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GENERAL ABSTRACT

INTRODUCTION: Agribusinesses produce large amounts of waste that, if not managed
correctly, can lead to a number of impacts, both environmentally and in terms of public
health. The processing of these residues is a great opportunity to develop by-products,
transforming them into other marketable products. According to the Brazilian Animal
Recycling Association (ABRA), in 2020 Brazil processed more than 13 million tons of
bovine, porcine, and poultry and fishes’ by-products, using mainly animal tissue
trimmings, cartilage, tallow, and bones. The processing of the cartilage of birds, fishes and
most mammals can extract chondroitin sulfate (CS), product widely used in the medicine,
food, and cosmetics industries, among others. The carcasses and fish bones can be used to
produce calcium phosphate-based bioceramics, with excellent bioperformance for bone
regeneration. To further improve its bioactivity in bone regeneration, it can be enriched
with other types of substances with osteogenic properties, such as curcumin, that in
addition to properties like anti-inflammatory, antioxidant, and antimicrobial activities, can
stimulate the differentiation and mineralization of bone cells, preventing the deterioration
of the bone structure, with beneficial changes in bone regeneration and growth. To improve
its bioavailability, curcumin can be complexed with B-CD (B-cyclodextrin), which
promotes its controlled release, enhancing its biological effects and maintaining its
pharmacological properties.

OBJECTIVES: The objective of this research was to outline the importance of the use of
animal slaughterhouse waste in reducing the negative impact on the environment and in its
transformation into other marketable products, which can generate highly profitable
products for the industry. Among these products, CS was studied, which can be obtained
from poultry and swine by-products, providing several health benefits. Moreover, the
physicochemical and structural properties of BCP (biphasic calcium phosphate) extracted
from Nile Tilapia bones and its scaffold were evaluated. With the intention of evaluating
whether the presence of free curcumin and complexed with B-CD associated with BCP
improves the performance of the material, its bioactivity was studied in in vitro tests and,
in in vivo tests in critical size defects in the calvaria of rats, it was evaluated its ability to
promote additional effect to BCP in bone regeneration.

MATERIALS AND METHODS: A review study was carried out on the use of residues
generated by agribusiness and its impact on the environment, especially CS and its benefits,
in order to characterize them and discuss their various health benefits. In the other article,
bone waste of Nile Tilapia was used in the production of calcium phosphate-based
bioceramics, with an effect on bone regeneration. After production of the BCP scaffolds,
the powder was characterized using the FTIR (Fourier transform infrared reflectance) and
micro-Raman methodologies, besides the morphology evaluated by SEM (scanning
electron microscopy) and particle size. XRD (X-ray diffraction) analysis and Rietveld
refinement were used to quantify the crystalline phases present in the BCP. The pores of
the scaffolds were evaluated by SEM. Subsequently, the complexation of curcumin with
B-CD was performed and the scaffolds were impregnated with free curcumin and
complexed with B-CD. For the in vitro studies, the SBF (Simulated Body Fluid) test was
performed, and the changes, after 28 days of immersion in SBF, were observed in SEM
and EDS (energy dispersive X-ray detector) in three groups: biphasic calcium phosphate
(BCP), with free curcumin (BCP-CL) and complexed with -CD (BCP-CD). A 60-day in
vivo bone regeneration study was conducted, performing histological analysis to evaluate
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morphological changes and micro-Raman analysis to evaluate the absorption of the phases
of materials in different groups and time of implantation (15, 30, 45 and 60 days).

RESULTS AND DISCUSSION: Animal waste from poultry and porcine slaughterhouses
can generate a series of environmental and public health impacts. Recycling is the best
destination, since this waste can be transformed into high value-added commercial
products, such as CS, which is a natural polymer, water-soluble, consisting of repeated
chains of mucopolysaccharides. The CS shows benefits in several diseases, both alone and
in combination with other active substances. Evidences show these benefits in bone repair,
in the treatment of osteoarthritis, in cataract surgery in ophthalmology, besides its
antioxidant, anti-inflammatory, and anticancer properties. In the esthetics field, it can be
used in skin tissue engineering, with positive effects in facial rejuvenation, besides its use
in nanotechnology, acting in the controlled distribution of drugs. Regarding the second
article, when evaluating biomaterials extracted from fish bones (Nile Tilapia), the results
showed that BCP is composed of 57.2% HAp (hydroxyapatite) and 42.8% B-TCP (-
tricalcium phosphate) and the Ca/P molar ratio corresponded to 1.59. The scaffolds showed
open porosity of 57.21%, with a presence of macro and microporosity, and porous
interconnectivity. FTIR analysis showed the functional groups PO4*", COs* and OH"
present in the BCP bioceramic. Micro-Raman showed the peaks referring HAp and -TCP,
with the band at 962 cm™! being characteristic of the HAp phase, while those located at 952
and 972 cm™ are attributed to the B-TCP phase. In the SBF analysis, the occurrence of
nucleation (precipitation) of an apatite layer was observed on the surface of the three
samples analyzed (BCP, BCP-CL and BCP-CD), with similar characteristics and showing
the bioactivity of the materials evaluated. The micro-Raman analysis, after implantation in
the rat calvaria, showed a reduction throughout the study period of the B-TCP phase. When
the groups were compared to each other, the BCP group showed a pronounced decrease of
the B-TCP band until the 30-day period after implantation, with the greatest reduction in
the first 15 days. In the BCP-CL and BCP-CD groups, the decay of B-TCP absorption bands
was less accentuated over time. In the morphological analysis, there was a higher frequency
of pores filled with bone tissue in varying degrees of differentiation after 60 days of study,
but with similar characteristics between the groups, with BCP-CL and BCP-CD showing
no additional action of free curcumin or complexed with B-CD on bone regeneration.

CONCLUSION: Agro-industrial wastes have been the target of studies for several years,
and research has been conducted with the purpose of finding conscious and responsible
means for the use of these materials. From an environmental point of view, reducing the
impact caused by waste is considered of high importance, thus improving the environment
and minimizing the accumulation of waste in the ecosystem. The CS is a widely used and
profitable asset for industries that provides relevant benefits for human health and is the
result of the use of animal slaughterhouse waste, providing a reduction of the negative
impact on the environment. Fish bones, like from the Nile tilapia, are an excellent source
for obtaining and producing natural bioceramics. The BCP used presented the physical-
chemical and structural characteristics for a good biomaterial. After impregnation of BCP
with free curcumin and complexed with B-CD, the materials showed the ability to induce
bone-like apatite crystallization in vitro, with results similar to control BCP. In vivo
analysis showed that the incorporation of curcumin, mainly from the complexed with -
CD, prolonged release of the B-TCP phase. This result appears an interesting feature for
bone tissue engineering, being an alternative for the development of a prolonged release
system of 3-TCP phase.
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RESUMO GERAL

INTRODUCAO: As agroindiistrias produzem grandes quantidades de residuos que, se niio
geridos corretamente, podem suscitar uma série de impactos, tanto ambientais como de
saude publica. O beneficiamento e processamento desses residuos mostram-se como uma
grande oportunidade de desenvolvimento de subprodutos, transformando-os em outros
produtos comercializdveis. Segundo a Associacdo Brasileira de Reciclagem Animal
(ABRA), em 2020 o Brasil processou mais de 13 milhdes de toneladas de residuos bovinos,
suinos e subprodutos de aves e peixes, sendo aproveitados, principalmente, aparas de
tecidos animais, cartilagens, sebo e 0ssos. O processamento da cartilagens de aves, peixes
e maioria dos mamiferos pode-se extrair o sulfato de condroitina (SC), produto largamente
utilizado na industria de medicamentos, alimentos, cosméticos, entre outros. As carcacas e
ossos de peixes podem ser aproveitados na produgdo de bioceramicas a base de fosfato de
calcio, com excelente bioperformance para a regeneracdo 0ssea. Para melhorar ainda mais
sua bioatividade na regeneragdao de ossos, as bioceramicas podem ser enriquecidas com
outros tipos de substancias com propriedades osteogé€nicas, como a curcumina, que além
de suas propriedades anti-inflamatodrias, antioxidantes e antimicrobianas, estimula a
diferenciacdo e mineralizagdo de células dsseas, prevenindo a deterioracao da estrutura do
0sso, com mudangas benéficas na regeneragdo e crescimento 0sseo. Para melhorar sua
biodisponibilidade, a curcumina pode ser complexada com a B-ciclodextrina, que promove
sua liberacdo controlada, potencializando seus efeitos bioldgicos e mantendo suas
propriedades farmacologicas.

OBJETIVOS: O objetivo desse trabalho foi delinear a importancia do aproveitamento dos
residuos de abate de animais na reducao do impacto negativo sobre o meio ambiente e na
sua transformac¢do em outros produtos comercializaveis, podendo gerar produtos altamente
rentaveis para a industria. Dentre esses produtos, foi abordado o sulfato de condroitina, que
pode ser obtido de subprodutos de aves e suinos, fornecendo diversos beneficios para a
saude. Além disso, foi avaliada as propriedades fisico-quimicas e estruturais do fosfato de
calcio bifasico (BCP) extraido de ossos de Tilapia do Nilo e do seu scaffold. Com a intengao
de avaliar se a presenca da curcumina livre e complexada com B-CD (B-ciclodextrina)
associada ao BCP melhora a performance do material, foi avaliada sua bioatividade em
testes in vitro e, em testes in vivo em defeitos de tamanho critico na calvaria de ratos, sua
capacidade em promover efeito adicional ao BCP na regeneragdo Ossea.

MATERIAIS E METODOS: Foi feito um estudo de revisio sobre o aproveitamento dos
residuos gerados pela agroindustria e seu impacto sobre o meio ambiente, em especial o
sulfato de condroitina e seus beneficios, com o objetivo de caracteriza-las e discorrer sobre
seus diversos beneficios para a saude. No outro artigo, residuos dos ossos de Tilapia do
Nilo foram utilizados na produ¢ao de bioceramicas a base de fosfato de célcio, com agdo
na regeneragao ossea. Apos producgdo dos scaffolds de BCP (fosfato de calcio bifasico), foi
realizada a caracterizagdo do p6 utilizando as metodologias de infravermelho com
transformada de Fourier (FTIR) e micro-Raman, além da morfologia avaliada por
microscopia eletronica de varredura (MEV) e tamanho da particula. A analise por difragao
de raios X (DRX) e refinamento de Rietveld foram utilizados para quantificar as fases
cristalinas presentes no BCP. Os poros dos scaffolds foram avaliados por MEV.
Posteriormente foi feita a complexacdo da curcumina com B-CD sendo os scaffolds
impregnados com curcumina livre e complexada com [ -CD. Para os estudos in vitro foi
realizado o teste Simulated Body Fluid (SBF), sendo as alteragdes, apos 28 dias de imersao
em SBF, observadas em MEV e detector de energia dispersiva de raios-X (EDS) em trés
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grupos: fosfato de calcio bifasico (BCP), com curcumina livre (BCP-CL) e complexada
com B-CD (BCP-CD). Foi conduzido estudo da regeneracdo 6ssea in vivo durante 60 dias,
realizando andlises histologicas para avaliagdo das mudangas morfoldgicas e de micro-
Raman, para avaliar a absor¢do das fases do material nos diferentes grupos e tempos de
implantacdo (15, 30, 45 e 60 dias).

