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Abstract: Nowadays, there is an icreasing interest in the development of novel bioresorbable
membranes for Guided Bone Regeneration (GBR). Hydroxyapatite of different resources in
combination with chitosan has been used successfully. In this work, armored catfish
(Pterygoplichthys spp) bone as a source of hydroxyapatite is proposed; it was isolated through
bone calcination at a temperature of 1000 °C. The hydroxyapatite obtained was analyzed for its
chemical composition by means of Energy Dispersive Spectroscopy (EDS), its functional groups by
Fourier Transform Infrared Spectroscopy (FT-IR), its crystallographic structures were analyzed by
X-ray diffraction (DRX) and Scanning electron microscopy (SEM) was used to observe the
morphology of the particle. The composed membrane presents a major roughness morphology
surface than the pristine chitosan membrane. The hydroxyapatite particles added to the polymeric
matrix increased the mechanical tensile properties of the membrane. These findings confirm that
armored catfish bones are a viable, economic, and environmentally friendly source of
hydroxyapatite, which combined with chitosan, is a suitable alternative to develop biocompatible
GBR membranes after it is combined with chitosan.

Keywords: hydroxyapatite; armored catfish; chitosan membrane; tissue regeneration

1. Introduction

Armored catfish (Pterygoplichthys spp) are found in countries located in the Gulf of México [1]
as well as in the Asian continent [2]. They are used to clean the bottom of aquariums and control
algae growth. Nowadays, this specie is widely spread in the sea and the rivers [3]. Its presence
originates some damage to marine fauna, anglers; food search, furthermore, they unravel some
plants like those that Vallisneria americana found in wetlands [4]. Its reproduction is very easy, thus
putting at risk the ecological balance; its size ranges from 11 to 367 mm, and they can survive in
brackish environments increasing the risk of their dispersion [3]. Moreover, its human consumption
is not well established; but it is well known that fishbone is mainly composed of hydroxyapatite
(HA), a biomaterial with plenty of applications.

Hydroxyapatite is the main mineral component of hard tissues [5]. It is widely used as a bone
graft substitute in orthopedic, dental, and maxillofacial applications due to its bioactivity,
osteoconductivity, and osteoinductivity [7,8]. The bones used to extract the HA are generally
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obtained from residues; this generates a positive impact on the economy and environment by
adding high value to an organic resource [6,9-13]. The present work, propose armored catfish bone
to develop materials with bioactivity and biocompatibility; particularly, for repairing bone defects in
the promising Guided Bone Regeneration (GBR) technique. Furthermore, its use might help to
diminish the invasive species.

In guided bone regeneration technique (GBR), membranes are mainly used to cover the defect
area; these prevent the connective-tissue cells migration as fibroblast, allowing the growth of bone
cells [14-17]. Therefore, the membrane is a fundamental component of the GBR technique.
Currently, according to their stability in the body, resorbable and non-resorbable membranes are
utilized in GBR therapy; those developed with resorbable natural polymers are more attractive for
use in a wider spectrum of clinical situations [18], these avoid a second surgical intervention
[4,19-21]. Among the variety of bioresorbable polymers, chitosan (CS) has been reported to have a
good affinity with the periodontal ligament cells; it also has a similar structure to
glycosaminoglycans that resemble those of the bone tissue extracellular matrix, which facilitates the
osteoblast attachment [22-24]. However, pristine chitosan membranes lack osteoinduction and the
mechanical properties may be not suitable [25-27]. To further improve the osteoinductive properties
and the capacity to prevent the migration of epithelial cells to the socket, the incorporation of
calcium phosphates into the CS matrix has been applied as a promising strategy [28-31]. HA
obtained from the bone of armored catfish may play this role.

The HA powder was isolated from the bone calcination (1000 °C) of armored catfish
(Pterygoplichthys spp). The HA was studied structurally and morphologically, and its elemental
composition was found. Then, HA particles into a chitosan matrix (membrane) were incorporated;
and the mechanical properties, roughness, and cytotoxicity of the membranes were evaluated as
potential materials for GBR.

