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A B S T R A C T

Fish scale biomaterials (FSB) were obtained from red scorpionfish (SSC), salmon (SSA), white sea bream (DS) and 
European carp (CC). Native FSB were preconditioned and cellularized with limbal epithelial cells, and evaluated 
ex vivo and in vivo. Results showed that preconditioned FSB showed high light transmittance and low reflectance, 
absorption and scattering coefficients, and proper biomechanical properties. Then, we found that FSB were 
biocompatible in vivo, and subcutaneous grafting in laboratory animals was not associated with a pathological 
local or systemic reaction, especially in CC-FSB. After recellularization, FSB supported cell attachment, prolif
eration and differentiation, with positive expression of limbal epithelial cell markers, and very good optical 
properties, with the lowest levels of scattering and absorption found in CC-FSB. Intracorneal implant of CC-FSB in 
laboratory rabbits demonstrated that this biomaterial was also biocompatible to the native cornea, and corneas 
grafted with CC-FSB had normal expression of corneal epithelium and stromal markers, such as cytokeratin 3, 
crystallin alpha-A, p63, collagen, proteoglycans and lumican, and devoid of any detectable signs of rejection, 
inflammation or neovascularization. These findings indicate that CC-FSB potentially meet the criteria for bio
materials used in corneal regeneration, making it a promising candidate for corneal tissue engineering 
applications.

1. Introduction

The human cornea is an avascular transparent structure composed of 
three cellular layers: the outer stratified epithelium, the stroma con
taining keratocytes immersed in a rich extracellular matrix (ECM), and 
the inner corneal endothelium [1]. An adequate preservation of the 
cornea structure is crucial for the light to reach the retina [2], and 
numerous conditions affecting the human cornea can lead to a severe 
loss of vision and blindness [3]. In addition, several structural pathol
ogies may affect corneal structure and corneal configuration [4], giving 
rise to structural weakness and dysfunction of the human cornea [5].

In most cases, treatment of these conditions relies on allogeneic 
corneal transplantation or keratoplasty and, in certain cases, in the 
surgical implant of a prosthetic material able to reinforce the structure of 
the corneal stroma [6]. However, these treatments are not devoid of 

complications and side effects and, in the case of keratoplasty, there is a 
strong dependence on the availability of donor corneas [7].

Tissue engineering stands out as a promising and innovative alter
native to address the shortage of corneal grafts and offer new thera
peutic approaches for complex corneal conditions [8]. In fact, several 
bioengineered corneal tissues have been described to the date, with 
some of them showing promising results in cases of severe and extensive 
corneal damage [9]. In addition, several biomaterials have been devel
oped for treating conditions that compromise corneal integrity. Bio
materials intended for corneal tissue engineering must meet several 
essential criteria, including high biocompatibility, structural integrity, 
suitable mechanical strength, and optical transparency, among others 
[10]. While numerous biomaterials have been proposed for the clinical 
management of corneal conditions, including materials of natural origin 
such as fibrin, alginate, collagen [11] and synthetic materials such as 
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methacrylate and polyethylene glycol-polycaprolactone [12], all these 
biomaterials are associated to important limitations such as deform
ability, mechanical weakness, and low integration in the native tissues 
[13]. For these reasons, development of novel fully biocompatible bio
materials with potential utility in corneal repair is in need [14,15], and 
interesting materials based on hyaluronic acid [15,16] and nano
particles and nanofibers [14,17] have been described to date.

Blue biomaterials are natural products obtained by sustainable by- 
products sources that can be recovered to minimize waste and 
contamination, thus generating novel value-added products [18]. A 
promising source of natural blue biomaterials with potential usefulness 
in corneal repair and engineering is the fishery and aquaculture industry 
[19,20]. In fact, this industry accounts for a very important economic 
activity in numerous countries worldwide, and the high amounts of 
natural by-products generated by this activity are innumerable. Among 
others, fish scales are dermal-origin structures present in most species of 
bony fishes that play an important protective role of the body structures 
of these animals [21]. Interestingly, fish scales are normally transparent 
and mechanically resistant, and fulfill most requirements for use in cell 
culture and tissue engineering [22]. For these reasons, the use of fish 
scale biomaterials (FSB) has been preliminarily described in several 
scenarios [23], although none of these scaffolds was fully characterized. 
In general, most types of fish scales consist of a complex mixture of 
organic compounds, especially type-I collagen, and inorganic com
pounds forming a mineralized matrix similar to hydroxyapatite [24]. 
Interestingly, the plywood structure and the fine alignment of the 
collagen fibrils within the fish scale are able to partially reproduce the 
defined structure of collagen within the human cornea, offering an 
additional advantage for the use of FSB [22]. Although some reports 
suggest the usefulness of FSB as natural biomaterials in cornea repair 
and engineering [25], only three species of fish have been evaluated to 
the date, and nearly 80 % of these reports were focused on the use of 
tilapia (Oreochromis niloticus) fish scales [25,26]. In addition, charac
terization is typically performed partially, and no reports were able to 
fully characterize and evaluate these products ex vivo and in vivo.

In this study, we analyzed four types of FSB obtained from four 
common species of fish available in all European fish markets as putative 
biomaterials for use in corneal repair and engineering. These FSB were 
evaluated ex vivo to determine their main physical properties (i.e., 
biomechanical and optical properties), their histological structure and 
composition and their potential to sustain corneal epithelial cell 
attachment and differentiation. In addition, FSB were implanted in 
laboratory rats to determine their biocompatibility and were implanted 
in the cornea of laboratory rabbits to evaluate their functionality and 
potential usefulness in corneal surgery.

2. Materials and methods

2.1. Obtaining the fish scale biomaterials (FSB) used in the present work

To obtain the fish scale biomaterials (FSB), four species of 
commercially available fish were purchased at a local fish market, 
including the red scorpionfish (Scorpaena scrofa − SSC-), salmon (Salmo 
salar − SSA-), white sea bream (Diplodus sargus − DS-) and the European 
carp (Cyprinus carpio –CC-). 200 scales were obtained from each species 
using surgical forceps. These scales were rinsed in distilled water and 
phosphate-buffered saline (PBS) (Merck, Darmstadt, Germany) and were 
used as native FSB (N-FSB). Preconditioned FSB (P-FSB) were prepared 
by incubating the scales in Morse solution composed of a 1:1 mixture of 
20 % sodium citrate and 50 % formic acid (Merck) in water for 24 h at 
room temperature with slight agitation, followed by several rinses in 
sterile distilled water. All these procedures were carried out using sterile 
materials and reagents, and P-FSB were briefly immersed in 70 % 
ethanol for 5 s, and then rinsed three times in distilled water for 
sterilization.

Cellularized FSB (C-FSB) were obtained by culturing SIRC rabbit 

limbal epithelial cells generated by the Statens Seruminstitut Rabbit 
Cornea (ATCC, Manassas, VA, USA) on the surface of each P-FSB. In 
brief, cells were enzymatically dissociated from the culture flask with 
trypsin-EDTA, and placed on the surface of each P-FSB (200,000 cells/ 
cm2 of biomaterial). To promote cell adhesion, P-FSB were previously 
incubated for 24 h in fetal bovine serum (Merck). These C-FSB were 
maintained in a cell incubator at 37 ◦C with 5 % carbon dioxide under 
standard culture conditions using a culture medium containing Eagle 
Medium Modified by Dulbecco (DMEM) (Merck), 10 % bovine serum 
(Merck) and 1 % of a cell culture solution of antibiotic-antimycotics 
(Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA). C-FSB were 
kept in culture for 4 days.

2.2. Characterization of the optical properties of FSB

First, the gross translucency of each type of FSB (N-FSB, P-FSB, and 
C-FSB) was evaluated by placing each biomaterial on a white surface in 
which a black letter had been printed. Human native corneas were used 
as controls (CTR). Then, the optical properties of these biomaterials 
were analyzed using the IAD method (Inverse Adding-doubling), as 
previously reported [27]. For this, samples were placed in a customized 
double-integrating sphere, and the diffuse transmittance and reflectance 
were quantified in the visible wavelength (400–780 nm) using a white 
light emitter (240–1100 nm, Thorlbas, Germany) that was linked to the 
sphere by optic fibers (M92L01, Φ = 200 µm, 0.22NA). In addition, the 
absorption and the reduced scattering coefficients of each material were 
quantified from the diffuse reflectance and transmittance results by 
applying the IAD algorithm found at https://omlc.org/software/iad/. 
Then, the values of the diffuse reflectance and transmittance were 
calculated and compared with the values previously measured experi
mentally, assuming a g value of 0.98. Iterations were performed until the 
experimental data corresponded with the calculated values, with a 
tolerance difference of 0.01 %. We considered that the refractive index 
was n = 1.589, as previously reported for this type of material [28]. 
Three samples of each type of FSB were analyzed (n = 3).

