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Collagen is a major component of the extracellular matrix, a biocompatible and biodegradable protein which is useful in
wound healing biomaterials. Mammalian collagen sources are, however, associated with potential zoonosis and immunogenicity
and this has resulted in increased interest in the recovery of collagen from fish processing waste. The skin of Coryphaena
hippurns (mahi-mahi) was used as an induced source of type I collagen, which was isolated by an acid-assisted extraction
method which includes the following stages: alkali treatment, defatting, digestion in acetic acid, salting-out, dialysis and
Iyophilization. The morphology, chemical structure and conformation of the extracted collagen was determined by SEM,
FTIR and CD spectroscopy, which revealed that the native triple-helical structure of collagen was retained following extraction.
The antioxidant, anti-inflammatory and anti-microbial property of mangiferin made it an ideal choice to be incorporated at
two different concentrations (1mg/mL and 5mg/mL) in the collagen matrix with the tricalcium phosphate (TCP) to fabricate
a wound healing composite scaffold. The surface morphology, functional group composition, crystallinity, thermal stability,
porosity and cell viability of the fabricated scaffolds were evaluated using SEM, FTIR, XRD, TGA/DSC, ethanol infiltration
method and MTT assay, respectively. The results showed that the native structure of mahi-mahi skin collagen did not change
after extraction, and mangiferin was incorporated without affecting the integrity of the scaffold. The mangiferin-loaded
scaffolds showed a dose-dependent reduction in porosity as the amount of mangiferin was increased, and had good thermal
stability and cytocompatibility, suggesting possible usage as a sustainable, bioactive material for wound healing applications.
This research fills a significant gap in the literature by assessing the physicochemical compatibility of fish-skin collagen and
mangiferin as a basis for the development of an affordable marine biomaterial for tissue engineering and regeneration-based
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wound care.

is passed through the Golgi apparatus and then released into the extra-
cellular matrix [3,4]. There, the procollagen is processed by procollagen

Introduction

Collagen is the most abundant structural protein in the human body,
secreted by fibroblasts, osteoblasts, chondroblasts, and several epithe-
lial cells, and comprising a family of at least 30 genetically distinct sub-
type [1,2]. Itis synthesized as precursor procollagen polypeptide chains
in the rough endoplasmic reticulum of fibroblasts, with the polypep-
tide chains being translated from mRNA, which is rich in glycine, pro-
line and hydroxyproline residues. After post-translational hydroxylation
and glycosylation that stabilizes the triple-helical structure, procollagen
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peptidases to produce the mature collagen which self-associates into
fibrils stabilized by cross-linking by lysyl oxidase, that is, by producing
tensile strength and elasticity characteristic of the mature collagen net-
work [5,6]. This matrix is not fixed and is continually remodelled through
a continuous process of regulation by matrix metalloproteinases and
their inhibitors, which is a key mechanism of tissue maintenance, repair
and wound healing [4].

Among collagen subtypes, Type 1 is the major collagen isoform in
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the body (~90% of body’s collagen) and is the most important isoform
for wound-care biomaterials, and is the most relevant to this applica-
tion. Type II is involved in elastic cartilage and joint function, Type IIT
found in muscle, arteries, and organs, Type IV found in skin basement-
membrane networks, and Type V found in the cornea, select layers of
skin, hair, and placental tissue [7,8].

Mammalian (bovine and porcine) sources have long been the source
for the production of collagen for biomedical applications, but have
well documented zoonotic disease transmission, religious/cultural re-
strictions, and immunogenic reactions in sensitive individuals [9,10]. Such
concerns have led to an increase in interest in marine collagen from fish,
which is derived from the skin, scales, bones, and fins that are typically
used as low value by-products in the fishing industry [11]. The species
that are most widely studied sources include Coryphaena hippurns (mahi-
mahi), Gadus morbna (Adantic cod), and Salmo salar (Atlantic salmon)
due to their preferred collagen content and structure [12]. Marine-based
collagen poses no risk of disease transmission, has no religious restric-
tions, is economically processible and has a smaller peptide fragment
size compared to mammalian based collagen, making it more easily ab-
sorbed by the human body, which makes it a sustainable option to as-
sess fishery waste [10,13].

