade. Deionized
water was used throughout this study.

Hydrogels and plant
extract preparation
Chitosan solution was obtained by dissolving chi-
tosan in an aqueous solution of 1% v/v of acetic acid,
which was further mixed with a 1% m/v solution of
CaCl2 in a 3:1 proportion, obtaining the chitosan
hydrogel (CS) (Figure 1a). This chitosan hydrogel was
mixed in a 9:1 proportion with the plant extracts,
obtaining the CS+AV and CS+CO treatments. The final
concentration of chitosan in the hydrogels was 35.99
mg/ml 7.

Healthy leaves of Aloe vera (AV) (2 years old) were
processed as previously reported 38, Briefly, Aloe vera
leaves were washed with soap and tap water, and a
longitudinal incision was performed on them to
extract the Aloe vera gel, which was ground and heated
on a water bath at 50 °C for 7 min (Figure 1b). After the
water bath, the gel was filtered using sterile gauze and
immediately mixed with the CS gel (obtaining the
CS+AV treatment) (Figure 1d).

A macerate of dried Calendula officinalis (CO) flowers
was prepared using a 95% ethanol aqueous solution,
mixing 1 g of dried flowers per 10 ml of solvent for 48
h, after which the mixing was filtered using sterile
gauze. The resulting macerate was dried at room tem-
perature for 5 h to remove the ethanol, obtaining an oil
(Figure 1c) that was mixed with the CS gel (obtaining
the CS+CO treatment) (Figure 1d).

In vivo wound healing study
Experimental design

In this study, a total of 24 Wistar male rats weighing
between 260 and 320 g were used. The animals were
kept in individual cages in a room with a constant tem-
perature of 25 + 1 °C with a 12 h light/dark cycle. All
rats had free access to water and standard laboratory
chow. All animal procedures were conducted follow-
ing the Mexican Federal Regulations for Animal
Experimentation and Care (NOM-062- ZO0O-1999).
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FIGURE 1. A scheme cartoon of the process to obtain the treatments employed in this research.
(a) Process to obtain the chitosan hydrogel (CS). (b) Process to obtain the Aloe vera extract (AV).
(c) Process to obtain the C. officinalis extract (CO). (d) Process to obtain the CS+AV and CS+CO hydrogels.
The majority of the schematic art pieces in this figure were provided by Servier Medical Art (smart.servier.com).
Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License.
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Diabetic model protocol

As reported in previous studies 131 B39 kol 41 digbetes
was induced after fasting for 12 h, by intraperitoneal
(i.p.) injection of 45 mg/kg body weight (BW) strepto-
zotocin dissolved in 0.1 M citrate buffer (pH 4.5). To
confirm that the diabetic model was successfully
established, blood was drawn by a small incision on
the rat tail using a blood lancet and it was absorbed
using blood glucose test strips to determine the blood
glucose levels using a glucometer (AccuCheck). When
the glucose level was higher than 200 mg/ml, the dia-
betic model was established.

Incisional wound model
Animals were anesthetized with an i.p. injection of 50
mg/kg BW pentobarbital, after which the hairs on the
back of the animals were shaved using an electric clipper.
A fold was created on the skin dorsum, which was then
cut using a 6-mm sterilized biopsy punch, creating a
full-thickness round wound on each side of the dorsum.

Animals were divided into six experimental groups
(n=4), three of them with streptozotocin-induced dia-
betic animals:

e I: diabetic control group (no treatment)

e II: diabetic group topically treated with CS+AV

 III: diabetic group topically treated with CS+CO

e IV: non-diabetic control group (no treatment)

e V:non-diabetic group topically treated with
CS+AV

e VI: non-diabetic group topically treated with
CS+CO

Wounds were treated topically with 100 ul of the cor-
respondent hydrogel. Each animal was monitored for
13 days from the day of injury induction (Day 0), after
which the animals were euthanized by injection of a
lethal dose of pentobarbital (100 mg/kg BW). Full-
thickness biopsies were retrieved from the wound site
for further biochemical analysis.

Wound healing analysis

Wound kinetics and data analysis
Wound kinetics were recorded using a 13 MP digital
camera and were quantified using AutoCAD to mea-
sure wound area daily. The wound area was expressed
as a percentage of the initial wound area (100%).