RESULTADOS E DISCUSSAO: Os residuos de origem animal, provenientes de
abatedouros de aves e suinos podem gerar uma série de impactos, tanto ambientais como
de satude publica. A reciclagem ¢ a melhor via de destinacdo, uma vez que esses residuos
podem ser transformados em produtos comerciais de alto valor agregado, como o SC, que
¢ um polimero natural, soluvel em 4gua, constituido de cadeias repetidas de
mucopolissacarideos. Apresenta beneficios em diversas doengas, tanto isolado como
combinado com outras substincias ativas. Evidéncias mostram esses beneficios na
reparacao Ossea, no tratamento da osteoartrite, em cirurgias de cataratas na oftalmologia,
além de sua acdo antioxidante, anti-inflamatdria, anticancer. No ramo da estética, pode ser
utilizado na engenharia de tecidos da pele, com efeitos positivos no rejuvenescimento
facial, além de seu uso em nanotecnologia, atuando na distribuicdo controlada de farmacos.
Com relagdo ao segundo artigo, quando avaliado os biomateriais extraidos de ossos de
peixe (Tilapia do Nilo), os resultados mostraram que o BCP ¢ composto por 57,2% de HAp
(hidroxiapatita) e 42,8% de B-TCP (P fosfato-tricalcico) e a razdo molar Ca/P correspondeu
a 1,59. Os scaffolds apresentaram porosidade aberta de 57,21%, com presenca de macro e
microporosidade, além de poros interconectados. As analises de FTIR apresentaram os
grupos funcionais POs>, COs%" e OH" presentes na bioceramcica de BCP. O micro-Raman
apresentou os picos referentes HAp e B-TCP, sendo a banda em 962 cm™! caracteristica da
fase HAp, enquanto aquelas localizadas em 952 e 972 cm’! sdo atribuidas a fase B-TCP.
Nas analises de SBF, foi observada a ocorréncia de nucleagdo (precipitacao) de uma
camada apatita na superficie das trés amostras analisadas (BCP, BCP-CL e BCP-CD), com
caracteristicas semelhantes e que mostram a bioatividade dos materiais analisados. As
andlises de micro-Raman, apds implante na calvaria de rato, mostraram redug@o ao longo
do periodo de estudo da fase B-TCP. Quando os grupos foram comparados entre si, 0 grupo
BCP apresentou acentuado decaimento da banda B-TCP até o periodo de 30 dias apos o
implante, sendo a maior reducao nos primeiros 15 dias. Nos grupos BCP-CL e BCP-CD, o
decaimento das bandas de absorc¢ao do B-TCP foram menos acentuadas ao longo do tempo.
Na analise morfologica, houve maior frequéncia de poros preenchidos com tecido 6sseo
em graus variados de diferencia¢do apds 60 dias de estudo, porém, com caracteristicas
semelhantes entre os grupos, sendo que BCP-CL e BCP-CD ndo apresentaram
acdo adicional da curcumina livre ou complexada com B-CD na regeneracdo 0ssea.

CONCLUSAO: Os residuos agroindustriais tem sido alvo de estudos por diversos anos,
sendo realizadas pesquisas com o objetivo de encontrar meios conscientes e responsaveis
para a utilizacdo destes materiais. Do ponto de vista ambiental, atenuar o impacto causado
pelos residuos ¢ considerado de alta importancia, valorizando, assim, o meio ambiente e
reduzindo o acumulo de residuos no ecossistema. O SC ¢ um ativo largamente utilizado e
rentavel para as indistrias, proporciona relevantes beneficios para salide humana e ¢
resultante do aproveitamento dos residuos de abate de animais, proporcionando reducao do
impacto negativo dos mesmos sobre o meio ambiente. Os ossos de peixes, como da tilapia
do Nilo, sdo excelente fonte de obtencdo e produgdo de bioceramicas naturais. O BCP
utilizado apresentou as caracteristicas fisico-quimicas e estruturais para um bom
biomaterial. Apos impregnacao do BCP com curcumina livre e complexada com B-CD, os
materiais mostraram capacidade em induzir a cristalizacdo de apatita semelhante ao osso
in vitro, com resultados semelhantes ao BCP controle. As analises in vivo mostraram que
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a incorporagdo da curcumina, principalmente da complexada com B-CD, prolongou a
liberacdo da fase B-TCP. Este resultado apresenta-se como uma caracteristica interessante
para a engenharia de tecidos dsseos, sendo uma alternativa no desenvolvimento de um
sistema de liberagao prolongada da fase B-TCP.

Palavras-chave: B-ciclodextrina; Biomateriais; Cartilagem; Curcumina; Fosfato de célcio
bifasico; Osteoartrite; Engenharia de materiais; Reciclagem, Residuos agroindustriais,
Regeneracdo Ossea; Sulfato de condroitina.
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Abstract: Fish bones are a natural calcium phosphate (CaP) sources used in biomaterials production
for bone regeneration. CaP scaffolds can be enriched with other substances with biological activity
to improve bone repair. This study aimed to evaluate the physicochemical properties and bone
regeneration potential of biphasic calcium phosphate (BCP) scaffolds impregnated with free
curcumin (BCP-CL) or complexed with p-cyclodextrin (BCP-CD) compared to BCP scaffolds.
Rietveld’s refinement showed that BCP is composed of 57.2% of HAp and 42.8% of 3-TCP and the
molar ratio of Ca/P corresponds to 1.59. The scaffolds presented porosity (macro and microporosity)
of 57.21%. Apatite formation occurred on the BCP, BCP-CL, and BCP-CD surface, in vitro, in SBF.
Micro-Raman technique showed a reduction in the dissolution rate of 3-TCP in the curcumin-
impregnated scaffolds over time, and in vivo studies on critical-size defects, in rat calvaria, had no
additional regenerative effect of BCP-CL and BCP-CD scaffolds, compared to BCP scaffolds. Despite
this, the study showed that curcumin impregnation in BCP scaffolds prolongs the release of the -
TCP phase, the BCP- phase with the higher osteoinductive potential, representing an advantage in
tissue engineering.

Keywords: biphasic calcium phosphate; biomaterials; bone regeneration; curcumin; 3-cyclodextrin;
materials engineering

1. Introduction

Biomaterials are used to restore, repair or replace injured tissues, promoting cell
migration and adhesion, tissue growth and nutrient diffusion [1-3]. Their regenerative
ability is associated with its physicochemical properties, such as crystallinity, solubility,
phase composition, surface chemistry, ionic charge, roughness and porosity [4,5].
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The most commonly used biomaterials for bone regeneration are the calcium
phosphate-based ones. Hydroxyapatite (HAp) or biphasic calcium phosphate (BCP) are
alternatives to autologous bone grafting (gold standard), and are widely used to promote
bone regeneration due to their osteoinductive properties [6,7]. BCP, formed by mixing
HAp with B-TCP (p-tricalcium phosphate), has a greater osteoinductive potential than
HAp or B-TCP alone, causing mesenchymal cells to differentiate into osteoblasts with
different properties, depending on the HAp/TCP ratio [8,9]. Studies show that the use of
BCP has a more active biological action than pure HAp, as it presents characteristics closer
to the HAp found in bones, leading to faster bone formation compared to HAp and (3-TCP
separately [10-12]. In vitro, BCP acts in a balanced process between resorption and bone
formation, releasing calcium and phosphate ions into the microenvironment and
precipitating a biological apatite on the ceramic surface, which is used to build the new
bone [5,13,14].

Fluorapatite (FAP), wollastonite, diopside and tricalcium phosphate can be applied in
bone regeneration [15,16]. Calcium phosphates (CaPs) can be synthesized [17] or obtained
from natural sources. The Nile tilapia is considered to be the most widely produced
freshwater fish species in the world. However, only 50 to 60% of the total catch is available
for commercialization, while carcasses, dead or damaged fish are discarded, generating a
large amount of solid waste thrown into the environment, which causes pollution and risks
to public health [18]. The residues can be used for the production of calcium phosphate-
based bioceramics, with excellent bioperformance for bone regeneration [19-23].

CaPs can be enriched with other types of substances with osteogenic properties, such
as Bone Morphogenetic Protein-2 (BMP-2), platelet-rich plasma (PRP), growth factors
(PDGF (Platelet-derived growth factor) and TGF-1 (Transforming Growth Factor-p1))
[24,25] and other bioactive substances [26]. Studies show that some herbal medicines, such
as curcumin, alone or associated with calcium phosphate ceramics can act as a bone
regeneration stimulating agent, with beneficial effects in bone disorders and inflammatory
diseases, including osteolysis, periodontitis, rheumatoid arthritis and osteoporosis [27,28].

Curcumin, found in the rhizomes of Curcuma longa, is a hydrophobic yellow-orange
polyphenol that has been used for centuries as a spice and in pharmaceutical preparations
[29]. It shows anti-inflammatory, antioxidant and antimicrobial functions. Besides this, it
is being a potent inhibitor of nuclear factor-kp (NF-kP) and its ligand RANKL, thus
stimulating the differentiation and mineralization of primary bone marrow cells and pre-
osteoblast. Therefore, it is interesting to study the curcumin role in bone regeneration [30].
Son et al., [31] demonstrated that the use of curcumin, similarly to BMP-2 and growth
factors, has the ability to induce osteoblast differentiation and increase the expression of
osteocalcin, a marker of bone formation [31], in addition to preventing the deterioration of
bone structure, resulting in beneficial changes in bone regeneration and growth [32,33].

However, the use of curcumin is limited by its low water solubility and rapid
photodegradation. In order to improve its bioavailability [34], it can be complexed with (3-
cyclodextrins (3-CDs). 3-CDs are cyclic oligosaccharides, with a hydrophobic cavity that
hosts in its interior fat-soluble molecules. Therefore, a controlled release and increased
absorption, the pharmacological properties are maintained and the biological effects
maximized [35].

In this study, the physicochemical properties of BCP ceramics obtained from bones of
the Nile tilapia fish (Oreochromis niloticus), in the form of powder and scaffolds were
evaluated. Bone regeneration potential of BCP scaffolds impregnated with free curcumin
(BCP-CL) or complexed with p-cyclodextrin (BCP-CD) compared to BCP scaffolds was
investigated in in vitro studies in SBF (Simulated Body Fluid) and in vivo in critical defects
in rat calvaria.
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2. Materials and Methods
2.1. Obtaining Biphasic Calcium Phosphate (BCP)

The raw material used in the production of BCP was obtained from bones of the Nile
tilapia fish (Oreochromis niloticus), aged between 90 and 100 d, from the Fish Culture Center
of the Animal Science Department of the State University of Maringa (Department of
Zootechnics - DZO-UEM). The fishes were raised in net tanks at the Rio do Corvo Station
on the Diamante do Norte Regional Campus—UEM. The processing of the material was
carried out in the Metallic Materials and Biomaterials Laboratory of the Physics
Department of the State University of Maringa (Department of Physics —DFI-UEM), via
calcination at 900 °C for 8 h followed by grinding in a Retsch PM 100 high energy mill
(Haan Germany) at 300 r.p.m. for 8 h, using a grinding jar and zirconia balls, and ball to
powder mass ratio of 6/1, according to the procedures contained in P10506242-0 [36].