2. Materials and Methods

Preparation of Hydroxyapatite from armored catfish

Hydroxyapatite was isolated from the armored catfish (Pterygoplichthys spp.) bone. The
specimens were collected at the Champayan lagoon situated in Tampico Tamaulipas, México. The
fish bones were washed with un-distilled natural water for degreasing and dried at 80 °C for 6 hin a
conventional oven; afterwards, the bones were cut into pieces to remove the bone marrow and
repeat the washing and drying processes. The cortical bone pieces were pulverized using an agate
mortar, followed by calcination at 1000 °C for 1.5 h, using a heating rate of 6 °C/min using a furnace
(Magma, Renfert) in air atmosphere. The white powder obtained was ground and then sieved
between 325 and 400 mesh, until a particle size between a 37 pm to 44 pm range was obtained for
further characterization.

Preparation of chitosan and chitosan/hydroxyapatite membranes

Chitosan from shrimp shells (deacetyl of > 75%) of 190000-375000 Da (Aldrich Chemistry) was
used for the membrane fabrication process. Chitosan in a quantity of 0.2 g was dissolved into 10 mL
of 1 M acetic acid solution. Then, 0.4 mL of edible glycerin was added with continuous stirring until
obtaining a gel-like mixture. Afterwards, 0.1 g of hydroxyapatite was incorporated into the mixture
and stirred for 1 minute. The obtained solution was poured into a Petri dish (100 mm in diameter
and 1 mm in thickness) and dried in a conventional oven at 40 °C for 24 h to obtain the
chitosan/hydroxyapatite (CS/HA) membrane (Figure 1). The amount of hydroxyapatite in relation to
the dry weight of the chitosan was 0.5. The same procedure was carried out without the
incorporation of HA particles for developing a control chitosan membrane [10].
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Figure 1. Preparation of chitosan/hydroxyapatite membrane.

Characterization of hydroxyapatite powder and membranes

The phase composition and the crystallinity of HA were evaluated by X-ray diffraction using
Bruker D2 phaser equipment with CuK a radiation from 26 = 20° to 60° in steps of 0.030°. The
functional groups of the HA powder and of membranes were identified by an FT-IR Perkin Elmer
spectrophotometer using the ATR method and scanned from 4000-650 cm™ with a resolution of 4
cm™. Scanning electron microscopy (SEM, Jeol JSM 7800F) along with energy dispersive
spectroscopy (EDS) was carried out for the HA powder and the membranes surface. The surface
roughness of each membrane was determined by a tapping mode using Nanosurf, Naio AFM
(Liestal, Switzerland).

Mechanical evaluation of membranes

The evaluation of tensile mechanical properties including the ultimate tensile strength (UTS)
and elongation at break (€b) of both membranes was done according to ASTM D 882-02 protocol.
Initially, the membranes were cut into specimens of 50x10x1 mm length, width and thickness
correspondingly. Subsequently, 8 specimens of each type of membrane were immersed in distilled
water at 37 °C in an incubator for 12 hours. They were subjected to a tensile test with an initial
velocity of 50 mm/min at room temperature in the MTA Alliance RT/30 universal testing machine
equipped with a 5kN static load cell. The ultimate tensile strength and elongation at break were
calculated in the software.

In vitro membrane degradation

To characterize the degradation in vitro, the initial weight (Wo) of the membranes was recorded
using an electronic balance. Subsequently, the membranes (100 mm in diameter and 1 mm in
thickness) were placed in containers filled with artificial saliva solution and then placed in an
incubator for 8 weeks at a temperature of 37 °C. Then, the membranes were removed from the
artificial saliva and passed by air-drying for 12 hours. The dry weight (Wt) of the membranes was
recorded. Therefore, the weight loss (%) record is kept calculated equation 1:

Weight loss (%) = (W"' "t x 100) —~100............ 1)