2.3. Characterization of the biomechanical properties of FSB

The main biomechanical properties of FSB were analyzed under 
tensile strain using a 3345-K3327 Instron (Norwood, MA, USA) elec
tromechanical material testing machine with a BlueHill 3 Material 
Testing software, as previously reported [29]. FSB samples were fixed to 
the clamps of the analysis device, leaving a gap of 0.5 cm between the 
two clamps. These analyses were performed applying a strain at 5 mm/ 
min at room temperature, up to the point of material fracture. In all 
cases, we determined the modulus of Young, the strain at fracture and 
the traction deformation by analyzing the linear region of the stress–
strain curve. For the Young’s modulus, we measured the tangent 
modulus of the linear region of the curve, whereas the strain at fracture 
was identified at the point where the material failed, and the traction 
deformation was defined as the percentage elongation the FSB achieved 
before rupture. Results were obtained using a 100 N Instron load cells. 
We analyzed 8 different samples of each FSB (n = 8).

2.4. In vivo evaluation of FSB

First, biocompatibility was evaluated by subcutaneously grafting 
each P-FSB in laboratory rats. In brief, animals were subjected to general 
anesthesia, and five subcutaneous pouches were created on the back of 
each animal, close to the origin of each member and the tail. Then, a P- 
FSB was inserted within each pouch, and fixed to the surrounding tissues 
using suture material, and the skin wound was sutured using the same 
material. Three animals were used per study group, and each animal 
always received the same type of P-FSB in all pouches (n = 3, with 5P- 
FSB samples per animal). After 30 days, animals were deeply anes
thetized and euthanatized, and whole blood samples were obtained for 
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analysis of hematological and biochemical markers using an automatic 
analyzer Sysmex KX-21 N and Cobas c311 (Roche, Basel, Switzerland). 
In addition, the grafting area was surgically excised for histological 
analysis.

Then, functionality of selected FSB showing good results in the 
previous analyses was determined by implanting these biomaterials in 
the cornea of laboratory rabbits. For this, animals were anesthetized, 
and a intracorneal pocket was created in the corneal stroma of each 
animal using a crescent ophthalmic knife under microscopical vision. 
FSB were then placed within the intrastromal pouch and the wound was 
repaired using 10/0 nylon suture stitches. This surgical intervention was 
performed in the right eye of 4 laboratory rabbits (n = 4), whereas the 
left eye was left untouched and served as control. These animals were 
monitored for 3 months, and clinical images were obtained with anterior 
pole optical coherence tomography (OCT) and using a slit lamp. Then, 
corneas were excised for histological analysis.

2.5. Histology, histochemistry and immunohistochemistry analysis of FSB

For light microscopy analysis, the specimens were fixed in neutral 
formalin, subjected to ethanol dehydration, cleared with xylene and 
embedded in paraffin (all these products were purchased to Panreac 
AppliChem (Barcelona, Spain) following routine histological methods. 
Tissue sections with a thickness of 4 µm were obtained with a micro
tome, and sections were dewaxed and rehydrated using xylene, ethanol 
and water. To identify cell nuclei in a specific sample, a mounting me
dium with DAPI (4′,6-diamidino-2-phenylindole) (Vector Laboratories, 
Burlingame, CA, USA) was applied on the surface of tissue sections, and 
a coverslip was then applied. Samples were examined and photographed 
using a Nikon Eclipse i90 microscope with fluorescent light. For histo
logical analysis of general structure, sections were stained with hema
toxylin and eosin (HE) by incubation in hematoxylin for 3 min, water 
differentiation for 5 min and eosin staining for 1 min (Panreac Appli
Chem). Samples were covered with coverslipped using a mounting 
medium (Vector Laboratories) and a Pannoramic Flash Desk DW histo
logical scanner (3DHISTECH, Hungary) was used to scan the slides and 
obtain the histological images.

Identification of extracellular matrix (ECM) components was per
formed by histochemistry following previously described methods [30]. 
To identify calcium mineralization deposits, we used alizarin red S (AR). 
For this, tissue sections were immersed for 2.5 min in a 1 % aqueous 
solution of alizarin red (Merck) at pH 4.2, and dehydrated using a 50 % 
xylene-50 % acetone solution. In order to detect collagen fibers, samples 
were stained with picrosirius red (PSR). For this, tissue sections were 
incubated in a saturated aqueous solution of picric acid containing 0.2 % 
(w/v) of sirius red F3B powder (Merck) for 45 min, followed by brief 
counterstaining with Harris’ hematoxylin for 1 min. To reveal the 
presence of acid proteoglycans, tissue sections were incubated in an 
alcian blue solution for 30 min, followed by nuclear fast red counter
staining for 1 min. Samples were coverslipped using mounting medium 
(Vector Laboratories) and scanned with a Pannoramic Flash Desk DW 
histological scanner (3DHISTECH, Hungary).

The specific detection of cell and tissue components was carried out 
by indirect immunohistochemistry, following routine laboratory anal
ysis methods. In short, samples were treated with a buffer solution with 
50 % horse serum and 50 % casein (Vector Laboratories), and incubated 
with a specific primary antibody for 2 h at room temperature. After 
washing in PBS, a pre-diluted secondary antibody was applied (Vector 
Laboratories), and sections were treated with a DAB (diaminobenzidine) 
substrate kit (Vector Laboratories). Nuclear counterstaining was then 
performed with Harris’ hematoxylin (Invitrogen-Thermo Fisher Scien
tific) for 4 min. Tissue sections were coverslipped scanned. Specific 
conditions applied to each immunohistochemical analysis are shown in 
Supplementary Table S1.

Evaluation of the histochemical and immunohistochemical analysis 
of AE1/AE3, CK3, CRY-αA, ΔNp63, TJP1, KI67, CD34, LUM, PSR and AB 

was performed by semiquantitatively scoring the positive signal as 
previously reported [31]. In brief, the signal was assessed as negative 
(− ), slightly positive (+/− ), positive (+), very positive (++), or strongly 
positive (+++).

To characterize the surface of samples using scanning electron mi
croscopy (SEM), specimens were fixed for 24 h in 0.1 M phosphate buffer 
(pH 7.2) containing 2.5 % glutaraldehyde at 4 ◦C, washed twice in 0.1 M 
PBS, and dehydrated with acetone (30 %, 50 %, 70 %, 95 %, 100 %) (all 
these products, from Panreac AppliChem). Complete dehydration was 
then achieved using the critical point method, and samples were gold- 
coated and analyzed using a FEI Quanta 200 scanning electron micro
scope (FEI, Eindhoven, The Netherlands). SEM images were used to 
determine surface roughness in native and preconditioned FBS using the 
ImageJ program, as previously reported [32]. In brief, a square figure of 
50 × 50 µm was selected in each image, and the plot profile option of the 
software was used to obtain a list of plot values corresponding to each 
sample expressed as surface plot arbitrary units (U) ranging from 0 U 
(smooth surface) to 255 U (maximum roughness).

2.6. Statistical analysis

The biomechanical parameters obtained for each sample, and the 
hematological and biochemical parameters obtained in blood of the 
animals were first analyzed for normality. For this, we first analyzed 
each variable with the Shapiro-Wilk test, and we found that most vari
ables did not meet the assumptions for parametric analysis. In conse
quence, non-parametric statistical tests were employed to compare the 
results obtained in different study groups. For the overall comparison of 
several samples at the same time (for example, a comparison among the 
four types of N-FBS, i.e. N-SSC, N-SSA, N-DS and N-CC), we used the test 
of Kruskal-Wallis. For the pairwise comparison of two specific groups 
(for example, a comparison between N-SSC vs. N-SSA), we used the test 
of Mann-Whitney. For the optical parameters, we also determined how 
similar the spectral behavior of the optical properties were using the 
Root Mean Square Error (RMSE) and the Goodness-of-Fit coefficient 
(GFC) metrics, as previously reported [33,34]. The absolute differences 
that can be detected between two spectral curves can be analyzed by the 
RMSE, which focuses on the magnitude of this difference, which de
pends on scale factors. A RMSE value of 0.02 or less indicates a good 
agreement in spectral quality between the compared metrics. In turn, a 
GFC equal to 1 indicates a perfect spectral match between the compared 
curves, whereas GFC between 0.9990 and 0.9999 indicate that a very 
good and an excellent spectral match exists, respectively. As multiple 
tests were carried out in the present work, a Bonferroni-corrected p 
value below 0.001 was considered as statistically significant. Statistical 
tests were conducted using RealStatistics software (version 7.2) (Dr. 
Charles Zaiontz, Purdue University, IN, USA), available at https://www. 
real-statistics.com/.