2.2. Preparation of BCP Scaffolds

The BCP scaffolds were produced by powder metallurgy techniques using lactose as
the space holder method [37]. The BCP powder particles (HAp+BTCP) were mixed with
the spacer element in a 1:1 ratio (in vol%). The mixture was homogenized gently via
mechanical vibration for 30 min and subsequently were uniaxially conformed using a rigid
single-acting matrix and a PHP 30 TONs Metal PEM press (Maringda/ Br), in a circular form
with 8.1 mm in diameter and 2.5 mm in thickness. The samples were sintered at 1100 °C
for 2 h in air atmosphere in a tube furnace. After sintering, the samples were sanded with
400 grit sandpaper until a 1 mm thickness was reached, washed in an ultrasonic bath for
10 min in acetone, alcohol and deionized water to eliminate sintering and sanding residues.
The scaffolds were dried in a muffle furnace at 80 °C for 24 h and then kept in the desiccator
[38].

2.3. Characterization of BCP Powder (HAp+B-TCP)

For the physicochemical characterization of the BCP powder, X-ray diffraction (XRD),
Fourier transform infrared reflectance (FTIR) and micro-Raman analysis were performed.
Some samples of the sintered scaffolds were broken and milled in agate mortar and then
in a high-energy mill in air atmosphere for 1 h at 300 r.p.m., using a grinding jar and
zirconia balls in a ball to powder mass ratio of 6: 1.

2.4. Analysis of Morphology and Particle Size of BCP

For the analysis, the powder particles were subjected to an ultrasonic bath in acetone
for 5 min to minimize particle aggregation effects. Particle size distribution analysis (%)
was obtained on a Dynamic Light Scattering-DLS equipment (Malvern Instruments Ltd.,
London, UK) of the COMCAP-UEM (Research Support Center Complex, Maringa, Brazil).

The BCP powder morphology was evaluated by scanning electron microscopy (SEM)
on a FEI Quanta 250 machine (ThermoFisher Scientificc, Waltham, MA, USA),
manufactured by Oxford Instruments, Oxon, UK. The samples were coated with a
conductive gold film by sputtering in a Shimadzu IC-50 Ion Coater metallizer (Shimadzu
Corporation, Kyoto, Japan) of the COMCAP-UEM.

2.5. X-ray Diffraction Analysis and Rietveld Refinement

A Shimadzu XRD 7000 X-ray diffractometer (Shimadzu Corporation, Kyoto, Japan)
with Cu Ka irradiation source (A = 0.15418 nm) was used to determine the phase
composition. The data was collected at 40 kV, 30 mA between 10 and 80°, a scan rate of 0.5°
/ min. and angular increment of 0.02° of the COMCAP-UEM. The phases were identified
by comparison with the JCPDS (Joint Committee Series of Powder Diffraction Standards)
and ICSD (Database of Inorganic Crystal Structure) standards [39,40]. The Rietveld method
was used to quantify the crystalline phases present in BCP using the FullProff program
(Version 4.30 - 2008) [41,42].
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2.6. BCP Powder Analysis by Infrared Spectroscopy (FTIR)

FTIR spectroscopy was used to investigate the compounds and functional groups of
the precursor powder, using a Bruker Model Vertex 70v spectrometer (Bruker Optik
GmbH, Ettelingen, Germany). For FTIR analysis, 2 mg of each sample was weighed and
diluted in 198 mg of KBr to form the tablets. Each spectrum had an average of 128 scans,
ranging from 400 to 4000 cm™ with a resolution of 4 cm™ of the COMCAP-UEM.

2.7. BCP Powder Analysis by Micro-Raman Spectroscopy

Micro-Raman spectroscopy measurements were performed on a Confocal Raman
spectrometer, Bruker, Model Senterra (Bruker Optik GmbH, Ettelingen, Germany) at an
optical magnification of 20x, using an excitation laser with a wavelength of 532 nm, power
of 20 mW and 20 scans, acquired for 3 s in each exposure of the COMCAP-UEM.

2.8. Analysis of Scaffolds Porosity

The porosity of the scaffolds was determined by the liquid displacement method of
Archimedes Principle, NORM ASTM (C373-88 [43], using deionized water, which
penetrated the pores without causing any dimensional changes in the sample. The
scaffolds were dried for 24 h in an oven at 100 °C. After the samples were cold and dry, the
measurements of the sintered dry mass (ms) were made. Next, the samples were placed in
a chamber, in which vacuum was established between 10-! and 102 torr for 2 h to force the
liquid into the pores. After this period, the chamber was flooded and there was a 30 min
wait at room temperature to measure the impregnated mass (mi) and the impregnated
mass under thrust (me), using a Shimadzu scale (AUW220D, Japan) and Shimadzu Specific
Gravity Measurement Kit accessory (DFI-UEM). The porosity values correspond to the
average of the values measured in six (06) samples. The open porosity ((y (%)) was
calculated by the equation (1) where: y (%) is open porosity; (ms) the mass of the sintered
and dried sample; (mi) the mass of the sample impregnated with the liquid, and (m.) the
mass of the sample impregnated under liquid thrust:

¥(%) = (%) x 100 )

2.9. Analysis of BCP Scaffolds by Scanning Electron Microscopy (SEM)

The pores of the scaffolds were observed and evaluated by scanning electron
microscopy (SEM) on an FEI Quanta 250 (ThermoFisher Scientific, Waltham, MA, USA),
manufactured by Oxford Instruments, Oxon, UK. The samples were coated with a
conductive gold film by sputtering in a Shimadzu IC-50 Ion Coater metallizer (Shimadzu
Corporation, Kyoto, Japan).

2.10. Curcumin Complexation with B-cyclodextrin (8-CD) by Coprecipitation Method and
Incorporation in BCP Scaffolds

Curcumin and -CD were purchased from Sigma (St. Louis, MO, USA). For the
complexation process of curcumin and (3-CD, a 0.06M solution of 3-CD was placed in a 500
mL flat bottom flask, attached to the condenser, where it was used water at 4 °C for cooling.
The magnetic stirrer was set for heating to 70 °C. Curcumin was dissolved in 60 °GL
ethanol and added to the flask under dripping. The ethanol was completely removed using
a rotary evaporator at 70 °C. Subsequently, the solution was placed in a reactor and stirred
for 8h at 25 °C and kept in a refrigerator for 12h at a temperature of 2 to 4 °C. After filtering
with white quantitative filter paper (porosity of 4 to 7um), the material was dried in an
oven at 50-55 °C for at least 6h. The process was performed in the dark because curcumin
degrades easily in light [35].
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In order to obtain the free curcumin solution, Img/mL of curcumin was added in 70%
alcohol. To obtain the solution of curcumin complexed with (3-CD, 7.16 mg/mL of the
complex was required to ensure that curcumin concentration corresponded to Img/mL,
equivalent to the 2:1 ratio of cyclodextrin:curcumin.

The scaffolds were soaked in 50pL of the solutions of curcumin in free form and
curcumin complexed with -CD in a dark environment, dried and stored at room
temperature, protected from light.

2.11. In Vitro Bioactivities Study of Scaffolds with Curcumin and Curcumin-g-CD

For the in vitro studies in simulated body fluid (SBF), the sintered scaffolds (control
BCP); (BCP soaked in curcumin); (BCP soaked in curcumin-CD) were immersed in 30 mL
of an acellular SBF with ionic concentrations: (Na*: 142,0; K*: 5,0; Caz*: 2,5; Mg>*: 1,5; Cl=
147,8; HCOs?: 4,2; HPO«2: 1,0; SO42: 0,5 mM), close to those of human blood plasma. The
reagents KCI, KzHPO4.3H:20, MgCl2.6H20, CaClz, Na2SOs were pipetted into a polystyrene
flask with ultrapure water at a (controlled) temperature of 36,5 °C and buffered with
tris(hydroxymethyl)aminomethane and HCI to a pH of 7,4. The scaffolds were immersed
(vertically) in 30 mL of SBF in falcon tubes and placed in a water bath at 36,5 °C for 28 d.
After this immersion period, the samples were removed from the SBF, gently washed with
ultrapure water and dried at 40 °C. The SBF solution was prepared according to the
protocol suggested in the reference [44].

The morphology of the scaffolds after immersion in SBF was evaluated by scanning
electron microscopy (SEM) under the same conditions as mentioned in 2.9.

An analysis of the sample composition was performed using an energy dispersive X-
ray detector (EDS), which allows a qualitative and semi-quantitative analysis of the sample
composition, enabling, besides the identification of the chemical elements present, the
proportion between them [45].

2.12. In Vivo Bone Regeneration Study Evaluating Scaffolds Impregnated with Curcumin in Free
Form and Complexed with B-CD

All procedures involving the use of animals were approved by the Ethics Committee
on Animal Experimentation of the State University of Maringa, filed under CEUA No.
3379090218.

Sixty adults male Wistar rats weighing between 200 and 250g from the Central Animal
House of the State University of Maringa were used. During the experimental period, the
animals received chow (Nuvilab®Nuvital®, Sogorb® Sao Paulo, Brazil) and water ad
libitum.

After intramuscular anesthesia with 2% xylazine hydrochloride (1ml/kg) and 10%
ketamine (1ml/kg) 1:1, trichotomy and antisepsis of the head region, an incision was made
in the skin, up to the periosteum, from the base of one ear to the other, transversely across
the callus. For complete bone exposure, the tissues were detached using a molt spatula.

Using an 8 mm diameter trephine drill (Neodent®, Curitiba, Brazil) on a straight piece
(Kavo®, Joinville, Brazil), attached to a surgical motor (Branemark System® Zurich,
Switzerland) rotating at 1500 rpm and abundant irrigation with sterile saline solution, a
bone defect of 0.8 mm deep and 8mm in diameter was made in the calvaria

The scaffolds were implanted in the defects and the flap was sutured with single
stitches using Mononylon 4-0 thread (Ethicon® Johnson, Bridgewater, NJ, USA). The area
received topical application of an alcoholic solution of iodinated polyvinylpyrrolidone as
a local antiseptic measure.

The animals were divided into three groups according to the chemical composition of
the scaffolds implanted in the bone defect: (1) BCP Group, with pure BCP scaffolds
(control); (2) BCP-CL group, with scaffolds impregnated with free curcumin, and (3) BCP-
CD with scaffolds impregnated with curcumin impregnated with (3-CD.
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Euthanasia was performed 15, 30, 45 and 60 d after implantation, with injection of
thiopental solution in overdose 120 mg/kg, and samples containing the scaffolds were
analyzed.

