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Abstract: Type I collagen is the main component of the extracellular matrix that acts as the physical
and biochemical support of tissues. Thanks to its characteristics, collagen is widely employed as a
biomaterial for implantable device fabrication and as antiaging food supplementation. Because of the
BSE transmission in the 1990s, aquatic animals have become a more suitable extraction source than
warm-blooded animals. Moreover, as recently demonstrated, a supplementing diet with fish collagen
can increase the body’s collagen biosynthesis. In this context, Tilapia feeding was supplemented
with hydrolyzed collagen in order to enhance the yield of extracted collagen. Tilapia skin was
investigated with wide and small angle scattering techniques, analyzing the collagen structure from
the submolecular to the nanoscale and correlated with Differential Scanning Calorimetry (DSC)
measurements. Our studies demonstrated that the supplementation appears to have an effect at the
nanoscale in which fibrils appear more randomly oriented than in fish fed with no supplemented
feed. Conversely, no effect of a collagen-rich diet was observed at the submolecular scale.

Keywords: type I collagen; WAXS; SAXS; Tilapia skin; dietary supplementation

1. Introduction

Type I collagen is the main fibrous protein of the mammalian body (about 70% of
the overall collagen in mammals) [1]. Because of its peculiar hierarchical structure and its
peptide composition, it is widely used for several applications in the biomedical field. It is
composed of triple helices made up of two α1 (I) helices and one α2 (II) helix twisted in a
trimeric molecule measuring 1.5 nm in diameter and about 300 nm in length [2]. The helical
portion of the collagen molecule is characterized by the strict repetition of the Gly–X–Y
triplet in which Pro and Hyp are often placed in the X and Y positions and glycine in every
third position, guaranteeing the stabilization of the molecule, together with water molecules
that assure the formation of hydrogen bonds around the triple helices. Collagen molecules
are packed in a supramolecular arrangement called fibril, with a lateral packing distance
of about 1.6 nm that varies in relation to the specific tissue and to the hydration. Within
the fibril, along its axis, each collagen molecule is staggered about one quarter of its length
with respect to the closest molecule [3]. This peculiar organization leads to alternating
zones of low and high electron density distribution, which have been investigated several
times [4,5] and named “D-banding” of about 64–67 nm of axial periodicity and are related
to the gap-overlap triple helices zones within the fibril. Finally, fibrils are packed in fiber
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and the fibers in bundles. The collagen deposition within tissues is strongly correlated
to the forces acting on it, to the stresses it undergoes, and to the final function of the
tissue [6]. For this reason, in tendons, fibrils, fibers, and bundles of collagen run parallel to
the length of the tissue, as the matrix has to support uniaxial forces that act along the tendon
length. [4,7,8] Conversely in skin, mainly in the dermis, collagen fibrils and fibers (from
3 to 40 µm in diameter) are mainly randomly organized in a loose network that supports
multidirectional forces [9]. As it is responsible for the strength, stiffness, and stability
of the extracellular matrix (ECM) in tissues, type I collagen is the gold standard natural
biomaterial employed for the fabrication of implantable devices in regenerative medicine.
Indeed, thanks to its biocompatibility, fibroblasts recognize the scaffold and are able to
attach to it in wounds. Furthermore, during the regeneration processes, the collagenous
matrix, which is degraded by enzymes and peptides, becomes useful for the new matrix
building. Type I collagen is not only an excellent biomaterial, but it is also employed in
both fibrillary and hydrolyzed forms in the cosmetic, food, and nutraceutical sectors and
as dietary supplements for its ability to contribute to the viscoelasticity maintenance of
soft tissues, such as the dermal layer of skin [10] and joints. Laying in connectives, it
retains the hydration and the overall healthy conditions of the body. The sources commonly
employed for collagen extraction are both terrestrial and marine animals, but most of the
commercially available collagen is typically extracted from warm-blooded animals, such as
bovines, horses, and pigs [6,11]. Collagens from warm-blooded animals possess a higher
content of proline and hydroxyproline and a higher denaturation temperature (25–30 ◦C)
compared to collagens from fish that make it more suitable for biomedical applications [4].
However, after several zoonotic pathologies emerged in recent decades, such as BSE (Bovine
Spongiform Encephalopathy), more interest was placed on marine sources of collagen [11],
which are less stable but considered GRAS (generally considered as safe) by the Federal
Drugs Administration (FDA). Of note, 75% of the fish weight is composed of collagen,
particularly scales, fins, bones, and skin [12] and tissues that are generally considered
waste during industrial fish processing. Recycling them as collagen sources allows us to
obtain commercial products with a high benefit as part of a green economy project, helping
to solve the problem of waste disposal and the loss of important biological substances
and to reduce the cost of the final product. An important issue of marine sources is the
collagen yield. In fact, mammalian sources allow access to a larger amount of extraction
tissues than fish sources. In recent years, several preclinical studies showed how oral
collagen peptide supplementation can improve the deposition of collagen, in particular
“coarse collagen”, in human skin, [13–15] better than the topical application of collagen-rich
cosmetics [16]. However, there are no studies about collagen deposition and organization
in animals fed with hydrolyzed collagen supplementation. In this context, with the final
aim to increase the collagen content of Tilapia skin, we attempted to stimulate collagen
production directly by supplementing the animal feed with hydrolyzed collagen. The
addition of peptides or hydrolyzed collagen to conventional feed leads to the modulation
of tissue structure and function directly from the inside contributing to its homeostasis [17].
To the best of our knowledge, this is the first study about the effect of hydrolyzed collagen
supplementation on the hierarchical arrangement of fish skin collagen over time. In fact,
while the modification of the collagen structure due to the age was investigated [13,18],
less is known about the multiscale structural effect of collagen supplementation on the
hierarchical arrangement of type I collagen during aging. Thus, with the aim to investigate
the effect of the oral hydrolyzed collagen supplementation on the structural features of type
I collagen in the skin of Tilapia fish grown in an aquaponics plant, wide and small angle
X-ray scattering (WAXS and SAXS) measurements and Differential Scanning Calorimetry
(DSC) were performed, and data were collected from pieces of skin taken from animals of
the aquaponic plant.
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2. Materials and Methods

