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Abstract

Full-thickness burns pose a major challenge for clinicians to handle because of their restricted self-healing ability. Even though
several approaches have been implemented for repairing these burnt skin tissue defects, all of them had unsatisfactory
outcomes. Moreover, during recent years, skin tissue engineering techniques have emerged as a promising approach
to improve skin tissue regeneration and overcome the shortcomings of the traditional approaches. Although previous
literatures report the wound healing effects of the squalene oil, in the current study, for the first time, we developed a
squalene-loaded emulgel-based scaffold as a novel approach for potential skin regeneration. This squalene-loaded agar-based
emulgel scaffold was fabricated by using physical cross-linking technique using lecithin as an emulsifier. Characterization
studies such as X-ray diffraction, Fourier-transform infrared spectroscopy, and field emission scanning electron microscopy
revealed the amorphous nature, chemical interactions, and cross-linked capabilities of the developed emulgel scaffold. The
squalene-loaded emulgel scaffold showed excellent wound contraction when compared with the agar gel and negative
control. In case of the histopathology and recent immunohistochemistry findings, it was clearly evidenced that squalene-
loaded emulgel promoted faster rate of the revascularization and macrophage polarization in order to enhance the burn
wound healing. Moreover, the findings also revealed that the incorporation of squalene oil into the formulation enhances
collagen deposition and accelerates the burnt skin tissue regeneration process. Finally, we conclude that the squalene-loaded
emulgel scaffold could be an effective formulation used in the treatment of the burnt skin tissue defects.
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Introduction to be natural/semisynthetic/synthetic supportive materials
that usually act as a vehicle for several drug molecules and
growth factors. Since the past few decades, the functional
modification of a scaffold is a major focus area in burnt skin
tissue regeneration.!!"'> Whereas currently in the formula-
tion of an emulgel scaffold focus is on natural materials
because of their excellent biocompatibility and biode-
gradability. Basically, emulgels are cross-linked networks
formed by combining the emulsion and gel-based system.'?

Skin tissue is a well-organized structure within our body
that possesses excellent biomechanical properties such as
friction and tensile strength. However, burnt skin tissue is
challenging to repair because of its lack of blood vessels or
lymphatic vessels. Hence, self-healing is the major and
challenging obstacle for tissue regeneration in case of burnt
skin tissue.'? Ideally, burnt skin tissue defects can be
repaired with biomaterials showing excellent biomimetic
properties and extracellular matrix support.>* Moreover,
the limitations of current treatment modalities, such as auto-
graft and allograft, in the regeneration of the functional skin
tissue paved the way for tl?_sll(:e engineering concepts in the T. S. Shanmugarajan, Department of Pharmaceutics, School of
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However, excellent biomaterials and adequate fabrication
methods are essential for the development of an ideal emul-
gel scaffold. Furthermore, the present study on emulgel
scaffold is one of its kind that plays a vital role in skin tissue
regeneration.

In the current study, natural polymer like agar was used as
a gelling agent because of its role in development of the
enthalpically stabilized inter-chain linkages. However, in our
previous study, it was demonstrated that these linkages were
essential for promotion of 3-dimensional scaffolding struc-
tures.'* Moreover, the excellent biocompatibility and biode-
gradability of the agar molecule showed its importance in the
regenerative medicine-related formulations.!*!7 Coming to
the emulsifiers, these represent the indispensable part of an
emulgel formulation; basically the choice of emulsifier can
strongly affect emulgel performance. However, in the current
study, lecithin enhances the stability by preventing the
creaming effect within the formulation. Hence, due to this rea-
son it found its importance in the emulgel formulation.'$-2?

Squalene, a terpenoid derivative, was an intermediate
compound obtained during the synthesis of cholesterol and
commercially isolated from soya that exhibits the structural
similarity toward carotenoid. It seems to protect the skin
tissue from oxidative stress.”? The objective of the present
study was to demonstrate the fabrication of the squalene
oil-loaded emulgel scaffold via rapid physical cross-linking
technique and assess its potential in burn wound healing.
Furthermore, the agar gel and squalene-loaded emulgel
scaffold were characterized by X-ray diffraction (XRD),
Fourier-transform infrared (FTIR) spectroscopy, field emis-
sion scanning electron microscopy (FESEM), in vivo stud-
ies, in vitro studies, histopathological analysis, Masson’s
trichome staining, CD68 staining, and Ki67 staining.