2.12.1. Micro-Raman Spectroscopy Analysis of the Scaffolds Implanted in the Calvaria of
the Animals

The scaffold samples implanted in the calvaria of the animals (n = 1/time/group) were
removed, cleaned with ultrapure water, dried for 24 h at room temperature, macerated and
homogenized in agate mortar for micro-Raman spectroscopy analyses. Measurements
were made in three different points of the samples in the Raman spectrum region between
1000 and 900 cm™, according to the equipment and methodology described in item 2.7.

2.12.2. Histology of the Scaffolds

For this study, the minimum number of three animals/time/group were used. In 60-d
group: BCP, n = 3 animals; BCP-CL and BCP-CD, n =5 animals. In 45-d group: BCP, n =3
animals; BCP-CL and BCP-CD, n = 4 animals. In 30 and 15-d groups: BCP, BCP-CL and
BCP-CD, n = 3 animals). Calvaria samples were collected, fixated in 4% paraformaldehyde
and decalcified in EDTA. Then, the samples were divided in half and processed for paraffin
embedding. Serial sections of 7-8 um were made and stained with H&E to morphological
study. For each sample, five slides containing four histological sections each were analyzed
by two different observers.

3. Results
3.1. Analysis of the Morphology and Particle Size of BCP

Scanning electron microscopy (SEM) (Figure 1a) shows the powder morphology of
the BCP after calcination at 900 °C. The image reveals weakly aggregated particles of
different sizes and smaller than 1100 nm. The histogram presents in Figure 1b shows the
particle size distribution between 712.4 and 1483.9 nm, with a center at 981.34 nm and the
relation between frequency and particle size. Powder properties influence the
microstructure and the physical and mechanical properties of sintered materials, with
control of particle size and particle size distribution being important parameters in the
processing of materials [46,47].
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Figure 1. Morphology and particle size of BCP powder obtained by calcination fish bones at 900 °C
for 8h and milled in air atmosphere in a power mill for 4h at 300 r.p.m.: (a) SEM showing particle
shape and size; (b) histogram relating frequency and particle size. R? = Adjusted R-Square; BCP =
biphasic calcium phosphate; HAp = hydroxyapatite; 3-TCP = (3-tricalcium phosphate.

3.2. X-ray Diffraction Analysis and Rietveld Refinement

The X-ray diffraction (DRX) pattern of BCP powder after calcination and milling is
shown in Figure 2. Characteristic peaks of the HAp (H) and 3-TCP (3) phases are observed
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and have been indexed to the Joint Committee on Powder Diffraction Standards, jcpds 09-
0432 and 09-0169, respectively [39,40]. No other minority phases were detected within the
detection limits of the X-ray technique (~ 2%).
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Figure 2. DRX pattern of BCP powder obtained by calcining fish bones at 900 °C for 8h and milling
in a high-energy mill for 4h at 600 r.p.m. The peaks related to the phases, HAp and 3-TCP, are
indicated by the letters (H) and (B), respectively. BCP=biphasic calcium phosphate; HAp =
Hydroxyapatite; 3-TCP = 3-tricalcium phosphate.

The structural parameters and mass fraction (wt%) of the crystalline HAp and (3-TCP
phases identified in the BCP were obtained by structural refinement using the Rietveld
method and the computer program Fullprof [41]. For refinement, the diffraction profiles of
HAp and B-TCP phases were indexed to Inorganic Crystal Structure Database (ICSD)
standards: Caio(POs)s(OH)2 system hexagonal (space group P63/m) and Cas(POs):2
rhombohedral (space group R3c), respectively [41]. A good agreement is observed between
the calculated (black solid line) and the experimental (red circles) profile, as can be seen in
Figure 3. The bottom line (dashed) corresponds to the difference between the experimental
values and those calculated by the theoretical model, while the vertical lines (green) show
the Bragg positions calculated by the refinement. In addition, the GoF (Goodness of Fit),
which is an indicator of the quality of fit, showed values of 1.4 and 1.8% for HAp and f3-
TCP phases, respectively. These values are lower than what is considered acceptable by
the basic rule for this indicator, that is, GoF = (Rwp/Rexp) <4% [42]. The lattice parameters,
the wt% of HAp and -TCP phases, and the quality factors of the fit are presented in Table
1. The wt% calculated by the Rietveld method shows that the bioceramic BCP is composed
of 57.2% HAp and 42.8% {3-TCP. The Ca/P molar ratio of the BCP powder, determined by
Rietveld refinement, was 1.59.
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Figure 3. Rietveld refinement results for the calcined and milled BCP powder. The red circles are the
experimental XRD data and the black solid line is the refinement result (calculated value). The
calculated Bragg positions correspond to the short vertical lines (green), while the bottom trace
represents the graph of the difference between the experimental and calculated profile. BCP=biphasic
calcium phosphate; HAp = hydroxyapatite; 3-TCP=p-tricalcium phosphate.

Table 1. Fractional mass (wt%), quality factors and structural parameters obtained by the Rietveld
refinement.

Phase: B-TCP - (Cas(PO4)2) Phase: HAp - (Ca1(PO4)s(OH)2)
System: Rhombohedral - R3¢ (167) System: Hexagonal - P63/m (176)
a=b c \% QL a=b c \% 0 wt%
(4) (A%  glem® .Y (Y] (A% g/cm’

10.3480(6) 37.071(2) 3457.9(4) 3,09 42.8 9.422(4) 6.881(3) 529.30(4) 3.142 57.2
10. 4290* 37,380* 3520.91* 3,0% 100*  9.418*  6.884** 528.0** 3.16**  100**

*jcpds 09-0169 **jcpds 09-0432

3.3. Analysis of Scaffolds Porosity by SEM and EDS

The surface and fracture micrographs (SEM) of the scaffolds are shown in Figure 4(a)
and 4(b), respectively. There are two types of pores in scaffolds: interconnected
macropores, resulting from the elimination of spherical agglomerates of lactose, which
have rounded morphology with diameters between 50 and 400 pm; and micropores in the
pore walls, due to the BCP sintering stage. According to Hench et al. [48], for a biomaterial
to be considered microporous, it should present interconnected pores with diameters
between 50 and 250 um because they favor cell and tissue penetration, as well as the
development of a capillary network, essential for bone neoformation [48,49]. The open
porosity of the scaffolds determined by the fluid displacement method (Archimedes
Principle) was in the range of 57.21%. Figure 4(c) shows the results of the semi-quantitative
chemical analysis by EDS performed on the scaffold surface (Figure 4a). The wt% of Ca
(67.5) and P (32.5) resulted in a molar ratio of (Ca/P) of about 1.60, which is close to the
value determined from the wt% of the HAp and B-TCP phases obtained via Rietveld
refinement of 1.59.
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Figure 4. SEM of the scaffolds BCP sintered at 1100°C for 8h: (a) surface (sanded with 400 grit
sandpaper); (b) fracture; (c) semi-quantitative elemental analysis by EDS performed on the scaffold
surface resulted in a molar ratio (Ca/P) of 1.6. Ca = calcium; P = phosphorus; %wt = mass fraction; o
= mean deviation.

3.4. BCP Powder Analysis by Infrared Spectroscopy (FTIR)

The FTIR spectrum of BCP is shown in Figure 5 with observed vibrations associated
with the functional groups POs*, COs* and OH-. Bands associated with the non-degenerate
symmetric stretching mode (vi) of the POs*, group, which are related to -TCP, are
detected at 974 and 947 cm™!, while the one at 962 cm™ is assigned to HAp. The bands
associated with the asymmetric triple degenerate stretching mode (vs) of the PO+ group
and associated with the HAp phase are located at 1091, 1024 cm™, while the one at 1120
cm™ is assigned to the B-TCP phase. The triple degenerate strain mode (v4) bands of the
PO#* group, located at 631, 603 and 567 cm™ are assigned to HAp, while the one at 551 cm™!
is associated with the 3-TCP phase. The band at 470 cm™ (weak) of the doubly degenerate
strain mode (v2) of the POs+* group is assigned to the HAp phase. The bands at 632 (weak)
and 3572 cm™, which are typical of HAp, are assigned to the libration (vi) and stretching
(vs) modes of the OH- group, respectively [50,51]. Bands of the antisymmetric stretching
(vs) and deformation (v2) modes of the COs? group are detected in the range between 1400
and 1600 cm™ and at 875 cm™}, respectively [52].
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Figure 5. FTIR spectra of BCP powder obtained by calcination and milling of the fish bones. PO (POs*
), OH (OH), CO (COs*), H (Hap) and p (3-TCP). BCP = biphasic calcium phosphate.

3.5. BCP Powder Analysis by Micro-Raman

The Raman spectrum of BCP is shown in Figure 6. Characteristic bands of the PO4*
group are observed and related to the vibrational modes vi, vz, vs e vs, of the HAp and (3-
TCP phases, with a strong overlap of the bands related to these two phases occurring in
the v2, v3 e v4 modes. The bands at 430, 441 and 406 cm™ correspond to the doubly
degenerate strain mode (v2) of the (O-P-O) bond, while those located at 579, 591 and 600
cm! correspond to the triple degenerate strain mode (v4) of the (O-P-O) bond. The bands
at 1027, 1047 and 1075 cm™! are assigned to the antisymmetric triple degenerate stretching
mode (vs) of the (P-O) bond. The most intense bands in the spectrum, (highlighted), are
assigned to the non-degenerate symmetric stretching mode (vi) of the (P-O) bond. The
band at 962 cm™ is typical of the HAp phase, while those located at 952 and 972 cm™ are
assigned to the B-TCP phase. The band at 3572 cm™!, corresponds to the normal stretching
mode (vs), of the OH- group and associated with the HAp phase [53,54].
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Figure 6. Raman spectra of the BCP powder obtained by calcination and milling of the fish bones.
BCP= biphasic calcium phosphate.

3.6. Complexation of Curcumin with B-cyclodextrin (f-CD)

The curcumin-p-CD complex by the co-precipitation method showed an efficiency
value of 70% of the amount of curcumin that was initially added to the process. According
to Mangolim et al. [35], the efficiency value of complexation by co-precipitation was 74%
and, in addition, this process increased the solubility of the dye in water by 31 times,
improved its stability to light by 18%, and was also 2.7 times more stable to pH variations.

3.7. In Vitro Study of the Bioactivities of Scaffolds

The surfaces of the scaffolds before and after immersion for 28 d in SBF were analyzed
by SEM-EDS. In Figure 7(a) and 7(b), at different magnifications, the surface morphology
of the sintered scaffold is observed, whose microstructure corresponds to an intermediate
stage of sintering with the neck formation and reduction of microporosity [36]. The EDS
elemental analysis performed on the sample surface is shown in Figure 7(c). The mass
fraction (wt%) of calcium and phosphorus were used to calculate the Ca/P molar ratio of
the BCP, which corresponded to a value of 1.60, a number close to that obtained by Rietveld
refinement (1.59).