Wo

Swelling Analysis

The gravimetric method was used to determine the swelling behavior of the membranes in a
controlled implantation environment in vitro [6]. It began by weighing eight dry membranes with
the dimension of 20 x 20 mm?2. Subsequently, the membranes were suspended in PBS and incubated
at 37 °C for 24 hours. The membranes were removed from the incubator and the excess of PBS from
the surface was removed by placing each side of the membranes on filter paper for 60 s. The weight

of the wet membranes was recorded again, and the swelling ratio was calculated using equation 2.
SR — (Why+ Wig) .
d

Cell Culture
Human gingival fibroblasts (HGF) and osteoblastic cells were prepared from gingival tissues
and mandibular bone fragments, obtained by a third molar surgical removal in a 25-year-old patient;
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the patient agreed to participate and signed an informed consent document. The tissue samples were
prepared in small fragments as follows; they were seeded into 10 cm culture plates and cultured in
alpha modification of Eagle’s medium (a-MEM, Life Technologies, Gibco, Carlsbad, CA, USA)
supplemented with 20% heat-inactivated fetal bovine serum (FBS, Life Technologies, Gibco). To this
solution were added 100 Ul/mL of penicillin, and 100 mg/mL of streptomycin (Life Technologies,
Gibco). The main culture was incubated at 37 °C in a humidified atmosphere with 5% CO2 until
reaching a cell population of 80% of the plate. Then, the cells were harvested by treatment with
0.25% trypsin/ 0.025% ethylenediaminetetraacetic acid disodium salt in phosphate-buffered saline
[PBS]. Afterwards the cells were used subculture in «-MEM (LifeTechnologies, Gibco)
supplemented with 10% FBS and antibiotics in a humidified atmosphere with 5% COs..

Cytotoxicity assay

Cells (2 x 105 cells/ml) were inoculated into 96-microwell plates and incubated for 48 h to
achieve complete cell adhesion. The membranes were placed at the bottom of the culture plate and
incubated for 24, 48, 72, and 96 h. Cell Proliferation Kit I (MTT) (Sigma-Aldrich, St Louis, MO, USA)
was used to determine the number of viable cells. Once the culture medium was replaced by MTT
(0.2 mg/mL) dissolved in DMEM, the cells were incubated for 4 h at 37 °C. The formazan product
was dissolved with dimethyl sulfoxide (DMSO, Sigma-Aldrich), and the absorbance of the lysate
was determined at 540 nm using a microplate reader (Thermo Scientific, St. Louis, MO, USA).
Finally, the mean value of the 50% cytotoxic concentration (CC50) of CS/HA membrane and CS
membrane was calculated by triplicate from three independent experiments.

Statistical analysis

Quantitative Data were recorded descriptively by the mean + standard deviation. After testing
the normal distribution assumption with the Kolmogorov-Smirnov Test, Student’s t-test was used to
analyze significant differences between the groups. The statistical significance was set at p<0.05. IBM
SPSS Statistics 23 software (SPSS, Chicago, IL, USA) was used to perform the statistical analysis.

3. Results

Characterization of the Hydroxyapatite isolated from armoured catfish.

Figure 2a shows the X-ray diffraction pattern of the hydroxyapatite powder from the armoured
catfish bones heat-treated at 1000 °C for 1 h. The hydroxyapatite characteristic peak corresponds to
the (002), (120), (121), (112), (300), (202), (130), (222), (132), (123), (231) and (004) crystal planes
(JCPDS card # 96-901-2217) with a hexagonal phase. The FTIR spectrum (Figure 2b) revealed
absorption bands at 1088, 1026, and 962 cm™ associated with the triple group of PO4*, confirming a
typical apatite structure, as reported in the literature [33,34].

(a) (b)
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Figure 2. XRD patterns (a) and infrared spectra (b) of hydroxyapatite powder isolated from
armoured catfish.

