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Abstract

Biomaterials and their use as implant coatings have been evaluated focusing on
biocompatibility, biodegradability and constructive responses in terms of
osseointegration, cell proliferation and cell adhesion. Biomaterials from natural (protein
and polysaccharide) and synthetic (metallic, polymeric, ceramic and composite) sources
have been identified. The role of biomaterials and implant coatings in the body through
in vivo and in vitro experiments has been highlighted. In addition, methods for
activating the surface of implants such as mechanical, chemical and physical ones are
presented, as well as the classification of the deposition procedures but also of the
interactions with the living system. This review addresses a topic with future challenges
and perspectives in the biomedical field with the well-defined goal of maintaining and
enhancing tissue elasticity, facilitating the healing of diseases suffered by patients and
developing innovative materials capable of replacing or regenerating affected tissues.

Keywords: biomaterials, implants, nanoparticles, cell membrane, cellular behavior,
regenerative medicine, tissue engineering

Introduction

Bone replacement is one of the most controversial methods of bone
regeneration in orthopedic surgery. In the medical field it is necesary to develop
materials as closest as possible to chemical composition and structure of natural
bone that favors faster healing with minimal side effects. The bone makes up the
entire skeleton of the human body and is one of the largest organs that perform the
functions of movement, support, mineral intake and protection. It also has the
ability to reshape and self healing [1-7] that means absorption of old or damaged
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bone tissue occurs at the same interface where osteoblasts produce new bone to
replace resorbed bone. However, in the critical cases when the bone pathology is
severely damaged, self-healing is not enough. Thus biomaterials capable of
substituting or regenerating the affected tissues have been developed [8-10].

To understand what biomaterials mean and their role, the scientific
community defines them as materials created in various forms such as fillers,
implants, devices, catheters, nanoparticles, tubes, plates, wires and others that are
intended to treat some diseases but also to partially or totally replace tissues or
organs that come into contact with the body system [11]. Their use in medicine is
essential to facilitate the healing of patients following the pathologies suffered and
only if they have been accepted by the living cell matrix. Not all biomaterials are
suitable for certain pathology.

Classification of biomaterials according to origin

A classification of biomaterials is highlighted in Figure 1. Depending on their
origin, there are two main categories, natural and synthetic [12].

| Metal |
Synthetic

Proteins

Biomaterials =

Polysaccharides

Fig. 1. Classification of biomaterials according to origin

Ceramic

—

Natural biomaterials represent a diversified class of materials with
significant challenges for medicine. They are used to regenerate the affected area
following accidental fractures or silent disease that over time has damaged the
biological functional system. With their help, it is desired to be able to treat the
ailments and to follow the evolution in time. In case of an unfavorable response,
tissue replacement should be used. This procedure requires special attention in
order to choose the biomaterial that best mimics the characteristics of the
extracellular matrix and that helps to heal wounds faster [13,14].

Natural biomaterials contain proteins such as collagen, gelatin, elastin, keratin
and polysaccharides such as alginate, starch, chitosan, cellulose, hyaluronic acid.
Both proteins and polysaccharides help to maintain the quality of the body system
and its proper functioning. Of all the proteins mentioned, collagen is one of the
basic components of the body. It is present in the form of a fibrous structure of the
extracellular matrix and connective tissue, located in the bones, muscle tissue,
skin and tendons [15]. To date, 28 types of collagen have been identified that are
composed of 46 distinct polypeptide chains, all with triple helix. Of all these, type
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I, I, 11 and IV are the most common. Collagen can be extracted from rats, pigs,
cattle and humans. It has been and is successfully used both in tissue regeneration
and in cosmetic surgery [15, 16]. Its use in pharmaceuticals and regenerative
medicine is due to the biocompatibility and biodegradability characteristics that
give rise to favorite responses in terms of cell survival, proliferation and adhesion
[17-20]. It is considered the ideal biomaterial for the multidisciplinary biomedical
field; it helps the absorption of toxins and pathogens, the bone healing and the
maintenance of structural integrity [21-31].

Gelatin is a protein derived from hydrolyzable collagen and is also found in
the extracellular matrix. It has attracted the attention of researchers due to its
biological origin similar to collagen [32]. The literature highlights its importance
in biomedical applications that serve to skin, bone, eye and cardiovascular
regeneration [33]. Gelatin exhibits excellent biodegradability, non-antigenicity,
cost-effectiveness and high traction mode against collagen [34, 35]. However, its
major disadvantage is that it dissolves as a colloidal gel at temperatures of 37°C or
above, and gels almost at room temperature [36].

Elastin, like collagen and gelatin, is a natural protein with the extracellular
matrix as its source. Its role as a natural biomaterial in the body is to maintain
tissue elasticity and ensure cell adhesion. Its crosslinking network consists of
soluble precursor tropoelastine, resulting in an insoluble polymer. The elastic fiber
is composed of amorphous elastin and microfibers that act as a scaffold on which
elastin is deposited. They can be self-assembled in physical condition. The most
important mechanical property is elasticity, due to which they are used for the
replacement of skin and vascular grafts [37, 38].