3. Results

3.1. Histological evaluation of native (N-FSB) and preconditioned fish 
scale biomaterials (P-FSB)

Histological analysis of the N-FSB evaluated in this study revealed 
the presence of a homogenous dense material, although differences were 
detected among the four types of N-FSB (Fig. 1). First, our analysis using 
HE staining revealed that N-FSB consisted in a thin layer of dense ma
terial containing some cells, especially at the apical region. Scales cor
responding to the SSC and DS group were very thin, whereas SSA and CC 
had higher thickness. In addition, the internal structure of most types of 
N-FSB, especially CC, was heterogeneous, and showed numerous layers 
of material. Analysis of P-FSB using HE staining showed that all P-FSB 
kept their original structure after preconditioning, without any relevant 
artifacts generated by this process.

In order to identify the cell population of each FSB, we also used 
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DAPI staining (Fig. 1). Results showed that native SSC and CC contained 
abundant cells at the apical region, with CC also containing a cell layer 
at the basal region of the scale. Cells were less abundant in SSA and DS. 
When FSB were subjected to preconditioning, we found that DAPI 
staining was negative in all P-FSB, suggesting that all cells in the scales 
were properly removed by the preconditioning process.

Then, we evaluated the presence of calcium deposits using AR his
tochemistry. As shown in Fig. 1, results showed that all N-FSB showed a 
strong positive histochemical signal, which confirms the presence of 
calcium deposits, especially at the apical region. In contrast, our analysis 
of P-FSB using AR showed that preconditioning was able to remove 
calcium deposits from all samples, and all P-FSB showed very low signal 
for this histological technique.

On the other hand, we examined the presence of collagen fibers using 
PSR histochemistry (Fig. 1). In N-FSB, our results showed that all scales 
consisted of a series of layers of material showing positive PSR signal, 
suggesting that collagen fibers were present in all types of N-FSB. Then, 
the analysis of collagen fibers in P-FSB showed that collagen fibers were 
present in the four types of samples, and preconditioning was not 
associated to a decrease in the staining signal found in P-FSB.

Finally, we evaluated the surface of each FSB using SE. As shown in 
Fig. 1, the surface of all scales consisted of several layers of parallel, 
overlapping lamellae. The FSB showing the highest number of lamellae 
were SSC and DS, whereas SSA and CC apparently contained fewer, but 
larger lamellae. In addition, the edge of the lamellae in native SSC and 
DS was covered with small electrodense spike-like spicules, whereas SSA 
and CC were devoid of these structures. After preconditioning, we found 
that the surface of all scales was properly preserved, and all scales 
showed the typical layers of parallel overlapping lamellae, with no 
evident alterations of the structure of this surface. However, our results 
showed that preconditioning was associated with a complete elimina
tion of the electrodense spike-like spicules found at the edge of the 
lamellae of SSC and DS. Furthermore, the analysis of surface roughness 
revealed that preconditioning was associated to a trend to reduce this 
parameter in the SSC (132.85 ± 7.4 U in N-SSC vs. 104.58 ± 5.84 U in P- 
SSC) and CC groups (117.33 ± 3.28 U vs. 109.36 ± 1.54 U), but not in 
the SSA and DS groups, although differences were not statistically 

significant (p = 0.0285 for SSC and CC and p > 0.05 for SSA and DS).

3.2. Analysis of the physical properties of N-FSB and P-FSB

Analysis of the biomechanical properties of FSB revealed significant 
differences among the groups (Fig. 2 and Table 1). For the Young’s 
modulus, global differences among the four types of N-FSB and among 
the four types of P-FSB were detected (p = 0.0001 for the test of Kruskal- 
Wallis for N-FSB and p < 0.0001 for P-FSB). For the native FSB, the 
maximum values of Young’s modulus were found in N-CC, and the 
lowest values, in N-SSA, with differences being statistically significant 
(p = 0.0002 for the Mann-Whitney test). Differences among native 
samples were not significant for the strain at fracture and for the traction 
deformation. When the FSB were preconditioned, we found significant 
differences among the four types of P-FSB for the Young’s modulus (p <
0.0001 for the test of Kruskal-Wallis), with the highest values found in P- 
DS and P-CC, with differences with P-SSC and P-SSA being statistically 
significant (Table 1). Interestingly, a significant decrease in the Young’s 
modulus was found in P-SSC, compared with N-SSC (p = 0.0002 for the 
Mann-Whitney test), along with a significant decrease in P-SSA as 
compared to N-SSA (p = 0.0003) and in P-CC as compared to N-CC (p =
0.0002). In the case of the strain at fracture, significant differences 
among the four P-FSB were detected (p < 0.0001 for the test of Kruskal- 
Wallis), with the highest values found in P-CC, which showed significant 
differences with the other types of P-FSB (Table 1). Preconditioning was 
associated with a significant reduction of this biomechanical parameter 
in SSA (p = 0.0003) and an increase in CC samples (p = 0.0006). For the 
traction deformation, differences among samples were not statistically 
significant.

On the other hand, the analysis of the optical behavior of N-FSB and 
P-FSB (Fig. 2 and Tables 1 and 2) revealed that all these materials were 
transparent. First, our gross analysis of translucency showed that all the 
fish scales used in the present work were apparently transparent and 
allowed the incoming light to go through these materials, and pre
conditioning resulted in an apparently slight increase in the trans
lucency of all samples. Then, assessment of the optical behavior of N-FSB 
and P-FSB (Fig. 2 and Table 1) confirmed that these biomaterials have 

Fig. 1. Histological analysis of native and preconditioned fish scale biomaterials (FSB). HE: analysis using hematoxylin and eosin (HE); DAPI: identification of cell 
nuclei using 4′,6-diamidino-2-phenylindole (DAPI) staining; AR: alizarin red histochemistry; PSR: picrosirius red histochemistry; SEM: scanning electron microscopy 
analysis. SSC: Scorpaena scrofa (red scorpionfish); SSA: Salmo salar (salmon); DS: Diplodus sargus (white sea bream); CC: Cyprinus carpio (European carp). Scale bars: 
100 μm for HE, DAPI, AR and PSR and 50 µm for SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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high diffuse transmittance, with low levels of other parameters such as 
the diffuse reflectance, absorption and scattering in all sample types. 
When diffuse transmittance was analyzed, we found very high average 
levels (above 67 % in all cases), although significant differences were 
found among the different study groups (Table 1). These results coincide 
with those of the RMSE analysis showing values above 0.02 for most 
comparisons (Table 2). However, we found that the morphologies of the 
spectral distribution curves were very similar for all comparison groups 
(GFC ≥ 0.9992, suggesting very good or excellent spectral matches). In 
general, the diffuse transmittance exhibited a relatively stable spectral 
behavior with increasing values at shorter wavelengths, peaking around 
555 nm, followed by a slight decrease at longer wavelengths. For the 
diffuse reflectance, differences were statistically significant for most 
comparisons when Kruskal-Wallis and Mann-Whitney tests were used 
(Table 1), although the analysis of the curves using RMSE and GFC 
suggests an excellent overall coincidence of the curves (RMSE < 2 % for 
most samples different to P-CC, and GFC values between 0.9940 and 
1.0000) (Table 2). As shown in Fig. 2, the spectral behavior was very low 
and remained stable over the 400–800 nm wavelength range. On the 
other hand, the comparisons made for the scattering and absorption 
coefficients found significant differences among groups for both the 
comparison of average values (Table 1) and spectral distribution curves 
(RMSE > 2 % and GFC > 0.9006 (Table 2). In general, values were very 
low for both the scattering and absorption, although a decreasing trend 
was found for the scattering values as the wavelength increased.

3.3. Analysis of in vivo biocompatibility of FSB

When samples were subcutaneously grafted in laboratory animals, 
we found that the implant was well tolerated in all study groups. As 

shown in Fig. 3, macroscopic assessment of the implant area revealed an 
apparent good integration of the material at the recipient site, with no 
gross signs of necrosis, infection, hemorrhage or rejection, comparable 
to mock animals in which the biomaterial was not implanted. Histo
logically, we found a local inflammatory reaction with abundant 
mononuclear cells in all groups, although this reaction was more intense 
and evident in the SSC and SSA groups and very slight in the CC and 
mock groups of animals. After the follow-up time, the implanted mate
rial was encapsulated by a thin pseudocapsule in all groups. Further
more, an analysis of the main parameters analyzed in blood of animals 
grafted with the different materials showed no significant alterations of 
these parameters. In fact, the levels of each hematological and 
biochemical marker were similar among groups, with non-significant 
differences with the mock group (Fig. 3). Finally, the analysis of the 
inner organs of these animals revealed no alterations in any of these 
organs, suggesting that the graft was not associated to any detectable 
systemic alterations (data not shown).

