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Abstract: Composites are composed of two or more materials, displaying enhanced performance
and superior mechanical properties when compared to their individual components. The use of
biocompatible materials has created a new category of biocomposites. Biocomposites can be applied
to living tissues due to low toxicity, biodegradability and high biocompatibility. This review
summarizes recent applications of biocomposite materials in the field of biomedical engineering,
focusing on four areas—bone regeneration, orthopedic/dental implants, wound healing and tissue
engineering.
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1. Introduction

Composite structures consist of two or more material components. Composites can be
engineered or natural, as is the case of bone structures. Bone is a natural composite composed of
hydroxyapatite, a ceramic substance, combined with fibers of collagen, a soft (low elastic modulus)
polymeric material. While hydroxyapatite provides the strength needed to support the body,
ceramics are well known for their brittle character. Combining hydroxyapatite with collagen creates
mineralized collagen fibril, that displays not only high strength due to the hardness of hydroxyapatite
but also flexibility due to the presence of collagen. Therefore, composites show enhanced properties
when compared to their individual material components. Given the heterogeneous characteristic of
the composites, it is important to have good mixing/adherence between the components since lack of
adhesion may result in structural failure [1].

Biocomposites display high biocompatibility and, consequently, can be used in contact with
living organs and tissues [2]. In addition to compatibility, when applicable, degradable biocomposites
are required to display degradation rates that closely match the renewal rate of tissues being replaced;
non-toxicity; and enhanced cell interaction/growth.

This review summarizes some of the recent work on biocomposites with application to the fields
of bone regeneration, orthopedic/dental implants, wound healing and tissue engineering, as
illustrated in Figure 1. In the case of bone regeneration, biocomposites composed of hydroxyapatite
in combination with different types of polymers have been investigated. Synthetic bone scaffolds
displayed not just high strength but also porous structures, allowing the incorporation of bone-
related cells, such as mesenchymal stem cells, in the matrices, as described in section 2. In the case of
orthopedic/dental implants, since metals display higher elastic moduli values than bone,
biocomposites composed of polymer and ceramics have been explored as substitutes to metal grafts,
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as examined in section 3. Section 4 discusses biocomposites that can also be applied to wound healing.
Since degradation needs to match skin regeneration rate while maintaining a moist environment, the
use of biocomposites enhances the possibility of finding a combination of materials that are able to
accomplish the design requirements for a wound dressing. Finally, section 5 presents the application
of biocomposites that extend to tissue engineering where a combination of biomaterials is used to
repair and restore damaged tissues using artificial scaffolds.
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Figure 1. Biomedical applications of biocomposites: biocomposites can be applied to bone

regeneration, orthopedic implants, wound healing patches and to tissue engineering.

2. Bone Regeneration

Bone defects may arise as a consequence of trauma, cancer, congenital bone defects, infections
and bone-related diseases such as osteoporosis. Bone grafts can be used to address bone loss, with
autografts and allografts. While autografts use the tissue of the patient, allografts use tissue from
another patient. However, both approaches present disadvantages such as limited supply, risks of
disease transmission and infections [3]. Therefore, there is a need for development of synthetic bone
scaffolds. Replacement of damaged bone with scaffold is one of the main goals of tissue engineering,
in order to regenerate functionality on the impaired area. Ideally, scaffolds should have a highly
porous three-dimensional structure in order to allow not just cell growth and communication but
also flow of nutrients [4]. In addition, in order to replace a tissue or damaged area, scaffolds need to
be biocompatible and have a controllable degradation rate that closely matches the cell growth of the
tissue, allowing cell attachment, proliferation and finally, replacement of the scaffold by tissue
growth. Lastly, mechanical properties of the scaffold, such as stiffness, should be similar to the
characteristics of the tissue being repaired [5].