Keratin is a protein rich in cysteine, insoluble in water and is the major
component of the protective structures of the living being (horns, hooves, wool,
feathers, hair and nails). It can be defined as a three-dimensional hierarchical
structure based on amino acid chains such as nonionic polar amino acids
(cysteine, serine), ionic polar amino acids (arginine, lysine), non-polar amino
acids (glycine, valine). These chains differ in number and sequences of amino
acids, polarity, charge and size [39- 41]. They are also excellent for cell adhesion
and proliferation. Studies in the literature noted that keratin-based biomaterials
have very good biocompatibility and unique chemical structure, based on which
scaffolds, hydrogels, and films for biomedical applications can be prepared [41-
43].

Chitosan is a ntural polysaccharide derived from chitin of animal origin (e.g.
shrimp, crabs, crustaceans) and fungal [44, 45]. It is intensively studied as a
biomaterial due to its biocompatibility, non-toxicity, biodegradability as well as
antitumor, antimicrobial and antioxidant activities [46]. Due to the wide range of
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characteristics, chitosan is used in biomedical and pharmaceutical applications in
the form of scaffolds, hydrogels, films, nanoparticles, fibers and other. In vitro
studies have shown cell adhesion and proliferation on chitosan scaffolds and
antimicrobial activity against Gram-positive, Gram-negative bacteria, fungi and
yeasts [47-50]. Chitosan-based biomaterials help regenerate different types of
chains that involve seeding certain molecules on a biodegradable porous matrix,
maintaining structural shape, differentiating and cellular maturation in order to
heal bones [44, 51-53].

Starch is a polysaccharide produced by plants and contains amylopectin and
amylose in its structure. It is explored due to its biodegradability and
biocompatibility but also to adaptive factors in terms of drug transport and
probiotics administration [54, 55].

Alginates are the constituent of seaweed with a wide range of natural
polysaccharides and nutrients. It is used in the biomedical field in drug transport,
in cell encapsulation, in tissue engineering and even in dentistry [54, 56].

Hyaluronic acid (HA) is a linear, unsulfated polyanionic polysaccharide
containing a glycosaminoglycan with high molecular weight. It is composed of
repeated disaccharide units of N-acetyl-D-glucosamine and D-glucuronic acid. It
can be extracted from coconut combs, bovine eyes and human umbilical cord or
from bacterial fermentation of group C steptococci, e.g. hemolytic streptococci
[57, 58]. It is a major constituent of the extracellular matrix in connective,
epithelial and neutral tissues in the body. It has important biological and physico-
chemical properties such as lubrication, visco-elasticity, water retention,
biocompatibility, favoring cell proliferation, morphogenesis and repair of
inflamed plaques [57, 59, 60]. HA can be degraded by both intermediate reactive
oxygen and hyaluronases, which are synthesized by macrophages, fibroblasts and
endothelial cells [61, 62]. Purified HA has been used in cosmetics, eye drops,
food additives, medical devices, pharmaceuticals, tissue engineering and cell
therapy [63-66].

Cellulose is the most abundant polysaccharide on earth, with several thousand
units of D-glucose in a polymer chain [67, 68]. It forms the structural framework
of plants and is isolated in the form of microfiber. Cellulose can be enzymatically
degraded, resulting in the formation of D-glucose units. We can mention some
cellulose derivatives in the form of ethers, esters and acetates, for example methyl
cellulose, hydroxypropyl cellulose, hydroxypropyl methyl cellulose,
carboxymethyl cellulose [69]. Cellulose can be used for various applications such
as the development of surgical instruments, dialysis membranes, biosensors and
tissue engineering [70-72].
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Synthetic biomaterials are another class of materials that, as the name
suggests, are made by specialists in the field in order to obtain a component as
close as possible to the extracellular matrix with which it comes into contact.
Interactions with the host involve biological processes that can contribute to tissue
healing or can cause severe reactions. Such biomaterials are exemplified in Figure
1, metallic, ceramic, polymeric and composites.

Metallic biomaterials are intended for the manufacture of surgical implants.
Due to their strength, fracture rigidity proper processing and ease of manufacture,
they are successfully used in the field of orthopedics and dentistry (eg screws,
plates and nails). Of course, in this field are also present the cardiovascular
devices (formerly artificial heart valves) and neurovascular implants (formerly
aneurysm clips) [73-75]. Always these biomaterials, before being implanted are
characterized by clinical trials so as to meet the conditions necessary for a proper
functioning of the biological system and which are accepted by the Food and
Drug Administration (FDA) [76].