But the methods of extraction are of importance to the quantity
and purity of collagen recovered. Acid-soluble extraction using dilute
acetic acid is generally the mildest method for preserving native collagen
structure but is comparatively low-yielding, For example, acid-soluble
collagen (ASC) isolated from the skin of striped catfish (Pangasianodon
hypaphthalmus) yielded only 5.1%, wet-weight basis, compared with 7.7%
for pepsin-soluble collagen (PSC) extracted from the same skin, giving a
combined accumulated yield of 12.8% [14]. Enzymatic (pepsin-assisted)
extraction, when optimized properly, can greatly improve the yield: re-
sponse surface optimization of pepsin concentration, solid to liquid ra-
tio and hydrolysis time in giant croaker (Nébea japonica) skin resulted in a
yield as high as 84.85% [15]. A practical drawback is the increased com-
plexity of the enzymatic process, which relies on pepsin from pigs. A
lack of consistency across species and protocols makes it difficult to
find an extraction method that is standardized, and high yielding for
many underutilized fish species such as mahi-mahi [12].

Further, extracted collagen must be characterized using several tech-
niques for biomedical applications: morphological and microstructural
analysis (SEM); chemical analysis (SDS-PAGE for protein and molecu-
lar weight profiling, FTIR for secondary structure, UV-Vis for purity
and concentration); crystallographic evaluation (XRD); thermal and
mechanical testing (TGA, tensile/compressive analysis). Many reported
extraction studies only address a subset of these, thus only a limited
number of parameters are considered for the structural integrity of the
resulting biomaterial [12,16].

Another drawback is the fact that although collagen is structurally
biocompatible, it does not provide much active pharmacological effect
to the wound microenvironment. This has led to the development of
interest in the functionalization of collagen scaffolds with bioactive natu-
ral compounds [4,17]. Mangiferin, a C-glucosylxanthone polyphenol iso-
lated from the bark, leaves and fruit peel of Mangifera indica (mango), is
a strong candidate: flavonoids and mangiferin found in mango by-prod-
ucts are highly associated with the wound-healing process and have an-
tioxidant, anti-inflammatory, and antibacterial properties [18,19]. The
activity of COX-1 and COX-2 is inhibited, leading to reduced produc-
tion of PGE2, the activation of the NLRP3 inflammasome is inhibited
and the migration and invasiveness of macrophages are increased via
activation of Nrf2, thus promoting improved wound healing [20,21].
For applied dressing systems, mangiferin containing formulations have
been correlated with greater re-epithelialization, improved neo-vascu-
larization, free-radical scavenging and decreased inflammation when
compared to untreated controls [18,19].

Although the single effects of marine collagen and mangiferin were
documented individually, the combination is still not studied much, es-
pecially the physical and chemical compatibility of the combination of
mangiferin and fish skin collagen, and the concentration of mangiferin
that can be added without destroying the integrity of the collagen scaf-
folds. This is a clear and readily attainable research opportunity that is

missing in the field of wound-care biomaterials [22].

Therefore, the present study is focused on to extract collagen from
fish skin and characterize its morphology and structural properties
using SEM, FTIR, and CD, along with evaluation of relevant biochemi-
cal properties such as collagen content. In addition, the prepared col-
lagen matrix was loaded with mangiferin at selected concentrations, and
its physical and chemical compatibility was evaluated to assess its poten-
tial for improving the therapeutic efficacy of the resultant wound-heal-
ing biomaterial.

Materials and Methods

Raw materials and reagents

Fresh skin of Coryphaena hippurus (mahi-mahi) was used as the raw mate-
rial for collagen extraction. All the chemicals (sodium hydroxide, n-bu-
tanol, acetic acid and sodium chloride) used for pretreatment, extraction
and purification were of analytical grade and distilled water was used
throughout. Beakers (100, 500, 1000 and 2000 mL), Falcon tubes (5, 20
and 50 mL), a spatula, a thermometer, a muslin cloth, a dialysis tubing,
a magnetic stirrer, a homogenizer, and a centrifuge were used for pro-
cessing.

