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ABSTRACT: Collagen—Chitosan (COL-CS) scaffolds supple-
mented with different concentrations (0.1—0.5%) of aloe vera
(AV) were prepared and tested in vitro for their possible
application in tissue engineering. After studying the micro-
structure and mechanical properties of all the composite
preparations, a 0.2% AV blended COL-CS scaffold was chosen
for further studies. Scaffolds were examined by Fourier
transform infrared spectroscopy (FT-IR), differential scanning
calorimetry (DSC), and thermogravimetry analysis (TGA) to
understand the intermolecular interactions and their influence

A

on the thermal property of the complex composite. Swelling property in phosphate buffered saline (pH 7.4) and in vitro
biodegradability by collagenase digestion method were monitored to assess the stability of the scaffold in a physiological medium
in a hydrated condition, and to assay its resistance against enzymatic forces. The scanning electron microscope (SEM) image of
the scaffold samples showed porous architecture with gradual change in their morphology and reduced tensile properties with
increasing aloe vera concentration. The FTIR spectrum revealed the overlap of the AV absorption peak with the absorption peak
of COL-CS. The inclusion of AV to COL-CS increased the thermal stability as well as hydrophilicity of the scaffolds. Cell culture
studies on the scaffold showed enhanced growth and proliferation of fibroblasts (3T3L1) without exhibiting any toxicity. Also,
normal cell morphology and proliferation were observed by fluorescence microscopy and SEM. The rate of cell growth in the
presence/absence of aloe vera in the scaffolds was in the order: COL-CS-AV > COL-CS > TCP (tissue culture polystyrene
plate). These results suggested that the aloe vera gel-blended COL-CS scaffolds could be a promising candidate for tissue

engineering applications.
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1. INTRODUCTION

Tissue engineering is an emerging field offering new perspective
in treatment by reconstructing the damaged or diseased organs.
In this approach, a three-dimensional (3D) matrix generally
serves as a template for host infiltration and physical support to
guide the growth, differentiation, and proliferation of cells into
the targeted functional tissue or organ.l’2 This matrix,
preferably a biomaterial, also called a scaffold, should be
biocompatible with appropriate surface chemistry for cell
attachment and proliferation, should have uniformly inter-
connected pores to facilitate infiltration and vascularization and
controlled biodegradability with adequate mechanical proper-
ties to favor the tissue formation with structural integrity during
remodeling of implants.>* The scaffolds are commonly
fabricated by synthetic and natural polymer such as collagen,
chitosan, hyaluronic acid, etc. Among the synthetic polymers,
aliphatic polyester like poly glycolic acid (PGA), poly lactic acid
(PLA), poly lactic-co-glycolic acid (PLGA), polycaprolactone
(PCL), etc., are widely used in tissue engineering because of
their biodegradable nature.’ However, the cell-material
interactions are limited because of the poor cytocompatibility.
In recent years, several surface modification techniques are
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focused to improve the biocompatibility without altering its
bulk property.” The scaffolds are fabricated through various
processing techniques such as conventional and novel method
(Rapid prototype method). The conventional methods are
solvent casting/particulate leaching, phase separation, gas
foaming, and freeze-drying. Despite being possible to control
the pore size and shape by changing the parameters the
interconnectivity and spatial distribution are strongly limited.
These can be overcome by the rapid prototype method which
can produce customized scaffold with precise and reproducible
internal architecture.*” The polymers are chosen based on the
intrinsic properties, such as mechanical and thermal properties,
chemical interaction with the solvent system, and its biological
property suitable for the applications.®