Example of metallic biomaterials

Metallic biomaterials can be made of stainless steel, which was also the first
metallic material used in surgery [77]. The use of 316 and 316L stainlees steels is
due to the resistance to corrosive agents, biocompatibility, low cost compared to
other metals and easy accessibility. The American Society for the Testing of
Metals (ASTM) recommends the use of 316L stainless steel, which contains the
following as components: 0.022% C, 0.79% Si, 1.6% Mn, 0.25% P, 0.002% S,
15.30% Cr, 14.09% Ni, 2.63% Mo and 0.05% Cu. In vivo experiments have
shown that nickel ions are released, which leads to poor resistance and adverse
reactions to the biological system. For this reason, an alternative has been found
to avoid this disadvantage by introducing a new type of Co-Cr alloys [78-80].

Co-Cr alloys began to be used in dentistry in the 1930s as cast implants and
later adapted for orthopedic applications.Mechanical strength and corrosion
resistance is much better due to the high chromium content compared to stainless
steel. However, a major disadvantage of these alloys is that they biocorrode. This
means that there is an uncontrolled release of metal ions which leads to severe
interactions in the body [81, 82].

Tantalum attracts the attention of researchers due to its bioactive interaction
with the human body and biocompatibility. In vivo tests have shown that cell
proliferation occurs due to porosity, low elasticity and corrosion resistance in
body fluids allowing the stabilization of the implant even without a screw [82-84].

Pure titanium and its alloys are the most widely used metallic biomaterials at
present in orthopedic and dental surgery due to the lack of side effects. The
chemical property of titanium and its alloys that makes them special is the
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resistance to corrosion in the biological environment but also the
mechanochemical properties and low specific weight 4.5g/cm® recommend them
for use as implants. Biocompatibility and high corrosion resistance is given by the
thin layer of titanium oxide acting as a barrier between the tissue and the titanium
particles of the substrate. The thin layer of titanium oxide is formed by the
interaction of titanium with air [85-88].

Gold Nanoparticles (GNPs) are recently considered as biomaterials. They have
enhanced the interest of researchers due to the increased potential in the fields of
nanotechnology and nanoscience as well as in biomedical, bioanalytical and
dental applications. Physico-chemical properties such as localized surface
plasmon resonance and characterization methods like SEM, TEM and AFM
electron microscopy are among the most discussed in the literature providing
essential information for targeted application.

They are intensively studied and used worldwide in medical diagnostics and
different therapies, in controlled administration of drugs and in biosensors [89,
90]. They are easily synthesized by chemical and biological methods and allow
functionalization with various biomolecules, organic ligands and polymers with
specific functions [91-96]. Drugs [97, 98], proteins [99-101, 49, 50] and amino
acids [102-108] are among the most used in combination with GNPs.

The interactions between GNPs and biomolecules produce surface changes
and forms conjugates or complexes with better stability. They open various
opportunities in the development of new biomaterials for controlled drug release
and improve the overall treatment of cancer [97, 109, 110]. As an example, GNPs
were synthesized and capped with resveratrol, Resv, resulting the GNPs-Resv,
which was further functionalized with drugs, like doxorubicin, Dox, leading to the
GNPs-Resv-Dox complex as shown in Figure 2.

The GNPs-Resv and GNPs-Resv-Dox complexes were investigated by MTT
test of cell viability in HeLa and CaSki cell lines of cervical cancer and the results
showed strong anticancer activity. Finally, it was demonstrated that resveratrol
and GNPs can mediate the activity of doxorubicin at its low concentrations, and
thus, opening perspectives for cervical cancer treatment [97].
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Fig. 2. The GNPs-Resv and GNPs-Resv-Dox complexes were evidenced by
UV-Vis spectra and TEM images [97].

Also, it was demonstrated that anesthetics, such as tetracaine, dibucaine and
procaine, strongly interact with GNPs. Their association reveals the potential for
the formation of well-defined molecular surfaces but also for self-assembly that
can bring benefits in the administration of drugs and their penetration into cells or
in the detection of anesthetics from various biological fluids [98, 111].

As osteoinductive biomaterials, GNP has a high potential in the development
of biological processes, such as applications in tissue engineering, hard tissue
growth, cell surface adhesion and osteogenic differentiation in stem cells. An
extremely beneficial achievement is the interaction between GNP and
hydroxyapatite. Hydroxyapatite is a major biomaterial of bone and dental tissue.
The binding of the two biomaterials aims to develop promising materials for
tissue engineering applications. [112-116].

In the field of dentistry, GNPs are used in the treatment of gum disease, dental
caries and in dental implantology as filler. They improve the mechanical qualities
of the materials, which is of particular interest in making scaffolds to improve cell
differentiation [117].

All these studies prove that GNP is essential as biomaterials that can be
incorporated into composites and the progress will continue in the exploration of
new applications from health fields.

Given the worldwide pandemic situation, the use of GNPs in coronavirus
diagnosis and in colorimetric detection of Sars-Cov has been highlighted [118,
119].