3.4. Histological and optical analysis of cellularized FSB (C-FSB)

When corneal epithelial cells were cultured on the surface of P-FSB, 
we found that all biomaterials supported cell adhesion and cell differ
entiation. When C-FSB were histologically analyzed using hematoxylin 
and eosin and DAPI staining, we found that cells attached to all types of 
biomaterials, although the level of differentiation and stratification 
differed among the different C-FSB. As shown in Fig. 4, C-SSA and C-CC 
achieved the highest levels of epithelial cell stratification and differen
tiation, as compared to native human corneas used as controls (CTR), 
whereas the epithelial layer formed on C-SSC and C-DS was formed by a 
single cell layer. When C-FSB were analyzed using SEM, we found that 

Fig. 2. Evaluation of the physical properties (optical and biomechanical) of native and preconditioned fish scale biomaterials (FSB). Translucency: gross trans
parency analysis of FSB deposited on a black printed letter; Optical: Results of the analysis of the diffuse transmittance, diffuse reflectance, scattering and absorption 
coefficient optical properties of FSB; Biomechanical: Analysis of biomechanical properties of FSB as determined by the strain at fracture, Young’s modulus and 
traction deformation. Results correspond to mean values, whereas error bars represent standard deviations. SSC: Scorpaena scrofa (red scorpionfish); SSA: Salmo salar 
(salmon); DS: Diplodus sargus (white sea bream); CC: Cyprinus carpio (European carp). Scale bars: 5 mm. S: differences with the SSC group are statistically significant. 
A: differences with the SSA group are statistically significant. D: differences with the DS group are statistically significant. C: differences with the CC group are 
statistically significant. *: differences are statistically significant for all pairwise comparisons between two specific groups of samples. **: differences are statistically 
significant for all pairwise comparisons between two specific groups of samples, except for N-SSC vs. N-DS. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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cells formed a tight layer of cells only in C-DS and C-CC, whereas some 
areas devoid of cells were detected in C-SSC and C-SSA.

Analysis of the gross transparency of C-FSB revealed that all bio
materials were apparently translucent and similar to the control native 
corneas (CTR). This was confirmed by the analysis of the optical prop
erties of each material (Fig. 4 and Tables 3 and 4), showing high diffuse 
transmittance and low diffuse reflectance, scattering and absorption in 
all samples. When the diffuse transmittance of C-FSB was analyzed, we 
found that this parameter was significantly higher in all C-FSB as 
compared to CTR across the entire spectral range (400–800 nm) 
(Table 3). Among the C-FSB samples, C-CC and C-SSA displayed the 
highest diffuse transmittance values, reaching maximum values of 0.82 
and 0.83, respectively, within the intermediate wavelength range. In all 
cases (CTR and C-FSB), the diffuse transmittance curve was lower for the 

lowest wavelengths, and tended to increase at higher wavelengths, with 
a slight decrease for the highest values of this parameter. To determine 
the similarity of the different spectral distributions, we used spectral 
quality metrics (Table 4). In this regard, we found that the diffuse 
transmittance spectral distribution curves were very similar for all types 
of C-FSB (C-SSC, C-SSA, C-DS and C-CC), with GFC values above 0.9998 
for all comparisons, and RMSE was below 2 % for some specific com
parisons. However, the morphology of the spectral distribution curves of 
C-FSB samples differed to that of CTR as determined by the GFC and 
RMSE, except for C-CC (GFC = 0.9991). For the diffuse reflectance, 
values were low for all C-FSB samples (<9.5 %), and the spectral dis
tributions were very similar for the four types of C-FSB (RMSE < 0.02 
and GFC ≥ 0.9922 for all comparisons), although significant differences 
were found for the average values, except for the comparison of C-SSA 

Table 1 
Analysis of the optical and biomechanical parameters of the native fish scale biomaterials (N-FSB) and preconditioned fish scale biomaterials (P-FSB) analyzed in the 
present work. SSC: Scorpaena scrofa (red scorpionfish); SSA: Salmo salar (salmon); DS: Diplodus sargus (white sea bream); CC: Cyprinus carpio (European carp). For each 
species, N- refers to the native biomaterial, whereas P- refers to the preconditioned biomaterial. Values obtained for the optical parameters (diffuse transmittance, 
reflectance, absorption and scattering) and the biomechanical parameters (Young’s modulus, strain at fracture and traction deformation) are shown as averages and 
standard deviations. P values for the statistical comparison of several groups using the test of Kruskal-Wallis (KW) and the pairwise comparison of two specific groups 
using the test of Mann-Whitney are shown in the lower rows. Statistically significant p values are highlighted with asterisks (*).

Diffuse 
Transmitance (%)

Diffuse 
Reflectance 
(%)

Scattering Coefficient 
(mm¡1)

Absorption Coefficient 
(mm¡1)

Young’s 
modulus 
(MPa)

Strain at 
fracture 
(N)

Traction 
deformation 
(%)

N-SSC 80.86 ± 1.81 8.42 ± 0.41 1.50 ± 0.14 0.25 ± 0.08 871.01 ± 
311.43

28.20 ± 13.42 29.09 ± 9.07

N-SSA 80.52 ± 2.44 7.57 ± 0.70 1.12 ± 0.62 0.38 ± 0.15 304.44 ± 
119.51

48.24 ± 23.82 27.98 ± 4.12

N-DS 83.88 ± 1.75 7.41 ± 0.52 1.63 ± 0.30 0.27 ± 0.16 895.08 ± 
396.16

61.99 ± 34.29 24.96 ± 8.85

N-CC 67.69 ± 5.36 6.97 ± 1.95 0.59 ± 0.10 0.35 ± 0.16 1481.81 ± 
407.04

55.19 ± 17.50 29.27 ± 18.36

P-SSC 79.81 ± 2.55 5.91 ± 0.97 1.17 ± 0.18 0.53 ± 0.21 67.77 ± 27.94 20.66 ± 8.30 47.86 ± 15.25
P-SSA 81.20 ± 2.89 7.62 ± 0.85 2.03 ± 0.52 0.43 ± 0.16 108.23 ± 

39.23
14.32 ± 5.95 21.31 ± 7.82

P-DS 77.43 ± 4.96 6.35 ± 1.26 0.70 ± 0.23 0.32 ± 0.13 444.68 ± 
133.05

40.67 ± 9.84 48.00 ± 21.50

P-CC 74.62 ± 3.92 11.46 ± 1.73 0.68 ± 0.12 0.10 ± 0.06 427.02 ± 
60.19

99.41 ± 20.43 37.48 ± 11.44

N-FSB KW <0.0001* <0.0001* <0.0001* <0.0001* 0.0001* 0.0274 0.4415
N-SSC vs. 

N-SSA
<0.0001* <0.0001* <0.0001* <0.0001* 0.0011 0.1049 0.3823

N-SSC vs. 
N-DS

<0.0001* <0.0001* <0.0001* 0.0047 0.9591 0.0281 0.3282

N-SSC vs. 
N-CC

<0.0001* <0.0001* <0.0001* <0.0001* 0.0104 0.0030 0.3282

N-SSA vs. 
N-DS

<0.0001* <0.0001* <0.0001* <0.0001* 0.0019 0.3823 0.3823

N-SSA vs. 
N-CC

<0.0001* <0.0001* <0.0001* 0.0001* 0.0002* 0.2786 0.1949

N-DS vs. N- 
CC

<0.0001* <0.0001* <0.0001* <0.0001* 0.0047 0.8785 0.9591

P-FSB KW <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 0.0038
P-SSC vs. P- 

SSA
<0.0001* <0.0001* <0.0001* <0.0001* 0.0650 0.1304 0.0070

P-SSC vs. P- 
DS

<0.0001* <0.0001* <0.0001* <0.0001* 0.0002* 0.0011 0.7209

P-SSC vs. P- 
CC

<0.0001* <0.0001* <0.0001* <0.0001* 0.0002* 0.0002* 0.0830

P-SSA vs. P- 
DS

<0.0001* <0.0001* <0.0001* <0.0001* 0.0002* 0.0002* 0.0070

P-SSA vs. P- 
CC

<0.0001* <0.0001* <0.0001* <0.0001* 0.0002* 0.0002* 0.0019

P-DS vs. P- 
CC

<0.0001* <0.0001* <0.0001* <0.0001* 0.7984 0.0002* 0.1605

N-SSC vs. 
P-SSC

<0.0001* <0.0001* <0.0001* <0.0001* 0.0002* 0.2786 0.0070

N-SSA vs. 
P-SSA

<0.0001* <0.0001* <0.0001* <0.0001* 0.0003* 0.0003* 0.0650

N-DS vs. P- 
DS

<0.0001* <0.0001* <0.0001* <0.0001* 0.0281 0.1949 0.0148

N-CC vs. P- 
CC

<0.0001* <0.0001* <0.0001* <0.0001* 0.0002* 0.0006* 0.1049
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vs. C-CC. The average values of diffuse reflectance were significantly 
lower in C-FSB than in native controls, which showed average values <
12 % (Table 3). Comparison of the curve morphology reveals that C-SSC 
and C-SSA were very similar to CTR, as determined by the GFC 
parameter (0.9990 vs. C-SSC and 0.9999 vs. C-SSA), although the RMSE 
was above 0.02 for all C-FSB compared with CTR. Furthermore, our 
results showed low average values for the scattering and, especially, for 
the absorption coefficients in C-FSB and CTR samples. For both pa
rameters, a decreasing spectral trend was found as the wavelength 
increased (Fig. 4). For the scattering coefficient, all C-FSB samples were 
significantly higher than CTR, and the highest scattering levels corre
sponded to C-SSC and C-SSA, especially at the shorter wavelengths. The 
same trend was found for the absorption coefficient, although less dif
ferences among samples were detected in this case. For both the ab
sorption and scattering coefficients, the quality metrics indicated similar 
spectral behaviors (GFC > 0.9903 for scattering and GFC > 0.9911 for 
absorption), but significant scale differences (RMSE > 2 %).