Collagen (COL) is known to be the most promising natural
material and has found diverse applications in tissue engineer-
ing due to its excellent biocompatibility and biodegradabil-
ity.”'® However, increased biodegradation and poor mechanical
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strength limit the use of this material. Blending with another
natural polymer is an effective method to modify the
biodegradation rate and to optimize the mechanical proper-
ties."" It was recently reported that collagen—nanocomposite
polymer hydrogel collagen/PLGA fiber showed potential
bone'” and nerve regeneration."”> Chitosan (CS) is one such
biopolymer widely used in a variety of biomedical fields'* as a
drug delivery vehicle, surgical thread, wound healing material,
etc. In combination with collagen, it exhibits enhanced
mechanical and biological properties to a greater extent than
the individual polymer scaffold.* The COL-CS biopolymer
composite in gel form has also been reported to enhance the
healing of dermal excision wound to a higher extent as opposed
to the individual biopolymer.'® Likewise, the mucilaginous gel
of the parenchymal tissue of Aloe vera (Aloe barbadensis Miller)
plant has been reported to have many physiologically active
components that have an effective anti-inflammatory,'®
antioxidant activity,'” and immune modulatory effect'® that
promote both tissue growth and differentiation in tissue
culture.'” It has also been reported to enhance cell
proliferation®® and has applications in treatment of burn
wounds.”"?> However, the aloe gel in combination with
collagen-chitosan (COL-CS) composite scaffold has not been
reported in tissue engineering. Considering the biologically
active properties of this herbal material, we in this study,
propose to use aloe vera gel as a component in an already
reported COL-CS composite with a view to enhance the
physical, thermal, and biological properties of the scaffold for
tissue engineering applications.

Using the reported advantageous properties of COL-CS and
aloe vera gel as such, we prepared COL-CS composite scaffold
supplemented with aloe vera by freeze-drying technique and
characterized by using SEM, FT-IR, DSC and TGA. Further,
the biocompatibility and applicability of this novel scaffold was
evaluated in vitro using 3T3 L1 fibroblast.

2. MATERIALS AND METHODS

2.1. Materials. Chitosan (80% deacetylation), Dulbecco’s modified
eagle’s medium (DMEM), antibiotic and antimycotic solution and
trypsin-EDTA solution were purchased from Sigma. Fetal bovine
serum (FBS) was obtained from Pan Biotech Company. The NIH3T3
(fibroblast cells) were provided by National Centre for Cell Sciences,
Pune, India. Glacial acetic acid and Dimethyl sulphoxide (DMSO) was
purchased from SRL chemicals. All other reagents used were of
analytical grade.

2.2. Collagen Extraction. Collagen type I used in this study was
extracted from marine cat fish (Tachysurus maculatus) air bladder. The
extraction was performed according to the procedure of Rose et al.
(1988)** The purified collagen was freeze-dried and stored at =70 °C
for further experimental use.

2.3. Aloe Vera Gel Separation. Fully matured aloe vera leaves
were collected from a single garden plant, to obtain a fresh specimen
for this work. The leaf rinds were removed, the clear pulp was
collected, homogenized and centrifuged at 10 000 rpm for 30 min at 4
°C to remove the fibers. The supernatant, after separation, was
lyophilized and stored at —20 °C until use.

2.4. Fabrication of Porous Scaffolds. A blend of collagen—
chitosan was prepared by thorough mixing of collagen (1%) and
chitosan (1%) solution in 0.05 M acetic acid in the ratio of 1:1.
Similarly aloe vera blended COL-CS composite was prepared by
mixing different weighed quantities of lyophilized aloe vera with the
COL-CS solution to obtain final concentrations of 0.1, 0.2, 0.3, 0.4,
and 0.5% (w/v) respectively. The solution blend was then poured into
a 60 mm” petri dish and 24 well culture plates and left overnight in a
—70 °C freezer, prior to drying by lyophilization. The composite
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without aloe vera was also lyophilized in the same manner and all the
samples were stored at —20 °C for experimental use.

2.5. Micro Structure Examination. The morphology of the
freeze-dried composite scaffolds was observed by using Scanning
Electron Microscope (Hitachi S-3400N). The cross section of the
scaffold with porous architecture was coated with Au prior to
observation through SEM. The pore sizes of the scaffolds were
measured using image visualization software (Image ] 1.4Ss, NIH
Image, USA). The average pore size was determined from about 20
measurements on a typical SEM image. The porosity of the scaffolds
was measured by ethanol displacement method according to Guan et
al (2005).>* The porosity was calculated from the formula. The values
were expressed as the mean + standard deviation (n = 3)

p= (v —v)/(v, —v3)

Where p is porosity, v; indicates initial volume of ethanol in a
graduated cylinder, v, represents noted volume after scaffold
immersion, and v; is noted volume after scaffold removal from the
immersion.

2.6. Fourier Transform Infra Red (FTIR) spectroscopy.
Infrared spectra of scaffold specimens were obtained using an FT-IR
spectrometer (ABB MB3000). Samples of each scaffold was ground
and mixed thoroughly with potassium bromide at a ratio of 1:5
(sample: KBr), and an aliquot of the mixture was made into pellet.
The IR spectra of the pellets were then recorded at a wavelength range
of 400—4000 cm™" with the resolution of 0.7 cm™.