Silver nanoparticles (SNPs) are the most widely used among metallic
nanoparticles in the medical and pharmaceutical fields [120]. They have
demonstrated their antibacterial efficacy through the mechanism of action given
by the interaction at the level of the bacterial membrane, seen in Figure 3. The
interaction produces distinct effects on the bacterial cell, namely, the attack of cell
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walls, the generation of reactive oxygen species and oxidative stress and changes
in functionality between proteins, mitochondria, ribosomes and DNA. Eventually
the functional imbalance of the bacterium occurs and death is caused [121, 122].

Perforation of the bacterial wall
and penetration into the cell

\ — - Formation of reactive oxygen species
SNPs SNPs and oxidative stress

SNPs + [ bacterial cell | ol | sxp: sxes
\ SNPs SNPs

- Alteration of protein functions,
S—— mitochondria, ribosomes and DNA

Finally the death
of the bacterial cell

Fig. 3. Interaction of SNPs with bacterial membrane

In the fight against pathogens is very important the method of preparing
nanoparticles and the use of reducing and coating agents that can influence the
interactions between the drug and silver and can determine the size and shape [92,
123-126]. Silver nanoparticles can be synthetized by chemical and biological
methods, the most known being reduction of silver nitrate (AgNQO3z) with a large
variety of reducing agents such as sodium citrate [123, 127, 128], sodium
borohydride [129], glucose [130, 131], gallic acid, ascorbic acid and plant extract
[92, 132] but also by electrochemical or photochemical methods.

The approach of functionalizing SNPs with various biomolecules (proteins,
aminoacids, and antibiotics) has improved the qualities and action of silver, thus
increasing the reactivity and effect on the biological processes in which it is
involved. SNPs are a powerfull biocide against fungi, viruses and other
microorganisms. They are able to form stable self-assemblies and have a high
potential in biomedical research. The interactions with biomolecules allow the
development of new biomaterials with implications in nanoscience and
nanotechnology [111, 133].

The exploitation of SNPs has intensified in recent years due to the invasion of
pathogens in the health system and the resistance of bacteria to antibiotics. In this
sense, there are experimental studies that highlight the effectiveness of SNPs
functionalized with vancomycin and other antibiotics potentiating their effect on
bacterial strains [124, 134].

It was investigated also the interaction of SNPs with local anestestetics,
procaine, dibucaine and tetracaine, which can be exploited to evaluate the
concentrations of anesthetics in various media [130, 111].

The importance of functionalization of SNPs is given by the ability to forming
complexes that increase their effect, so the action of SNPs is not limited only to
antimicrobial activity but also to antifungal, antiviral, antiinflamatory and
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anticancer one. The most recent activity of functionalized SNPs is antimalaria. A
group of researchers used drug for malaria like Artemisinin (a component
extracted from the leaves and flowers of Sweet Wormwood) and its derivates
Artemether and Artesunate. They use the density functional theory (DFT) and
simulation of molecular dynamics suggesting based on the results obtained that
SNPs with low toxicity and antiviral activity can be used as a carrier of drugs
against malaria and new strains in Covid-19 [135].

The antimicrobial effect of silver ions was also studied by adsorption on
ceramic disks of hydroxyapatite or by incorporation into a polymer matrix made
of BIS-GMA and TEG-GMA [136, 137]. SNPs are used in the development of
optimal compositions for bone tissue engineering, medical devices and metal
implants. This approach is of real interest in orthopedics and dentistry in
combating bacterial strains such as S. aureus, E. coli, B. Cereus, C. albicans which
can cause various postoperative infections [138-140].

Currently, study on the development of new biomaterials or composite to treat
the new virus are encouraged but still require time to optimize an appropriate
solution [141]. Viruses are larger in size than SNPs. In other words, the small size
of SNPs makes possible their antiviral effects. Experiments in this direction were
performed only on animals and not humans.

The association of SNPs with various biomolecules has led to improved
systems for the controlled release of drugs to the sites to be treated. Although they
are in continuous development, they help to improve the innovative materials used
in the biomedical field (orthopedic, cardiovascular and dental implants, wound
dressings), in the field of environmental protection (surface disinfection and water
purification), in the chemical, cosmetic, food industry, and other areas of interest.
Here's how a nanoscale product can be useful in a wide range of applications
created by human socio-industrial activities.

Ceramic biomaterials represent the class of inorganic materials of ceramic
origin with biocompatible and osteoconductive properties and high compressive
strength. They can be used in the preparation of scaffolds for tissue engineering
and hard tissue regeneration [142].

The most common ceramic biomaterials are:

Alumina (Al203) has proven to be a bioinert ceramic, with high hardness and high
abrasion resistance, excellent wear and abrasion behavior. These characteristics
are associated with high surface energy and surface roughness. In vivo and in
vitro experiments have shown that this ceramic also has a good biocompatibility
[142, 143].
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Zirconia (ZrO2) is a biocompatible and bioinert biomaterial used for the
manufacture of hip prostheses and more recently for hip joint balls. Its
osseointegration was determined by the results obtained in in vivo and in vitro
tests. The acquired characteristics are more efficient than those of alumina, they
are chemically stable, but in high concentrations they produce unwanted
biological responses [144, 145].