Type I collagen investigations were performed on skin pieces of Nile Tilapia (Ore-
ochromis niloticus) bred in the aquaponics plant of the “Urban Farming Lab” of the De-
partment of Innovation Engineering (University of Salento, Lecce, Italy). The fish were
fed with conventional feed (EFICO Cromis 832F 3, BioMar, Nersac, France) and 3% (w/w)
hydrolyzed collagen-supplemented feed (hydrolyzed type I collagen from equine tendon,
Typeone Biomaterials Srl, Lecce, Italy). Skin samples from animals were taken at differ-
ent time points, particularly at 0, 2, and 4 months of feeding. Nonfish skin components
(i.e., scales and fillet) were immediately eliminated with a knife. Then, fish skins were
rinsed three times with distilled water and stored at −20 ◦C in a polyethylene bag. Prior to
use, samples were thawed at 4 ◦C. Samples from fish of different ages and fed with and
without collagen supplementation are listed in Table 1.

Table 1. Fish skins from animals fed with and without collagen-rich feed (supplementation) for 0, 2,
and 4 months are listed.

0 Month 2 Months 4 Months

no collagen-rich diet TG_0M TG_2M_CTRL TG_4M_CTRL
collagen-rich diet / TG_2M_TRAT TG_4M_TRAT

Wide (WAXS) and small (SAXS) angle X-ray scattering measurements were performed
at the X-ray Micro Imaging Laboratory (XMI-L@B) [19]. WAXS and SAXS data were col-
lected by an experimental setup in which the Fr-E+ SuperBright copper anode MicroSource
(λ = 0.154 nm, 2475 W) was coupled through a focusing multilayer optics Confocal Max-
Flux (CMF 15–105) to a three-pinhole camera for X-ray measurements for both WAXS and
SAXS data collection. The beam size at the sample was about 0.3 × 0.3 mm2.

Slices of fish skin of about 0.37 ± 0.12 mm thick were kept in Ultralene® sachets
together with a drop of distilled water for X-ray acquisition. The sachets were then sealed
in order to preserve the hydration state of the tissues. Ultralene® is a thin film that confers
the uniform transmission of X-rays. Because of its chemical and heat strength and good
X-ray transmission, it is commonly used in X-ray analysis with liquid and wet samples.
The sealed sachets of Ultralene® with the fish skins were mounted on a sample holder and
placed in a chamber in vacuum (0.1/1 mbar) during acquisition. WAXS data were acquired
by an Image Plate (IP) detector (250 × 160 mm2, 100 µm effective pixel size) placed at a
~10 cm distance from the sample in order to collect data in a range of 1.8/21 Å in the direct
space (0.3 to 3.5 Å−1 in the reciprocal space). For SAXS measurements, data were collected
in a range of 3/60 nm in the direct space (0.01 to 0.2 Å−1 in the reciprocal space), placing the
IP detector at a ~1.5 m distance from the sample. The WAXS and SAXS measurements were
digitally extracted by an off-line RAXIA reader. WAXS and SAXS data were elaborated by
SAXSGUI and SUNBIM [20] software.