Materials and Methods

Materials

Squalene 98% (GC) and lecithin from soya were obtained
from Tokyo Chemical India Pvt. Ltd (Chennai, India).
Agar-Agar powder was obtained from HI-media. All the
samples we used in this study were obtained from genuine
sources and were used as such.

Preparation of Squalene-Loaded Emulgel
Scaffold

In the current study, the squalene-loaded emulgel scaffold
was fabricated by using physical cross-linking technique.
Initially, squalene oil (4% W/W [weight/weight]) was emul-
sified by using the lecithin as an emulsifying agent. Later, 2
g of agar was dissolved in distilled water under continuous
reflux. Finally, emulsified squalene was loaded into the pre-
viously homogenized 0.5% agar solution at 80°C with con-
tinuous stirring. After continuous stirring for about 2 hours,

the formulation was placed at 37°C for about 24 hours.
Moreover, in this study, thermostat played a significant role
in maintaining the stable temperature.

X-Ray Diffraction Study

The crystalline/amorphous nature of the prepared emulgel
scaffold was determined using the XRD study. XRD pat-
terns of freeze-dried agar gels and squalene-loaded emulgels
were analyzed using Bruker D8 Advance X-ray diffractom-
eter having the scanning range width (26) of about 10 to 80
with a step-width of about 0.003.2428

FTIR Analysis

FTIR spectra of squalene-loaded emulgel scaffold and agar
gel were characterized by using KBr disk method. FTIR
spectroscopy was conducted using a Perkin Elmer Spectrum
100 spectrometer equipped with ATR (attenuated total
reflectance) with a resolution of 4 cm™, in the range of 4000
to 400cm™!, with 32 scans to further characterize the fine
components of the samples. Prior to FTIR characterization,
samples were freeze-dried for 72 hours and about 1 mg of
squalene-loaded emulgel scaffold and agar gels was used
for this study.?28-33

Field Emission Scanning Electron Microscopy

Both the agar gel and squalene-loaded emulgel were lyoph-
ilized and platinum-coated surfaces before a SEM (S-4700,
Hitachi Limited, Japan) at 20 kV was used to observe their
morphology.3>3°

In Vivo Studies

Twenty-four healthy male Wister albino rats were divided
into 3 groups, each group comprising 8 rats, for evaluating
the burn wound healing potential. The animal study was
approved by the Institutional Animal Ethical Committee of
Vels University, Chennai, India.

In order to test the wound healing potential of the squa-
lene oil-loaded emulgel scaffold, burnt tissue defects of 10
mm in diameter were developed on the dorsal surface of the
male Wister albino rats, in which Group A represents nega-
tive control, Group B represents agar gel, and Group C rep-
resents squalene oil-loaded emulgel scaffold. Later, all the
groups were monitored at predetermined time points for
wound closure.3¢-3

Histopathological Analysis

For histopathological research, the granulation tissues
obtained on days 4, 8, and 12 were used. Samples of tissue
were fixed in 10% formalin, dehydrated in graded alcohol
series, washed in xylene, and coated in paraffin wax. Then,
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Figure |. The X-ray diffraction (XRD) pattern of various polymers and drug molecules. (A) XRD of agar gel and (B) XRD of

squalene-loaded emulgel scaffold.

the samples were cut and mount in serial sections (4-um thick-
ness) on glass slides. Later, hematoxylin-cosin and Masson’s
trichrome stain stained the tissue sections. Finally, the stained
tissue sections were examined for histological study under a
light microscope (Olympus-IX 51).40-43