Bone is basically composed of hydroxyapatite, a stable form of calcium phosphate and collagen,
the most abundant protein found in the human body [6-8]. Consequently, biocomposite scaffolds
applied to bone tissue regeneration are more frequently composed of a combination of a ceramic
component, due to their high mechanical strength and a polymer component, to allow flexibility [9].
Dumont et al. [10] selected nanohydroxyapatite and glycol chitosan as the ceramic and polymeric
components, respectively, of the developed biocomposite. Considering that hydroxyapatite is a major
component of bone together with collagen, the addition of this ceramic to the biocomposite did not
just add mechanical strength but mimicked the bone environment more closely. In this study,
nanohydroxyapatite particles were synthesized using glycol chitosan as the ligand. Membranes of
the composite material were created by pouring the polymer/calcium phosphate mixture into plastic
molds and allowing them to dry. During scanning electron microscopy (SEM) analysis of the
membranes, a homogeneous distribution of the nanohydroxyapatite particles was observed,
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resulting in uniform dispersion with the polymeric matrix. In order to verify biocompatibility of the
composite membranes, live/dead and MTT assays were performed using human osteosarcoma (Saos-
2) and human bone marrow mesenchymal stem cells (HBMS) cell lines, displaying high cell viability
(~100%) and, consequently, non-toxic behavior. In addition, HBMS cells displayed good cell
adhesion, spreading and proliferation on the surface of the biocomposite, as shown in Figure 2 (a)
The positive results obtained in this study demonstrated that the developed biocomposite scaffold
offers valuable applications such as moldable membranes for orthopedic surgeries. While further in
vivo investigation is required to realistically assess the application of this biocomposite, so far this
material has shown to be a good potential candidate in the field of tissue regeneration.

In a similar approach, Raina et al. [11] combined hydroxyapatite with different polymers
(fibroin, chitosan and agarose) in order to develop a biocomposite cryogel scaffold. An additional
ceramic material, bioactive glass, was also added to the composite, considering that bioactive glass is
known to form hydroxyapatite-like crystals when in contact with body fluids, having the potential
to enhance biocompatibility. Scaffolds displayed a macroporous architecture, as illustrated in Figure
2 (b) and high elastic modulus (3506700 kPa). Mouse myoblast cells (C2C12) and rat mesenchymal
stem cells (MSCs) were seeded on the scaffold and demonstrated good cell proliferation until day 45
of seeding (increase in MTT absorbance from ~0.5 and ~1.0 on day 0 to ~2.0 and ~2.5 on day 45,
respectively). In addition, the cells also demonstrated elevated alkaline phosphatase (ALP) activity
levels, cueing towards osteogenic differentiation. In order to develop a functionally active scaffold,
bone active agents such as recombinant human bone morphogenic protein (thBMP) and zoledronic
acid (ZA) were also added to the cryogels. While BMPs are known to not just enhance osteoinduction
but also cause bone resorption, the addition of ZA was performed in order to prevent bone resorption
as demonstrated previously [12-14]. Proliferation of mouse osteoblastic cells (MC3T3) on the
scaffolds containing rhBMP and ZA was performed to evaluate the effect of the bone active drugs on
the maturation of the cells, resulting in a significantly higher production of ALP by the cells when
compared to the scaffolds without active drugs. This scaffold was then implanted in the abdomen
area of rats, between muscles. After 4 weeks of in vivo implantation, the scaffolds demonstrated bone
formation (~0.1 mm? of area of bone in the absence of ZA compared with ~1.5 mm? in presence of ZA
in the scaffolds), indicating new bone growth onto the scaffold and, consequently, demonstrating
potential as a replacement to bone grafts.

Considering that bone defects may also arise from diseases such as osteoporosis (predominant
disease due to the aging population), Xiong et al. [15] explored the development of an
electroconductive biocomposite for stimulating bone regeneration under osteoporosis conditions.
Previous promising results have demonstrated that silicate-based biomaterials are able to be used in
the enhancement of osteoporotic bone regeneration [16-20]. Consequently, the biocomposite
developed by Xiong et al. [15] was composed of different silicates organized in three layers—a
calcium silicate (CS) substrate base, a zinc silicate (ZS) middle layer and a reduced graphene oxide
(RGO) top layer. Zinc and silicon are key trace elements in the bone, known to enhance bone
regeneration [21,22]. In addition, calcium silicate is known to provide good osteoinductivity [23,24].