Detector–sample distances were calibrated by using the powder of the SiNist standard
sample for WAXS and the powder of the AgBen standard sample, both placed in Ultralene®

sachets. The experimental plan was composed of three different ages and two different
feed conditions; thus, five samples are listed in Table 1, and three WAXS signals from
three different areas of the same sample for each condition were acquired. Each point was
acquired for 1200 s for a total time of 3600 s for each condition of the experimental plan.

DSC measurements were performed using a Q2000 Series DSC from TA Instruments
(New Castle, DE, USA). Dry skin samples were accurately weighed (5–10 mg) into alu-
minum pans, hermetically sealed, and scanned from 5 ◦C to 100 ◦C at 5 ◦C/min in inert
nitrogen atmosphere (50 mL min−1) [21,22]. An empty aluminum pan was used as a
reference probe. The temperature at which the endothermic phenomenon occurred was
measured as the mid-point of the corresponding endothermic peak [22,23]. The area un-
der the peak was calculated to estimate the enthalpy required for the transition [22,23].
The obtained data were analyzed using the OriginPro software (Origin-Lab version 8,
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Northampton, MA, USA). Three fish skin pieces belonging to three different fish specimens
were tested for each sample type. Each fish skin piece was run in triplicate as for X-ray
acquisition, as described in the following.

3. Results and Discussion
3.1. Wide Angle X-ray Scattering Analysis

For the investigation of the type I collagen arrangement at molecular scale, WAXS
measurements were performed. Indeed, by exploiting the interference pattern of the
secondary waves scattered by the atomic electron density distribution of the fibrous protein,
it was possible to investigate the molecular structure of the collagen.

Figure 1a shows the 2D WAXS pattern collected on Tilapia skin from the control fish
TG_0M. As known from the literature, collagen triple helices assemble into fibrils with
a variable lateral packing distance in a q range of q = 0.35–0.50 Å−1, corresponding to a
distance d of 12–18 Å (typical distance along the equatorial direction).
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Figure 1. Two-dimensional WAXS diffraction pattern of Tilapia skin from the control fish (a) shows
the equatorial (black arrow) and meridional (red arrow) directions identified by the peak positions in
the corresponding (b) 1D diffraction pattern. Vertical dotted bars refer to Ultralene® sachet diffraction.
(See Figure S3 in the Supplementary Materials).

Here, the fish skin exhibits the typical diffraction signals whose intensity is anisotropi-
cally distributed along the equatorial direction (marked by the black arrow in Figure 1a),
i.e., perpendicular to the fiber axis and related to the lateral packing of collagen molecules.
Otherwise, the intensity along the meridional direction (marked by the red arrow in
Figure 1a), i.e., along the fiber axis, is characterized by a ring with an almost uniform
intensity along the azimuth. This signal is a marker of the distance between two adjacent
amino acids along the central axis of the triple helix of collagen. Both of them are related to
the crystalline structural component of type I collagen [24–27].

Here, the equatorial diffraction signal in fish skin shows a characteristic pattern with
a “four-lobe” shape. This is a noteworthy difference to what was previously observed on
equine tendons [3,28] in which the typical fiber diffraction density distribution is localized
along the equator direction, with a “two-lobe” shape. The geometry of the equatorial signal
is still under investigation. However, one of the hypotheses is that the four-lobe signal is
the overlap of two layers of fibers tilted one to the other.