Ki6é7 and CD68 Immunohistochemistry

Tissue sections were trimmed at 4 pm, deparaffinized with
xylene and ethanol, and further incubated for 10 minutes in
3% H,0,. After washing in distilled water, a vegetable
steamer was used to incubate the slides at 95°C for 25 min-
utes in citrate buffer pH 6 (Invitrogen, Carlsbad, CA). The
slides were rinsed in PBS-containing 0.05% Tween-20
(PBST) and then incubated overnight at room temperature
with 1:100 Ki67, CD68 antibody (DAKO, Carpinteria, CA)
at 4°C. Then, all the Ki67- and CD68-stained slides were
rinsed with PBST and incubated with 1:200 polyclonal rab-
bit anti-rat immunoglobulin/biotinylated Ab (Dako) at room
temperature for 30 minutes. Later, all slides were rinsed with
PBST and incubated at room temperature for 30 minutes
with Dako EnVision+ System—HRP Labelled Polymer
Anti-Rabbit (Dako). Furthermore, in the current study, all
the slides were incubated for visualization with DAB
(3,3'-diaminobenzidine). Eventually, after rinsing under tap
water, all the slides, 4th, 8th, 12th day tissue sections, were
counter-stained with Harris’ hematoxylin, dehydrated in
ethanol, and finally were mounted with media.?’#4-5!

Results
X-Ray Diffraction

In the current study, XRD patterns of agar gel and squalene-
loaded emulgel scaffold were studied in the scanning range

of 5° = 26 = 90°. In case of agar gel (Figure 1A), the amor-
phous nature of the XRD peak was clearly observed.
Moreover, in case of agar gels, the XRD patterns showed
peak (20) at 24° with an intensity of 186. Whereas in case of
the squalene-loaded emulgel scaffold (Figure 1B), XRD pat-
terns show peak at 20° with an intensity of 293. Moreover, in
the present study, even though there was no change in the
amorphous state of both agar gel and squalene-loaded emul-
gel scaffold, a slight shift in the intensity peak was identified
in case of the XRD patterns of the squalene-loaded emulgel
scaffold.

Fourier-Transformed Infrared Spectroscopy

The FTIR spectra of the agar gel and squalene-loaded emul-
gel scaffold are presented in Figure 2. In case of agar gel
(Figure 2A), the broad range of the absorption at 3363 cm™!
was mainly due to the presence of the hydrogen bonding at
OH group stretch. The peak at 2917 cm™! was considered to
be C-H stretching. The appearance of peak at 1645 cm!
was referred as C=C bond. However, the peak at 1645 cm !
was also considered to be the characteristic peak for poly-
saccharides and this further substantiates the presence of
agar.

Whereas in case of the squalene-loaded emulgel scaffold
(Figure 2B) the absorption band at 3378 cm ™! was mainly
due to the presence of the OH group, and the absorption
peak at 2920 cm ! mainly corresponds to asymmetric
stretching of C—H group. Moreover, the absorption band at
1642 cm ! represents the characteristic polysaccharide peak
and this was associated with the existence of the agar within
the squalene-loaded emulgel scaffold. Furthermore, the
additional peaks at 1254 cm™ ! and 1150 cm ! represent C-N
and C-O stretching, respectively.
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Figure 2. Fourier-transform infrared (FTIR) spectrum of polymers, drug, and hydrogel scaffolds. (A) FTIR of agar gel and (B) FTIR of

squalene-loaded emulgel scaffold.

Figure 3. Field emission scanning electron microscopy (FESEM) images of agar gels. Al represents FESEM image focused at 200
pm and magnification was about 150X. A2 represents image at 30 um with magnification 500X. A3 represents image at 100 pm
with magnification 453 X. A4 represents the image at 100 pm with magnification 396X. A5 represents the image at 20 pm with
magnification 1000X. A6 represents the image at 20 pm with magnification 500 X.

Field Emission Scanning Electron Microscopy

FESEM studies usually describe the extent of cross-linkage
that exists within the developed emulgel scaffold. In the
current study, in case of the agar gels (Figure 3), it demon-
strated that cross-linked network—like structure made this
molecule useful for the development of emulgel scaffold.
Moreover, in case of squalene-loaded emulgel scaffold
(Figure 4), it was clearly evidenced that the squalene oil
shows excellent spreadability within the porous gaps of
freeze-dried agar gels. Thus, after visualizing the FESEM

image of squalene-loaded emulgel scaffold, it can be said
that there exists an excellent interaction between squalene
and agar.

In Vivo Studies

Burnt skin tissues at predetermined time points were har-
vested for gross evaluation of in vivo burnt tissue repair.
Figure 5 depicts the possible skin tissue regeneration
approaches of our formulation. In Figure 5, 4A to 4C refer
to the negative control, agar gels, and squalene-loaded
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Figure 4. Field emission scanning electron microscopy (FESEM) image of squalene-loaded emulgel scaffold. Bl represents FESEM
image focused at 100 pm with magnification of 251 X. B2 represents the image at 20 um with magnification of 500X. B3 represents
image at 200 um with magnification of 200X. B4 represents image at 20 pm with magnification of 800X. B5 represents image at 20
pm with magnification of 501 X. B6é represents image at 100 um with magnification of 316X.