Pretreatment and extraction of collagen

Mahi-mahi skin was subjected to an acid-assisted extraction protocol
including multiple steps to obtain type I collagen. The fish skin was
initially peeled off manually and was cleaned in detail with deionized
water to get rid of any scales and impurities on the surface. This was
then divided into smaller portions to enhance the surface area for treat-
ment. The cleaned skin was rinsed in 0.8 M saline solution for 10 min-
utes to remove water-soluble proteins and contaminants, in preparation
for alkali treatment [23,24].

The skin was then treated with sodium hydroxide solution and left
to incubate for 4 days to eliminate non-collagenous proteins, fats, and
pigments without destroying the collagen fibres. After alkali treatment,
the samples were washed extensively to remove the alkali and homog-
enized at 2000 rpm, 4°C to further release the tissue into smaller par-
ticles for further downstream extraction. The homogenized skin was
then treated with n-butanol and homogenized for 48 hours at 4°C at
2000 rpm to remove the lipids [23,25].

Collagen was then acid digested for three days in an acetic acid solu-
tion which caused the collagen fibres to detach from the skin matrix of
its surroundings and allowed for the isolation of type I collagen. The
filtered mixture was clarified by centrifugation to collect the soluble frac-
tion, which contained the collagen, from the solid fraction [26].

Desalting was performed by stirring the collagen solution with 5%
(w/v) sodium chloride at 5-minute intervals until a white precipitate
appeated, indicating salting-out of the collagen [27]. The precipitate was
left to settle for 24 hours before being centrifuged and purified.

Purification by dialysis

The collagen precipitated by salting-out was dialyzed for purification.
Dialysis tubing was first soaked in distilled water at 100°C for 10 min-
utes to remove preservatives and then cooled to room temperature be-
fore use. The collagen solution was poured into the dialysis bag with
both ends tightly closed to prevent any leakage and was then placed in a
beaker containing acetic acid solution on a magnetic stirrer to allow con-
tinuous stirring [28]. To ensure the removal of salts and low molecular
weight impurities, the acetic acid dialysate was changed every 4-6 hours,
which created a concentration gradient [29]. The dialysis was performed
for four days; the first two days with acetic acid as the dialysis solution,
and the last two days with distilled water, and then the dialysis bag was
opened and the purified collagen solution was collected [28].

Lyophilization

The purified collagen solution was freeze dried into a stable and stor-
able product. The solution was first quickly frozen at -80°C to enable
water in the sample to crystallize in fine crystals without disrupting the
native molecular structure of the collagen. Primary drying was then per-
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formed under vacuum conditions allowing the ice to sublime directly
from the solid state to the gas state, without causing any chemical changes
in the collagen, mild heat was applied to speed up the sublimation pro-
cess [30]. Secondary drying was then performed in which the tempera-
ture was increased a little more to remove some of the water held in the
bound form, leaving the final moisture content below 5%. The freeze-
dried collagen thus recovered was light, porous and easily rehydrated,
and stored at 4°C until needed, so that it would be stable and not de-
grade.

Characterization of extracted collagen
Fourier Transform Infrared Spectroscopy (FTIR) analysis

The chemical composition and secondary structure of the extracted
collagen was investigated by using FTIR spectroscopy. The characteris-
tic amide band (amide I, II, and III) that represents the peptide bonds
of the protein backbone was analysed in the spectra, and these bands
are used as markers of triple-helical integrity. Changes or reduction in
these characteristic peaks was considered as an indication of the preser-
vation or degradation of native collagen structure after extraction and
processing [31,32].

Scanning electron microscopy (SEM) analysis

SEM was employed to examine the surface morphology of the extracted
collagen. The high-resolution imaging showed the fibrous architecture,
fibre alignment and porosity of samples, which are directly linked to
mechanical and biological performance of collagen in tissue engineer-
ing products. SEM analysis helped to visualize the characteristic fibrillar
network of native collagen and helped to identify any microstructural
changes because of the processing or crosslinking [33].

Circular dichroism (CD) spectroscopy analysis

The secondary structure and conformational stability of collagen ob-
tained by extraction was analysed by circular dichroism (CD) spectros-
copy, especially for triple-helical conformation [34]. CD is a property
that depends on the chiral architecture of the secondary structure of
the protein, which is very sensitive to the difference in the absorption
of left- and right-handed circulatly polarized light. The native, structur-
ally intact collagen has positive peak at 221-222nm and negative peak at
197-200nm which is characteristic of a preserved triple helix [35]. Peak
intensities and shapes were used to determine the helical content and to
detect structural perturbations due to thermal denaturation, pH changes
or chemical modification, to compare native and denatured collagen and
evaluate the crosslinking efficacy.