Biomaterials made of carbon fibers (with a micro graphite crystal structure) or
pyrolytic carbon are biocompatible and bioinert and are used for implants and
biomedical devices. The literature specifies the compatibility of carbon materials
with bone and soft fabrics resulting in low tensile strength which prevents their
use in high load applications. They can be used in contact with sangvinic flux
because they have the ability to resist coagulation at the interface between the
surface of the material and the tissue [146, 147].

Calcium-based phosphates (Hydroxyapatite, HAP and B-tricalcium phosphate)

Hydroxyapatite (HAP) - Cai(PO4)s(OH): is the most widely used component
for hard tissue regeneration or replacement with a Ca / P ratio of 1.67. It is the
most stable calcium phosphate that closely mimics the chemical composition of
natural bone and teeth. It has exceptional biocompatibility with hard tissues, skin
and muscle tissues [148]. It is bioactive, non-toxic and capable of
osseointegration, osteoconduction, osteoinduction and ion exchange. Having these
essential characteristics, it becomes the main choice in bone reconstruction both
as a filling material and as a covering material for metal implants [149].
Numerous studies have shown that hydroxyapatite induces new bone formation in
vivo [150]. Its microporosity is essential in the development of bone growth and
formation. Specialized research has shown that osteoinduction is very important
and is caused by the concentration of bone growth factors in the circulation of
biological fluids [151-154]. It is important to note that osteoinduction is mediated
by host mesenchymal stem cells that differentiate into bone-forming osteoblasts
[155, 156]. Biodegradation of hydroxyapatite is initiated by changes in the
surrounding biofluids and by the adsorption of biomelecules. The process of
chemical dissolution depends on the surface / volume ratio, fluid convection,
acidity and temperature [157]. Regarding bioresorption, it is mediated by
osteoclast and macrophages cells [158, 159].

Hydroxyapatite allows different isomorphic substitutions in its structure by
partially or totally replacing Ca?* ions with other divalent, monovalent or trivalent
cations, while its PO4*> and OH-anions can also be replaced by other anions and
thus different stoichiometric structures are possible and nonstoichiometric ones as
well [160]. It can also improve the structure by doping with various elements
such as Mg, Zn, Sr and Si, which are involved in bone development and
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metabolism, regulate cell activities such as proliferation, differentiation, adhesion
and migration, regulate osteoblast and osteoclast activity and for the other hand
can be considered systems for the release of biological active ions [161-165].

Magnesium is involved in bone growth and remodeling through the activity of
osteoblast cells [166]. It stimulates bone tissue regeneration, helps increase bone
density, inhibits osteoclasts and increases osteoblast response and has anti-
inflammatory and antimicrobial effects [167, 168]. Strontium reduces resorption
and improves bone formation, increases osteoblast activity and decreases
resorption that acts on osteoclasts [169-171]. Strontium can replace calcium in
hydroxyapatite in any proportion, even up to 100%. Silicon plays an important
role in biological performance by improving bioactivity, stimulates the
proliferation and development of osteoblasts and mesenchymal stem cells [172-
177].

B-tricalcium phosphate is used in bone regeneration. It is less stable than
hydroxyapatite, but has a faster degradation rate and higher solubility [178]. B-
tricalcium phosphate is used because it increases biocompatibility [179], promotes
the proliferation of osteoblast and bone marrow cells, and is a suitable component
in bone substitutions [180-182].

Forsterite (Mg2SiO4) is a ceramic intensively explored at present due to its
antimicrobial activity so it can be a promising biomaterial in biomedical
applications. Specialized studies have shown that forsterite may be a good choice
for bone implants. They have good bioactivity and biocompatibility. It has the
ability to improve cell adhesion and proliferation as well as being used in bone
strengthening. Forsterite can also be used as a carrier of silver nanoparticles
against pathogens and therefore used as a coating material for metal implants
[138, 183-190].

Polymeric biomaterials (biopolymers) are materials that can be used in
physiological environments without causing adverse reactions in the body and in
obtaining prostheses in order to replace parts of the body [191]. These polymers
can be natural or synthetic, their properties being similar to the replaced tissues
[192].

Natural polymers are the proteins and polysaccharides described above and
are intended for use in reconstructive tissue engineering such as plastic surgery,
vascular surgery, maxillofacial surgery and others [193]. They have applicability
in biomedicine due to their biocompatibility, bioactivities, imitate very well the
native cellular environments, have unique mechanical properties and are
biodegradable by an enzymatic or hydrolytic mechanism. However, they also
have disadvantages, such as the risk of viral infection, antigenicity and the supply
of unstable materials [194, 195]. The challenges of these natural polymeric
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biomaterials in surgery involve clinical application, acceptance by the FDA and
EMA of the materials used, short and long term effects, cost, risk of infection, etc.
[196]. Considering these aspects, the specialized literature highlights that with the
help of these procedures it is desired to decrease the mortality among the patients.