Biochemical assessment of wounds

Samples were dried at 48 °C for 24 h, after which they
were hydrolyzed in 5 ml of concentrated HCl/acetic
acid solution (4:1 vol/vol) at 70 - 80 °C for 3 h. After
being cooled with tap water, hydrolyzates were diluted
in distilled water with a final concentration of 50% v/v
for use in estimating hydroxyproline (Hyp) and n-ace-
tyl glucosamine (NAGA). Collagen content in the skin
was calculated from the Hyp content by multiplying it
by a factor of 7.46 42, The assessment was carried out
using a reaction with Erhlich's reagent; briefly, a pyr-
role ring was formed on both compounds (by oxidative
dehydrogenation in Hyp “3 and NAGA by alkaline
treatment “4) that reacts with Ehrlich's reagent to
form a quinoid chromophore that can be quantified by
UV-Vis spectroscopy.

Hydroxyproline and Collagen estimation. The hydro-
lyzates were subjected to oxidation by the addition of
1 ml of a Chloramine-T solution (1 part of Chloramine-T
solution at 7% w/v and 4 parts of buffer (pH 6) of 0.42
M sodium acetate, 0.127 M sodium citrate and 0.026 M
citric acid) and 1 ml of isopropanol. After 4 minutes, 2
ml of Ehrlich reagent (prepared as previously described
by Cheng 5') were added. The mixtures were heated in
a water bath at 60 °C for 25 min. After cooling with tap
water, absorbances were read at 557 nm. A standard
solution of Hydroxyproline (Hyp) was obtained by
diluting 25 mg of Hyp (purchased from Sigma Aldrich)
in 250 ml of water (100 pg/ml) and was used to prepare
a calibration curve. Aliquots of 5, 25, 50, 75 and 100 pul
were taken and diluted in distilled water to a final vol-
ume of 5 ml, obtaining solutions with 0.1, 0.5, 1, 1.5
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and 2 pg/ml. These solutions were treated with the
same procedure as the hydrolyzates to get a Hyp cali-
bration curve at 557 nm. Hyp content was estimated
by linear interpolation. As stated before, Collagen con-
tent was calculated by multiplying the Hyp content by
a factor of 7.46.

N-acetyl glucosamine (NAGA) estimation. Briefly, 0.5
ml of the hydrolyzates solutions were added 0.5 ml of
potassium tetraborate 0.1 M and heated on boiling
water for 3 min; afterward, 3 ml of Ehrlich reagent
(prepared as described by Reissig, Strominger & Leloir
l461) were added. The mixtures were heated on a water
bath at 36-38 °C for 20 min. After cooling with tap
water, absorbances were read at 545 nm. The values of
NAGA were estimated using the molar extinction coef-
ficient of 21,000 ¥,

Statistical analysis
Statistical analysis of wound kinetics and biochemi-
cal assessment was performed with one-way ANOVA
with a post-hoc Tuckey analysis. A value of P < 0.05
was considered statistically significant.

RESULTS AND DISCUSSION

Results

Wound kinetics. Figures 2 and 3 show the wound
kinetics and wound area ratios for both diabetic and
non-diabetic groups, respectively. Both diabetic and
non-diabetic groups treated with CS+AV showed a
reduced wound area compared to the respective con-
trol groups from day 1 after wounding, while CS+CO
treatment reduced wound area from day 1 only on the
non-diabetic group in comparison to the group IV.
Groups V and VI showed remarkable differences in
wound area ratios compared to group IV, reducing the
wound area up to 40 ~ 60 % on day 1 and resulting in a
smaller wound area ratio than the control group by the
end of the study. On the other hand, group II showed a
decrease in wound area ratio of ~29% on day 1 and

FIGURE 2. Wound kinetics of full-thickness
wounds on various days during the healing process.
DAW = Day After Wounded.

FIGURE 3. Wound area ratio during the wound healing

process. (a) Wound area ratio on non-diabetic groups.
(b) Wound area ratio on diabetic groups. *P < 0.05
compared to the corresponding control group.

group III behaved very similarly compared to diabetic
control. Nevertheless, groups III and II showed a 13 ~
15% decrease in wound area compared to group I on
the last day of the study.

Hydroxyproline and Collagen estimation. Figure 4 (a
and b) shows the results of the assessment of the colla-
gen content. The groups treated, both diabetic and
non-diabetic, show a higher collagen content com-
pared to their respective control groups. Interestingly,
diabetic groups show a higher content of collagen com-
pared to the non-diabetic groups.

N-acetyl glucosamine (NAGA) estimation. NAGA con-
tent increased in the groups treated with both gels
compared to the control groups; however, only the



26 REVISTA MEXICANA DE INGENIERIA BIOMEDICA | VOL. 43 | NO. 1| JANUARY - APRIL 2022

diabetic group treated with CS+AV (group II) presented
a statistically significant difference compared to the
control group. Similarly, as in the collagen content, the
diabetic groups showed a slightly higher NAGA con-
tent than the non - diabetic groups (Figure 4c and 4d).
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FIGURE 4. Collagen and NAGA content on biopsies
from full-thickness wounds. (a) and (b) show the
collagen content on biopsies from non-diabetic and
diabetic groups, respectively; (c) and (d) show the NAGA
content on biopsies from non-diabetic and diabetic
groups, respectively. *P < 0.05 compared to the
corresponding control group.