2.7. Thermal Characterization. The thermodynamic property of
the scaffolds were analyzed by using Differential Scanning Calorimeter
(DSC Q200) under N, atmosphere at a heating rate of 10 °C/min
with the sample size of S mg. Pyrolytic pattern of the samples were
obtained using a Thermo Gravimetric Analyzer (TGA-QS0) under N,
atmosphere at a heating rate of 10 °C/min with a sample size of 5 mg.

2.8. Swelling Studies. Water absorption tests were conducted
according to the method followed by Adekogbe & Ghanem (2005).°
A known weight of each dry scaffold (w,) was soaked separately in 0.1
M PBS, pH 7.4, at room temperature. The samples were then removed
at an interval of every 10 min and the superficial water was gently
blotted on a filter paper and weighed (w,). The swelling ratio was
calculated by using the following formula. The values were expressed
as mean =+ standard deviation (n = 4).

G = (w, — wy)/w, X 100

Where G is the swelling ratio, w, is the weight of the dry sample and w,
is the wet weight of scaffold, after a particular soaking time, t.

2.9. Mechanical Properties. The tensile properties of the
composite scaffolds were tested in an instrument of SATRA TM43
at room temperature (25 °C). Briefly, freeze- dried samples of 5 mm
thickness were cut into S cm X 1 cm size. The gauge length between
the two grips was set at 15 mm and the speed of testing was set at S
mm/min. The values of tensile strength, strain at break and Young’s
modulus were determined and were expressed as the mean =+ standard
deviation (n = 3).

2.10. In Vitro Collagenase Degradation. The degradation of the
composite scaffolds in PBS medium containing collagenase (type I,
sigma) was studied. Briefly, the scaffolds were immersed in collagenase
(100 pg/mL, 28 units) containing medium and incubated at 37 °C for
S days. The degradation was discontinued at a predefined interval,
followed by centrifugation at 4000 rpm for 15 min. The clear
supernatant was hydrolyzed using 6 M HCI at 110 °C for 16 h. The
amount of hydroxyproline released by collagenase from the scaffold
was measured spectrophotometrically.' The biodegradation degree is
defined as the percentage of the hydroxyproline released from the
scaffolds at different time to the completely degraded one with known
composition and known weight. The values were expressed as the
mean + standard deviation (n = 3).

2.11. Cell Culture. L3T3 mouse fibroblasts were cultured in a 5%
CO,, humid atmosphere at 37 °C in DMEM containing 10% fetal
bovine serum, 100 units/ml penicillin and 100 units/ml streptomycin;
the culture medium was changed every three days. For in vitro
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Figure 1. (A) SEM images of microstructures of COL-CS scaffolds on cross sections with various concentration of aloe vera viz., 0, 0.1,0.2, 0.3, 0.4,
and 0.5% represented as I, 11, III, IV, V, VI, respectively. (B) Percentage pore size distribution of various scaffolds from the cross- sections. Error bars

represent the mean + SD (n = 3).

biocompatibility assessment, the scaffolds with 1 cm? area and 2 mm
thickness were placed in 12-well culture plate. Prior to seeding with
cells, the scaffold samples were sterilized under UV light for 2 h and
immersed in 75% alcohol solution overnight. Afterward, the specimens
were washed thrice with PBS for 30 min each, and twice with cell
culture medium. L3T3 mouse fibroblasts (3 X 10*) were then seeded
onto scaffolds in the culture medium, following by which cell
morphology, cell compatibility, and cytotoxicity were assessed.

2.12. Cell Viability. MTT (3-dimethylthiazol-2,5-diphenyltetrazo-
lium bromide) colorimetric assay was carried out to evaluate the
number of viable cells after 24, 48, and 72 h of cell seeding in the
presence or absence of scaffold. Briefly, cultures in the tissue culture
polystyrene plate (TCP) and the test scaffolds at predetermined
period were rinsed twice in PBS and then incubated with MTT
solution (0.5 mg/mL in Dulbecco’s medium without phenol red) at 37
°C for 4 h to allow formazan crystal formation. Later the supernatant
was removed and 200 uL of DMSO was added to dissolve the
formazan crystals for 30 min at 37 °C. After complete dissolution, the
optical density of the supernatant solution was read at 540 nm using a
micro plate reader. The wells without scaffolds were used as controls.
The values were expressed as the mean =+ standard deviation (n = 3).