The morphology of the HA powder is shown in Figure 3; rod shapes with a consistent diameter
of 0.1-2.0 pm and a length of around 6.0 um were observed.
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Figure 3. Morphological analyses of hydroxyapatite powder isolated from armored catfish by using
SEM (a) 2500x and (b) 5000x.

Through EDS analysis, it was possible to observe traces of ions such as Na, Mg, and Si in the
derived natural hydroxyapatite powder (Figure 4). These minor amounts of elements in the HA
network increase the proliferation and differentiation of osteoblasts and mimic even more the
inorganic component of human bones [35-37].

cps/eV
4.5 Spectrum c N 0 Na Mg Si P Ca
40_: | Hap M 1 4.49 0.34 28.32 0.53 0.69 0.52 20.21 44.89
" HAp M 2 3.35 0.28 28.72 1.30 1.85 3.71 16.58 44.21
35: HAp M 3 3.45 0.14 41.46 0.37 1.87 0.53 14.32 37.86
] Mean value: 3.76 0.25 32.83 0.74 1.47 1.59 17.04 42.32
3.0 P

- Ca
2.57]

3 KeV 4 5 6 7

Figure 4. EDS analysis of hydroxyapatite powder isolated from armored catfish.

Characterization of the membranes

The SEM micrograph of the CS/HA (Figure 5a) and the CS membranes (Figure 5b) revealed a
dense structure; perhaps, the incorporation of HA particles into the chitosan matrix generates a
roughness morphology surface. Whilst a smooth surface was observed on the CS membrane.
Likewise, the AFM-3D images are observed in (Figure 5c-d), which also support the differences
between the membranes related to the surface topography. The roughness average (Ra) between the
membranes found by the AFM analysis is shown in Figure 6. It is important to mention that
roughness and porosity allow osteoblast attachment.
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Figure 5. SEM micrographs of CS/HA membrane (a) and CS membrane (b) 1000x. 3D-AFM images of
the surface topographical appearance: CS/HA membrane (c) and CS membrane. (Inside figure)

cross-section CS/HA membrane.
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Figure 6. Quantitative roughness surface (Ra) of the CS/HA membrane and CS membrane. The (*)
denotes statistically significant difference (p <0.001). Error Bars +/- SD.
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The mapping analysis of the elementary composition showed that the CS/HA membrane
additionally presents Ca, P, and trace elements such as Mg and Si (Figure 7a) while the CS
membrane only presented C, O, and Na (Figure 7b).

B Map Sum Spectrum . (b) B Map Sum Spectrum
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Figure 7. Elemental composition analysis by EDS: CS/HA membrane(a) and CS membrane (b).

Mechanical evaluation of the membranes
Mechanical tensile properties found in the CS/HA membrane are summarized by descriptive

statistics in Table 1.

Table 1. Tensile mechanical properties include ultimate tensile strength (UTS) and elongation at
break (eb) of CS/HA membrane and CS membrane. Data represent mean + Standard Deviation. *

Statistically significant difference.

CS/HA Membrane CS Membrane p value
UTS (MPa) 5.4 +0.62 3.3+0.46 <0.001*
Eb (%) 92.4+5.2 54 +6.1 <0.001*

In vitro degradation and Swelling analysis

Table 2 shows the percentage of weight loss of the membranes after 8 weeks. The CS/HA
membranes presented an average percentage weight loss of 43.7% while the CS membranes
presented a loss of 54.2%.

Table 2. Weight loss (%) after 8 weeks exposed to artificial saliva solution at 37 °C. Swelling behavior

for 24 h at 37 °C.
CS/HA Membrane CS Membrane p value
Weight loss (%) 54.2+7.1% 43.7 £5.92% <0.001*
Swelling Ratio (%) 62.5+3.0% 54.4 +3.3% 0.004*

The results obtained from the swelling analysis showed that the CS/HA membrane presents an
increase in the water absorption capacity compared to the CS membrane. Table 3.