In order to determine the differentiation level of the epithelial layer, 
we analyzed the expression of relevant differentiation markers in these 
cells. Results of these analyses (Fig. 5 and Table 5) showed partial si
militudes between CTR corneas and C-FSB, although none of the C-FSB 
expressed the same levels of these markers as CTR. Specifically, we first 

found that the expression of cytokeratins AE1/AE3 was strongly positive 
in CTR and in C-SSC, whereas C-SSA, C-DS and C-CC had a positive 
signal for this marker. For CRY-αA, our results showed a strongly posi
tive signal in CTR and C-DS and a very positive signal in C-SSC, C-SSA 
and C-CC. For the limbal stem cell marker ΔNp63, our results showed a 
very positive signal in CTR, C-SSC and C-CC, whilst C-SSA and C-DS were 
positive. Then, analysis of the intercellular junction protein TJP1 
revealed a strong positive signal in CTR and C-SSA, a very positive signal 
in C-DS and a positive immunostaining signal for C-SSC and C-CC. 
Finally, the analysis of protein expression of the cell proliferation 
marker KI67 showed a slightly positive signal in CTR samples, but it was 
strongly positive in C-DS and C-CC and very positive in C-SSC and C-SSA 
(Fig. 5 and Table 5).

These expression patterns correlated with some of the physical pa
rameters analyzed in this study. Specifically, we found that the highest 
expression of the cell differentiation marker ΔNp63 corresponded to FSB 
samples showing the highest values of reflectance. In addition, cell 
proliferation assessed by KI67 immunohistochemistry, was higher in 
samples with the highest Young’s modulus and strain at fracture, but 
lower in samples with the lowest scattering and absorption values.

Table 2 
Statistical comparison of the RMSE and GFC results obtained for the native fish scale biomaterials (N-FSB) and preconditioned fish scale biomaterials (P-FSB) analyzed 
in the present work. SSC: Scorpaena scrofa (red scorpionfish); SSA: Salmo salar (salmon); DS: Diplodus sargus (white sea bream); CC: Cyprinus carpio (European carp). For 
each species, N- refers to the native biomaterial, whereas P- refers to the preconditioned biomaterial. Values correspond to statistical p values for each comparison 
between two specific groups of samples. For the RMSE results, values below 0.02 are labeled with an asterisk (*). For the GFC results, values between 0.9990 and 
0.9999 are highlighted with an asterisk (*), whereas values equal or higher than 0.9999 are labeled with two asterisks (**).
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3.5. In vivo evaluation of FSB grafted in the cornea of laboratory animals

When CC biomaterials were implanted intrastromally in the cornea 
of laboratory rabbits, we found that these FSB became integrated in the 
host cornea, and we found no signs of neovascularization, infection, 
rejection, or other complications, comparable to native corneas devoid 
of the implant (Fig. 6). At the macroscopic level, we found that the graft 
stayed at the grafting site of the host cornea after 1 and 3 months of 
follow-up. At the moment of the euthanasia, after 3 months of the 
implant, the host cornea was devoid of any detectable side effects, and 
its gross appearance was similar to the native cornea, with the exception 
of the implant, that could be detected within the cornea stroma using the 
slit lamp. These findings were in agreement with the OCT results 
showing a normal structure of the host cornea, with a dense biomaterial 
integrated within the stroma. No blood vessels, inflammation or other 
possible complications were detected in any of the animals.

To confirm these results, we carried out histological, histochemical 
and immunohistochemical studies of the corneas grafted with the CC 
FSB and native corneas used as controls. Results are shown in Fig. 7 and 
Table 6 and demonstrate that the biomaterial remained within the 
corneal stroma, and no inflammation or other complications were 
detected. The absence of neovascularization in the host cornea was 
confirmed by immunohistochemistry for the endothelial cell marker 

CD34, which was negative in both the native cornea and the cornea 
grafted with the CC biomaterial. In addition, the analysis of expression 
of cytokeratin CK3, CRY-αA and ΔNp63 confirmed that the implant of 
this FSB was not associated with an alteration of the normal physiology 
of the corneal epithelial cells, as expression of these three markers was 
similar in native corneas and in corneas grafted with CC (strongly pos
itive for CK3 and CRY-αA, and very positive for ΔNp63). Finally, the 
analysis of three relevant components of the corneal stroma ECM 
(collagen fibers, proteoglycans and lumican) revealed that the presence 
of the biomaterial was associated with a slight increment in the signal 
intensity of collagen and lumican, although not for proteoglycans, which 
were to native corneas (Fig. 7 and Table 6).

4. Discussion

Development of novel biomaterials with potential usefulness in 
biomedicine is one of the main objectives of current tissue engineering 
[16,17,35]. In the present work, we generated and characterized several 
types of FSB obtained from four fish species that had not been reported 
to the date. The fact that these four species have important commercial 
value as common fish found in most local markets worldwide ensures 
easy access to the sources of raw material for the generation of these 
novel products. Interestingly, our initial analysis of native materials 

Fig. 3. Evaluation of the in vivo biocompatibility of fish scale biomaterials (FSB) grafted subcutaneously in laboratory animals. Macro: gross appearance of animal 
tissues in which the FSB were implanted. Black arrowheads highlight the grafting area, with suture material seen in some cases in blue. HE: histological analysis of 
the grafting area using hematoxylin and eosin staining at two different magnifications. Bottom images correspond to a magnification of the areas shown with yellow 
squares in the top images, with the scale bars corresponding to 500 µm in the top images and 200 µm in the high-magnification images. SSC: Scorpaena scrofa (red 
scorpionfish); SSA: Salmo salar (salmon); DS: Diplodus sargus (white sea bream); CC: Cyprinus carpio (European carp); Mock: control animals in which a FSB was not 
grafted. Hemogram and serum biochemistry: results of the quantitative analysis of major parameters evaluated in blood of the animals grafted with FSB. Histograms 
correspond to average and standard deviation values. GLU: glucose (mg/dL), URE: urea (mg/dL), BIT: total bilirubin (µmol/L), AST: aspartate transaminase (U/L), 
ALT: alanine transaminase (U/L), ALP: alkaline phosphatase (U/L), AML: amylase (U/L), CK: creatine kinase (U/L), LDL: low-density lipoprotein (mg/dL), HDL: high- 
density lipoprotein (mg/dL), LIP: lipase (U/L), LDH: lactate dehydrogenase (U/L), PRO: total proteins (g/dL), TRI: triglycerides (mg/dL), CHO: cholesterol (mg/dL), 
Na: sodium (mmol/L), K: potassium (mmol/L), Cl: chlorine (mmol/L), Ca: calcium (mmol/L), P: phosphorous (mmol/L), Fe: iron (µg/dL), HGB: hemoglobin (g/dL), 
HCT: hematocrit (%), RBC: red blood cells (106/μL− 1), MCV: mean cell volume (fL), MCH: mean corpuscular hemoglobin (pg), MCHC: mean red blood cell he
moglobin content (mg/dl), RDW: red cell blood distribution width (%), PLT: platelets (105/μL− 1), MPV: mean platelet volume (fL), P-LCR: platelet larger cell ratio 
(%), WBC: white blood cells (103/μL− 1), LYM: percentage of lymphocytes (%), NEUT: percentage of neutrophils (%), MBE: percentage of mono
cytes–basophils–eosinophils (%). Differences with control animals (mock) are not statistically significant (p > 0.05). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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revealed important differences among species. Specifically, we found 
that N-SSA was very thick, as compared to the rest of N-FSB, whereas N- 
DS was very thin. In addition, N-CC contained a high amount of fish 
cells, whereas cells in N-SSA and N-DS were very scarce, and N-CC 
showed a more heterogeneous multi-laminar structure as compared to 
the rest of the scales. Despite most previous studies were carried out 
using the same source of fish scales [36–38], these morphological and 
structural differences which reinforce the need to develop this type of 
comparative studies among fish species to find the most appropriate 
product for future clinical use.