Discussion

This study investigated the wound healing process of
wounds treated with two chitosan hydrogels loaded
with different plant extracts of Aloe vera and Calendula
officinalis. Our results showed that treatment with
both hydrogels accelerates wound contraction and
enhances ECM's components' deposition, and are by
previous studies involving chitosan, C. officinalis and
A. vera B 33142 471 481 Speed of contraction is signifi-

cant in decreasing the wound's area in full-thickness
injuries “9. The quantitative analysis data of the
wound area ratio suggests that the best treatment at
achieving this was CS+AV since it showed better per-
formance at reducing the wound area ratio in both
diabetic and non-diabetic groups. Although the dia-
betic and non-diabetic control groups did not have a
significant difference between them, the comparison
between the groups treated with CS+CO suggests that
the diabetic model has a slower wound contraction
and less sensitivity to this treatment in contrast to the
non-diabetic model. Myofibroblasts are differentiated
fibroblasts that exhibit an actin microfilaments rich
cytoskeleton and are the primarily responsible cells
for wound contraction “ 151 7 02 Wound area ratio
results suggest treatments might have enhanced myo-
fibroblasts differentiation and activity in the early
stages of wound healing (except on the group III, in
which a significant wound contraction was only seen
until day 11 after wounded). Further studies compar-
ing the effect of chitosan and plant extracts are neces-
sary to clarify the mechanisms and components
accountable for this effect.

Accelerated wound healing can also be detected by
analyzing ECM's deposition dynamics, particularly
glycosaminoglycans (GAGs) and collagen 5159, GAGs
are mainly composed of repeating units of an amino
sugar (e.g., n-acetyl glucosamine or n-acetyl galac-
tosamine) attached to a uronic acid. During early
wound healing, the ground substance is composed
mainly of GAGs that regulate early inflammation,
fibroblast migration and form scaffolds for collagen
polymerization and maturation 614251, Subsequently,
the content of GAGs in the tissue is reduced, and colla-
gen production increases 133! 34, In late fibroplasia
stages, collagen fiber maturation reduces wound cellu-
larity and increases tensile strength 9351052, The low
levels of NAGA observed in all groups in proportion to
collagen content suggest that the wounds were in a
middle or late stage of fibroplasia, in which collagen is
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mainly produced in the ECM 142 9131 Tt should be
noted that the high collagen content observed in the
treated groups may have been produced by an increase
in the content of GAGs in the early stages of healing
since collagen synthesis is influenced by the mucopo-
lysaccharides of the ground substance of the ECM.

In the skin, the main types of collagen present are
type I (80%) and type III (15%); the ratio of these two
proteins changes during the early phases of wound
healing. During the formation of granulation tissue,
the expression of Collagen III increases to Collagen I
expression, from 20% to 50%. Later, during wound
maturation, the proportion decreases again to normal
levels, increasing Collagen I's content, which contrib-
utes to the recovery of the tissue's tensile strength (61016
361, The high collagen levels observed in the treated
groups suggest that the formulations improve the
healing process since the increase in the collagen con-
tent in this process has been correlated with the matu-
ration of the tissue, with the decrease in total cellular-
ity (which is a sign of decreased inflammation) and
with the development of blood vessels 421531, Although
collagen's overproduction could produce a keloid or
hypertrophic scar 54, this pathology was not observed
in either animal group of this study.

These results could be attributed to the different
types of bioactive compounds present in the plant
extracts that were employed. The anti-inflamatory
and fibroblast stimulating activity of calendula has
been attributed to its high terpenoids content, some of
the identified terpenoids on calendula’s extracts are:
sitosterols, ursadiol, calenduladiol esters, calendulo-
sides, calenduladiol, faradiol, among others [3°1 [55] [56],
In addition to this, these extracts are also especially
rich in flavonoids, like quercetin, isorhamnetin, iso-
quercitin, narcissin, calendoflaside, calendoflavoside
and calendoflavobioside, among others. The flavonoid
content confers the extracts of its antimicrobial and
antioxidant properties 31051157, Meanwhile, the Aloe