21B

Figure 5. In vivo release studies. Number of days represented
by 4, 8, and 12 days. (A) Negative control, (B) agar gel, and (C)
squalene-loaded emulgel scaffold.

emulgel scaffold at the fourth day. At the fourth day, in case
of negative control, no significant improvement was seen.
But, however, on comparison with the agar gels, the squa-
lene-loaded emulgel scaffold exhibited excellent granulat-
ing tissue. In Figure 5, 8A to 8C depict the negative control,
agar gels, and squalene-loaded emulgel scaffold at the
eighth day. When compared with the fourth day groups, all
the eighth day samples displayed significant development
in terms of new tissue formation. However, significant
reepithelization was seen in case of squalene-loaded emul-
gel scaffold when compared with the negative control and
agar gel. In Figure 5, 12A to 12C depict that in the 12th day
samples the inflammation was still observed in the negative
control. Moreover, it was also found that there was a signifi-
cant decrease in wound diameter in case of rats treated with
squalene-loaded emulgel scaffold when compared with the
rats treated with agar gels.

Finally, on completion of 21 days of treatment, it was
clearly evidenced that in case of squalene-loaded emulgel
scaffold—treated group, a scarless skin tissue had grown uni-
formly with the neighboring tissue. But in case of agar reep-
ithelization, the process was not completed. Furthermore,
the nonrepaired skin tissue sections still existed in the nega-
tive control. Furthermore, in the current study, Table 1 rep-
resents the wound contraction diameter (mm) of the entire
treatment course.

Histopathological Analysis

Hematoxylin-eosin and Masson’s trichome staining results
are presented in Figure 6. Moreover, in the current study,
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Table I. The Wound Contraction Diameter (mm) of the Entire Treatment Course.

Days Negative Control (mm) Agar Gel (mm) Squalene-Loaded Emulgel (mm)
0 10 10 10

4 9409 8.6 =08 78 =04

8 7507 6.3 *09 52 *06

12 6.9 =09 37+03 26 02

21 29 *+03 02 =05 0. =03

12A

Figure 6. The 100X magnification image of hematoxylin-eosin
staining represented by 4, 8, and 12 days. (A) Negative control,
(B) agar gel, and (C) squalene-loaded emulgel scaffold.

when compared with the negative control- and agar gel—
treated tissue sections, squalene-loaded emulgel scaffold—
treated tissue sections had shown significant rate of tissue
regeneration. In case of negative control tissue sections dur-
ing the fourth and eighth days, prolonged rate of inflamma-
tion was seen. Finally, during the 12th day, minimal amount
of collagen content was evidenced in the tissue sections of
the negative control.

Fourth day agar gels—treated tissue sections revealed
about the fibroblast formation with minimal amount of

collagen. Later, on the eighth day, agar gels—treated burnt
wound tissue sections demonstrated a narrow epithelial layer
and lesser capillary formation. Furthermore, on the 12th day,
when compared with the negative tissue sections, the agar gel
tissue sections showed enormous blood capillaries and fibro-
blasts, indicating a better angiogenic response.

In the current study, squalene-loaded emulgel scaffold—
treated group appeared promising to granular tissue forma-
tion and also demonstrated the faster rate of reepithelization
when compared with the negative control and agar gels.
However, during the fourth day, significant rate of the fibro-
blast formation along with collagen content was evidenced
in the current study. Moreover, the eighth day studies further
revealed that there was a well-defined granulation tissue for-
mation with adequate capillary formation and collagen con-
tent in case of the squalene-loaded emulgel scaffold—treated
tissue sections. Finally, 12th day studies further confirmed
that the squalene-loaded emulgel scaffold—treated tissue sec-
tions showed excellent reepithelization along with neovas-
cularization and significant rate of collagen.