The surfaces of the scaffolds after immersion in SBF were analyzed by SEM-EDS, to
evaluate the apatite formation (CaPs) on the surface of these samples. The results are
presented in the sequence: BCP (Figure 8); BCP-CL (Figure 9) and BCP-CD (Figure 10).
After 28 d of immersion, without fluid renewal, the formation of an apatite layer was
observed on the surface of all the samples analyzed, whose morphology can be seen in the
corresponding micrographs. At higher magnifications, a morphology composed of apatite
nuclei consisting of short micro-stems was observed, as well as clusters of these nuclei,
which are characteristic of apatite nucleation and growth in SBFs solution [44].

The EDS analysis showed that the molar ratio (Ca/P) of the material precipitated on
the surface of the samples corresponded to values of 1.657, 1.657 and 1.662, respectively,
which are very close to the HAp molar ratio (1.667) and higher than that observed in the
BCP sample before immersion of 1.60. These results may indicate the dissolution of the 3-
TCP phase during the immersion process in SBF for 28 d, that is, its decomposition to form
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the apatite layer on the sample surface [37]. According to Zhang et al. [55], surface
bioactivity is related to calcium phosphate precipitation and mineralization, which are
affected by the physical and chemical properties of the surface. The processes of nucleation
and growth of apatite on the sample occur with the dissolution of its surface and
precipitation of the apatite layer [55].

In summary, we observed that after 28 d of immersion in SBF, there was nucleation
(precipitation) of an apatite layer on the surface of the three samples analyzed, with similar
characteristics and showing the bioactivity of the materials analyzed.

B spectrum 10
Wt% o

Ca 675 01

P 325 01

Figure 7. SEM images of the scaffold surface (control-BCP) sintered at 1100 °C for 2h, before
immersion in SBF: (a) and (b) morphology and microstructure of the surface and (c) EDS obtained
on the sample surface. Ca = calcium; P = phosphorus; %wt = mass fraction; o = mean deviation.
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B Spectrum 1
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Figure 8. SEM micrographs of the scaffold surface (control-BCP) after 28 d of immersion in SBF,
showing a characteristic morphology of apatite nucleation in bioactive materials: (a), (b) and (c)
images with different magnifications and (d) EDS obtained on the sample surface. Ca = calcium; P =
phosphorus; %wt = mass fraction; o = mean deviation.

Figure 9. SEM imagens of the scaffold surface (BCP-CL) after 28 d of immersion in SBF, showing a
characteristic morphology of apatite nucleation in bioactive materials: (a), (b) and (c) images with
different magnifications and (d) EDS obtained on the sample surface. Ca = calcium; P = phosphorus;
%wt = mass fraction; o = mean deviation.
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Figure 10. SEM imagens of the scaffold surface (BCP-CD.) after 28 d of immersion in SBF, showing
a characteristic morphology of apatite nucleation in bioactive materials: (a), (b) and (c) images with
different magnifications and (d) EDS obtained on the sample surface. Ca = calcium; P = phosphorus;
%wt = mass fraction; o = mean deviation.

3.8. Ex Vivo Micro-Raman Analysis of Implants

In order to investigate the optical absorption of the -TCP phase as a function of the
implantation time, the micro-Raman analysis was directed to the spectrum region
between 1000 to 900 cm™ because the 3-TCP and HAp phases are most evident in this
spectral range. The absorption spectrum of 3-TCP can be seen in Figure 6.

The behavior for the bands referring to the 3-TCP phase (Figure 11) was obtained
after performing Gaussian fits for the BCP, BCP-CL and BCP-CD groups. The bands at
972 and 952 cm™ decreased over time. When the groups are compared with each other,
the BCP group (Figure 11a) has a pronounced decrease until 30 d after implantation, with
the greatest reduction in the first 15 d. Figures 11 (b) and (c) show that in the BCP-CL and
BCP-CD groups, the decay of the B-TCP bands were less pronounced over time.
Comparing the bands of the scaffolds impregnated with free and complexed curcumin
with 3-CD. It can be seen that the decay of 3-TCP in those with free curcumin was slightly
more pronounced after 30 d them complexed curcumin with 3-CD, suggesting that the
controlled release of curcumin interfered with the decay of the bands of 3-TCP.
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Figure 11. Behavior of the areas of the adjusted bands in the Micro-Raman analysis as a function of the analyzed periods, being the
band 962 cm™! referring to HAp and the bands 972 em™ and 952 cm™! referring to B-TCP. (a) BCP, shows the most evident decay in
the first 15 d of study of the bands related to 3-TCP; (b) BCP-CL and (c) BCP-CD show that the bands related to 3-TCP did not
present evident decay in the first 15 d, but slow throughout the 60 d of study.

As observed in the behavior of the bands as a function of the analyzed implantation
times, it can be suggested that, in the scaffolds impregnated with free or complexed
curcumin, there may have been a decrease in the dissolution of the B-TCP phase. The
local increase in the ionic concentration produced by the ceramic solubility has a positive
impact on the proliferation and differentiation of osteoblasts, as well as on the bone
formation process [31,56]. However, both curcumin and (3-CD can bind to these ions,
interfering with bone formation. Bose et al. [56] suggested that curcumin has chelating
ability, and can bind to the calcium ions of HAp-based scaffolds, reducing their solubility
and affecting osteogenesis, which is induced by Ca? and POs* ions present in body fluids.
Liang et al. [57] demonstrated that the surfaces of 3-TCP crystals are positively charged,
generally due to the presence of Ca?* ions near the surfaces [57]. On the other hand, the
outer surface of the 3-CD molecules is hydrophilic, so that the OH- groups in this region
can bind to the Ca*® ions of the calcium phosphate ceramics, reducing the ionic
bioavailability, and its effect on the bone regeneration [58,59]. Based on these authors, the
results of this study suggest that 3-TCP had a slower ionic release as a result of
interactions with other molecules in the system.

3.9. Histological Study of the Implants

Osteogenesis occurred in the scaffolds of the three groups studied. There was no
difference in morphology or amount of bone tissue in the scaffolds, comparing the three
groups. First, the pores have been colonized by vascularized connective tissue from the
surrounding periosteum and dura mater. Osteogenesis occurred predominantly by
intramembranous ossification, typical of the calvaria, but the presence of hyaline cartilage
in some pores showed also endochondral ossification.

In the three groups analyzed, the microscopic analysis (Figure 12) showed, over
time, a greater frequency of pores filled with bone tissue. At 60 d of study, all pores had
some content, being mostly connective tissue in different degrees of maturation, and only
a small amount of pores, especially the marginal ones, were totally or partially occupied
by mature bone tissue. There was no complete regeneration of any defect in 60 d. Studies
have shown that the implantation of porous or non-porous biocomposites in critical-size
defects in the calvaria of rats stimulated bone formation, but without promoting complete
regeneration even after 90 d of observation [20,21,60,61].
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Figure 12. Photomicrographs of critical size defects in rat calvaria after implants with scaffolds of
BCP (A and B), BCP-CL (C and D) and BCP-CD (E and F). The animals remained with the implants
for 15 (A), 30 (C), 45 (D and E) or 60 (B and F) d. The scaffold pores of the three groups studied
were filled by cells and blood vessels (v) from the periosteum (arrowhead) and dura mater (d).
Intramembranous ossification, typical of the calvaria, was the main type. Initially, a loose
connective tissue filled the pores. A primary bone, with denser fibers, irregularly disposed, was
deposited from the margins of the pores, followed by lamellar deposition of bone matrix. In the
three groups studied, the presence of pores filled with hyaline cartilage was occasionally observed
(c). In (A), a panoramic view of a BCP scaffold shows most of the still empty pores and filled
peripheral pores. On the dural surface, the (*) indicates bone formation (nb) in the dura mater. In
(B) observe the detail of collagen deposition in the pores. The numbers 1, 2, and 3 (B and C) indicate
the gradation in the ossification process. The pore (1) shows the beginning of densification of the
loose connective tissue, in (2) larger collagen fiber deposition in the periphery of the pore (primary
bone tissue), and in (3), the pore filled with mature lamellar bone. At 45 (D and E) and 60 (B and F)
d, more central pores presented colonized by connective tissue, but with little lamellar bone
formation. In (E), the detail of a pore in the process of ossification. BCP = biphasic calcium
phosphate; CL = free curcumin; CD = curcumin complexed with cyclodextrin; d = dura mater; nb =
new bone; arrow head = periosteum; v = blood vessel; c = cartilage. Staining: hematoxylin and eosin.
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According to the literature, curcumin is not an inert molecule for bone tissue. In in
vivo studies, it has been demonstrated potential biological activity on bone tissue.

When administered intraperitoneally, curcumin stimulated bone formation in the
rat model of femoral fractures [62]. After oral use, it had positive effects on osteoporosis,
attenuating bone lesions [38] and osteopenia, with improvement in bone mineral
density [32]. The implantation of curcumin-impregnated scaffolds in a rat distal femur
fracture model stimulates bone matrix mineralization, in addition to improving
osteogenic and angiogenic capacity in bone regeneration [56].

Although the role of curcumin in bone metabolism is controversial, studies have
shown that the use of curcumin, similar to BMP-2 and growth factors, can induce
osteoblastic differentiation [31,63,64] and increase the expression of osteocalcin, a
marker of bone formation, and has a regulatory role in bone resorption [31,38]. In
contrast, Notoya et al. [65] demonstrated that curcumin inhibits the proliferation of
osteoblastic cells from the calvaria of rats, inducing the death of human cancerous
osteoblasts.

In this study, we expected a better bio performance of the scaffolds with curcumin,
considering the already known osteogenic potential of BCP, especially by the 3-TCP
phase, in addition to the described biological activity of curcumin on bone tissue. We
believed that the slow release of curcumin complexed with 3-CD could potentiate, in a
controlled manner, the osteogenic stimulus in the scaffolds. The micro-Raman results
showed that B-TCP dissolution was slower in curcumin-impregnated scaffolds,
however, this was not reflected in vivo osteogenesis. Based on the literature [56,57], we
can infer that after its dissolution, the ions of the B-TCP molecule were captured by
curcumin itself, compromising its availability for bone formation.