Synthetic polymers are inert and non-immunogenic biomaterials used more
and more often in tissue engineering for biomedical applications [197, 198]. A
classification of them is described below:

Poly alpha esters (Polylactic acid, polyglycolic acid, polycaprolactone)

Polylactic acid (PLA) is an aliphatic, thermoplastic, non-toxic, biodegradable
and biocompatible polymer, derived from lactic acid. Lactic acid can be produced
by fermentative or chemical synthesis. Chemical synthesis is mainly based on the
hydrolysis of lactonitrile in acidic medium when an echimolecular mixture of the
two optical isomers is formed, a racemic mixture of the two enantiomers D and L
lactic acid [197, 199, 200]. PLA has been approved by the Food and Drug
Administration (FDA) since 1970 until now [201].

Due to its characteristics it has attracted attention and interest as an
innovative material for a wide range of biomedical and pharmaceutical
applications (eg drug delivery systems, sutures, bone fixation implants), scaffolds
for soft and hard tissue repair, synthetic grafts [201, 202]. The absorption rate
depends on the molecular mass, morphology and purity [199]. Surface
modification strategies have been proposed such as physical, chemical, plasma
and induced radiation in order to create a surface with favorable properties on
biomaterial [203, 204]. PLA biodegradation is essential in biomedical applications
and has been studied in both animals and humans. In vivo experiments
demonstrated the degradation of PLA by hydrolysis, and the soluble oligomers
formed are metabolized by cells [205, 206]. Biodegradability time makes it an
attractive candidate for in vivo implants. More recently, the PLA/PEG or the
PLA/HAP mixture have been used in order to improve physicochemical
properties and the printing process [207, 208].

PLA-based 3D scaffolds are used in tissue engineering as an in vitro support
for the adhesion and proliferation of cells that simulate the mechanical support of
the extracellular matrix. In vivo they are used for organ regeneration. Patient-
specific 3D scaffolds can be designed, ie to be in accordance with their anatomical
data [209-211].

Polyglycolic acid (PGA) is the simplest alpha-polyester, thermoplastic, rigid and
with high crystallinity which makes it insoluble in organic solvents [212-216].
PGA-based materials are used as fibers and composites that help heal tendons,
ligaments, bones [217], and for resorbable implants in the form of rods, plates,
fibers, and bone marrow transplants. PGA is in the attention of researchers due to
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its characteristics of biodegradability, biocompatibility and non-toxicity [218,
219].

Poly-e-caprolactone (PCL) belongs to the family of linear and semi crystalline
aliphatic polyesters [220, 221]. It is used successfully in sutures and dressings, in
cardiovascular tissue engineering, nerve regeneration, drug transport and bone
tissue engineering [220, 222]. Polycaprolactone is a polymer approved by the
Food and Drug Administration (FDA) due to its non-toxicity, biodegradability,
compatibility with a wide range of polymers, good process ability, the possibility
of manufacturing in different structures and shapes and low cost [223-225].

Poly (lactic-co-glycolic acid) (PLGA) is a copolymer of polylactic acid (PLA)
and polyglycolic acid (PGA). The monomer ratio is useful for identifying PLGA
copolymers. For example, PLGA 50:50 means a PLGA copolymer 50% of each,
glycolide and lactide [226, 227]. It has been approved by the Food and Drug
Administration (FDA) in the manufacturing procedures of various therapeutic
devices, including tissue grafts, surgical sutures, bone scaffolds, and drug carrier
systems [228]. It has excellent biocompatibility, controlled biodegradability, high
degradation rate, mechanical properties, and thermal process ability and can
encapsulate molecules of almost any size [229-231].

Polyurethanes

They are a class of segmented copolymers, composed of fine, soft and hard
segments. The soft segment has as component polyester or polyester polyol while
the hard segment is composed of a diisocyanate. The soft segment provides
elasticity, while the hard segment contributes to strength and rigidity [232, 233].
Polyurethanes are widely used in industry (rubber, paints, foams), in biomedicine
(long-term implants) and pharmaceuticals (medicines). Possessing excellent
biocompatibility, in vivo experiments showed cell growth without side effects in
the tissue [233, 234].

Polyethylene glycol (PEG) is a widely used synthetic polymer due to its
hydrophilicity; biocompatibility and the resulting gels are approved for this
purpose by the Food and Drug Administration (FDA). Polyethylene glycol can be
modified with acrylate or methacrylate groups, which allow the formation of
hydrogels in the presence of precursors. PEG is a biomaterial intended for
engineered cell and tissue applications implant coating, biosensors and drug
delivery [235, 236]. It is soluble in water and organic solvents, inhibits the
formation of vacuoles and scars, reduces inflammation, protects the nerve
membrane, reduces cell death and protects mitochondria [237, 238].