In vitro osteogenesis of the electroconductive biocomposite was evaluated in presence of mouse
bone marrow stem cells (mBMSCs) seeded at the surface of the scaffold, while 3 uA was applied to
stimulate the cells (1 h per day of stimulation time), as illustrated in Figure 2 (c). The results displayed
high ALP activity, demonstrating a total of protein content of ~16 U/mg in the biocomposite
compared with ~8 U/mg in the control (cells seeded on a cell culture plate). In addition, considering
that vascularization during bone formation is important to deliver nutrients to the affected area, the
angiogenic capability of RGO/ZS/CS extracts was also evaluated. Human umbilical vein endothelial
cells (HUVEC) were cultured in an ECMatrix gel with and without the RGO/ZS/CS extract. In the
absence of the extract, the HUVECs formed branched nodes, indicating angiogenesis. However, in
the presence of the biocomposite extracts with different dilution ratios, mesh-like circle structures
were observed, indicating that HUVEC proliferation increased and expression of angiogenesis-
related genes was promoted. These results indicated that the electroconductive biocomposite
developed by Xiong et al. [15] demonstrated superior in vitro osteogenesis and angiogenesis
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performances, displaying a large potential for stimulating osteoporotic bone regeneration. Although
promising, application of this biocomposite to osteoporotic fracture healing will require further in
vitro and in vivo studies, moving beyond the seeding of cells at the surface of the scaffolds.

Considering the use of micrografts, Rodriguez and Baena et al. [25] investigated the combination
of poly(lactic-co-glycolic acid) (PLGA) and hydroxyapatite to periosteum-derived micrografts in the
enhancement of bone formation in sinus lift procedure (surgical procedure to augment amount of
bone in the upper jaw). Micrografts supplemented with PLGA and hydroxyapatite were implanted
in 24 patients. After 4 months, ossification process was higher in the biocomposite-micrografts when
compared with control groups (biocomposites in absence of grafts). In addition, a significant amount
of mineralized tissue was observed, displaying the efficacy of the biocomplex composed by
micrograft and biocomposite in bone formation.

While many biocomposite scaffolds are routinely fabricated based on molding techniques, Lee
et al. [26] explored the 3D printing fabrication of a porous scaffold composed of collagen, silk fibroin
and decellularized extracellular matrix (dECM) to be used for bone tissue regeneration. The addition
of dECM aimed to increase cellular activities, due to its high biocompatibility. The scaffolds were 3D-
printed at low-temperature (40 °C), followed by freeze-drying prior to crosslinking of collagen
components at room temperature. The scaffolds displayed high porosity, as illustrated in Figure 2
(d), with pore sizes larger than 300 um that is required in order to enhance bone formation [27].
MC3T3 were seeded on the scaffolds and, after 7 days of culture, the cells displayed high ALP
expression (1.34-fold compared to pure collagen scaffold) and greater calcium deposition (1.58-fold).
In addition, high cell proliferation was observed, with an increase in cell nuclei density from ~260
cells/mm? for pure collagen to ~380 cells/mm? for the scaffolds. These results illustrated the potential
of this 3D-printed biocomposite as a biomedical scaffold for hard tissue regeneration. Further
analysis of application of the biocomposite scaffolds will possibly require in vivo implantation and
verification of bone tissue regeneration. In addition, large scale production of 3D printed scaffolds
will be necessary in order to feasibly apply this biocomposite to the field of bone regeneration.

Also focusing on an alternative fabrication method for biocomposite scaffolds, Gautam et al. [28]
developed a 3D hexagon boron nitride-based biocomposite by spark plasma sintering. This technique
uses pressure-driven powder consolidation based on a pulsed electric current passing through the
sample [29], allowing densification of ceramic powders [30]. The biocomposite developed was
composed of a 3D hexagon boron nitride nanostructure interconnected with boron trioxide. The
structures demonstrated high stability and high mechanical strength (281 MPa of compressive
strength and 63 MPA of Young’s modulus). Osteogenic activity of the biocomposite was investigated
by culturing mice calvarial osteoblast cells for 21 days on the structures. Increased mineralization
was verified on the biocomposite (up to ~91% increase in mineralization when compared with control
samples). High cell culture performance in addition to good mechanical properties indicates that this
biocomposite shows promising applications to the field of bone implants.