vera possess 75 potential bioactive phytochemicals. Its
immuno-stimulatory activity has been attributed to
the polysaccharides present in the pulp 5, like gluco-
mannan and acemannan; the former is considered as a
very strong immunomodulator of plant origin, while
the latter is responsible for augmenting the collagen
production by enhancing fibroblast proliferation.
Other type of bioactive phytochemical present in Aloe
vera are anthraquinones, which have anti-inflamatory
and antioxidant activity 158 59, Although the extracts
have many bioactive compounds with different prop-
erties, it is possible that the beneficial effects of the
extracts are a result of the interaction between these
various compounds. Further experiments with the
separate components of the treatments of this study
(Chitosan, Aloe vera and Calendula officinalis) are
needed to identify which component is responsible for
the different effects observed. Also, the characteriza-
tion of these components could help to elucidate if one
chemical compound could be specifically responsible
for the major benefits observed or if these are the
result of a synergic effect from the various bioactive
phytochemicals and the chitosan.

CONCLUSIONS

In conclusion, data collected in this study shows that
chitosan hydrogels loaded with plant extracts of Aloe
vera and Calendula officinalis have a beneficial effect
on the wound healing process of full-thickness wounds
in both diabetic and non-diabetic models. The CS+AV
treatment showed a remarkable performance on the
diabetic model in comparison to the CS+CO treatment.
Nevertheless, the biochemical results suggest that both
treatments were able to reduce inflammation and accel-
erate fibroplasia. Hence, this study shows that the devel-
oped hydrogels are potential materials to treat skin
wounds, particularly DFU, given the observations on
the treated diabetic model. Further studies are required
to understand the specific effects that the treatments
have on each wound-healing phase and which compo-
nent of the therapy is responsible for each outcome.



28 REVISTA MEXICANA DE INGENIERIA BIOMEDICA | VOL. 43 | NO. 1| JANUARY - APRIL 2022

ETHICAL STATEMENT

All animal procedures were conducted following the
Mexican Federal Regulations for Animal Experimenta-
tion and Care (NOM-062-Z00-1999, México) and were
approved by the Institutional Committee of the
Instituto de Investigaciones Quimico-Biologicas of the
Universidad Michoacana de San Nicolas de Hidalgo for
the Use and Care of Animals (7-09-2021, Ref. No.
08/2020).

AUTHOR CONTRIBUTIONS

A.K.N.G. conceptualized the research, defined the
scope and goals of the project; designed and defined
methodology and performed analyses; developed the
methods of the analyses for the biochemical assess-
ment of the wounds, performed the wound image anal-
ysis in AUTOCAD, and carried out the statistical analy-
ses in GraphPad Prism; edited the original draft and
addressed the commentaries of editorial review; cre-
ated figures 1 to 4, and the graphical abstract of the
paper. E.C.S.G. conceptualized the research; defined
the scope and goals of the project; designed and
defined methodology, especially for the diabetic and
incisional wound models and to biochemical assess-
ment of the wounds. Conducted and performed analy-
ses; edited the original draft and addressed the com-
mentaries of editorial review; created figures 1 and 4,
and the graphical abstract of the paper. D.I.A.M. con-
tributed to the design and development of methodol-
ogy for the study; prepared materials and conducted
analyses; contributed to create the Figure 2. T.I.G.P.
Contributed to the original proposal of the project and
helped to define the scope and goals; provided instru-
ments and reagents; coordinated and supervised the
preparation of material at several stages of the study;
acquired funding from Tecnologico Nacional de Méxi-

co campus Morelia. J.F.C.N. Contributed to the original
proposal of the project and helped to define the scope
and goals; provided instruments and reagents; coordi-
nated and supervised the preparation of material at
several stages of the study; acquired funding from
Tecnologico Nacional de México campus Morelia.
M.G.B. contributed to the design and development of
protocols and the design of methods for the modelling
studies; participated in the development of in vivo
studies; carried out the statistical analysis of wound
healing kinetics on GraphPad Prism; oversaw the dia-
betes model protocol. R.M.P. contributed to the devel-
opment of the initial proposal and helped to define the
scope and goals; provided reagents for the diabetic and
incisional wound protocols as well as instruments and
lab animals for in vivo studies; coordinated and over-
saw the in vivo wound healing study; acquired funding
from the Universidad Michoacana de San Nicolas de
Hidalgo. All authors participated equally in the writing
and approval of the different stages of the manuscript.

ACKNOWLEDGEMENTS AND FUNDING
We thank to Universidad Michoacana de San Nicolas
de Hidalgo (UMSNH). We acknowledge the partial
financingto Coordinacion delaInvestigacion Cientifica
of UMSNH: MPR-CIC 2020.

This work was supported by “Proyectos de Desarrollo
Tecnologico e Innovacion para Estudiantes” from the
Tecnolbgico Nacional de México, as part of the project:
“Formulacion y evaluacion in vitro de hidrogeles a
base de quitosano y extractos vegetales para la
inhibicion de patégenos de piel que afectan la cicatri-
zacion de pacientes diabéticos (clave 9195.20-P)”.