4. Conclusions

Bones from the Nile tilapia are an excellent source for obtaining and producing
natural bioceramics. In this study, the BCP used presented the physical-chemical and
structural characteristics for a good biomaterial. The presence of free curcumin and
complexed with $-CD in BCP demonstrated the ability to induce bone-like apatite
crystallization in vitro, with results similar to BCP control. In vivo, qualitative analysis
showed that the incorporation of curcumin did not provide additional effect to the
studied bioceramics. However, the decrease in the release of 3-TCP phase with the
presence of curcumin, and especially the one complexed with 3-CD, may be an
interesting feature for bone tissue engineering, and could also be an alternative for the
development of a prolonged release system of 3-TCP phase.
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Resumo

As agroindustrias produzem grandes quantidades de residuos que, se n&o geridos
corretamente, podem suscitar uma série de impactos, tanto ambientais como de
saude publica. O beneficiamento e processamento desses residuos mostram-se
como uma grande oportunidade de desenvolvimento de subprodutos,
transformando-os em outros produtos comercializaveis. Segundo a Associagéo
Brasileira de Reciclagem Animal (ABRA), em 2019 o Brasil processou mais de 11
milhdes de toneladas de residuos bovinos, suinos e subprodutos de aves, sendo

aproveitados, principalmente, aparas de tecidos animais, cartilagens, sebo e
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ossos. O sulfato de condroitina (SC), polimero natural, soluvel em agua, de alto
valor agregado, constituido de cadeias repetidas de mucopolissacarideos, e
encontrado nas cartilagens de aves e maioria dos mamiferos, pode ser utilizado
na industria de medicamentos, alimentos, cosméticos, entre outros. Na forma
medicamentosa, o SC apresenta agcao anticancer, antioxidante e anti-inflamatéria,
atuando na reparacgao e regeneracgao 6ssea. Ainda dentro da medicina, apresenta
atividade promissora no campo da oftalmologia. No ramo da estética, pode ser
utilizado na engenharia de tecidos da pele, com efeitos positivos no
rejuvenescimento facial, além de seu uso em nanotecnologia, atuando na
distribuicao controlada de farmacos. Considerando os beneficios do SC para
saude humana, essa revisdo ira explanar a respeito desse ativo largamente
utilizado nas industrias e com diversos beneficios para o homem. Também
delineara a importancia do aproveitamento dos residuos de abate de animais na
reducdo do impacto negativo sobre o meio ambiente e na sua transformagéo em
outros produtos comercializaveis, podendo gerar produtos altamente rentaveis

para a industria.

Palavras-chave: Cartilagem, Osteoartrite, Reciclagem, Residuos agroindustriais,
Sulfato de condroitina.

1. Introdugao

O processamento de alimentos resulta em uma fracdo de residuos que,
devido as suas caracteristicas organicas, merecem toda a atengdo das
autoridades de vigilancia sanitaria e ambiental. O problema da destinagao dos
residuos de origem animal, tais como restos de carnes, aparas de tecido animal,
cartilagens, sebo e ossos, se ndo destinados corretamente, podem gerar uma
série de impactos, tanto ambientais como de saude publica, sendo necessaria
uma gestdo adequada dos mesmos. Dessa forma, quanto melhor o
aproveitamento desses residuos, transformando-os em outros produtos
comercializaveis, menor sera o impacto sobre 0 meio ambiente e maior sera a
valorizacdo do sacrificio animal [1]. Dentre os diversos processos de

aproveitamento, a reciclagem de produtos carneos torna-se uma metodologia
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relevante para a industria quando gera subprodutos de alto valor agregado, como
o sulfato de condroitina (SC).

O sulfato de condroitina € um heteropolimero anidnico linear de acido D-
glicurénico e N-acetil-D-galactosamina. E encontrado nas cartilagens da maioria
dos mamiferos, sendo que as posi¢des mais comuns do radical sulfato (que
determina qual o isémero formado) sdo o carbono 4 e 6 da N-acetil-D-
galactosamina, resultando assim a condroitina-4-sulfato ou a condroitina-6-
sulfato, respectivamente [2].

Na forma medicamentosa, apresenta agao antioxidante e anti-inflamatoria,
atuando na reparagdao Ossea durante o processo de ossificagdo, sendo
largamente utilizada no tratamento da osteoartrite. Apresenta grande potencial na
melhora da regeneragédo Ossea. Ainda dentro da medicina, apresenta-se como
opgdes promissora no campo da oftalmologia e estética, além de seu uso em
nanotecnologia, atuando na distribuicdo controlada de farmacos.

Esta revisdo ira abordar o tema relacionado ao aproveitamento dos
residuos gerados pela agroindustria e seu impacto sobre 0 meio ambiente, além
da transformacdo destes em produtos que apresentam valor agregado
significativo, como é o caso do sulfato de condroitina, que pode ser obtido por
meio de residuos do abate de animais e que apresenta diversos beneficios para

a saude.

2. Gerenciamento de residuos agroindustriais

O descarte inadequado de residuos sdélidos tem gerado preocupagdes a
sociedade e aos o6rgaos competentes. O gerenciamento ineficiente desses
residuos apresenta alto grau de agravamento dos problemas ambientais em
varios municipios brasileiros. O desenvolvimento tecnolégico e incentivo ao setor
agroindustrial tem gerado e langado no ambiente toneladas de residuos advindos
tanto das praticas agricolas, como da pecuaria e da agroindustria, aumentando
exponencialmente nos ultimos anos [3].

Atualmente, as industrias estdo preocupadas em alcancgar e apresentar o
correto gerenciamento dos residuos de acordo com a politica adotada pelas
empresas, controlando os impactos sobre o meio ambiente que as atividades,

produtos e servigos podem causar. Devem atuar dentro do contexto da legislagao
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vigente, que a cada dia torna-se mais exigente, do desenvolvimento de politicas
econdmicas, das medidas de protecdo ao meio ambiente e da crescente
preocupacao relacionada aos assuntos ambientais e ao desenvolvimento
sustentavel [4].

Em 2019, segundo a Associagéo Brasileira de Reciclagem Animal (Abra),
o Brasil processou mais de 11 milhdes de toneladas de residuos bovinos, suinos
e subprodutos de aves, movimentando cerca de R$ 8,3 bilhdes, contribuindo para
a reducao do impacto ambiental causado pela destinacdo inadequada de residuos
in natura, evitando, a proliferacdo de doencgas, bactérias e virus [5].

Se nao geridos corretamente, os residuos de abatedouros podem causar
graves problemas ambientais. A maioria destes residuos sao altamente
putrificaveis, podendo acarretar contaminagdes e odores se ndo processadas
rapidamente. Observado pelo lado econdmico e ambiental, a maioria dos residuos
gerados no abate animal pode ser transformado em produtos comerciais,
incluindo os comestiveis (destinados a alimentagcdo humana), semiprocessados
(utilizados como matéria-prima de outro produto alimenticio) ou destinados a
outras aplicagdes, tais como farinhas para ragdo animal, produtos farmacéuticos,

cosmeéticos, entre outros [6,7].

Segundo Pardi et al. [7], as fontes e os residuos das industrias de carne

podem ser agrupados, conforme a Tabela 1.

Tabela 1: Fontes e residuos decorridos do abate de bovinos, suinos e aves.

FONTES RESIDUOS DESPEJADOS
Curral Esterco
Sala de abate Sangue, residuos de carne, cartilagens e gordura

Depilacao, depenagem | Pelos, penas e materiais terrosos

Triparia, bucharia Conteudo de estdbmagos, intestinos, gordura
Preparo de carcacgas Residuos de carne, gordura, cartilagens e sangue
Fusao de gordura Liquidos ricos em gordura

Subprodutos Gorduras e residuos ndao comestiveis

Fonte adaptada [7].
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Para as agroindustrias alcangarem um sistema de tratamento de residuos
eficaz, a adequada destinacdo destes é essencial para que os objetivos sejam
totalmente alcangados. Como as agroindustrias processam diferentes produtos de
origem animal e vegetal, estas geram uma grande variedade de residuos, que
podem ser destinados a diferentes processos de aproveitamento. Segundo [10],
as principais formas de destinagao dos residuos de origem animal incluem aterros,
enterramento, compostagem, queima, incineracao e reciclagem [8-10].

Na agricultura, a metodologia da reciclagem tem se destacado como uma
das melhores opgdes de utilizacdo dos residuos, tanto pela maior facilidade em
estar de acordo com as normas sanitarias e ambientais, como pela viabilidade
econdmica, desde que os residuos atendam padrées minimos de qualidade [11].

A opcédo menos indicada para a destinagdo dos residuos sdo os aterros,
pois a lenta decomposi¢gdo organica nao atinge a temperatura ideal para
eliminagdo das bactérias e esporos resistentes ao calor, favorecendo a
proliferagdo de roedores e insetos, odores desagradaveis, gases inflamaveis
(metano) e a possibilidade de contaminagcdo de aquiferos pelo chorume. O
aterramento, apesar de ser uma utilizada a séculos para a disposigao final de
animais, gera preocupagdes sobre possiveis contaminagbes de aguas
subterraneas e outros fatores ambientais, sendo uma pratica banida em alguns
estados brasileiros [10].

A compostagem é um processo de reciclagem e aproveitamento dos
residuos gerados, estabilizando a matéria organica em formas mais simples, com
reducao de solidos, massa e volume, além de gerar fertilizantes organicos. Este
processo ocorre basicamente em trés fases, a mesdfila, a termodfila e de
maturacdo, que determinam os intervalos de temperatura no processo de
compostagem, as quais sado caracterizadas por diferentes grupos de micro-
organismos [12,13].

A queima de carcacas e outros tecidos ndo sdo compativeis com o meio
ambiente devido a liberagdo de dioxinas, odores desagradaveis e outros
poluentes atmosféricos [14].

Para a estabilizacédo e eliminagcdo de materiais perigosos, como as
carcagas de animais mortos, principalmente em paises onde ocorre a
encefalopatia espongiforme bovina, conhecida como a doenga da vaca louca, a

incineracdo mostra-se como um processo ideal para eliminagdo destes,
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convertendo matéria organica em inorganica e eliminando quaisquer tipos de
organismo patogénico [10].

A reciclagem apresenta-se como melhor via de destinagao, tanto ambiental
e de saude publica como econdmica, acentuando a qualidade ambiental e os
ciclos biolégicos e, portanto, € a forma mais viavel de disposicéo final dos
residuos. Este processo consiste na transformacao de restos animais em sebos,
Oleos, farinhas, adubos, matérias-primas para industria de medicamentos e
cosmeticos, entre outros. Segundo [14], reciclar residuos de origem animal
contribui com o conceito Zero (que conduz a emissao zero), ou seja, que OS
residuos de uma industria constituem matéria-prima de outra seguinte na cadeia
produtiva, implicando em aumento dos conhecimentos sobre os possiveis usos

dos residuos e suas respectivas formas de aproveitamento e tratamento [14,15].

3. Sulfato de condroitina

O SC é um polimero natural soluvel em agua altamente purificado de
cadeias repetidas de moléculas denominadas mucopolissacarideos, sendo um
dos principais componentes da matriz extracelular de muitos tecidos conjuntivos,
incluindo cartilagem, osso, pele, ligamentos e tenddes. E uma glicosaminoglicana
monossulfatada de cadeia longa, sendo que seu comprimento médio pode variar
de um tecido para outro ou mesmo dentro do mesmo tecido. Em geral, a massa
molecular das cadeias de SC pode diminuir com o avangar da idade, estresse ou
danos na cartilagem articular [16-19].

O SC é um heteropolimero anidnico linear de acido D-glicurénico e N-acetil-
D-galactosamina. O primeiro a descrever o SC foi Levene em 1925, propondo que
seus constituintes eram o acido D-glicurénico, D-galactosamina, acido acético e
sulfurico. Porém, a estrutura correta foi elucidada posteriormente, sendo
constituida por unidades repetidas de $1-4 acido-D-glicurénico e 1-3 N-acetil-D-
galactosamina. Além disso, demonstrou-se que nos mamiferos as posi¢cdes mais
comuns do radical sulfato (que determina qual o isémero formado) sdo o carbono
4 e/ou 6 da N-acetil-D-galactosamina, resultando assim a condroitina-4-sulfato ou
a condroitina-6-sulfato, respectivamente [2,20,21].