One-dimensional diffraction profiles were analyzed by integrating the diffraction
pattern along the entire azimuth. In Figure 1b, the equatorial peak, located at about
qe = 0.42 ± 0.02 Å−1 (de = 14.60 ± 0.83 Å) and the meridional peak, located at about
qm = 2.2 Å−1 ± 0.2 Å−1 (dm = 2.8 Å ± 0.5 Å−1), allowed us to identify the Rich Crick
molecular model [29] of a 10/3 helix (with a pitch length of 86 Å and the smallest axial
periodicity of 2.8 Å). An additional broad peak between them is marked in a q range of
0.8–2.1 Å−1 (d = 2.9–7.8 Å) and represents the amorphous component of collagen, which
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was attributed to the distance between collagen skeletons [30]. Some peaks below q = 1 Å−1

were due to some impurities present on the skin surface.
The visual inspection of the fish skin shreds showed that the white portion of the skin

was wider in the samples with a collagen-rich diet (Pictures in Figure 2d,e) compared to
the controls (Pictures in Figure 2a–c). This could probably be due to the increase in the
ECM deposition after feeding, made of collagenous scaffold in noncollagenous molecules,
in the skin tissue, also commonly found in skin pigmentation due to chromatophores
and/or pigment cells, such as melanophores and xantophores. However, the enhanced
ECM decreases the pigmentation of the tissue [23].
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Figure 2. Pictures and 2D WAXS diffraction patterns of Tilapia skin from (a) the control fish
at time point 0 (TG_0M), fish fed for (b) two months (TG_2M_CTRL), and (c) four months
(TG_4M_CTRL) with conventional feed, fish fed for (d) two months (TG_2M_TRAT), and
(e) four months (TG_4M_TRAT) with collagen nutritional supplementation.

Figure 2 shows the 2D WAXS patterns collected on Tilapia skin extracted from the
control fish TG_0M (Figure 2a), the fish fed with conventional feed for two (TG_2M_CTRL)
(Figure 2b) and four months (TG_4M_CTRL) (Figure 2c) and the fish fed with collagen-rich
feed for two (TG_2M_TRAT) (Figure 2d) and four months (TG_4M_TRAT) (Figure 2e).
Regarding the equatorial diffraction marker of the lateral packing of the collagen molecules,
the control sample shows a peculiar diffraction intensity distribution with the maxi-
mum intensity distribution in four directions (preferred orientation), a “four-lobe” signal.
As shown below, this peculiar intensity distribution changes when fish were fed with
collagen supplementation.

Thus, the aforementioned “four-lobe”-shaped signal is clearly detected in TG_0M
(Figure 1a) and TG_2M_CTRL (Figure 1b), while in the other samples, this characteristic
intensity distribution appears different. The four lobes are no longer clearly distinguishable,
but the intensity appears more uniformly distributed along a specific direction, forming
arc-shaped signals, in particular, for the samples TG_2M_TRAT (Figure 2d), TG_4M_CTRL
(Figure 2c), and TG_4M_TRAT (Figure 2d). This is an indication of a less oriented distribu-
tion of the molecules in the layers in the illuminated volume of the specimen.

After integrating the diffraction patterns in 1D WAXS profiles, only the equatorial
peak was analyzed. In particular, radial integration along the equatorial direction allowed
us to obtain 1D WAXS profiles (Figure 3a,b) that were the sum of three repeats acquired for
each experimental condition. As shown in Figure 3a, the equatorial reflections of the control
fish skin obtained from fish fed for 2 months (TG_2M_CTRL, red profile) and 4 months
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(TG_4M_CTRL, blue profile) were shifted at q = 0.52 ± 0.05 Å−1 d = 12.08 ± 0.65 Å with
respect to the equatorial peak position of the control sample at time point 0 (TG_0M) at
q = 0.43 ± 0.03 Å−1 d = 14.61 ± 1.1 Å. This reflects the reduction of the lateral distance
between molecules (triple helices) in the lateral arrangement of collagen. The fact that the
shift is also observed in Figure 3b (displaying a comparison between T0 (black profile)
and in skin from fish with a collagen-rich diet T2_TRAT (red profile) and T4_TRAT (blue
profile)) suggests that the tighter packing of collagen triple helices could be connected to the
growth of the age of the animal that leads to increased collagen deposition and decreased
hydration of the fibrous protein, rather than dietary supplementation.
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Additionally, it is worth noting that the meridional diffraction signal was also investi-
gated (data not reported), even if it was slightly visible in the 2D patterns. Its value, obtained
by the radial integration in 1D profiles, was the same in all samples (d = 2.8 ± 0.1 Å).

3.2. Small Angle X-ray Scattering Analysis

In order to investigate the supramolecular organization of the tissues, regarding the
fibrillary arrangement of type I collagen at nanoscale, SAXS measurements were performed.