The authors declare no conflict of interest.



Arturo Kenzuke Nakamura-Garcia et al. Healing of Wounds Treated with Chitosan Hydrogels with Extracts from Aloe vera and Calendula officinalis 29

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

REFERENCES

Amin N, Doupis J. Diabeti Amin N, Doupis J. Diabetic foot disease:
From the evaluation of the “foot at risk” to the novel diabetic ulcer
treatment modalities. World J Diabetes [Internet]. 2016;7(7):153-
164. Available from: https://doi.org/10.4239/wjd.v7.i7.153

Amoah VMK, Anokye R, Acheampong E, Dadson HR, et al. The
experiences of people with diabetes-related lower limb amputation
at the Komfo Anokye Teaching Hospital (KATH) in Ghana. BMC Res
Notes [Internet]. 2018;11:66. Available from:
https://doi.org/10.1186/s13104-018-3176-1

Dwita LP, Hasanah F, Srirustami R, Repi, et al. Wound healing
properties of Epiphyllum oxypetalum (DC.) Haw. leaf extract in
streptozotocin-induced diabetic mice by topical application.
Wound Med [Internet]. 2019;26(1):100160. Available from:
https://doi.org/10.1016/j.wndm.2019.100160

Guillamat-Prats R. The Role of MSC in Wound Healing, Scarring
and Regeneration. Cells [Internet]. 2021;10(7):1729. Available from:
http://dx.doi.org/10.3390/cells10071729

Cafiedo-Dorantes L, Cafiedo-Ayala M. Skin Acute Wound Healing: A
Comprehensive review. Int J Inflam [Internet]. 2019;2019:3706315.
Available from: https://doi.org/10.1155/2019/3706315

Gushiken LFS, Beserra FP, Bastos JK, Jackson CJ, et al. Cutaneous
Wound Healing: An Update from Physiopathology to Current
Therapies. Life (Basel) [Internet]. 2021;11(7):665. Available from:
https://dx.doi.org/10.3390%2Flife11070665

Zhao R, Liang H, Clarke E, Jackson C, et al. Inflammation in
Chronic Wounds. Int J Mol Sci [Internet]. 2016;17(12):2085.
Available from: https://doi.org/10.3390/ijms17122085

Ellis S, Lin EJ, Tartar D. Immunology of Wound Healing. Curr
Dermatol Rep [Internet]. 2018;7(4):350-358. Available from:
https://doi.org/10.1007/s13671-018-0234-9

Barreto RSS, Albuquerque-Janior RLC, Pereira-Filho RN, Quintans
JSS, et al. Evaluation of wound healing activity of atranorin, a
lichen secondary metabolite, on rodents. Rev Bras Farmacogn
[Internet]. 2013;23(2):310-319. Available from:
http://dx.doi.org/10.1590/50102-695X2013005000010

Theoret C. Physiology of Wound Healing. In: Theoret C,
Schumacher J (eds.). Equine Wound Management [Internet]. Third
ed. Ames, Iowa: John Wiley & Sons, Inc; 2016. 1-13p. Available
from: https://doi.org/10.1002/9781118999219.ch1

Pastar I, Stojadinovic O, Yin NC, Ramirez H, et al. Epithelialization
in Wound Healing: A Comprehensive Review. Adv Wound Care
[Internet]. 2014;3(7):445-64. Available from:
https://doi.org/10.1089/wound.2013.0473

Landén NX, Li D, Stahle M. Transition from inflammation to
proliferation: a critical step during wound healing. Cell Mol Life Sci
[Internet]. 2016;73(20):3861-85. Available from:
https://doi.org/10.1007/s00018-016-2268-0

Gonzalez ACDO, Andrade ZDA, Costa TF, Medrado ARAP. Wound
healing - A literature review. An Bras Dermatol [Internet].
2016;91(5):614-620. Available from:
https://doi.org/10.1590/abd1806-4841.20164741

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Minossi JG, Oliveira LA, Caramori CA, Hasimoto CN, et al. Alloxan
diabetes alters the tensile strength, morphological and
morphometric parameters of abdominal wall healing in rats. Acta
Cir Bras [Internet]. 2014;29(2):118-124. Available from:
https://doi.org/10.1590/50102-86502014000200008

Olczyk P, Mencner £, Komosinska-Vassev K. The Role of the
Extracellular Matrix Components in Cutaneous Wound Healing.
BioMed Res Int [Internet]. 2014:747584. Available from:
https://doi.org/10.1155/2014/747584