All three methods (SEM, FTIR, and CD) contributed complementary
structural and functional information for the complete characterization
of collagen for biomedical and industrial applications.

Fabrication of unloaded and mangiferin-loaded collagen scaffold

Fish collagen was extracted and used as the main biomaterial on the
scaffold, for cell adhesion and tissue regeneration. To improve the anti-
oxidant and wound healing properties of the scaffold, a natural polyphe-
nol, mangiferin, was added to the extracted collagen. To stimulate min-
eralization and bone-regenerative properties, a bioactive ceramic,
tricalcium phosphate (TCP) was added to the formulation. A magnetic
stirrer was used to homogenize the formulation, and well plates were
used for subsequent gelation and cell-based assays.

Scaffold preparation

The extracted fish collagen solution was then well mixed with the
tricalcium phosphate powder in a predetermined ratio where collagen
would act as the matrix for the interaction between cells and TCP as the
mineralization component to imitate the native bone composition [36].
The scaffold formulation was then divided into three experimental
groups: COL/B-TCP (control, without mangiferin), COL/B-TCP/1
mg'mL"' mangiferin and COL/B-TCP/5 mg-mL"' mangiferin, which
enabled to compare the performance of the scaffold under the three
bioactive loading conditions. All three formulations had been dispensed

into well plates and were allowed to gel at room temperature or by incu-
bation at 37°C for several hours, to allow for stabilization of the matrix
and uniformity of structure. The gelled scaffolds were then frozen at -
80 °C and lyophilized for 24-48 hours, which resulted in the removal of
any residual solvent while maintaining the porous microarchitecture
necessary for infiltrating cells and diffusing nutrients within the scaffold
[37,38].

Characterization of unloaded and mangiferin-loaded scaffolds
Scanning electron microscopy (SEM)

Scanning electron microscope (SEM) was used to characterize the sut-
face morphology and microstructure of scaffolds. Samples were dried
and then coated with gold using an E1010 ion sputter (Hitachi, Japan)
for conductivity before imaging, which was conducted on a ZEISS SEM
(Seron Technology, India). The dimensions and size distribution of the
fibre and pores were quantitatively analysed with the help of image]
software [39].

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of the prepared scaffold were taken to determine the
functional group. The spectra were measured at a resolution of 4 cm™ in
the frequency range of 4000 to 400 cm™ at room temperature [40].

X-ray diffraction (XRD)

The X-ray diffraction (XRD) pattern of the samples was obtained by X-
ray machine at 40 kV, 30 mA, Cu Ka radiation (k = 1.54060A). XRD
pattern was collected for a definite period [41].

Thermogravimetric analysis (TGA)

Thermal stability of the scaffolds were measured using a
thermogravimetric analyser. Dry samples (5-20 mg) were putinto a suit-
able pan and then heated from 25°C up to 600°C at a constant heating
rate of 10°C/min under an inert nitrogen atmosphere. The
thermogravimetric curves were analysed in terms of weight loss vs. tem-
perature, and vatious thermal transitions and decomposition peaks were
observed [42].

In-vitro Cytocompatibility Assessment (MTT Assay)

The cytocompatibility was evaluated by NIH3T3 mouse fibroblast cells
cultured in Dulbecco’s Modified Eagle Medium (DMEM) under stan-
dard cell culture conditions (37°C, 5% CO, , humidified atmosphere).
NIH3T3 cells were plated at a density of 5 X 10? cells/well into 96-well
plates and subsequently cultured for 24 h. Cells were then incubated
with conditioned media prepared from hydrogel samples (10 pg/L) for
24 hours before performing MTT assay. Cells were then treated and
incubated for 4 h after adding MTT reagent (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide). The formazan crystals were then
dissolved in dimethyl sulfoxide (DMSO) and the absorbance measured
at 570 nm to assess cell viability and cytocompatibility [43,44].