As shown in Figure 4, starting from TG_0 (a), passing through TG_2M_CTRL (b) to
TG_4M_CTRL (c), the electron density distribution become more intense along a specific
meridional direction (Figure 4c, red arrow); thus, more molecules had the same orientation
in the tissue space that justifies the more oriented signal with the age of the animal. In
addition, the Tilapia skin fed for 4 months with conventional feed (TG_4M_CTRL) revealed
a higher preferential orientation (Figure 4c, red arrow) of the fibrils along their axis unlike
the T0 (a) and TG_2M_CTRL (b) samples and a fiber-like shape (Figure 4c, red circle). This
more structured organization of collagenous fibers could be ascribed to aging, that leads
to a more mature and tight arrangement of the fibrous protein. When the animal is fed
a collagen-rich supplementation (Figure 4e), the aforementioned features are not visible.
On the contrary, it seems that the diet rich in collagen leads to the loss of preferential
orientation of the diffraction signal and thus of the fibrils along their axis, and the fiber-like
shape is no longer visible.
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Figure 4. Two-dimensional SAXS diffraction patterns of Tilapia skin from (a) the control fish
at time point 0 (TG_0M), fish fed for (b) two months (TG_2M_CTRL), and (c) four months
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months (TG_4M_TRAT) with collagen nutritional supplementation. (c) The red arrow shows the
meridional direction, the fiber axis, and the red circle marks the fiber-like diffraction signal.

Despite this, the typical electron density distribution along the collagen fibrils that
gives rise to the SAXS diffraction pattern with a series of 66 ± 2 nm-spaced fringes is
observed in fish skin of fish fed a conventional diet (Figure 5, black profile). A slight
difference in fibril spacing is visible in the fish skin of fish fed a collagen-rich diet (d-
spacing = 65 nm ± 2 nm), showing that the fibril spacing coincides within the estimated
errors. This evidence highlights that despite the fact that the fibrils are randomly oriented
in the space, the fibrillary banding given by the molecular gap-overlap zones within the
nanometric structure is still present.
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3.3. Differential Scanning Calorimetry Analysis

DSC is a powerful quantitative technique that provides a measure of protein (i.e., colla-
gen) hydrothermal stability [30,31]. As known, type I collagen is the main constituent of fish
skin [32], and it is a hierarchically organized protein characterized by an intimate relation-
ship and connectivity among their individual structural levels [33]. Thermograms of skin
samples from Tilapia fish fed with conventional and hydrolyzed collagen-supplemented
feeding are all characterized by a single endothermic phenomenon (Figure 6) that could
be ascribed to the skin’s collagen content. As reported elsewhere, it is well known that
a characteristic feature of collagen is the triple helical structure composed of three left-
handed helices twisted into a right-handed superhelix by means of interchain hydrogen
bonds [3,33]. While heating, the interchain hydrogen bonds of the right-handed superhelix
break, and the triple helix unfolds in random chains [4]. Thus, the endothermal peak
present within the temperature range of 0–100 ◦C, at about 65–67 ◦C, could be ascribed to
the denaturation temperature (Td) of skin collagen. According to the literature, Td was
found to be similar to that reported for the skin of land animals (i.e., pigs [34] and rats [35]).
Unfortunately, to the best of our knowledge, few data were found on the DSC analysis on
animal skin, and no data were found on Tilapia skin or other fish skin.
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Figure 6. Representative thermograms of Tilapia skin from fish fed with conventional feed at time
point 0 (TG_0M, light grey), two (TG_2M_CTRL, grey), and four months (TG_4M_CTRL, dark grey)
and from fish fed a collagen-supplemented diet at two (TG_2M_TRAT, light blue) and four months
(TG_4M_TRAT, blue).

Changes in the endothermic peak or enthalpy (∆H) could be used to quantitatively
assess the collagen structural variation in skin [4] (Table 2). Td was found to not be affected
by fish age since it was discovered to be approximately the same in TG_0M (66.2 ± 0.4 ◦C),
TG_2M_CTRL (66.6 ± 0.3 ◦C), and TG_4M_TRAT (66.5 ± 0.3) (p > 0.05). However, the
effect of the enriched feeding could be detected as a reduction of the Td after two months of
feeding (65.8 ± 0.3 ◦C) followed by its increase to slightly higher values after four months
(67.3 ± 0.1 ◦C), compared to the control samples (p < 0.05).