Table 3. Cytotoxicity of a CS/HA membrane and CS membrane in direct contact with osteoblasts and
human gingival fibroblasts at different times.
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sy g Control CS/HA Membrane CS Membrane

Viability (%) Osteoblasts

24 h 100 +9.8 88+ 114 89+ 12

48 h 100 + 8.3 84+ 8.1 85+7.7

72 h 100 +4.2 81+6.9 82+ 6.1

96 h 100+ 1.3 78 £4.7 81 +4.2

Human Gingival Fibroblasts

24h 100+ 4 89+7.8 87+7.1

48 h 100+ 3.1 87+6.4 83+49

72 h 100+ 1.6 83+4.1 81+3.7

96 h 100 + 0.8 81 +2.2 79+2.8
Cytotoxicity assay

The cell viability results for both membranes in direct contact with osteoblasts and human
gingival fibroblasts showed a similar reduction of cell viability of less than 30% in the evaluated
periods. No statistically significant difference was detected on the cell viability between both
membranes. (p > 0.05). Table 3.

4. Discussion

The diffractogram of the hydroxyapatite powder from the armoured catfish bones revealed
narrow high-intensity peaks, which could be associated with larger crystallite sizes [38]. This
behavior has also been observed in calcined tuna bones at temperatures above 700 °C, which
indicates that the organic material has been eliminated [34]. The main intensities correspond to the
planes (002), (120), (121), (112), (300), (202), (130), (222), (132), (123), (231) and (004); these results are
consistent with those obtained for synthesized nano-HA [38]. The XRD result was correlated with
the FTIR study. At the treated temperature (1000 °C), it was completely removed the organic matter
without decomposing the hexagonal HA phase, therefore, HA has been obtained. Similar results
have been reported for Sheelavati fish and bovine bones [39,40]. Bands in 2034 and 2157 cm-1 were
found in the tuna bones at the same temperature [41], however, these bands were not exhibited for
armored catfish of this work. Rod-shaped particles with small pores on their surface were obtained
for armored catfish HA, compared from HA from other natural sources, which shown rock-shaped
but with similar particle size [41]. Similar results were obtained for synthesized nano-HA [38]. It
might be possible that rode-shaped morphology may improve the crosslinking in the membrane
formation, also, the small pores may ensure tissue growth as well as cell attachment. The average
Ca/P ratio was 1.9 = 0.03. This result agrees with data reported by others, independently of
calcination temperature [41]. However, previous studies suggested that Ca/P ratios lower than 1.67
occur in calcination temperatures above 800 °C [37,42], which is not the case for armored catfish H.
Ca/P ratios in the range of 0.9 — 1.11 were found in the jaw tissue of Wistar rats; thus, that HA
obtained in this study may be used for tissue engineering [43]. It has been reported that calcination
treatments between 900 °C and 1100 °C led to partial decomposition of the hydroxyapatite phase in
tricalcium phosphate, a phenomenon that in this study was not observed according to the DRX
pattern [6,44]; this is also confirmed by FTIR spectrum, where additional absorption bands do not
appear. The likely explanation for this phenomenon is that the main inorganic component of the
armored catfish bones is a non-stoichiometric HA without calcium deficiency.

Uniformly distributed cylindrical formations are observed in the CS/HA membrane, which can
be attributed to the rod shape of the HA particles, which in turn are aligned. A smooth surface was
observed on the CS membrane. The AFM-3D images support the differences between the
membranes related to the surface topography. Very similar results have been reported for chitosan
matrix prepared with different calcium phosphate particles [29,45]. Moreover, a statistically
significant difference in the roughness average (Ra) between the membranes was found. The CS/HA
membrane present higher roughness values (Ra) than the CS membrane, 0.176 + 0.006 and 0.097 +

doi:10.20944/preprints202402.0494.v1
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0.003, respectively (p < 0.001) (Figure 5). Roughness and porosity allow osteoblastic attachment;
according to the literature, biomaterials with a surface roughness (Ra) greater than 0.2 promote the
accumulation of bacteria that cause inflammation and delay the defect bone healing [45-47].
Fortunately, the simple method proposed for the development of the CS/HA membrane allows for
the maintenance of adequate roughness. The mapping analysis of the elementary composition
showed that the CS/HA membrane presents Ca, P, and trace elements such as Mg and Si; while the
CS membrane only presented C, O, and Na. Therefore, according to these results, it is assumed that
this composite membrane increases its mechanical integration with bone tissue and cell adhesion by
facilitating the chelation of the cation’s chemical interactions [48].