Porosity measurement

The porosity of the scaffolds was assessed using Archimedes’ principle
in combination with the ethanol displacement method. Scaffolds were
cut into uniform sizes and submerged in a known volume of absolute
ethanol (v1). After allowing the scaffolds to soak and become fully satu-
rated, the total volume of ethanol plus the saturated scaffold was re-
corded as v2. Following overnight immersion, the scaffolds were re-
moved, and the residual volume of ethanol (v3) was measutred. Porosity
(%) was calculated as: [45]
Porosity (%0) = [(v1 - v3) / (v2 - v3)] X 100

All measurements were performed in triplicate to obtain an average
porosity value for each formulation.

Results and Discussion
Characterization of extracted collagen

The yield of collagen extracted from mahi-mahi skin was 140.72 mg/g
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Figure 1: FT-IR spectra of extracted collagen

(14.07% on a wet weight basis) using the acid-assisted method. The
acid-only protocol, and the high yield of acid-soluble collagen (ASC),
with no animal-derived enzymes used, as compared to other fish spe-
cies, which typically have 5-8% yields of ASC, demonstrate that the
acid-only procedure was efficient, making mahi-mahi skin an economi-
cally viable and technically practical source of collagen for large-scale
production, versus other fish species whose skins have been less inves-
tigated as a source for collagen.

FTIR analysis

The extracted collagen was analysed by FTIR spectroscopy in the range
of 4000-400 cm™ and the resulting spectrum is presented in figure 1, as
is typically done with protein biomaterials. The Amide I band was well
visible in the spectrum at 1653 cm™, indicating that the protein’s peptide
backbone structure, and hence its overall structure, was retained; an
important parameter for the intended functionality of the biomaterial.
The hydroxyl (-OH) group interactions were confirmed by a broad ab-
sorption band at 3335 cm, suggesting strong intermolecular hydrogen
bonding that helped maintain the structure stability of the collagen net-
work. Furthermore, a peak at 1092 ¢cm’, which is indicative of C-O
stretching, indicated that glycosidic interactions were present in the
sample, which could be important in certain drug-release applications,
such as wound healing, These spectral features together validate that the
extraction method was able to maintain the key chemical and structural
characteristics of the native collagen.

SEM analysis

Figure 2A reveals, the SEM images of the collagen sample at 250x mag-
nification showed a fibrous and layered structure of the collagen, re-
vealing the presence of interconnected fibrils that displayed a well-de-
fined surface texture, which could be considered as having good struc-
tural integrity for biomedical applications. The even distribution of these
fibrils implied good porosity and bioactivity, which are crucial for cell
attachment and tissue ingrowth in tissue engineering. The imaging was
done at an accelerating voltage of 3.00 kV and a working distance of 7.2

Figure 2: A) SEM image of collagen at 250x; B) SEM image
of collagen at 500x
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Figure 3: CD spectrum of the extracted collagen showing

characteristic peaks of the intact triple-helical structure

mm to maximize surface contrast and resolution. When imaged at higher
magnifications (500x), the lyophilized collagen scaffold was seen to have
a thin web like structure and interconnected pores measuring approxi-
mately 10-40 um (figure 2B). The observed scaffold surface was smooth
and without external damage or collapse, suggesting that the freeze-
drying protocol did not cause any visible structural changes or damage
to the scaffold. This highly porous and interconnected structure is ad-
vantageous for cell infiltration and nutrient diffusion, and thus makes
the collagen extracted appropriate for tissue engineering and wound
healing.

Circular dichroism analysis

The extracted collagen was tested via CD spectroscopy, and the spec-
trum shown in figure 3 displayed an intense negative peak around 200
nm and a less intense positive peak around 220—225 nm typical of intact
collagen triple helix. It was found that there were no significant changes
in the peak shift or band broadening, which meant that the secondary
structure of the collagen remained unchanged throughout its extraction
and purification process, with little loss of structure. Concluding from
the CD data, FTIR and SEM data, it is observed that the extracted col-
lagen maintained its native conformational integrity which validates its
suitability for further processing of the scaffold for the delivery of
mangiferin to heal the wounds.