Composite biomaterials
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Diseases in bone tissue engineering are most common in the elderly and are
the cause of clinical challenges in the development of biomaterials capable of
regenerating chronic bone defects and reducing mortality [239]. These
biomaterials are made up of the combination of two or more chemically different
materials [240]. Examples of composite biomaterials (polymer / polymer, polymer
/ ceramic, metal / polymer, metal / polymer / ceramic) are presented below [241].

A polymeric composite is a multiphase material in which the reinforcement
fillings are integrated with a polymeric matrix, resulting in synergistic mechanical
properties that can be obtained only from both components together [242-244].

Polymer / Polymer

PLGA/BSM (bladder submucosa matrix) scaffold.These scaffolds have been
developed to cure critical bone defects and cartilage regeneration. In vivo
experiments demonstrated bone remodeling from day 30, forming thin trabeculae
and also observed the adhesion of osteoblasts to produce the extracellular matrix
[245]. PLGA scaffolds are hydrophobic, and this prevents cell adhesion and
proliferation [246]. For this reason, a naturally derived collagen matrix from
porcine was chosen such as BSM (bladder submucosa matrix). This is
biocompatible and promotes cell adhesion on different strains, such as embryonic
cells (EC) and primary bovine osteoblasts (bOB). BSM_PLGA scaffolds are
nontoxic and hydrophilic that helps to seeding, adhesion and proliferation of cells.
It also increases the process of bone formation. BSM_PLGA-based scaffolding
helps to penetrate the culture medium, seeding, even distribution and increased
migration due to BSM's hydrophilicity. Adhesion and proliferation of PLGA stem
cells and osteoblast cells (on BSM scaffolds) were tested and showed an 80%
improvement over PLGA [247].

PLA/PCL-collagen multilayer scaffold have been made to mimic the dura
mater structure that serves to protect the new layer. Dura mater is a membranous
connective tissue located on the outside of the meninges around the brain and
spinal cord. It is responsible for storing cerebrospinal fluid, covering and
supporting the dural sinuses and ensures the transport of blood from the brain to
the heart. Experimental results have shown that combining the PLA-PCL with
collagen prevents tissue adhesion on the inside surface and promotes cell growth
on the outside surface [248].

PLGA/COL, PLA/alginate, PLA/collagen scaffolding. Several types of
scaffolds have been experimented with, eg: collagen-coated PLLA, poly (L-lactic
acid) sponge, collagen fibers embedded in PLA, PLA/alginate, PLGA/collagen
hybrid sponge. In vivo and in vitro experiments have shown that the
PLGA/Collagen sponge is more effective for chondrocyte adhesion and
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proliferation than the individual PLGA sponge. The formation of articular tissue
similar to cartilage has been observed which is due to the homogeneous
distribution of chondrocytes [249].

Polymer / Ceramics

HAP/gelatin scaffold. HAP/gelatin scaffolds were prepared for trabecular bone
tissue engineering. Analyzes of these scaffolds have shown that the compressive
modulus increases with the HAP content. The morphology and structure of these
scaffolds were analyzed by SEM and it was observed that the pores are
interconnected and their size varies between 80 and 400 um. The pores are large
enough to accommodate the cells. Research has shown that by adding HAP the
walls of the scaffolds become thicker and the porosity decreases. Thus, it can be
concluded that HAP improves their mechanical properties [250-252]. Scaffolds
showed good compatibility with host tissue and cell attachment, spread and
proliferation were observed [252].

The researchers showed a significant increase in protein adsorption and
osteoblast adhesion on the nanoceramic surface than on traditional ceramics.
Increased adhesion of osteoblasts has been observed with decreasing particle size.
HAP/ polymer scaffolds can serve as a better three-dimensional layer for cell
attachment and migration in the process ofbone tissue engineering [253].

NHAP/PCL scaffolds with different ratios (1:2, 1:4, 1:8). HAP/PCL nano
scaffolds are porous, the pores are interconnected. Two types of pores can be
observed: large pores measuring 250-400 um and small pores of about 10 pum.
Histological analyzes revealed the growth and proliferation of cells on these
scaffolds. The ADN content on all scaffolds gradually increased over 14 days. In
the formation of new bones is important the size of the pores and the
interconnectivity of the scaffolds that influence cell migration, proliferation and
vascularization of tissues. Interconnectivity and porosity are important factors for
bone growth leading to good osseointegration and fixation [254].

nHAP/PLLA scaffolds in different ratios and in different solvents. Specialized
research has shown that nano HAP/polymer composites have a better compressive
modulus. Protein adsorption on nHAP/PLLA scaffolds is much higher than on
regular HAP. For scaffolds that contain more HAP than polymer, the protein
adsorption is much higher than in the case of simple polymer. The use of solvents
produces significant changes in the morphology of the scaffolds and the
absorption of proteins. These results suggested that protein adsorption on
scaffolds could be controlled by the amount of HAP, particle size and scaffold
morphology. The porosity of the scaffold is determined by the solvent (dioxin),
temperature gradient and HAP particles. The temperature gradient by
crystallization of the solvent forms an anisotropic structure. The addition of HAP
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particles to the polymer solution caused an irregular pore structure. From mixed
solvents (dioxin and water) that were used, a random structure and interconnected
pores resulted, and the pore size was much smaller [255].