Xue M, Jackson CJ. Extracellular Matrix Reorganization During
Wound Healing and Its Impact on Abnormal Scarring. Adv Wound
Care [Internet]. 2015;4(3):119-136. Available from:
https://doi.org/10.1089/wound.2013.0485

Okur ME, Karantas ID, Senyigit Z, Ustiindag Okur N, et al. Recent
trends on wound management: New therapeutic choices based on
polymeric carriers. Asian J Pharm Sci [Internet]. 2020;15(6):661-
684. Available from: https://doi.org/10.1016/j.ajps.2019.11.008

Ehterami A, Salehi M, Farzamfar S, Vaez A, et al. In vitro and in
vivo study of PCL/COLL wound dressing loaded with insulin-
chitosan nanoparticles on cutaneous wound healing in rats model.
Int J Biol Macromol [Internet]. 2018;117(1):601-609. Available
from: https://doi.org/10.1016/j.ijbiomac.2018.05.184

Daly AC, Riley L, Segura T, Burdick JA. Hydrogel microparticles for
biomedical applications. Nat Rev Mater [Internet]. 2020;5(1):20-43.
Available from: http://dx.doi.org/10.1038/s41578-019-0148-6

Li J, Mooney DJ. Designing hydrogels for controlled drug delivery.
Nat Rev Mater [Internet]. 2016;1(12):16071. Available from:
http://dx.doi.org/10.1038/natrevmats.2016.71

Chai Q, Jiao Y, Yu X. Hydrogels for Biomedical Applications: Their
Characteristics and the Mechanisms behind Them. Gels [Internet].
2017;3(1):6. Available from: https://doi.org/10.3390/gels3010006

Azuma K, Izumi R, Osaki T, Ifuku S, et al. Chitin, Chitosan, and Its
Derivatives for Wound Healing: Old and New Materials. J Funct
Biomater [Internet]. 2015;6(1):104-142. Available from:
http://dx.doi.org/10.3390/jfb6010104

Dai T, Tanaka M, Huang Y-Y, Hamblin MR. Chitosan preparations
for wound-healing effects. Expert Rev Anti Infect Ther [Internet].
2011;9(7):857-879. Available from:
http://dx.doi.org/10.1586/eri.11.59

El-Kased RF, Amer RI, Attia D, Elmazar MM. Honey-based
hydrogel: In vitro and comparative In vivo evaluation for burn
wound healing. Sci Rep [Internet]. 2017;7(1):9692. Available from:
http://dx.doi.org/10.1038/s41598-017-08771-8

Matica MA, Aachmann FL, Tendervik A, Sletta H, et al. Chitosan as
a Wound Dressing Starting Material: Antimicrobial Properties and
Mode of Action. Int J Mol Sci [Internet]. 2019;20(23):5889.
Available from: https://doi.org/10.3390/ijms20235889

Sivamani RK, Ma BR, Wehrli LN, Maverakis E. Phytochemicals and
Naturally Derived Substances for Wound Healing. Adv Wound Care
[Internet]. 2012;1(5):213-217. Available from:
https://doi.org/10.1089/wound.2011.0330




30

[27]

[28]

[29]

[30]1

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

REVISTA MEXICANA DE INGENIERIA BIOMEDICA | VOL. 43 | NO. 1| JANUARY - APRIL 2022

Burusapat C, Supawan M, Pruksapong C, Pitiseree A, et al. Topical
Aloe Vera Gel for Accelerated Wound Healing of Split-Thickness
Skin Graft Donor Sites: A Double-Blind, Randomized, Controlled
Trial and Systematic Review. Plast Reconstr Surg [Internet].
2018;142(1):217-226. Available from:
https://doi.org/10.1097/PRS.0000000000004515

Hashemi SA, Madani SA, Abediankenari S. The Review on
Properties of Aloe Vera in Healing of Cutaneous Wounds. Biomed
Res Int [Internet]. 2015;2015:714216. Available from:
https://doi.org/10.1155/2015/714216

Darzi S, Paul K, Leitan S, Werkmeister JA, et al. Immunobiology
and Application of Aloe vera-Based Scaffolds in Tissue
Engineering. Int J Mol Sci [Internet]. 2021;22(4):1708. Available
from: https://doi.org/10.3390/ijms22041708

Givol O, Kornhaber R, Visentin D, Cleary M, et al. A systematic
review of Calendula officinalis extract for wound healing. Wound
Repair Regen [Internet]. 2019;27(5):548-561. Available from:
https://doi.org/10.1111/wrr.12737