Characterization of unloaded and mangiferin-loaded scaffolds
Scanning electron microscopy (SEM)

The SEM images presented in figure 4 revealed that the COL/B-TCP
scaffold consisted of highly porous and interconnected structure which
would be beneficial for nutrient transport, cell infiltration and diffusion
of drugs. The overall structure of the scaffold was identified to be well
organized with a network of fibres having uniform distribution of pores,
which is desirable for tissue engineering applications. The morphology
of the two drug loaded scaffolds were observed after incorporating
mangiferin. The scaffolds loaded with COL/B-TCP/1mg/ml and COL/
B-TCP/5mg/ml had a denser fibrillar network with smaller pore size
and fewer pores than the unloaded scaffold. The scaffold matrix was
successfully loaded with mangiferin, and no scaffold collapse and dis-
ruption of the collagen fibres were observed, with a higher density ob-
served at a higher concentration of mangiferin, possibly due to the in-
teractions between the collagen network and polyphenol, which dimin-
ishes the free interstitial space for pores to be formed during lyophiliza-
tion. Moreover, high magnification micrographs showed no aggrega-
tion of the drug, supporting the uniformity of drug distribution within
the scaffold structure although the porosity has decreased.

Fourier transform infrared spectroscopy (FTIR)

To study the chemical interactions between collagen, B-TCP and
mangiferin, FTIR spectroscopy was used, and the spectra are presented
in figure 5. The presence of all the characteristic absorption bands of
the functional groups of collagen and of B-TCP, suggests that the scaf-
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fold matrix was retained in all the formulations. The peak intensity was
found to be higher at the regions of 1000-1700 cm™ and 3200-3500
cm™ for the drug loaded scaffolds when compared with the control scaf-
fold, which shows the successful incorporation of mangiferin into the
composite scaffold. The interactions between the scaffold components
and mangiferin were more evident at higher concentrations in the COL/
B-TCP/5mg/ml scaffold, which indicated more pronounced spectral
modifications.

X-ray diffraction

Figure 6 showed the XRD patterns used to evaluate changes in crystal-
linity after drug incorporation in both COL/B-TCP and drug loaded
scaffolds. The unloaded COL/B-TCP scaffold showed the broad dif-
fraction peak between 20° and 35° (20), which is typical of a semi-
crystalline structure. After the loading of mangiferin the peak intensity
and sharpness decreased, especially in the COL/B-TCP/5mg/ml for-
mulation. The reduction in crystallinity suggests that mangiferin is well
dispersed in the scaffold matrix, and also the increase in intermolecular
interactions between collagen, B-TCP and mangiferin. The higher amor-
phous component of the scaffolds loaded with the drugs could be the
reason for the better drug dissolution and controlled release properties.

Thermogravimetric analysis

The TGA thermograms shown in figure 7 were used to assess the ther-
mal stability of the scaffolds. All formulations showed a multi-stage
degradation profile. The weight loss before 150°C was attributed to the
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Figure 5: FI-IR spectrum of COL/B-TCP, COL/B3-TCP/
1mg/ml, COL/B-TCP/5mg/ml scaffolds showing
characteristic functional groups and spectral changes after
drug incorporation
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evaporation of moisture physically adsorbed and bound water molecules.
The major degradation step was observed between 200°C and 500°C,
which is related to the degradation of collagen and other organic com-
ponents of the scaffold. The COL/B-TCP/5mg/ml formulation had
the greatest mass retention at the higher temperatures than the other
formulations, reflecting greater thermal stability than the unloaded and
lower dose formulations. This enhanced thermal resistance can be ex-
plained as the increased intermolecular interactions between mangiferin
and the scaffold matrix. Results indicate that the incorporation of
mangiferin has a positive effect on the thermal behaviour of the scaf-
fold that is beneficial for biomedical processing and applications for
sterilization.