PLA/HAP scaffolding is obtained by mixing ceramics with natural or synthetic
polymers, obtaining good results due to the properties of both components.
PLA/HAP biocomposites are used for both scaffolding and drug delivery. These
composites could improve bone regeneration by forming new tissue, removing
certain unwanted effects from each component. Use as a scaffold for fixing bones
mimics as much as possible the tensile and compressive strength properties of
natural bone. These have values in the range of 50-150 MPa and 130-180 MPa
respectively. Grafting the polymer can improve the mechanical strength and can
establish a direct chemical bond between the polymer and the hydroxyapatite by
the reactive hydroxyl groups on the surface of the HAP particle. The mechanical
properties of the PLA/HAP composite are influenced by the percentage of HAP
and the processing temperature. These composites are biocompatible for
osteosarcoma, osteoblast and fibroblast cells, promoting increased cell adhesion
and promoting the differentiation of osteoblasts by alkaline phosphatase [256-
259]. Sadudeethanakul et al. made PLA/HAP (5%, 10%, 15% HAP) plates by hot
modeling (140°C, 150°C, 160°C) and hot compression (3 MPa, 5 MPa, 7 MPa)
methods. The bending power was investigated by a universal testing machine
(UTC). As a conclusion to this research, the optimal bending conditions were
found for plates with 5% HAP, 160°C, 7 Mpa [260].

3D PLA/HAP scaffolding. 3D scaffolds with PLA and 10% HAP improve
osteogenic properties without changes in cell compatibility or shear strength of
the composite. In the analyzed study, the PLA/HAP scaffolds showed a good
accuracy compared to PLA scaffolds. The addition of HAPs in the composition
has been shown to increase dimensional stability and increase mechanical
properties [261]. Other research has synthesized different PLA scaffolds with
different concentrations of HAP, namely 5%, 10% and 20%. The roughness of
their surfaces that influences cell attachment was investigated and it was observed
that HAP10% produces consistent surfaces during 3D printing. Also, through the
in vivo tests performed, the authors claim that for the composite with 10% HAP
the cellular attachment was favorable compared to the other compositions.
However, this composition showed a decrease in tensile strength and modulus of
elasticity which can be explained by the increased crystallinity [262]. Mondal et
al. highlights that HAP nanoparticles improve the surface roughness of PLA
scaffolds, their porosity can be controlled and it has a better quality in terms of
mechanical stability and osteoconduction and osseointegration properties. The
results of in vivo testing showed cell attachment and proliferation on PLA/HAP
scaffolds and less on PLA scaffolds [263].
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As a conclusion regarding these scaffolds, the literature shows that the
introduction of HAP in the composition of PLA polymer improves the qualities of
its surface and physico-chemical, mechanical and biological properties.

COL/HAP scaffolding

Major bone components, such as hydroxyapatite and collagen, are frequently
used in bone reconstruction. Hydroxyapatite is an inorganic component of bone
and has biocompatible, osteoconductive and bioactive properties. Collagen is the
organic component of bone a fibrous protein and the main component of the
extracellular matrix. Collagen type 1 is most used for the formation of new bones
with characteristics of biocompatibility, biodegradability and osteoconduction
which helps cell migration and proliferation. Given the individual characteristics
of the two components, COL/HAP-based composites possess excellent
biocompatible properties because bone is made up of calcium phosphate and
collagen. By mixing the two components, bone fragility decreases due to the good
properties of collagen [264, 265].

Mineralization of the collagen matrix increases the mechanical modulus of the
scaffold. The introduction of HAP crystallites into collagen fibrils can limit the
deformation of the collagen network, reduces its viscosity and increases elasticity.
COL/HAP scaffolds were prepared using a microwave oven and by the co-
precipitation method. Mineralization of the collagen matrix improved the
mechanical properties of the scaffold, because HAP crystallites in collagen fibers
restricted the deformation of the collagen network [266].

COL/HAP composite materials due to the fact that they mimic the structure of
natural bone have become a hotly debated topic in the literature.These materials
have good mechanical properties, biocompatibility and good osteoconductivity.
Specialist studies have shown that these composites can lead to calcification of the
bone matrix after replacement of mesenchymal stem cells. The morphological
analysis of the scaffolds showed the interconnectivity of the pores and the porous
structure of the layers that were perfectly integrated at the interface of the
scaffold.This integration promotes cell infiltration and tissue regeneration in
different layers of the scaffold. By lyophilizing the scaffolds, the pore size can be
controlled. The average pore size is sufficient for the adhesion and proliferation of
osteoblasts. Cell proliferati