Dinda M, Mazumdar S, Das S, Ganguly D, et al. The Water Fraction
of Calendula officinalis Hydroethanol Extract Stimulates In Vitro
and In Vivo Proliferation of Dermal Fibroblasts in Wound Healing.
Phyther Res [Internet]. 2016;30(10):1696-1707. Available from:
https://doi.org/10.1002/ptr.5678

Buzzi M, de Freitas F, de Barros Winter M. Therapeutic
effectiveness of a Calendula officinalis extract in venous leg ulcer
healing. J Wound Care [Internet]. 2016;25(12):732-739. Available
from: https://doi.org/10.12968/jowc.2016.25.12.732

Chithra P, Sajithlal GB, Chandrakasan G. Influence of Aloe vera on
the glycosaminoglycans in the matrix of healing dermal wounds in
rats. J Ethnopharmacol [Internet]. 1998;59(3):179-186. Available
from: https://doi.org/10.1016/5S0378-8741(97)00112-8

Kosir MA, Quinn CCV, Wang W, Tromp G. Matrix
Glycosaminoglycans in the Growth Phase of Fibroblasts: More of
the Story in Wound Healing. J Surg Res [Internet]. 2000;92(1):45-
52. Available from: https://doi.org/10.1006/jsre.2000.5840

Smith QT. Collagen Metabolism in Wound Healing. In: Day SB (eds).
Trauma [Internet]. Boston: Springer; 1975. 31-45p. Available from:
https://doi.org/10.1007/978-1-4684-2145-3 3

Bainbridge P. Wound healing and the role of fibroblasts. J Wound
Care [Internet]. 2013;22(8):407-412. Available from:
https://doi.org/10.12968/jowc.2013.22.8.407

Chhabra P, Mehra L, Mittal G, Kumar A. A Comparative Study on
the Efficacy of Chitosan Gel Formulation and Conventional Silver
Sulfadiazine Treatment in Healing Burn Wound Injury at Molecular
Level. Asian J Pharm [Internet]. 2017;11(3):489-496. Available
from: https://dx.doi.org/10.22377/ajp.v11i03.1449

Takzare N, Hosseini MJ, Hasanzadeh G, Mortazavi H, et al.
Influence of Aloe Vera Gel on Dermal Wound Healing Process in
Rat. Toxicol Mech Methods [Internet]. 2009;19(1):73-77. Available
from: https://doi.org/10.1080/15376510802442444

Cheng KY, Lin ZH, Cheng YP, Chiu HY, et al. Wound Healing in
Streptozotocin-Induced Diabetic Rats Using Atmospheric-Pressure
Argon Plasma Jet. Sci Rep [Internet]. 2018;8(1):12214. Available
from: https://doi.org/10.1038/s41598-018-30597-1

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Bravo-Sanchez E, Pefla-Montes D, Sanchez-Duarte S, Saavedra-
Molina A, et al. Effects of Apocynin on Heart Muscle Oxidative
Stress of Rats with Experimental Diabetes: Implications for
Mitochondria. Antioxidants [Internet]. 2021;10(3):335. Available
from: https://doi.org/10.3390/antiox10030335

Sanchez-Duarte S, Marquez-Gamifio S, Montoya-Pérez R, Villicafia-
Gomez EA, et al. Nicorandil decreases oxidative stress in slow- and
fast-twitch muscle fibers of diabetic rats by improving the
glutathione system functioning. J Diabetes Investig [Internet].
2021;12(7):1152-1161. Available from:
https://doi.org/10.1111/jdi.13513

Oryan A, Mohammadalipour A, Moshiri A, Tabandeh MR. Topical
Application of Aloe vera Accelerated Wound Healing, Modeling,
and Remodeling. Ann Plast Surg [Internet]. 2016;77(1):37-46.
Available from: https://doi.org/10.1097/SAP.0000000000000239

Ignat’eva NY, Danilov NA, Averkiev SV, Obrezkova MV, et al.
Determination of hydroxyproline in tissues and the evaluation of
the collagen content of the tissues. J Anal Chem [Internet].
2007;62(1):51-7. Available from:
https://doi.org/10.1134/5106193480701011X

Van Lenten, L. Automated Analysis of Amino Sugars using the
Elson-Morgan Reaction [Internet]. [Dissertation]. [Connecticut]:
Yale School of Medicine, 1966. 107p. Available from:
https://elischolar.library.yale.edu/ymtdl/6/

Cheng PT. An Improved Method for the Determination of
Hydroxyproline in Rat Skin. J Invest Dermatol [Internet].
1969;53(2):112-115. Available from:
http://dx.doi.org/10.1038/jid.1969.116