2.13. Cell Attachment and Proliferation Studies. The
attachment and spreading nature of L3T3 mouse fibroblasts on the
composite scaffolds were evaluated using SEM and Fluoroscent
microscope. Cell morphology after 24 h of culture was observed in a
SEM (Hitachi S-3400N). Prior to microscopical examination, cell-
scaffold constructs were washed with PBS and then fixed with 4%
paraformaldehyde for 4 h at 4 °C. Later, the samples were dehydrated
in a series of 30, 70, 90% alcohol and freeze-dried.

The proliferation of cells in the constructs was determined using
fluorescent dyes. The specimens of seeded constructs after 48 h were
rinsed in sterile PBS and stained with AO/EtBr and immediately
examined through fluorescence microscope (Nikon) using blue filter.
AO that is able to penetrate into the intact cell binds with nucleus
DNA to give green fluorescence whereas, EtBr enters through
damaged membrane and binds to fragmented nucleic acid, to produce
red fluorescent in dead cell.

2.14. Statistical Analysis. All the quantitative data were expressed
as means =+ standard deviations. Statistical comparisons were
performed using one-way ANOVA with SPSS 13.0 for Windows
software (SPSS, USA). P values of less than 0.05 were considered
statistically significant.
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3. RESULTS AND DISCUSSION

A three-dimensional COL-CS-AV composite scaffold was
prepared and used in this study for cellular attachment; growth
and multiplication to engineer a tissue construct using
fibroblast cells. Prior to this, aloe vera gel, after lyophilization
was mixed with the biopolymer blend, for functional benefits in
tissue engineering, to an extent such that the tensile properties
and micro structural characteristics are not affected. For this,
the scaffold of COL-CS containing various concentrations of
AV was analyzed to find out the optimum AV concentration at
which the tensile strength is not reduced below 50% with
retention of the suitable pore size.

3.1. Microstructural Characteristics. The microstructure
of a matrix has an influence on cell attachment, proliferation,
function and migration in tissue engineering. The micro-
structure of cross sectioned scaffolds of COL-CS and COL-CS-
AV (0.1—0.5%) was studied by Scanning Electron Microscopy
and the images are presented in Figure 1A. The scaffold pores
were uniform and well interconnected with a mean pore size of
147.9 + 57.8 ym for COL-CS, and sizes of 140.8 + 26.3, 130.8
+ 252, 1266 + 28, 1243 + 25, and 1168 + 26.5 um
respectively for five different concentrations viz 0.1, 0.2, 0.3, 0.4,
and 0.5% of aloe vera blended with COL-CS scaffold (Figure
1B). The scaffold porosity was found to be 86% for COL-CS
followed by 89,91,9294 and 95% for the above-mentioned
concentrations of AV blended scaffold (see Figure SI in the
Supporting Information). The observation revealed that the
addition of aloe vera decreased the mean pore size with
increased the porosity and also caused some changes in the
pore architecture. Besides pore size and its uniformity, porosity
also determine the mechanical properties and the water
retention property, thus the scaffold can easily absorb the
culture medium to facilitate the cells for the migration,
adherence and proliferation in the porous structure. AV has
been reported to contain several biologically active and
nutritionally important compounds such as glycoproteins,
saccharides, vitamins, antioxidants., etc.’® These compounds
by virtue of their water-soluble/absorbing nature readily attract
cells in the medium and promote their activities on the scaffold
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Figure 2. (A) Tensile strength and (B) strain at break of composite scaffolds with various concentration of aloe vera (0, 0.1, 0.2, 0.3, 0.4, and 0.5%).

Error bars represent the mean + SD (n = 3).

walls. Because of the presence of these AV-borne compounds,
the AV containing scaffold become flimsy upon lyophilization
and therefore the pore edges bend to their sides. This change
appears to reduce the pore size to some extent in COL-CS-AV
scaffold (Figure 1AII-VI) compare to COL-CS alone (Figure
1AI). A 0.2% AV inclusion for instance, showed a pore size
distribution of <50 pm (12%), 50—100 um (28%), 101—150
um (56%), and 151—200 pm (4%) compare to the AV free
scaffold with pore size of <50 ym (10%), S1—100 um (20%),
101—150 pm (20%), and 151—200 pum (25%), 201—250 um
(20%), 251—300 pum (5%). Therefore, it is quite obvious that
the pore size also could be one of the reasons for the enhanced
cellular activity observed in this study.