In the current study, in order to identify the extent of col-
lagen formation within the isolated tissue sections, Masson’s
trichome staining (Figure 7) was performed. After staining
all the tissue sections, it was clearly evidenced that squa-
lene-loaded emulgel scaffold—treated sections showed sig-
nificant amount of collagen when compared with agar
gel-treated and negative sections.

CD68 Immunohistochemistry

Immunohistochemical staining of CD68 (Figure 8) was
used to demonstrate the effect of the squalene-loaded emul-
gel scaffold on the macrophage polarization. Moreover, this
staining was helpful in determining the extent of the inflam-
mation within the tissue sections. At the fourth day, in case
of negative control, agar gels, and squalene-loaded emulgel
scaffold, early stage of inflammation was shown and this
led to increase in the number of inflammatory cells like
neutrophils and macrophages within the tissue sections.

Eighth day reports revealed that there was no change in
inflammation in case of negative control tissue section,
whereas in case of the agar gels, inflammation was reduced,
but in case of the squalene-loaded emulgel scaffold, reduc-
tion in CD68 macrophages was observed.
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Figure 7. The 100X magnification image of Masson’s trichome
staining represented by 4, 8, and 12 days. (A) Negative control,
(B) agar gel, and (C) squalene-loaded emulgel scaffold.

Finally, the 12th day findings demonstrated that squalene-
loaded emulgel scaffold shows significant reduction in CD68
macrophages when compared with agar gels and negative
control tissue sections.

Ki-67 Immunohistochemistry

In order to assess the role of squalene-loaded emulgel scaf-
fold in keratinocyte proliferation, the Ki-67 immunohisto-
chemical staining (Figure 9) was performed. Fourth day
immunohistochemical staining demonstrated that a very
little amount of keratinocytes proliferation was seen in case
of squalene-loaded emulgel scaffold when compared with
the agar gels and negative control.

Eighth day Ki-67 staining results revealed that the nega-
tive control does not show any keratinocyte proliferation.
On comparison with the agar gels, the squalene-loaded
emulgel scaffold had shown optimal rate of keratinocyte
proliferation.

Furthermore, the 12th day Ki-67 staining revealed that
significant rate of keratinocyte proliferation along with

Figure 8. The 100X magnification image of CD68-stained
tissues that show the infiltration of macrophages/monocytes on
days 4, 8, and 12. (A) Negative control, (B) agar gels, and (C)
squalene-loaded emulgel scaffold.

excellent wound healing was observed in case of squalene-
loaded emulgel scaffold when compared with the agar gels.

Discussion

Skin is a complex structure composed of epidermis, dermis,
and hypodermis, and it shows various essential structures and
physiological features. Moreover, burnt tissue defects usually
involve all the layers of the skin; hence, a biomimetic emul-
gel scaffold is needed in order to satisfy the requirements of
skin tissue regeneration. Furthermore, the biomaterials
selected for the burnt tissue repair should have appropriate
biodegradability and ideal reepithelization.>® Previously,
icariin-loaded polyvinyl alcohol/agar hydrogel was produced
by our group. These hydrogel scaffolds were able to promote
tissue regeneration in case of rat burnt wound model.'* On
the basis of these outstanding outcomes, we chose agar as the
promising polymer for enhancing the mechanical support in
case of the squalene-loaded emulgel scaffold. Moreover, in
the current study, glucosidyl linkage within the agar molecule
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12B

Figure 9. The 100X magnification image of
immunohistochemical analysis of the presence of Ki-67 in burn
wounds on days 4, 8, and 12. (A) Negative control, (B) agar gels,
and (C) squalene-loaded emulgel scaffold.

plays a vital role in enhancing the gelling property and bio-
compatibility of the emulgel scaffold.'>'®

To the best of our understanding, it was the first squa-
lene oil-loaded emulgel scaffold developed with facile
procedures for in vivo burnt tissue repair on dorsal region
of the Wister albino rats.>®3%°%53 Moreover, ideal mechani-
cal properties enabled the squalene-loaded emulgel to be
applied as a topical biomaterial, with the merits of minimal
invasive and bio-adhesiveness as a main scaffold in skin
tissue regeneration.'*?! In the current study, FESEM stud-
ies revealed the extent of cross-linking capability of the
developed agar gel; moreover, in this study, it was also jus-
tified that interconnected networks of the agar gels were
essential for entrapment of the squalene oil globules.3*’

In the present study, XRD analysis was useful for demon-
strating the physical state and compatibility of both squalene-
loaded emulgel scaffold and agar gel. Moreover, the XRD
patterns of these 2 samples do not show any kind of sharp
peaks and this serves as an evidence for amorphous nature of
the agar gel and squalene-loaded emulgel scaffold.?*?