A condroitina-4-sulfato é conhecida como SC A e a condroitina-6-sulfato de
SC C (Fig. 2). O SC B ¢é o sulfato de dermatana, apresentando algumas diferengas

estruturais. Dentre essas diferencas tem-se a 5-epimerizagcdo do acido D-



42

glicurénico a acido L-idurbnico e a O-sulfatagcdo no C4 e C6 da N-acetil-D-
galactosamina e no C2 do acido L-idurénico. Além disso, uma forma desse
composto pode ser nao-sulfatada, sendo que estes isbmeros apresentam
distribuicdo diferenciada entre os tecidos, dependendo da idade e do estado de
saude do organismo [21-23].

A B
COOH COOH
..... OH o OH HOM
NHCOCH, NHCOCH,
C
OH 5 H,0H B
0
0
= COOH |30S0.
OH
NHCOCH,

Figura 2: Estrutura quimica do Sulfato de Condroitina [24].

As cadeias de SC possuem carga negativa, devido a presenga de enxofre.
Sao moléculas hidrofilicas, que capturam moléculas de agua, dando a cartilagem
caracteristica de uma esponja. Assim, quando a articulagdo esta relaxada, a
cartilagem tem a capacidade de absorver o liquido sinovial presente na capsula
articular. Quando comprimida, este € espalhado pela articulagdo promovendo a
lubrificacdo, nutricdo e eliminagdo de substancias. Assim, € um importante
constituinte da matriz extracelular da cartilagem, conferindo desejaveis
propriedades mecanicas para a mesma [18,25,26].

Atualmente, diversas metodologias existem para extrair e isolar o SC a
partir de tecidos animais. Geralmente é realizada a digestdo enzimatica dos
tecidos para extragao das proteoglicanas e posterior purificacédo do SC, variando
principalmente fatores como temperatura, pH, concentracao das enzimas e tempo
necessario para cada reagao de acordo com o tipo e origem do tecido. Dentre os
subprodutos gerados nas agroindustrias de abate animal e que podem ser
utilizados na produgao do SC, é possivel citar a cartilagem de peixes, esterno de

aves, a cartilagem da escapula e traqueia bovina e suina, entre outros [21].
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O SC apresenta beneficios em diversas doencas, tanto isolado como
combinado com outras substancias ativas. Evidéncias, que serao citadas a seguir,
mostram esses beneficios na reparagao 6ssea, no tratamento da osteoartrite, em
cirurgias de cataratas na oftalmologia, além de sua agdo antioxidante, anti-
inflamatoria, anticancer. No ramo da estética, pode ser utilizado na engenharia de
tecidos da pele, com efeitos positivos no rejuvenescimento facial, além de seu uso

em nanotecnologia, atuando na distribui¢ao controlada de farmacos.

3.1 Osteoartrite

A osteoartrite é a mais frequente causa de doenga crbnica
musculoesquelética afetando principalmente quadris, joelhos, maos e pés, sendo
caracterizada pela perda de cartilagem, remodelagdo Ossea e inflamagdo da
membrana sinovial. E considerada a maior causadora de limitacdo das atividades
diarias na populacédo idosa. Na osteoartrite, a degradagdo da cartilagem e a
proliferagao sinovial resultam em dor e rigidez das articulagées. O SC proporciona
beneficios como reducdo da deterioragdo da cartilagem, melhorando dores e
inflamacéo local [27,28].

O SC aumenta a produc¢ao do acido hialurénico presente no liquido sinovial,
mantendo a viscosidade deste, estimulando o metabolismo dos condrdcitos,
aumentando sintese de colageno e proteoglicanos. Além disso, é caracterizado
pelo inicio lento de agdo, porém com uma eficacia global na redug¢ao de sintomas
de osteoartrite semelhantes aos anti-inflamatérios e com menores efeitos
adversos. Inibe a deterioragao da cartilagem e ajuda a manter o equilibrio entre
0s processos de catabolismo e anabolismo da cartilagem, melhorando a fungao
motora da articulagdo, reduzindo dores e inflamagbes. Seu uso tem sido
associado ao aumento da densidade mineral 6ssea, além de ser responsavel por
reduzir o risco de ocorréncia de fraturas [29,30,31]

A Tabela 2 apresenta alguns estudos clinicos mostrando os efeitos
positivos do SC no manejo da osteoartrite

Tabela 2: Estudos mostrando a eficacia do SC na osteoartrite.
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. Populacéo e
Estudo Investigacao . Resultados
duragao

. O tratamento com SC e
604 pacientes com

] SC 800mg/dia x _ celecoxibe reduz a escala
Reginster . osteoartrite nos
celecoxibe . VAS e LI, aumenta o
JY et al . joelhos.
200mg/dia x . MCII, com melhora
[32]. Investigagéo por 6 . .
placebo. evidente dos sintomas da
meses.
doenga.

SC proporcionou menor
perda de volume da
cartilagem versus

138 pacientes com celecoxibe.

i SC 1200mg/dia x  osteoartrite nos SC e celecoxibe reduz
Pelletier JP . . o )
celecoxibe joelhos. incidéncia do inchaco e
et al [33]. _ L _ .
200mg/dia. Investigagéo por efusédo articular e
24 meses. melhora a dor, funcao

articular e qualidade de

vida.

CS melhora os sintomas
22 pacientes com

Kahan etal CS 800mg/diax  osteoartrite.

[34]. placebo. Investigagéo por

da dor, de acordo com a
escala VAS e subescala
de dor do indice WOMAC

versus placebo.

104 semanas.

SC = sulfato de condroitina; VAS = escala analoga visual; LI = indice Lequesne; MCII = melhora

minima clinicamente importante; WOMAC = McMaster Universities Osteoartritis Index

De acordo com Reginster et al [32], a utilizagdo do SC apresenta resultados
semelhantes a anti-inflamatérios como o celecoxibe no manejo da osteoartrite,
reduzindo a dor e melhorando a fungao articular ao longo de seis meses de
tratamento, podendo ser considerado uma terapia de primeira linha na melhora

da doenca.

O impacto positivo do sulfato de condroitina no tratamento da osteoartrite

foi confirmado por estudos de revisdo, demonstrando resultados favoraveis
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quando comparados ao placebo. A sua associagdo com o sulfato de glucosamina
demonstra efeito sinérgico, na qual um melhora a eficacia do outro. A prépria
natureza dos dois atua como componentes estruturais da cartilagem, suportando
fortemente a hipétese de prevencédo ou inicio tardio da doenga. Além de auxiliar
na redugao da dor, pesquisas demonstraram que, por si s6 ou em combinagao,
ambos retardaram a progressao da degeneragao das articulagdes, estimulando a
producao de nova cartilagem, aumentando o espacgo da articulagéo (ou reduzindo
o estreitamento do espaco articular), com atividade anti-inflamatéria e melhorando
a mobilidade, desempenhando papel importante no retardo do desenvolvimento
da osteoartrite [35,36].

3.2 Regeneragao 6ssea

Na regeneragdo 6ssea, os glicosaminoglicanos sulfatados, como € o caso
do SC, se ligam diretamente aos receptores na superficie dos osteoblastos ou
matriz éssea, como a integrina e nas células pré-osteoclasticas e inibe a
diferenciacdo em osteoclastos, regulando a diferenciacédo 6ssea. O SC tem
potencial no tratamento de defeitos Osseos, principalmente quando esta
combinado com compdsitos a base de fosfato de calcio. Em relagdo ao
mecanismo de acao, observa-se principalmente o efeito inibitério do SC na
diferenciag¢ao de osteoclastos [37,38].

Para melhorar a regeneragao 6ssea, é interessante a adicdo de fatores
osteogénicos ou osteoindutores. O SC esta envolvido na formagado e
mineralizagao Ossea, auxiliando na ligacao de osteoblastos e osteoclastos a
matriz éssea, além de interagir com células 6sseas via integrinas ou receptores
especificos da superficie celular, influenciando o crescimento, a migracao e a
diferenciacao celular. Além disso, sua incorporacdo aos biomateriais utilizados
para defeitos 6sseos contribuiu para melhorar a remodelacédo 6ssea e aumentar
a formacao de osso novo [38].

Estudo demonstrou que o uso do SC em associacdo a fatores de
crescimento como a BMP-4 (proteina morfogenética éssea-4), além de aumentar
a formacao 6ssea, promoveu o aumento da mineralizagao das células. Também,
observou-se maior grau de formagéo 6ssea quando foi utilizado implante de titanio

com SC tanto sozinho como associado ao BMP-4 [37].
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A sulfatacéo das glicosaminoglicanas, como o SC, apresentou capacidade
em controlar a homeostase das células 6sseas e, ao mesmo tempo, promoveu a

osteogénese, com um perfil favoravel na remodelagéo éssea [39].

3.3 Oftalmologia

Wang et al [40] estudaram o efeito de reticulagdo do sulfato de condroitina
em modelo de ceratocone em coérnea de coelhos. Os resultados demonstraram
que a utilizacdo do SC pode tratar ou prevenir qualquer ectasia da cornea,
melhorando a mecénica normal e restaurando a densidade e o alinhamento do
colageno nas coérneas, sem causar apoptose extensa de ceratécitos e
suprarregulagao do gene pro-inflamatorio.

A ceratoconjuntivite seca é caracterizada por secura cronica e bilateral da
coérnea e da conjuntiva, devido principalmente a um filme lacrimal inadequado.
Dentre os principais sintomas, pode-se incluir coceira, queimacao, irritacdo e
fotofobia. O SC, devido a sua alta viscosidade e capacidade de se manter por
mais tempo na superficie ocular, auxilia na redugédo dos sintomas relacionados a
ceratoconjuntivite seca, sendo utilizado desde a década de 80 como lubrificante
ocular no tratamento sintomatico da insuficiéncia lacrimal [41].

Outra utilizacdo do SC ¢é no tratamento para ulceras de cornea,
apresentando efeito de restauragdo devido ao estimulo da sintese de
proteoglicanos, além de reduzir o processo inflamatério e inibir a plasmina, uma
enzima fibrinolitica encontrada nas cérneas lesadas [42,43]. Ranzani et al [44]
realizaram um estudo no tratamento de ulcera de coérnea induzida em coelhos,
mostrando que a utilizagdo de um colirio contendo 20% de SC e 0,3% de
ciprofloxacino apresentou sinais clinicos semelhantes ao tratamento apenas com
colirio de ciprofloxacino 0,3%, porém com melhora significativa da organizagéo do
tecido estromal, caracterizando sua agao sobre o tecido composto por colageno.

A vitrectomia € um procedimento cirdrgico em que o humor vitreo é
acessado, podendo ser substituido por um gas ou liquido. Apesar de ser usado
em diversos problemas oftalmicos, as indicagcbes mais frequentes sdo o
descolamento da retina e a hemorragia vitrea. Em 2020, Siegel et al [45],
demonstraram que o uso intraoperatério de um colirio contendo 4% de sulfato de
condroitina e 3% de hialuronato de so6dio em cirurgia de vitrectomia esta associado

a menos inchaco da cérnea, sendo particularmente importantes em casos onde
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sao dificeis de minimizar os fatores que levam ao aumento edema da cornea,
como pressodes intraoculares mais altas e tempos operatérios mais longos.