3.2. Mechanical Properties. The tensile data of the COL-
CS scaffold blended with various concentrations (0.1, 0.2, 0.3,
0.4 and 0.5% (w/v) of aloe vera are presented in Figure 2A.
The AV free scaffold displayed a tensile strength of 1.5 MPa
while its inclusion gradually decreased the scaffold strength
depending upon the concentration of the former. For instance,
the tensile properties of the scaffolds with uniform thickness
and material content in one unit area is varying in nature as AV
is the determining factor. Percent reduction in the tensile value
decreased to 79, 64, 36, 29, and 21 respectively for 0.1, 0.2, 0.3,
0.4, and 0.5% w/v AV incorporation. The concentration of AV
at which 50% strength was lost is considered as effective
concentration (ECgy), which according to this study falls
between 0.2% and 0.3% therefore, it was decided to have 0.2%
as optimum concentration. The COL-CS composite blend
exhibited maximum tensile strength which was due to the H-
bond/ionic interaction between their functional groups viz
—OH, —COOH and —NH, of collagen and the —OH and
—NH, groups of chitosan. Despite this, the presence of
lyophilized aloe vera gel affects the tensile strength. This may
be due to the interference of its functional groups in the COL-
CS interaction, apart from its hydrophilic nature. Contrary to
the strength property, the elongation property increased with
respect to increasing AV concentration. (Figure 2B) suggests
that the AV gel imparts elasticity to COL-CS composite
scaffold. In other words, the porous scaffold possesses low
strength but it is of high extensibility which is a function of pore
orientation and interconnection. The SEM examination
confirmed that the presence of AV at a concentration of
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>0.2% leads to disuniformity of pores and disturbance in the
structural architecture. This ultimately would contribute to
destabilization of structural integrity of the scaffold in an
aqueous medium. Hence a 0.2% AV containing scaffold was
chosen for further characterization and in vitro studies.

3.3. FT-IR. For a biological composite system containing
three types of materials, Fourier Transform Infra Red
spectroscopy could be used as an effective method to define
the existence of each component. The FTIR spectra of COL,
CS, COL-CS, and COL-CS-AV scaffolds were obtained
separately and are shown in Figure 3. The FTIR spectrum of

COL
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Figure 3. FTIR spectra of COL, CS, AV, COL-CS, and COL-CS-AV.

collagen scaffold displayed the characteristic absorption band in
the region of 1639 cm™' (C=O stretch) for amide I; 1547
cm™! (N—H Bend) for amide II; 1239 cm™" for amide III; other
bands at 3302 cm™ for O—H stretch; 2951 cm™ for aliphatic
groups (—CH, and —CHj;); and 1451 cm™ for —COO™.

The Chitosan spectrum exhibiting the absorption band in the
region of 3298 cm™' represents the O—H stretch, 1636 cm™
for C=0 stretch of amide I, and 1546.3 cm™! for N—H stretch
of amide IL

Aloe vera showed the absorption band around 3314 cm™,
which may be due to the presence of hydrogen bonded N—H
stretching, characteristic of amino acids. The absorption band at
2920 cm™ is due to the symmetrical and asymmetrical C—H
stretching of the —CH, groups. This band is also characteristic
of the presence of aliphatic (—CH) groups in these compounds.
The absorption band at 1719 cm™ is characteristic of C=0
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Figure 4. (A) Differential scanning calorimetric and (B) thermogravimetric analysis of various scaffolds COL, CS, AV, COL-CS, and COL-CS-AV.

stretching and indicates the presence of carbonyl groups. The
strong absorption band at 1580 cm™' is due to C=C
stretching, which indicates the presence of vinyl ether and
aloin compound. The absorption band at 1242 cm™" is due to
the stretching vibrations of C—O groups of esters and phenols.
The strong absorption band at 880 cm™" is due to the C—H out
of plane deformation.”®