In the first place, fish scales obtained from the different species of fish 
were subjected to preconditioning in order to optimize their biological 
properties and minimize potential side effects derived from the presence 
of fish cells and calcium deposits using acid incubation protocols, as 
previously reported [38]. The use of these protocols resulted in a very 

effective decellularization and decalcification, with no rests of cells or 
calcium deposits found in any of the P-FSB, without altering the struc
ture of the biomaterial or its collagen composition revealed by PSR 
histochemical staining. Although specific immunohistochemical ana
lyses should be carried out to identify specific types of collagen before 
and after preconditioning, PSR analysis suggest that collagen was not 
significantly altered by preconditioning. Albeit PSR is not highly spe
cific, this method has been shown to reliable identify most collagen 
types across virtually all animal species, without the interspecific vari
ability inherent to immunohistochemistry [39]. However, pre
conditioning was associated with a significant modification of the 
biomechanical properties of FSB, with a reduction in the Young’s 
modulus in P-SSC, P-SSA and P-CC and an increase in the strain at 
fracture in P-CC. This modification is probably associated with the loss 
of the mineralized layer that was originally associated to the N-FSB, as it 

Fig. 4. Characterization of cellularized fish scale biomaterials (C-FSB) and control native corneas (CTR). A: histological analysis using hematoxylin and eosin staining 
(HE), DAPI staining (DAPI) and scanning electron microscopy (SEM). B: analysis of optical properties as determined by the gross translucency of each sample on a 
black printed letter (top panels) and by analyzing the diffuse transmittance, diffuse reflectance, scattering and absorption coefficient (lower panels). SSC: Scorpaena 
scrofa (red scorpionfish); SSA: Salmo salar (salmon); DS: Diplodus sargus (white sea bream); CC: Cyprinus carpio (European carp). Scale bars: 20 µm in panel A and 5 
mm in panel B. *: differences are statistically significant for all pairwise comparisons between two specific groups of samples. **: differences are statistically sig
nificant for all pairwise comparisons between two specific groups of samples, except for C-SSA vs. C-CC. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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is well known that mineralized material typically shows high stiffness 
and low elasticity as compared to soft tissues [40]. Although there are no 
consensus values, previous studies demonstrated that the human native 
cornea biomechanical properties may range between 0.8–2.2 MPa [41] 
and approximately 100 MPa [29] for the Young’s modulus, and 
approximately 5 N for the strain at fracture [29]. In our study, pre
conditioning was able to reduce the high values Young’s modulus found 
in native materials, with the added advantage of increasing the elasticity 
of the material as determined by the strain at fracture, in the case of P- 
CC. As a viscoelastic tissue, elasticity of the human cornea is one of the 
most crucial biomechanical parameters of this organ [41], and bio
materials intended for use in corneal repair should also be viscoelastic. 

However, the results found in the present study showed high variability 
as determined by a high standard deviation. Although variability is a 
common characteristic of biological tissues analyzed biomechanically 
[42], our results should be taken with caution, and future studies should 
be carried out using a larger sample size.

Regarding transparency, we found that all FSB evaluated in the 
present work were very translucid, especially after the mineralized 
structures were removed by preconditioning, and cellularized bio
materials kept these gross transparency levels. In addition, our analysis 
of the optical behavior confirmed the excellent levels of transparency 
displayed by FSB. In general, FSB showed high transmittance of light, 
with low levels of reflectance, scattering and absorption, suggesting that 
these novel materials may fulfill the optical requirements for use in 
corneal repair and engineering, as optical performance is pivotal for 
application of novel biomaterials in corneal tissue engineering [43]. An 
interesting finding of our work was an increase diffuse reflectance in CC 
biomaterials subjected to preconditioning. Although differences were 
not statistically significant, this increase could be a consequence of the 
trend of P-CC to reduce surface roughness, likely due to the loss of 
mineralized particles at the material surface, as it is well known that 
rough surfaces typically show reduced reflectance levels [44].

One factor that may influence the optical properties of FSB is the Ca/ 
P ratio, which has been directly associated with the optical properties of 
biological materials [45]. It has been previously demonstrated that the 
Ca/P ratio for scales derived from SSA, DS and a species related to CC are 
1.94 [46], 1.80 [47] and 2.01 [48], respectively, while SSC scales are 
estimated to have a ratio close to 1.90 [49]. Interestingly, these Ca/P 
ratios showed an inverse relationship with the light transmittance and 
scattering results obtained in N-FBS, with the highest optical trans
parency values observed in scales exhibiting the lowest Ca/P ratios. It is 
known that stoichiometric hydroxyapatite has a Ca/P ratio of 1.67 and 
tends to be a highly crystalline and highly transparent [50]. Accord
ingly, it was not unexpected that an increase in Ca/P ratio was associ
ated with a reduction in light transmittance and an impairment in the 
optical properties of FBS biomaterials.

Not only the N-FSB and P-FSB, but also the biomaterials subjected to 
cellularization (C-FSB) displayed adequate optical properties for use in 
tissue engineering. In fact, our quantitative analyses demonstrated that 
C-FSB samples possessed significantly higher transmittance than CTR 
across the visible spectrum (400–800  nm), especially, at the lowest 
wavelengths. This excellent transmittance may be explained by the low 
levels of reflectance, scattering and absorption shown by all samples, 
suggesting that most of the incoming light is transmitted throughout the 
biomaterial with minimal loss of light, as is the case of CTR tissues. For 
C-FSB, we found that the lowest scattering and absorption levels, which 
account for most of the loss of transparency in biological tissues [51], 
corresponded to CC biomaterials (N-CC, P-CC and C-CC), suggesting that 
these scales could have the highest intrinsic potential for use in cornea 
tissue engineering. In addition, FSB biomaterials displayed a 
wavelength-dependent transmittance profile that might allow for 
further customization in clinical settings. Collectively, the optical 
properties displayed by the FSB analyzed in the present work, including 
enhanced transmittance, low reflectance, controlled scattering, and 
minimal absorption, support the potential of these biomaterials to mimic 
the optical properties of the human cornea, as previously reported for 
biomaterials used in cornea tissue engineering [2].

A very important requirement of biomaterials intended for clinical 
use in advanced therapies is a thorough characterization of the new 
products, including several quality controls to ensure that these mate
rials are safe once grafted in a human patient [52]. For this reason, we 
evaluated the novel FSB generated in this work at the ex vivo and in vivo 
levels to determine their clinical potential as advanced therapies me
dicinal products in cornea repair. Results demonstrated that these novel 
biomaterials support epithelial cell growth and development, and two of 
the materials (C-SSA and C-CC) achieved in the generation of a stratified 
epithelium, similar to the native cornea, thus confirming the ex vivo 

Table 3 
Analysis of the optical parameters of control native corneas (CTR) and cellu
larized fish scale biomaterials (C-FSB) analyzed in the present work. SSC: 
Scorpaena scrofa (red scorpionfish); SSA: Salmo salar (salmon); DS: Diplodus 
sargus (white sea bream); CC: Cyprinus carpio (European carp). Values obtained 
for the diffuse transmittance, diffuse reflectance, scattering and absorption co
efficients are shown as averages and standard deviations. P values for the sta
tistical comparison all C-FSB groups using the test of Kruskal-Wallis (KW) and 
the pairwise comparison of two specific groups using the test of Mann-Whitney 
are shown in the lower rows. Statistically significant p values are highlighted 
with asterisks (*).

Diffuse 
Transmitance 
(%)

Diffuse 
Reflectance 
(%)

Scattering 
Coefficient 
(mm¡1)

Absorption 
Coefficient 
(mm¡1)

CTR 66.6 ± 6.06 11.94 ± 0.91 0.94 ± 0.22 0.2 ± 0.06
C-SSC 77.25 ± 3.3 9.49 ± 0.51 3.77 ± 0.53 0.69 ± 0.26
C-SSA 80.07 ± 3.04 8.6 ± 0.63 3.16 ± 0.51 0.56 ± 0.24
C-DS 75.81 ± 3.01 8.29 ± 0.26 1.19 ± 0.17 0.32 ± 0.09
C-CC 78.4 ± 4.24 8.77 ± 1.52 0.88 ± 0.26 0.17 ± 0.07
C-FSB 

KW
<0.0001* <0.0001* <0.0001* <0.0001*

CTR 
vs. 
C- 
SSC

<0.0001* <0.0001* <0.0001* <0.0001*

CTR 
vs. 
C- 
SSA

<0.0001* <0.0001* <0.0001* <0.0001*

CTR 
vs. 
C- 
DS

<0.0001* <0.0001* <0.0001* <0.0001*

CTR 
vs. 
C- 
CC

<0.0001* <0.0001* <0.0001* <0.0001*

C-SSC 
vs. 
C- 
SSA

<0.0001* <0.0001* <0.0001* <0.0001*

C-SSC 
vs. 
C- 
DS

<0.0001* <0.0001* <0.0001* <0.0001*

C-SSC 
vs. 
C- 
CC

<0.0001* <0.0001* <0.0001* <0.0001*

C-SSA 
vs. 
C- 
DS

<0.0001* <0.0001* <0.0001* <0.0001*

C-SSA 
vs. 
C- 
CC

<0.0001* 0.3057 <0.0001* <0.0001*

C-DS 
vs. 
C- 
CC

<0.0001* <0.0001* <0.0001* <0.0001*
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biocompatibility of FSB for use with corneal cells. Importantly, the 
presence of cells kept the excellent levels of transparency and the optical 
properties of C-FSB. Although cells cultured with the FSB showed very 
good biocompatibility, future works should be carried out to determine 
the effects of these biomaterials on cell cultures, as previously suggested 
for other types of biomaterials described for use in tissue engineering 
[53].