Outra utilizacdo do SC em oftalmologia € a preservagao de corneas para
transplantes. Antes do procedimento, as cdérneas explantadas devem ser
armazenadas, sendo que o uso de conservantes com SC e dextrana sao
amplamente utilizados, mantendo a barreira endotelial funcional e a viabilidade do
endotélio em até 21 dias [46,47].

3.4 Estética

O envelhecimento € um processo natural, e a pele um marcador ideal da
idade cronolégica, sendo sua aparéncia determinada principalmente pela sua
textura, coloracgéo, elasticidade, produgao de sebo, entre outros. Por ser um érgéo
exposto, a pele esta sujeita aos danos ambientais, especialmente os causados
pelas radiagdes ultravioletas, radicais livres, componentes toxicos e alérgicos,
danos mecanicos e por fatores endégenos, como predisposi¢ao genética, estado
imune e hormonal e estresse [48].

O SC, clinicamente apresenta potencial na regeneragao da pele, sugerindo
que este melhora o envelhecimento epitelial. Estudo mostrou que o tratamento
com SC aumentou a proliferacdo de queratinécitos e fibroblastos, além de
estimular a migragdo e sintese de componentes da matriz extracelular. Uma
analise utilizando um modelo de ferida de pele e um de pele envelhecida revelou
que o SC induziu a expressao do procolageno do tipo |, promovendo a cicatrizagao
e regeneracéo de feridas de pele [49,50].

Em individuos com fotoenvelhecimento facial, os niveis séricos de elastase
2, de neutrdfilos, elastina e proteinas carboniladas estdo aumentados, enquanto
0s niveis de acido hialurénico e fibronectina estdo reduzidos, sendo estes
resultados associados a menor hidratagao, tonicidade e elasticidade da pele, além
de aumento do pH e sebo. A utilizagdo oral de um suplemento a base de sulfato
de condroitina, sulfato de glucosamina, colageno, acido hialurénico, pycnogenol e
coenzima Q10 proporcionou melhora significativa na pontuagdo de
fotoenvelhecimento, hidratagdo da pele, sebo e tonicidade mesmo apds duas

semanas apos o término do periodo de 4 semanas de estudo [51].

3.5 Anti-inflamatério
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O SC apresenta ¢tima atividade anti-inflamatoria, embora seja menos
eficaz que certos anti-inflamatérios como a indometacina e o ibuprofeno, de
acordo com as doses utilizadas. Uma das principais vantagens de utilizar o SC ao
invés de anti-inflamatoérios convencionais € que este ndo apresenta efeitos
nocivos ao estdbmago, plaquetas e rins, e sua utilizagdo pode ser mantida durante
anos sem apresentar efeitos colaterais relevantes. Ressalta-se ainda que o SC
apresenta maior acado em processos inflamatorios, enquanto sua atividade no
aspecto vascular é menor. Estudos mostram que a atividade anti-inflamatoria do
SC pode ser confirmada pela alteragao de parametros bioquimicos no liquido
sinovial em pacientes com osteoartrite [52].

O SC apresenta capacidade em reduzir os processos inflamatorios,
atuando na translocacdo nuclear do NF-kB (Fator nuclear kappa B), que esta
intimamente associado aos biomarcadores sanguineos da inflamagéo,
principalmente a interleucina (IL)-1, IL-6 e proteina C reativa [53].

Essas citocinas pré-inflamatérias regulam as respostas inflamatérias e
imunes e desempenham um papel importante na artrite, sendo que em modelos
da doenca sao encontradas de forma consistente a expressado da IL-13 e IL-6,
aléem de outras citocinas pro-inflamatérias importantes e quimiocinas.
Particularmente, a IL-1p promove a destruicdo da cartilagem e do osso, enquanto
a IL-6 é produzida por células capazes de estimular a resposta inflamatoria [54].
A administragdo do SC apresenta a capacidade em reduzir de forma significativa
a produgao dessas citocinas pro-inflamatérias em toda a fase aguda, como no
periodo crénico. Devido a sua capacidade em diminuir as citocinas pro-
inflamatdrias, o SC também reduz a concentracio de proteina C reativa no plasma
[55].

Com relacao aos neutroéfilos, considerados importantes em modelos de
inflamacéao, o SC foi capaz de reduzir a atividade fagocitica e a explosao oxidativa

intracelular dos mesmos [56].

3.6 Antioxidante
Os glicosaminoglicanos, principalmente o SC e o acido hialurénico,
mostram propriedades antioxidantes, tanto in vitro quanto modelos experimentais

in vivo. Existem varias hipoteses sobre o0 mecanismo antioxidante do SC. Karlsson
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et al. [57] descobriram que os glicosaminoglicanos sulfatados eram responsaveis
pela ligacdo da superdxido dismutase extracelular (E-SOD), sugerindo que o
complexo pode proteger as células de mamiferos contra os danos dos radicais
livres.

O SC tem a capacidade de prevenir a oxidacdo do colesterol LDL
(lipoproteina de baixa densidade), HDL (lipoproteina de alta densidade) e VLDL
(lipoproteina de muito baixa densidade) por metais como o cobre, de inibir a
peroxidacgao lipidica, principal mecanismo capaz de destruir membranas celulares
e gerar novas espécies de radicais livres, além de restaurar os antioxidantes
endoégenos, como o superéxido dismutase (SOD), catalase (CAT), glutationa
redutase (GSH), glutationa peroxidase (GPx), vitamina E, entre outros. Ao reduzir

as reagdes oxidativas, o SC limita os danos e degradagdes ao DNA [58].

3.7 Anticancer

O SC também pode ser usado diretamente como agente anticancerigeno
ou como alvo no tumor para outros quimioterapicos e pode ser desenvolvido como
uma nova classe de agentes terapéuticos. Apresenta capacidade de interagir com
fatores de crescimento, quimiocinas, citocinas e seus receptores de superficie
celular. Desta forma, esta envolvido no controle de diversos processos celulares,
como adesédo, proliferacdo, diferenciagdo, migracdo e apoptose celular,
conferindo efeitos antiangiogénicos durante a progresséao do tumor [59].

Estudo in vitro sugeriu que a suplementacdo com SC e sulfato de
glucosamina pode reduzir os riscos de cancer colorretal, reduzindo a proliferacao
e induzindo a apoptose de células cancerigenas, sem afetar as células normais
[59, 60].

Os gliomas sao a forma mais comum e maligna de tumores cerebrais,
apresentando alta taxa de mortalidade Estudo avaliou os efeitos de glicoproteinas
e glicosaminoglicanos em culturas de células de glioma humano, demonstrando
reducdo da proliferagdo celular em 40% na presenga de SC e colageno tipo |
[61,62].

Além disso, no desenvolvimento de tumores, varias proteoglicanas
(incluindo o SC) sao expressas e depositadas na matriz extracelular durante o
crescimento do tumor, participando da estrutura da matriz extracelular, modulando

o comportamento das células. Foi sugerido a utilizagdo do SC como alvo para
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entrega de drogas anticancer em lipossomas catidnicos, representando uma
estratégia para evitar o crescimento local e metastases de células tumorais
[63,64].

3.8 Nanotecnologia

O revestimento de farmacos utilizando materiais poliméricos sao
frequentemente utilizados para obtencdo de controle efetivo de liberacdo de
farmacos das formas farmacéuticas, proporcionado 6tima reprodutibilidade [65].

A utilizag&o de revestimento das formas farmacéuticas apresenta diversas
fungdes, incluindo disfarcar sabores/odores desagradaveis, melhorar a aparéncia
da formulacdo, protecdo dos ativos frente os fluidos gastricos, aumento de
estabilidade, entre outras vantagens, sendo que a de maior interesse € o
desenvolvimento de formas farmacéuticas revestidas para liberacdo de farmacos
em sitios especificos com alto grau de especificidade [66,67].

Os materiais utilizados devem permitir acessibilidade das enzimas
produzidas pela microflora colbnica, garantindo a liberagdo do ativo no sitio alvo
especifico. O SC possui particularidades sugerindo que este apresenta potencial
aplicacao na formacao de materiais, com resultados promissores no transporte de
farmaco para liberagdo especifica no intestino grosso, onde ha bactérias
anaerdbicas em abundancia, as quais degradam o SC. Porém, sua elevada
solubilidade é um dos fatores limitantes de sua aplicagao, sendo que a modificacao
quimica a partir da reticulacao é alternativa capaz de reduzir a elevada solubilidade
sem comprometer a sua biodegradabilidade frente a microflora colénica (PI
0705572-2 A2) [68].

4. Consideragoes finais

Os residuos agroindustriais tem sido alvo de estudos por diversos anos,
sendo realizadas pesquisas com o objetivo de encontrar meios conscientes e
responsaveis para a utilizagcdo destes materiais. Do ponto de vista ambiental,
atenuar o impacto causado pelos residuos é considerado de alta importancia,
valorizando, assim, o meio ambiente e reduzindo o acumulo de residuos no

ecossistema.
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Dentro da industria de abate animal, como matadouros, abatedouros e
frigorificos, que se enquadram nas agroindustrias, a geracao de residuos animais
como visceras dos animais abatidos, fragmentos carneos, sangue, conteudo
intestinal, pelos, 0ossos, penas, gorduras e aguas residuais € inerente a atividade
de producao e comercializagdo de carne para consumo, podendo se tornar um
grande desafio para o setor se ndo geridos corretamente, causando grandes
impactos ambientais e sociais. Do ponto de vista econbmico e ambiental muito
destes produtos residuais podem ser transformados em subprodutos uteis para
consumo humano e animal, industria de racbes ou fertilizantes, além de
compostos ativos para a industria de medicamentos, cosméticos, entre outros,
agregando valor ao produto e, ainda, reduzindo os custos para tratamento dos
residuos, em caso de descarte.

O SC é um glicosaminoglicano presente na substancia fundamental dos
tecidos conjuntivos de vertebrados, principalmente nas cartilagens, sendo sua
principal fonte os tecidos cartilaginosos que séo considerados residuos do abate
animal. E uma excelente opgcdo no tratamento das doencas articulares
degenerativas, como a osteoartrite, sendo seu uso ja consagrado em todo o
mundo, com grande relevancia na literatura médica internacional. Vale lembrar
qgue o presente trabalho mostrou outros pontos positivos do SC, como suas acdes
anti-inflamatérias e antioxidantes e suas propriedades benéficas no ramo da
oftalmologia, como agente no combate ao cancer, além de seu uso na medicina
estética. Portanto, o SC, ativo largamente utilizado e rentavel para as industrias,
proporciona relevantes beneficios para saude humana e é resultante do
aproveitamento dos residuos de abate de animais, proporcionando reducédo do

impacto negativo dos mesmos sobre o meio ambiente.
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