COL-CS spectrum showed the characteristic absorption
band in the region of 3314 cm™' (O—H stretch), 1695
cm™! (C=O0 stretch) amide-], 1563 cm™" (N—H bending)
amide II, and 1299 cm™" amide IIL. The interactions between
collagen and chitosan may occur by the formation of H bonds.
The —OH groups and —NH, groups in collagen are capable of
forming hydrogen bonds with —OH and —NH, groups in
chitosan. Moreover, the —C=0 groups and —NH, groups in
collagen may also form hydrogen bonds with —OH and —NH,
groups in chitosan. Additionally, ionic bonds may be formed
between collagen and chitosan. These molecules are capable of
forming a complex with oppositely charged ionic polymers, and
these interactions may form polyanionic—polycationic com-
plex.”” But the evidence of FT-IR spectra here does not indicate
the formation of new polyanionic—polycationic complex
between collagen and chitosan, obviously, because of their
same main functional groups.

The spectrum of aloe vera blended scaffold (COL-CS-AV)
showed a shift from 3314 to 3281 cm™', which may be due to
the hydrogen bond formation between the polysaccharide of
aloe vera and the —OH and —NH, groups in collagen or
chitosan. Appearance of new sharp absorbance peak at 1628
cm™' may be due to the formation of amide or ester linkages
between the amino groups of aloe vera and carboxyl group of
collagen. The shift of amide peak from 1563 cm™ (obtained for
AV) to 1530 cm™" for AV blended scaffold may be due to the
influence of aloe vera. Similarly a prominent sharp ester peak
was observed at 1226 cm™' which is due to the stretching
vibrations of C—O groups of esters and phenols which was
absent in COL-CS spectrum. The absorption peak at 1119
cm™ is due to the C—O stretch of polysaccharides of aloe vera
which was absent in COL-CS spectrum. The vital observation
from this study is that the blending of collagen, chitosan and
aloe vera did not make a significant change in the chemical
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property. Hence, they can exert their characteristics individually
during in vitro culture studies. Thus the cells can avail the
properties of individual components.

3.4. Thermodynamic Property. Figure 4A shows the
DSC pattern of collagen, chitosan, aloe vera gel, and their blend
scaffold. The characteristic endothermic peaks represent the
temperature of dehydration (Tp,) of individual biomaterials in
an environment of nitrogen. The Ty values along with the
enthalpy of dehydration (AHp,) obtained from DSC measure-
ments are listed in Table 1A. These DSC results clearly indicate

Table 1A. Thermal Properties of Various Scaffolds

scaffold
collagen  chitosan AV COL-CS COL-CS-AV
Tp (°C) 90.10 94.95 86 94.62 122.44
AHp U/g) 437.5 347.4 274 525.6 209

that T, values of collagen or chitosan are comparable to that of
COL-CS composite scaffold because of the fact that the
collagen super coil structure seems to be stabilized by the
involvement of chemical forces contributed by collagen—
chitosan interactions. In this blend, the formation of hydrogen
bonds between these two macromolecules competes with the
formation of hydrogen bonds between molecules of the same
polymer.” Interestingly, in COL-CS-AV system, AV also
participates in the process of intermolecular interaction
involving all three constituents and contributes to the increased
Tp (124.36 °C) compared to other systems. On the other hand,
unlike the T}, values, the AH, values for collagen (766.6 J/g)
and chitosan (596.3 J/g) showed a clear difference due to their
individual molecular composition and structural conformation.
However, the blending of CS with COL did not exhibit any
negative effect on the Tp, value (Table 1A). This observation
suggests that CS at a concentration equal to that of collagen
does not affect the pyrolytic property but stabilizes the super
coil structure as evidenced by the increased AH}, values of the
sample in solid state (lyophilized condition). Therefore the
higher AHp, value exhibited for collagen or COL-CS system
compared to chitosan alone is due to the increased energy
required to uncoil the collagen superstructure. Contrarily, the

dx.doi.org/10.1021/am401637c | ACS Appl. Mater. Interfaces 2013, 5, 72917298
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AV blended COL-CS composite which required much lesser
energy which is represented by a much narrower endothermic
peak, compared to other systems, reveals the highly susceptible
nature of the collagen superstructure, more particularly in the
presence of AV, than that of CS. At the same time, DSC data
also showed a shift in the T, values of COL-CS especially in
the presence of AV system. This obviously indicates the AV
induced collagen structural reorganization and subsequent
increase in resistance to pyrolysis by the AV (polysaccharide)
containing composite biomaterial.