When these materials were grafted subcutaneously in laboratory 
rats, we found no significant alterations in these animals, both in the 
internal organs and in major blood parameters, confirming that these 
biomaterials were also biocompatible in vivo. Biocompatibility in ani
mals is one of the major requirements of the National Medicines 

Agencies for the characterization of novel advanced therapies for future 
clinical translation [54]. Strikingly, the local reaction of the FSB grafted 
subcutaneously confirmed that the implant was safe for the animals, and 
only a localized inflammatory reaction was found locally, that was very 
mild in the case of the CC. Furthermore, we found that the implant 
remained stable after 30 days of follow-up, suggesting that in vivo 
biodegradation of these materials is very slow. Given the low regener
ation potential of the human cornea [55], temporal stability is one of the 
requirements of biomaterials grafted in this organ. However, long-term 
studies should be carried out in the future to determine the fate of FSB 
grafted subcutaneously in laboratory animals after longer periods of 
time. In this regard, several reports showed that collagen sponge 

Table 4 
Statistical comparison of the RMSE and GFC results obtained for the cellularized fish scale biomaterials (C-FSB) analyzed in the present work. SSC: Scorpaena scrofa (red 
scorpionfish); SSA: Salmo salar (salmon); DS: Diplodus sargus (white sea bream); CC: Cyprinus carpio (European carp). For each species, Values correspond to statistical p 
values for each comparison between two specific groups of samples. For the RMSE results, values below 0.02 are labeled with an asterisk (*). For the GFC results, values 
between 0.9990 and 0.9999 are highlighted with an asterisk (*), whereas values equal or higher than 0.9999 are labeled with two asterisks (**).

Fig. 5. Immunohistochemical analysis of cellularized fish scale biomaterials (C-FSB) and control native corneas (CTR). Several markers of corneal epithelial dif
ferentiation were analyzed, including cytokeratins AE1/AE3, crystallin alpha-A (CRY-αA), the limbal isoform of the protein p63 (ΔNp63), tight-junction protein 1 
(TJP1), along with the cell proliferation marker KI67. SSC: Scorpaena scrofa (red scorpionfish); SSA: Salmo salar (salmon); DS: Diplodus sargus (white sea bream); CC: 
Cyprinus carpio (European carp). Scale bars: 50 µm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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hydrogels generated from fish skin collagen extraction and jellification 
tended to become reabsorbed after a few weeks of in vivo implantation, 
similar to collagen hydrogels generated from mammal skin, although 
most studies were carried out only up to 4 weeks of follow-up [56,57]. 
One of the few previous works evaluating the long-term stability of fish 
scales grafted subcutaneously demonstrated that most of the scale 
remain stable at the grafting site after 11 weeks of the implant [36]. 
Although these results should be confirmed at longer follow-up times, it 
is likely that the densely packed, well-organized structure of the fish 
scale, which significantly differs from the collagen sponges, resulting in 
a highly stable biomaterial. On the other hand, it has been suggested that 
decellularized tilapia fish scales might develop an external layer of 
mineralized material under certain conditions [58]. Although we did not 
find this phenomenon in FSB grafted in vivo, future works should 
determine if the FSB may undergo mineralization after several months of 
in vivo grafting.

When the physiological profile of the cells cultured on C-FSB was 

analyzed, we found that FSB biomaterials supported partial differenti
ation of epithelial cells, with a positive expression of several markers of 
differentiation found in the normal cornea, such as AE1/AE3, CRY-αA, 
ΔNp63 and TJP1 [59]. This expression was comparable or even higher 
than that found in NANOULCOR bioartificial corneas generated with 
fibrin-agarose and approved for clinical use in Spain [9,31]. However, ex 
vivo culture of C-FSB was not able to induce terminal differentiation 
comparable to the native human cornea. This finding is not unexpected, 
as previous studies demonstrated that the in vivo setting is essential for 
the artificial tissues to undergo full differentiation in response to the 
numerous paracrine and endocrine signals and factors that are released 
by the host tissues [60]. Strikingly, we found that some properties of the 
FSB biomaterials tended to correlate with cell differentiation and cell 
proliferation, as previously demonstrated for different types of bio
materials cultured in the presence of cells [61]. Despite these findings 
should be corroborated by future studies with larger sample size, we 
found that corneal stem cell differentiation as determined by ΔNp63 
expression tended to correlate with some optical parameters, whereas 
cell proliferation was associated with the biomechanical results, as 
previously suggested [62]. An interesting finding was the fact that the 
highest CRY-αA expression was observed in C-DS. Although the under
lying reasons remain unclear, the fact that preconditioned DS scales 
exhibited the highest Young’s modulus after preconditioning suggests 
that CRY-αA expression could be induced by the biomechanical prop
erties of the biomaterials. In line with this, interesting previous reports 
demonstrated that corneal strain can significantly influence the 
expression of relevant corneal proteins, including different types of 
crystallins [63].

Compared to the native cornea, C-FSB showed a high level of cell 
proliferation revealed by KI67 expression. As for the cell differentiation 
markers, it has been previously demonstrated that cells and tissues 
maintained ex vivo tend to show higher cell proliferation levels, and the 

Table 5 
Results of the immunohistochemical analysis of cellularized fish scale bio
materials (C-FSB) and control native corneas (CTR) for cytokeratins AE1/AE3, 
crystallin alpha-A (CRY-αA), the limbal isoform of the protein p63 (ΔNp63), 
tight-junction protein 1 (TJP1), and the cell proliferation marker KI67. SSC: 
Scorpaena scrofa (red scorpionfish); SSA: Salmo salar (salmon); DS: Diplodus 
sargus (white sea bream); CC: Cyprinus carpio (European carp). Results were 
categorized as negative (− ), slightly positive (+/− ), positive (+), very positive 
(++), or strongly positive (+++).

C-SSC C-SSA C-DS C-CC CTR

AE1/AE3 þþþ þ þ þ þþþ

CRY-αA þþ þþ þþþ þþ þþþ

ΔNp63 þþ þ þ þþ þþ

TJP1 þ þþþ þþ þ þþþ

KI67 þþ þþ þþþ þþþ þ/¡

Fig. 6. In vivo evaluation of selected fish scale biomaterials (In vivo CC) grafted in the cornea of laboratory rabbits and control native corneas (NAT). A: macroscopic 
image of the rabbit cornea 1 month after the implant; B: macroscopic image of the rabbit cornea 3 months after the implant; C and D: slit lamp images of the cornea 
obtained 3 months after the implant; E: optical coherence tomography (OCT) 3 months after the implant. In vivo CC: animals in which the Cyprinus carpio (European 
carp) FSB were implanted; NAT: native control animals in which no materials were implanted.
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controlled local release of growth factors can modify cell physiology, 
differentiation and proliferation [64]. In the specific case of C-CC, we 
found that cells tended to display high expression of KI67 and lower 
levels of epithelial differentiation markers such as cytokeratin AE1/AE3 
and the intercellular junction protein TJP1. These findings may imply 
that the CC biomaterial might favor an intermediate cell phenotype 
rather than a fully-differentiated structure as long as bioengineered 
tissues are kept ex vivo. A similar situation was found in several bio
artificial tissues previously generated by tissue engineering, and the 
partially undifferentiated status of these tissues favored clinical inte
gration in the host tissues when grafted in patients [9,65].

Once we evaluated the four types of FSB generated in this work, we 
selected the CC biomaterial for intracorneal implant. Although the four 
FSB showed promising results, selection of CC was based on the results 
discussed above. On the one hand, our initial characterization of N-CC 
revealed that the structure of this material might be appropriate for 
clinical use in cornea repair, and this product naturally associated to a 
stratified epithelial cell layer developed on top. After preconditioning, P- 
CC supported cell attachment and growth, with the development of a 
dense stratified epithelial layer more efficiently than P-SSC, C-SSA and 

C-DS. In addition, the P-FSB showing the most appropriate biome
chanical results in terms of stiffness and elasticity was P-CC, without 
altering the excellent levels of transparency and optical properties of 
these materials. Finally, the in vivo subcutaneous implant in laboratory 
rats demonstrated that the FSB showing the best biocompatibility was 
CC, which supports again the use of this biomaterial in cornea repair and 
engineering. The reasons why CC FSB showed the most adequate results 
remains elusive. On the one hand, it has been demonstrated that scales 
of Cyprinid fish are relatively larger than those of the other species 
analyzed in the present work, and that the specific structure of the scales 
of each fish species can be used for the taxonomical identification of fish 
individuals [66]. On the other hand, previous reports found that the 
microstructure and biochemical composition of fish scales may differ 
among groups of fish, especially regarding the alignment of the collagen 
fibrils [67]. Although most cycloid scales, including CC scales, show 
numerous parallel latices of collagen fibrils axially aligned to the surface 
of the scale forming a plywood pattern [67], CC scales microstructure is 
similar to twisted plywood, in which collagen fibrils form lamellae with 
different orientations that could be responsible for maintaining the 
integrity and stability of the scale [68]. In addition, ultrastructural an
alyses using electron microscopy found that CC scales contain an addi
tional array of collagen fibrils, secondary to the main collagen fibers, 
that has not been identified in other fish species [68].