Such spectral and thermal transformations during FTIR, XRD and
TGA, take place simultaneously in two modes of interaction and not in
one mode. The first part of the explanation is that the carbonyl and
amine groups of the collagen backbone (amide I and II bands) could
form hydrogen bonds with the phenolic hydroxyl groups in mangiferin,
leading to increased absorption intensities in the drug loaded scaffolds.
Second, the hydroxyl groups of mangiferin, which have a catechol-like
structure, could also have coordinate or electrostatic interactions with
the Ca?" ions present on the surface of the B-TCP, which could prevent
the occurrence of long-range crystalline order, thus accounting for the
gradual decrease in the sharpness of the XRD peaks at higher concen-
trations of mangiferin. In both cases, the mobility and packing of chains
in the matrix would be limited, as observed from TGA, at higher
mangiferin loading. Complementary methods like isothermal titration
calorimetry or Raman spectroscopy of the phenol band and phosphate
band are suggested as future directions in order to confirm the relative
contribution of each interaction.

] COL/B-TCP/Smg/ml Mangiferin
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159 o
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Figure 6: XRD analysis of COL/B-TCP, COL/B-TCP/1mg/
ml, COL/B-TCP/5mg/ml scaffold
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Figure 7: TGA analysis comparison of COL/B-TCP, COL/
B-TCP/1mg/ml, COL/B-TCP/5mg/ml scaffolds showing
the thermal degradation behaviour and stability

In-vitro cytocompatibility assessment

The MTT assay data in figure 8 tested the cytocompatibility of fabri-
cated scaffolds after 48 hours of incubation. The cell viability of the
unloaded scaffold (COL/B-TCP) did not show any significant variation
with respect to concentration, with the variation between replicates be-
ing relatively small, suggesting that the base scaffold material was not
cytotoxic and cell response was consistent. The viability of the COL/[3-
TCP/1mg/ml scaffold decreased slightly at the lowest concentration
used (125 pg/mlL, ~80%), before increasing gradually in a concentra-
tion-dependent manner, reaching ~121% at 1000 Lg/mL. For COL/[3-
TCP/5mg/ml, cell viability significantly increased from ~98% at 125
Ug/mL to a maximum of ~148% at 250 Pg/mL and then slowly de-
creased with increasing concentrations of the formulation (up to 128—
134% at 1000—-500 tg/mL). There was a proliferative or mitogenic ef-
fect of mangiferin at observed concentrations on cultured cells, as evi-
denced by viability values exceeding 100% for mangiferin loaded scaf-
folds, especially COL/B-TCP/5mg/ml. Generally, all three formulations
exhibited cytocompatibility, with scaffolds loaded with mangiferin, par-
ticularly Smg/ mlL, exhibiting positive cell proliferation.

Porosity measurement

The porosity data in figure 9 indicated that the COL/B-TCP scaffold
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Figure 8: MTT assay results showing the cell viability
of COL/B-TCP and mangiferin-loaded scaffolds at different
concentrations
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had the highest porosity of 60.19%, which had a good, interconnected
pore network suitable for cell infiltration and nutrient diffusion. The
porosity of the scaffolds was significantly reduced in a concentration-
dependent mannet, with a porosity of 46.90% and 37.30% for COL/f3-
TCP/1mg/ml and COL/B-TCP/5mg/ml, respectively. The incorpora-
tion of polyphenol molecules (mangiferin) would occupy the space be-
tween the collagen molecules and the TCP, which as a result would make
the scaffold more compact, resulting in a reduction in available pore
space as seen with the increase in mangiferin concentration. Although
all three formulations exhibited a significant number of pores (>35%),
the decrease should be taken into consideration when optimizing the
loading of mangiferin into application where cell infiltration is a critical
requirement for the successful delivery of the drug,

An interesting finding from the cell viability study was that the
mangiferin scaffold at 5 mg/mlL, which had the lowest total porosity
(37.30%), showed the best cell proliferation. In the traditional paradigm
of tissue engineering, higher porosity is directly associated with higher
cell proliferation, due to increased surface area for cell attachment and
better nutrient diffusion. However, in an iz vitro monolayer culture, cells
are exposed to an excess of nutrients from the surrounding culture
medium, which is often replenished. Under these static, nutrient rich
conditions, limitations of physical pore space and transport are mini-
mized. Rather, the cell kinetics are strongly modulated by chemical cues
[46,47].

Mangiferin is a natural polyphenol and potent mitogenic agent. The
high concentration of mangiferin released from the dense scaffold ma-
trix is likely to compensate for the reduced architectural spacing, by trig-
gering intracellular signaling cascades, such as the MAPK/ERK or PI3K/
Akt pathways, actively accelerating progression through the cell cycle.
The concentrated polyphenol provides a biochemical stimulus which, in
essence, overcomes the structural limitations of the lower porosity ma-
trix, leading to the observed increase in MT'T metabolic activity [48,49].