The disorganization of collagen structure as observed by
decreased AH|, values in AV additive environment may be due
to the partial destabilization of the intramolecular hydrogen
bonds of the protein in the given experimental condition (when
Tp = 12436 °C). However below this temperature, the AV
blended COL-CS must be intact and therefore can be safely
stored at ambient temperature for its application. Nevertheless,
a biomaterial with partially destabilized collagen structure
would still be advantageous as it would be able to absorb more
water molecules into its structure. Such a hydrated material
could serve as a better scaffold in Tissue engineering
applications.

The above facts are further justified by the results of TGA
(Figure 4B). Presented in Table 1B are the values of weight loss

Table 1B. % Weight Loss of Various Scaffolds in Different
Stages

% weight loss

peak max temp

scaffold (°C) 35-200 °C  200—400 °C  400—700 °C
COL 344.83 11.41 51.04 13.85
cs 303.97 10.01 48.78 11.30
AV 276.68 13.95 39.10 12.00
COL-CS 313.77 11.01 41.09 1637
COL-CS- 33175 8.55 29.09 12.27
AV

obtained by thermogravimetry for COL, CS, COL-CS, and
COL-CS-AV samples. The weight loss in the samples occurred
in three stages: the first one refers to the loss of structural water
molecule of the scaffold (25—200 °C); second, because of the
thermal degradation of the polymers (200—400 °C); and the
third stage (400—700 °C) is attributed to the carbonization of
polymeric material.*® It is observed that the COL-CS scaffold
exhibited weight loss of 41% in the transition temp of 200—400
°C compared to 51% for collagen and 48.8% for CS,
individually. However, COL-CS-AV showed a weight loss of
only 29%, which is much lower compared to other scaffolds.
This shows that the aloe vera may have had much stronger
interactions with COL-CS and thus increased the thermal
stability.

3.5. Swelling Studies. Percent swelling of different scaffold
preparations with or without AV at different intervals of water
contact time is depicted in Figure 5. The swelling of COL-CS
increased rapidly to 250% in the initial 10 min time interval and
reached a saturation of 350% in 40 min. Blending of 0.1% aloe
vera with COL-CS increased the swelling to 300% in 10 min
and a saturation of 400% in 40 min. Similarly the swelling
percent gradually increased with increasing aloe vera concen-
tration from 0.1% to 0.5%. This again may be due to the
hydrophilic property of aloe vera polysaccharide that is
included in the COL-CS composite scaffold. At equilibrium
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Figure S. Swelling properties of COL-CS scaffold containing different
concentration of aloe vera (0—0.5%). Error bars represent the mean +

SD (n = 4).

of swelling, the composite scaffold containing >0.2% AV gel
resulted in loss of shape and structural integrity owing to the
highly hydrophilic nature of the AV gel. This property probably
could have led to weakening of collagen intramolecular
interaction as well as the intermolecular interactions between
collagen and chitosan. Based on these observations, the
optimum concentration of lyophilized AV gel to be used in
the COL-CS scaffold was fixed as 0.2% w/v. High water
holding capacity of such a scaffold is favorable for cell adhesion
and growth. Also, the water holding property would facilitate
easy transport of nutrients from the scaffold to cells in the
culture system. In wound healing, this would prevent the fluid
loss from the body when applied on the wound at the wound
site.

3.6. In Vitro Biodegradation. Figure 6 compares the
degree of biodegradation of COL-CS scaffold with and without
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Figure 6. In vitro collagenase degradation of COL-CS scaffold without
and with (0.2%) AV. Error bars represent the mean + SD (n = 3).

aloe vera gel. The linear curve obtained clearly demonstrates
the controlled degradation of collagen and release of
hydroxyproline in an increasing order with respect to time.
On day 1, a degradation of 6.5% in COL-CS-AV and 8% in
COL-CS was observed; whereas on day 6 of the experiment, it
was 48 and 55% of weight loss respectively for scaffolds with
and without aloe vera. Overall, the rate of biodegradation
increased as a function of time in both the scaffolds. However,
the COL-CS-AV showed lesser biodegradation compared to
COL-CS scaffold. This may be attributed to the presence of
aloe vera which is likely to reduce the accessibility of enzymes
to the vulnerable sites in the collagen molecule. Additionally,
AV influenced weakening of chemical forces of collagen—
chitosan interaction leads to more disturbances in porous
architecture with increasing AV concentration and hence results
in poor mechanical properties. This shows that the degradation
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rate of the collagen-based scaffold can be modified by
incorporating aloe vera to an appropriate level.