Intracorneal implant of selected FSB obtained from CC resulted in 
excellent levels of biocompatibility on the host cornea. Not only the 
implants were very well tolerated by all animals, without any detectable 
complications or side effects, but also the biomaterial remained stable in 
the cornea for at least 3 months without apparently affecting the corneal 
tissue. Stability and biocompatibility are important requirements of 
biomaterials for use in corneal repair, and fulfilling these properties is 
one of the requisites for future clinical translation [69]. Although future 
studies should evaluate the long-term evolution of FSB grafted in the 
corneal stroma, it has been reported that the structural stability of fish 
scales implanted in the rabbit eye could exceed one year [36]. Despite 
the absence of a control group receiving a gold-standard implant, the 
compatibility of the FSB was comparable to that of human bio
engineered corneas grafted in laboratory rabbits, according to previous 

Fig. 7. Histological, histochemical and immunohistochemical analysis of selected fish scale biomaterials (In vivo CC) grafted for 3 months in the cornea of laboratory 
rabbits and control native corneas in which no materials were implanted (NAT). In both types of corneas, we analyzed the general structure, using hematoxylin and 
eosin staining (HE) at two magnifications, the presence of neovascular structures by CD34 immunohistochemistry, the epithelial markers cytokeratin 3 (CK3), 
crystallin alpha-A (CRY-αA), and the limbal isoform of the protein p63 (ΔNp63), and the stromal components collagen (as determined by picrosirius red histo
chemistry − PSR-), proteoglycans (as determined by alcian blue histochemistry − AB-) and lumican (as determined by immunohistochemistry − LUM-). Scale bars: 
200 µm, except for the inserts in CK3, CRY-αA and ΔNp63, corresponding to 50 µm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Table 6 
Results of the histochemical and immunohistochemical analysis of selected fish 
scale biomaterials (In vivo CC) grafted for 3 months in the cornea of laboratory 
rabbits and control native corneas (NAT) for crystallin alpha-A (CRY-αA), the 
limbal isoform of the protein p63 (ΔNp63), cytokeratin 3 (CK3), the vascular 
endothelial marker CD34, picrosirius red (PSR), alcian blue (AB) and lumican 
(LUM). Results were categorized as negative (− ), slightly positive (+/− ), posi
tive (+), very positive (++), or strongly positive (+++).

In vivo CC NAT

CK3 þþþ þþþ

CRY-αA þþþ þþþ

ΔNp63 þþ þþ

CD34 ¡ ¡

PSR þþþ þþ

AB þ þ

LUM þþþ þþ
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reports by our group [54,60], and support the use of the novel FSB 
products described in the present work.

Furthermore, we demonstrated that the corneal implant was not 
associated with neovascularization or any structural alteration of the 
host corneas. In fact, the animal cornea kept normal levels of expression 
of relevant differentiation markers, including cytokeratins and relevant 
markers of corneal epithelium differentiation and function such as 
ΔNp63 and CRY-αA [59,70]. However, rabbit corneas grafted with the 
CC-derived FSB showed a modification of two relevant ECM components 
− collagen and lumican-, although other components such as pro
teoglycans were not affected. As one of the major responsible of light 
transmission, the ECM plays a very important role in the normal phys
iology of the corneal stroma [71]. Although the consequences of the 
slight modification of these ECM components remain unknown, it has 
been demonstrated that corneal surgery is frequently associated with a 
ECM alteration [72], but it is likely that this alteration could be tem
porary and self-limited, as we found that the function and transparency 
of these corneas was not affected by the implant.

Regarding the potential immunogenic effects of FSB grafted in vivo, 
our results showing no excessive inflammation at the implant area are in 
agreement with previous works reporting the safe use of fish scale- 
derived biomaterials [36], and the use of collagen sponges fabricated 
from fish skin demonstrated to be well tolerated by different species of 
mammals, despite the phylogenetic distance that exists among species 
[73]. Again, long-term analyses are in need to demonstrate the immu
nogenic potential of the novel biomaterials described in this work.

To date, very few studies focused on fabricating artificial corneas 
using blue biomaterials. Along with the scientific and biomedical po
tential of these materials, the use of the FSB described in this work may 
have important social and environmental advantages, such as rein
forcement of an important economic activity in the European Union and 
reduction of waste production in fishery and aquaculture, which is still 
very high [74]. Likewise, the search of methods allowing a more effi
cient use of fish processing by-products should be a common objective of 
the fishing and aquaculture industry [75], reducing the ecological 
impact of these activities while contributing to the development of 
sustainable medicines [76]. Due to the fact that only three fish species 
have been previously evaluated as a source of FSB [25], with only one of 
them being characterized ex vivo and in vivo, the present study provides 
new evidences on the putative usefulness of these types of biomaterials. 
As compared to previous studies, the FSB generated in the present work 
were evaluated at different levels, including biomechanical, optical, 
histological and functional analyses ex vivo and in vivo, whereas most 
previous studies were partial and lack some of these analyses, especially 
regarding a complete optical characterization [25].

As a primary source of material, fish scales are highly available at 
large scale, as byproducts of the fishing and fish farming factory. Pro
duction of fish for human consumption has been efficiently scaled, and 
large amounts of fish can now be produced in specific fish farms 
worldwide [77]. Scalability of sourcing and processing fish scales to 
generate FSB should include harvesting high amounts of scales from 
these factories, which would provide fish production with added value, 
and their transference to a GMP facility where scales should be pre
conditioned and processed as new products for regenerative purposes, 
fulfilling current regulations in advanced therapies medicinal products 
[78]. Regarding batch-to-batch variability, further research is necessary 
to homogenize the production methods and to select specific types of 
scales. Variability among batches is one of the main problems of bio
engineered tissues generated in GMP facilities for clinical use [79], and 
this is one of the reasons involved in the consideration of these therapies 
as personalized medicines [80].

This study has some limitations. On the one hand, we evaluated four 
very common species of fish, but it is obvious that many other species of 
fish could still be analyzed as sources of FSB. On the other hand, the C- 
FSB fabricated here contain epithelial cells on their surface, but are 
devoid of stromal cells within the biomaterial. Although some reports 

demonstrated that corneal substitutes and biomaterials without stromal 
cells could also have clinical usefulness [81], it is clear that culturing 
stromal cells within the biomaterial layers could increment the potential 
effectiveness of these products in patients affected by significant corneal 
stromal damage. In addition, some of our results, particularly those 
concerning the biomechanical characterization of the different types of 
FSB exhibit considerable variability and large standard deviations, 
suggesting that results should be interpreted with caution. Furthermore, 
in vivo studies should be carried out to compare the novel FSB described 
here with other previously developed biomaterials such as the NANO
ULCOR bioengineered cornea [31]. Finally, we carried out a preliminary 
evaluation of the novel products generated by tissue engineering. 
However, additional research are in need to determine the real clinical 
potential of these products in clinical trials performed in patients with 
corneal diseases with the authorization of the Medicines Agencies, as 
requested for advanced therapies medicinal products [9].

In summary, in this study, we developed and characterized in culture 
and in laboratory animals several types of FSB as biomaterials with 
potential usefulness in cornea repair and engineering. Our results 
demonstrated that these products are highly biocompatible and support 
corneal cell attachment and differentiation, with good biomechanical 
and optical properties. This synergy of biological and physical properties 
supports the use of FSB as a novel promising, sustainable alternative to 
synthetic materials used in cornea tissue engineering. Of the four types 
of FSB evaluated here, biomaterials obtained from CC show the most 
promising results. Clinical trials are needed to determine the effective
ness of these products in patients with severe corneal damage.
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Cardona, M. Tejada-Casado, M.D.M. Pérez, F. Campos, J. Chato-Astrain, M. 
Alaminos, Development of Novel Squid Gladius Biomaterials for Cornea Tissue 
Engineering, Mar Drugs 22 (2024) 535. https://doi.org/10.3390/md22120535.

[30] C.-A. Alfonso-Rodríguez, I. Garzón, J. Garrido-Gómez, A.-C.-X. Oliveira, M.- 
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