Considering that bone defects may also arise as a consequence of trauma, when an injury
happens in the skull, a cranioplasty may need to be performed. This surgery consists of repairing the
bone defect using materials such as metals, ceramics, polymers and autologous bone grafts [31].
Focusing on finding alternatives to current bone grafts used in cranioplasty, Teotia et al. [32]
developed a hydroxyapatite bone substitute for enhanced cranial bone regeneration. The
biocomposite cement was composed of nanohydroxyapatite, in order to mimic the nanotopography
of bone, calcium sulfate, a based material used in bone fillers [33] and bioactive molecules (BMP and
ZA), to provide osteoinductive properties and enhance bone formation. In addition to allowing
growth of MC3T3 cells when cultured on the discs-shaped cement, these cells displayed high levels
of ALP, illustrating that the biocomposite was osteoinductive and supported cell differentiation.

Circular discs were also prepared out of the biocomposite cement for surgical implantation in
rats with cranial defects, as illustrated in Figure 2 (e). Micro-CT analysis were carried out at 8 weeks
and 12 weeks after the implantation of the biocomposite. The results indicated that the amount of
mineralized volume was significantly higher in the animals implanted with the biocomposite cement
(13.0 mm?) than in the control groups (6.589.0 mm?).
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Figure 2. Applications of Biocomposites to Bone Regeneration: (a) Synthesis of glycol chitosan
biocomposite matrices with nanohydroxyapatite. HBMS cells seeded on the matrix showed enhanced
cell viability (live cells labelled in green). Reproduced with permission from Reference [10]. (b)
Biocomposite cryogel pellets (top) composed of silk fibroin, chitosan, agarose and hydroxyapatite.
The cryogels displayed a microporous structure, as illustrated by scanning electron microscope (SEM)
image (bottom). Reprinted with permission from Reference [11]. (¢) Electrical stimulation of reduced
graphene oxide (RGO)/ zinc silicate (ZS)/ calcium silicate (CS) electroconductive biocomposite
scaffolds. Reprinted with permission from Reference [15]. (d) Fabrication process of 3D-orinted
scaffolds using a low temperature process. The scaffolds, composed of collagen, silk fibroin and
decellularized extracellular matrix (lECM), displayed high porosity. Reprinted with permission from
Reference [26]. (e) Development of nanohydroxyapatite bone substitute scaffolds, with release of bone
morphogenic protein (BMP). Scaffolds were implanted in rats with cranial defects. Reprinted with
permission from Reference [32].

Scanning electron microscope (SEM) images were performed on the post sacrifice rat bone
samples from the defect site, illustrating a high amount of mineralized tissue in addition to bone
formation. Therefore, the biocomposite cement displayed biocompatible properties in addition to
supporting bone formation, with osteoinductive properties due to the addition of bone anabolic and
anticatabolic agents (BMP and ZA), showing high potential to be used in cranioplasty and similar
bone defects. While promising in vivo results were presented, further in vivo investigation with
longer time frames are still necessary.
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3. Orthopedic Implants

Biocomposites can also be applied to the field of orthopedic implants. Orthopedic materials are
normally based on metal alloys such as titanium and stainless steel, because of their biocompatibility
and their mechanical properties. However, there is a large concern around the release of metal
particles in the body, as has been observed with cobalt-chromium based alloys [34,35]. In addition,
some metallic implants show a mismatch in terms of elastic modulus, displaying higher elastic
modulus than bone, which can result in an increase of stress in the implanted area and also in bone
resorption [36]. Therefore, alternative synthetic polymers have been explored, such as non-
degradable polymer polyetheretherketone (PEEK), that displays elastic modulus in the range of 34
GPa, which is much closer to the elastic modulus of human cortical bone (18 GPa), especially when
compared with the elastic modulus of metallic implants (in the range of 110 GPa) [37].