3.7. Cell Viability. Biocompatibility of the composite
scaffolds was evaluated using MTT assay. This assay measures
the metabolic activity of the cells, which can be correlated with
the number of viable cells. The results of cell viability by this
assay were compared with the control group as shown in Figure
7. The results elucidate the increase in cell numbers with
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Figure 7. MTT assay of fibroblast cells cultured on COL-CS,
CS-AV, and TCP. Error bars represent the mean + SD (n = 3;
*denotes statistically significant difference, p < 0.05, ** denotes p <
0.01).

COL-

respect to time from day 1 to 3. The viability of cells in medium
containing COL-CS-AV composite scaffold was almost equal to
that of COL-CS, AV and control, and there was no significant
difference between them (p > 0.05) on day 1. This indicates
that the viability was not affected by addition of aloe vera to
COL-CS scaffold. On day 3, there was a significant increase in
cell population in COL-CS-AV group that may be due to
glycoproteins in the aloe vera gel that are reported to stimulate
the cell proliferation®” and promote the growth in the case of
human fibroblast,®® whereas anthroquinones (aloe-emodin)
exhibit antioxidant and free radical scavenging property.*!
Additionally, the increased hydrophilic property of scaffold due
to the presence of AV gel allowed the scaffold to swell in the
culture medium and facilitate the cell infusion into the 3D
structure, followed by attachment and growth. The increased
swelling also allows the scaffold samples to avail nutrition from
culture media more effectively.” Thus the inclusion of AV in
COL-CS scaffold resulted in altered biological property that
favored the establishment of a conducive environment for cell
adhesion, growth and proliferation.

3.8. Cell Morphology and Proliferation on Scaffolds.
The topography and porosity of a scaffold play a significant role
in the attachment and the proliferation of mammalian cells.”
Biocompatibility results of the aloe vera blended COL-CS
composite scaffold as evaluated by SEM and fluorescent
Microscopy are presented in panels A and B in Figure 8,
respectively. The SEM image demonstrated that the cells were
attached to the scaffolds and spread to occupy the surface of the
pore walls to accumulate ECM. However, there was a clear
difference in the appearances between the scaffolds with and
without AV: on the AV-containing COL-CS scaftolds, there was
a high degree of cellular recruitment and attachment on its
surface because of the flabbiness of the biomaterial, and at a
later stage, they grew in multilayers and secreted ECM with
filopodial extension as seen in the SEM image in Figure 8AIL
This observation was supported by the results fluorescent
microscopy (Figure 8BII), where the cell density inside the
COL-CS-AV scaffold was relatively more and interconnected
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A B

Figure 8. (A) SEM micrographs (1000X) of fibroblast cells after 4
days of culture on composite scaffolds: (I) COL-CS, (II) COL- CS-
AV. (B) Fluorescence micrograph (20 X) of fibroblast cells after S days
of culture on (I) COL-CS, (II) COL-CS-AV scaffolds.

than in COL-CS. This confirmed that the aloe vera facilitated
the cell migration®” into the scaffold and enabled their easy
adherence on porous wall and thus augmented cellular
proliferation that leads to aggregation. All these observation
are attributable to the bioactive nature of the AV because of its
chemical composition. This would subsequently enhance cell—
cell signaling and tissue formation.>® Further, glucomannan, a
mannose-rich polysaccharide and the most common poly-
saccharide present in AV gel, interacts with growth factor
receptors on the fibroblast, thereby stimulating its activity and
proliferation, which in turn significantly increases collagen
synthesis, which is major component of extra cellular matrix
(ECM) and favors more cell adherence on the scaffold.***°

4. CONCLUSION

In conclusion, a versatile 3D scaffold consisting of fish collagen,
chitosan and aloe vera prepared in this study possesses all
requisite physical and biological properties to recruit, attach,
and proliferate the fibroblasts. The inclusion of AV to the COL-
CS composite imparts novelty to this study, as the latter
provides structural support, whereas the former offers extra-
nutritional support. Considering the overall physiochemical and
biological properties of the AV blended COL-CS scaffold, this
could be advantageously used as a promising biomaterial for
tissue engineering.
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