Reissig JL, Storminger JL, Leloir LF. A modified colorimetric
method for the estimation of N-acetylamino sugars. J Biol Chem
[Internet]. 1955;217(2):959-966. Available from:
https://doi.org/10.1016/50021-9258(18)65959-9

Movaffagh J, Bazzaz BSF, Yazdi AT, Sajadi-Tabassi A, et al. Wound
Healing and Antimicrobial Effects of Chitosan-hydrogel/Honey
Compounds in a Rat Full-thickness Wound Model. Wounds
[Internet]. 2019;31(9):228-235. Available from:
https://pubmed.ncbi.nlm.nih.gov/31298661/

Duran V, Matic M, Javanov¢ M, Mimica N, et al. Results of the
clinical examination of an ointment with marigold (Calendula
Officinalis) extract in the treatment of venous leg ulcers. Int J
Tissue React [Internet]. 2005;27(3):101-106. Available from:
https://europepmec.org/article/MED/16372475

Li J, Chen J, Kirsner R. Pathophysiology of acute wound healing.
Clin Dermatol [Internet]. 2007;25(1):9-18. Available from:
https://doi.org/10.1016/j.clindermatol.2006.09.007

Elegbede RD, Illomuanya MO, Sowemimo AA, Nneji A, et al. Effect
of fermented and green Aspalathus linearis extract loaded
hydrogel on surgical wound healing in Sprague Dawley rats.
Wound Med [Internet]. 2020;29:100186. Available from:
https://doi.org/10.1016/j.wndm.2020.100186

Ghatak S, Maytin EV, MacK JA, Hascall VC, et al. Roles of
Proteoglycans and Glycosaminoglycans in Wound Healing and
Fibrosis. Int J Cell Biol [Internet]. 2015;2015:834893. Available
from: https://doi.org/10.1155/2015/834893



https://www.sciencedirect.com/science/article/pii/S0378874197001128?via%3Dihub
https://www.jbc.org/article/S0021-9258(18)65959-9/pdf
https://europepmc.org/article/MED/16372475

Arturo Kenzuke Nakamura-Garcia et al. Healing of Wounds Treated with Chitosan Hydrogels with Extracts from Aloe vera and Calendula officinalis 31

[52]

[53]

[54]

[551]

[561

Abatangelo G, Brun P, Cortivo R. Collagen Metabolism and Wound [571
Contraction. In: Altmeyer P, Hoffman K, el Gammal S, Hutchinson J

(eds). Wound Healing and Skin Physiology [Internet]. Berlin:

Springer; 1995. 71-88p. Available from:
https://doi.org/10.1007/978-3-642-77882-7 7

Monaco JAL, Lawrence WT. Acute wound healing: An overview.
Clin Plast Surg [Internet]. 2003;30(1):1-12. Available from: [58]
https://doi.org/10.1016/5S0094-1298(02)00070-6

Nunes PS, Albuquerque-Jinior RLC, Cavalcante DRR, Dantas MDM,

et al. Collagen-Based Films Containing Liposome-Loaded Usnic

Acid as Dressing for Dermal Burn Healing. Biomed Res Int [59]
[Internet]. 2011;2011:761593. Available from:
https://doi.org/10.1155/2011/761593

Quave CL. Wound Healing with Botanicals: a Review and Future
Perspectives. Curr Dermatol Rep [Internet]. 2018;7(4):287-295.
Available from: https://doi.org/10.1007/s13671-018-0247-4

Muley BP, Khadabadi SS, Banarase NB. Phytochemical Constituents
and Pharmacological Activities of Calendula officinalis Linn
(Asteraceae): A Review. Trop J Pharm Res [Internet].
2009;8(5):455-465. Available from:
https://doi.org/10.4314/tjpr.v8i5.48090

Fonseca YM, Catini CD, Vicentini FTMC, Nomizo A, et al. Protective
effect of Calendula officinalis extract against UVB-induced
oxidative stress in skin: Evaluation of reduced glutathione levels
and matrix metalloproteinase secretion. J Ethnopharmacol
[Internet]. 2010;127(3):596-601. Available from:
https://doi.org/10.1016/j.jep.2009.12.019

Majumder R, Das CK, Mandal M. Lead bioactive compounds of Aloe
vera as potential anticancer agent. Pharmacol Res [Internet].
2019;148:104416. Available from:
https://doi.org/10.1016/j.phrs.2019.104416

Radha MH, Laxmipriya NP. Evaluation of biological properties and
clinical effectiveness of Aloe vera: A systematic review. J Tradit
Complement Med [Internet]. 2015;5(1):21-26. Available from:
https://doi.org/10.1016/j.jtcme.2014.10.006



https://www.plasticsurgery.theclinics.com/article/S0094-1298(02)00070-6/fulltext