Regarding the final tensile strength, the CS/HA membrane score was 1.64 times higher than the
CS membrane (p <0.001). In addition, the reported elongation at break in the C5/HA membrane
increased to approximately 92.4% while the CS membrane was about 54% (p <0.001). This
improvement is associated with the addition of hydroxyapatite particles into the chitosan. Instead of
just dispersing, the particles might be mainly cross-linked to the polymeric matrix chains; this effect
may be associated with the rod shape of the HA particles. According to the literature, positively
charged chitosan amine groups as well as their deprotonated portion can lead to attraction by
electrostatic forces with negatively charged PO+ ions and cationic Ca ions present in the
hydroxyapatite [6,9,48]. The ultimate tensile strength of the CS/HA membrane (5.4 Mpa) is a little
superior to that of commercial collagen membranes of natural origin (4.8 Mpa) [49]; biodegradable
PLGA membranes reported in the literature also have lower performance (4.57 Mpa) [50]. The
elongation at break increased from 54% to 92.4% for CS membrane and CS/HA membrane,
respectively; these values are within the range of other chitosan-based membranes [29]. The results
of the present study showed that the dispersion of HA (1% w/v) in a chitosan solution (2% w/v)
allowed to increase the degradation rate and the fluid absorption capacity. This may be since the
amount of HA microparticles that were incorporated into the chitosan matrix inhibited the
entanglement of its chains and weakened its intermolecular hydrogen bonds. Therefore, this
generates spaces for the penetration of water and a greater exposure of free hydrophilic groups for
the interaction of water molecules [6]. Furthermore, this increase in the fluid absorption capacity is
possibly related to the hydrolysis of chitosan and therefore increases the rate of degradation.

The cell viability results of each membrane indicate a non-cytotoxic effect (less than 30% in the
evaluated periods); this asseveration is based on the interpretation of the ISO 10993-5: Biological
evaluation of medical devices. In vitro cytotoxicity tests (Table 2). HA resulted in better membrane
performance for the human gingival fibroblasts.

Consequently, armored catfish bone added to a chitosan matrix may be an alternative for the
development of biodegradable membranes for GBR. This proposal could help to diminish the
impact of this invasive and dangerous specie. Likewise, to reach a commercial product, there are
necessary additional studies, like biodegradability, which will be addressed in future work,
biocompatibility testing and other in vivo studies.

5. Conclusions

In this study, the armored catfish (Pterygoplichthys spp) bone has been successfully used for
the first time as a source of isolated calcium phosphate hydroxyapatite phase. The bone was treated
at 1000 °C. From the XRD analysis, it was observed a diffractogram corresponding to the hexagonal
structure. The FTIR spectra revealed the typical PO absorption confirming apatite structure. In
addition, the average Ca/P ratio was found as 1.9 + 0.03 and the presence of trace elements such as Si
and Mg can improve the biological performance of the HA powder. Moreover, it was concluded that
the incorporation of HA particles into a CS membrane enhances the barrier function properties and
the bone promoting capacity. The chemical interactions between HA and the chitosan matrix chains
increased the mechanical tensile properties of the membrane. The CS/HA membrane has no
cytotoxic effect in direct contact with osteoblasts and human gingival fibroblasts. Despite the
promising results obtained with the CS/HA membrane, should be explored the alternative to
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incorporate materials such as whitlockite and ZnO to allow the attraction of osteogenic proteins and
improve the antibacterial properties, and in vivo studies as well.
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