While Td variations are slight, the energy absorption required for the transitions
are significantly different. In CTRL samples, ∆H was found to increase from TG_0M
(19.7 ± 1.5 J/g) to TG_4M_CTRL (27.9 ± 1.9 J/g). The fact that TG_4M_CTRL had a mean
enthalpy value 1.4 times higher than TG_0M, indicated that at approximately the same
value of Td, TG_4M_CTRL is more thermally stable than TG_0M because it requires more
energy to carry out the thermal transition (p < 0.05). As regards ∆H values of Tilapia skin
from fish fed a collagen-supplemented diet, it was found to be 1.6 times and 1.2 times higher
than the Tilapia skin from fish fed with conventional feeding after two and four months,
respectively. Although the increase in ∆H with respect to the control samples is significant,



Crystals 2022, 12, 700 9 of 11

there is no difference between the ∆H values of TG_2M_TRAT and TG_4M_TRAT. Thus,
while the ∆H increase in the control samples could be ascribed to the increase in fish age,
the ∆H increase in the treated samples could be an effect of the supplemented diet. In
particular, the ∆H increase in collagen-fed fish could be due to the enriched diet, and it is
associated with an increase in fish skin thermal stability.

Table 2. Mean values of the endothermic peak (Td) and enthalpy (∆H) required for the endothermal
transition that occurred on skin samples (n = 9, mean ± SD).

Sample Td (◦C) ∆H (J/g)

TG_0M 66.2 ± 0.4 19.7 ± 1.5
TG_2M_CTRL 66.6 ± 0.3 21.6 ± 1.5
TG_2M_TRAT 65.8 ± 0.3 34.5 ± 3.0
TG_4M_CTRL 66.5 ± 0.3 27.9 ± 1.9
TG_4M_TRAT 67.3 ± 0.1 32.3 ± 2.1

Our results provide clear evidence that hydrolyzed collagen-supplemented feeding
influences natural collagen organization in skin, probably by inducing the formation of
more bonds between the collagen microfibrils or stimulating the biosynthesis of new
collagen molecules.

4. Conclusions

The aim of the present work is to investigate the structural features of type I colla-
gen when it is produced in Tilapia specimens grown with a collagen-supplemented diet.
The aforementioned fish are a part of a circular system based on their being bred in an
aquaponics plant and the use of the fish industry waste as a collagen source for biomedical,
cosmetic, and nutraceutical applications. As already observed in the literature [13], the
collagen’s peptide supplementation can improve its deposition of collagen, in particular
“coarse collagen”, within skin. Thus, in this context, it was decided to add hydrolyzed
collagen to the conventional feed to increase the yield of the protein from the fish. Wide-
(WAXS) and small (SAXS)-angle X-ray scattering measurements performed on fish skin
allowed us to inspect the collagen structure at both the sub and supramolecular scales,
showing the length scale and parameter on which the supplementation acts. In particular,
it was demonstrated that there was no effect of a collagen-rich diet at the molecular scale.
On the other hand, the molecular arrangement of triple helices was affected by the animal
age, contracting the molecular lateral packing. The helical pitch was preserved. Conversely,
collagen-rich feed appears to increase the visibility of the fibrous matrix of the tissue. This
hypothesis was supported by DSC data where the enthalpy required for the endothermal
transition was found to be significantly higher for Tilapia fed with a hydrolyzed collagen-
enriched diet. However, these tissues are no longer characterized by a fibrillary preferred
orientation in the space, as the typical SAXS pattern is no longer visible. This could be due
to an increased number of collagenous fibrils and dermal layers that are randomly oriented
along the thickness of the dermis, the so-called “coarse collagen”, already observed by
Campos et al. [13].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12050700/s1, Figure S1: 2D WAXS diffraction patterns
of Tilapia’s skin from the control fish at time point 0 (TG_0M), two months (TG_2M_CTRL) and
four months (TG_4M_CTRL) with conventional feed repeated over three different sets of materi-
als.;. Figure S2: 2D WAXS diffraction patterns of Tilapia’s skin from the control fish at time point 0
(TG_0M), two months (TG_2M_TRAT) and four months (TG_4M_TRAT) with with collagen nutri-
tional supplementation over three different sets of materials. Figure S3: 2D WAXS pattern and the
corresponding 1D profile acquired for on the Ultralene bag.

https://www.mdpi.com/article/10.3390/cryst12050700/s1
https://www.mdpi.com/article/10.3390/cryst12050700/s1
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