Conversely, we predict that this compensatory effect will be very
different when translating to a three-dimensional iz vive environment. In
living systems, it is difficult to overcome the structural constraints of a
low-porosity matrix solely through biochemical signaling. The in vivo
matrix is wholly dependent on host neovascularization and interstitial
fluid flow to provide oxygen and nutrients to the inner core of the con-
struct and to remove metabolic waste. 37.30% porosity builds dense
physical barriers to prevent cell migration into the core of the scaffold
and limit space for new blood vessel infiltration (angiogenesis). While
mangiferin’s mitogenic signaling can enable initial localized host cell ac-
tivation at the scaffold periphery, the lack of interconnected macro-
scopic pores will ultimately result in either a necrotic core or premature
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fibrous encapsulation. Therefore, although a low-porosity, high-polyphe-
nol matrix is excellent under well-nourished iz vitro conditions, optimising
the architectural interconnectivity and porosity remains paramount to
translate these proliferative benefits into successful 7z vivo tissue regen-
eration [50,51].

In this study, mechanical testing, degradation/swelling analysis and
scaffold-level functional bioactivity assays (DPPH, zone-of-inhibition,
scratch-migration tests) were not conducted and are recognized as limi-
tations and not future embellishments. With an increasing trend in po-
rosity shown above, increasing the amount of mangiferin would be ex-
pected to increase the compressive modulus and reduce the rate of deg-
radation and fluid uptake, both of which are important parameters to
consider for a wound dressing that must have a balance between
conformability and structural gain. Similarly, the antioxidant, anti-in-
flammatory and antimicrobial activity of mangiferin has not been prop-
erly demonstrated on the scaffold. The gaps are identified as the imme-
diate next steps in front of the further translation.

Conclusion

By successfully extracting type I collagen from the skin of mahi-mahi
(Coryphaena hippurns) and retaining its native triple-helical structure in
both FTIR, SEM and CD analyses, this study shows the potential for
this new material to be used as a sustainable alternative from non-mam-
malian sources for biomedical applications. The fabricated scaffolds
showed good physicochemical compatibility between the components
of the scaffold, as incorporation of mangiferin did not alter the struc-
tural integrity and the functional group composition of the fabricated
scaffolds. The MTT results indicated that the scaffolds and mangiferin-
loaded scaffolds were both cytocompatible, and the scaffold with the
lowest porosity (37.30%) also showed higher cell proliferation, a result
that could be explained by the mitogenic signalling of the drug mangiferin
that overcame the decrease in porosity under iz vitro conditions. This
porosity reduction will have mechanical and degradation consequences,
which were not measured directly in this study, and the overall antioxi-
dant, anti-inflammatory and antimicrobial activities of mangiferin have
been reported in literature, but have not been directly proven on the
scaffold, which will be the next steps. Overall, these results suggest that
the developed platform of mahi-mahi collagen, mangiferin and TCP
may be a promising biomaterial for wound healing applications and most
importantly, the porosity needs to be tuned to achieve the highest pos-
sible porosity and mechanical integrity needs to be confirmed by testing
before moving forward toward clinical translation. Ongoing research
and development efforts, with a specific emphasis on mechanical im-
provements to the product, optimized extraction procedures for col-
lagen, customized adjustments of the concentration of mangiferin and
cutting-edge manufacturing processes such as 3D printing and lyophiliza-
tion, will pave the way for broader clinical applications and eventually
better results for patients. The incorporation of such biocompatible
materials could lead to the development of scaffolds that offer struc-
tural support and actively promote tissue regeneration, enhancing the
effectiveness of regenerative medicine therapies. Overall, the potential
of generating advanced scaffolding materials inspired by the combina-
tion of mahi-mahi collagen and mangiferin, consistent with the modern
requirements in the field of tissue engineering, represents a ground-
breaking idea. The synergy may inspire development of new applica-
tions such as skin regeneration and other important repair capabilities,
thus forging the way for the next generation of biomaterials used in
regenerative therapies.
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