Whereas the presence of squalene in emulgel scaffold
formulation was verified by using FTIR spectral analysis.
Furthermore, the results acquired from FTIR spectroscopy
also showed that agar and squalene interacted considerably.
Moreover, in the present study, in case of Figure 2B of the
FTIR spectral analysis, the slight deflection in the charac-
terization peak was due to the inclusion of the squalene into
the agar.?%-3!

Histopathological findings further substantiated the tis-
sue regeneration within the damaged burnt skin portions.
Moreover, the results indicate that when compared with
negative control and agar gels, this squalene-loaded emul-
gel scaffold was not only biodegradable but also favors the
cellular proliferation with excellent extracellular matrix. 40+

Furthermore, in the burnt wound-healing studies, it was
clearly evidenced that the prolonged inflammation,
increased neutrophils, and decreased macrophages were
responsible for impaired wound healing. Interestingly, in
the current study, CD68 immunohistostaining plays a sig-
nificant role in demonstrating the macrophage activity in
wound healing process. During the wound healing, the
impingement of the macrophages and neutrophils on to the
wound bed was found to be the crucial for the inflammation
stage. Finally, during the maturation stage, major inflamma-
tory cells like macrophages engulfs the neutrophils by a
process known as apoptosis.

Moreover, the advent of macrophages at the wound site
plays a significant role in skin tissue regeneration. Previous
studies about the macrophages also confirmed that because
of their functional phenotypes, these macrophages play a
wide range of roles in the wound healing process.
Furthermore, the depletion of the macrophages during the
carly stages of the proliferation results in the development
of severe hemorrhage, and this later during the tissue matu-
ration stage delays the burnt wound contraction. However,
in the maturation stage, the reduced macrophage count does
not show a significant impact on the wound closure. In
accordance with these results, during the early stage of the
wound healing process, when compared with the negative
control and agar gels, the squalene-loaded emulgel scaf-
fold—treated burnt wound injuries show a high influx of
macrophages, and later during the maturation stage of
wound healing, macrophage count was decreased due to the
anti-inflammatory activity of the squalene.?’43-3!

In the current research, when compared with the agar gels
and negative control, the squalene-loaded emulgel scaffold
endorsed a solid rise in Ki-67 cells. Moreover, this Ki-67
immunohistostaining was essential for identification of
granular tissue formation and neovascularization during the
burn wound-healing process. In the previous literatures, it
was shown that macrophage deficiency was associated with
minimal angiogenesis in burnt wound injuries. Whereas our
current study reports that Ki-67 cells were increased at the
squalene-loaded emulgel scaffold—treated burnt wound sites
when compared with the burnt wound sites treated with
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agar gels and negative control. This further indicated that
squalene-loaded emulgel scaffold—treated burnt wound site
shows excellent cellular proliferation by improving the
recruitment of the macrophages during the proliferation and
maturation stages of burnt wound-healing process. Finally,
these findings demonstrated the beneficial effects of squalene-
loaded emulgel on enhanced angiogenic response and cellu-
lar proliferation. Thus, it was confirmed that squalene-loaded
emulgel scaffold can be helpful for curing full-thickness
burn injuries.*40

Overall, squalene-loaded emulgel scaffold treatment
resulted in excellent reepithelization, neovascularization, and
angiogenic response when compared with the agar gels and
negative control treatments in the burnt wound rats.

Conclusion

In this study, we revealed the feasibility of preparing the
squalene-loaded emulgel scaffold for burnt skin tissue
regeneration using an innovative rapid physical cross-link-
ing method. When topically applied on to the damaged skin
portions, the squalene-loaded emulgel scaffold showed
excellent matrix support and allowed the reepithelization of
the burnt skin portions by hampering the inflammatory
cells. Moreover, the burnt skin tissue regenerated in vivo by
the emulgel scaffold had similar structure and function to
the neighboring tissue. This approach may contribute to the
better understanding of the oil-loaded emulgel scaffold in
skin tissue regeneration in the future.
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