Even though PEEK presents mechanical properties closer to those found in bone, applications
of this synthetic polymer is still limited due to its bioinertness [38]. To overcome these limitations,
Ouyang et al. [39] developed a biocomposite composed of PEEK and graphene oxide. Graphene oxide
contains an abundance of hydroxyl, carboxylic and epoxide functional groups, creating reactive sites
for functionalization which has the potential to enhance osteogenic differentiation of stem cells [40].
Therefore, Ouyang et al [39] developed graphene oxide self-assemblies on micro/nanoporous PEEK,
illustrated in Figure 3 (a). The introduction of porosity into the PEEK structure has been shown to
enhance the interaction with bone, promoting ingrowth of tissues into the material. PEEK samples
were sulfonated by immersion into a sulfuric acid bath and sonicated in order to obtain a uniform
porous structure. The samples were then soaked in a solution containing graphene oxide and water,
followed by a drying process. SEM images demonstrated that the biocomposite contained pores
between 200 and 300 nm (nanostructure surface). In addition, contact angle measurements showed a
decrease from 91.2° for bare PEEEK to 47.7° for graphene oxide-PEEK, displaying an increase in
hydrophilicity with increase of graphene oxide concentration.

Antibacterial tests were carried out by incubating the biocomposites with a solution containing
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). Live/dead fluorescence images were
obtained to evaluate the viable state of the bacteria. A reduction of 77.3% of E. coli in graphene oxide-
PEEK was observed, when compared to sulfonated PEEK. However, S. aureus displayed an upward
tendency that could have been caused by the hydrophilicity property of the biocomposites. Adhesion,
proliferation, morphology change and ALP activity level were investigated by seeding human
osteosarcoma MG-63 cells on the graphene oxide-PEEK samples. Cells displayed a better spread over
the substrate area, indicating that graphene oxide can provide a better environment for cell
attachment and proliferation when compared to bare PEEK. In addition, cells exhibited high ALP
activity in the biocomposites, followed by an expression of osteogenesis related genes. These results
indicated that the surface modification of PEEK with graphene oxide was promising, showing that
this biocomposite is a good bone replacement candidate for implantable materials.

In a similar approach, Xu et al. [41] investigated the impact of modifying carbon reinforced PEEK
(CFRPEEK) with nanohydroxyapatite, carboxymethyl, chitosan and bone forming peptide.
CFRPEEK is an interesting alternative to metallic implants due to its mechanical properties and non-
toxicity. However, similar to PEEK, CFRPEEK applications are hindered due to its bioinertness.
Therefore, the addition of different components by surface modification was performed in order to
produce a biocomposite with enhanced anti-bacterial behavior and osseointegration. Powder
nanohydroxyapatite was mixed with carbon fiber and PEEK and injection molding was used to
fabricate the biocomposite scaffolds, as illustrated in Figure 3 (b). Sequentially, substrates were
immersed in a solution containing carboxymethyl chitosan and finally, reacted with bone forming
peptide solution overnight. Contact angle measurements displayed a decrease in water contact angle
from 76 + 1° (CFRPEEK-nanohydroxyapatite) to 18° for the biocomposite, illustrating that bone
forming peptide was successfully grafted on the surface of the substrates due to its super-hydrophilic
nature.

The antimicrobial activity of the biocomposites were assessed by incubating the substrates with
S. aureus. A reduction of ~30% on the amount of viable bacteria was seen on the functionalized



Molecules 2020, 25, 507 7 of 20

substrates compared to pristine CFRPEEK-nanohydroxyapatite. In addition, cell adhesion and
proliferation were investigated by seeding human mesenchymal stem cells (hMSCs) to the substrates,
considering that cell adhesion plays a major role in tissue integration, while cell proliferation can be
correlated with bone formation. The highest cell adhesion and proliferation was observed in the
modified biocomposites, illustrating a favorable environment for cell. In addition, high ALP activity
was seen on the biocomposite substrates (~350 U/g compared to ~220 U/g on pristine substrate),
indicated osteogenesis.

In vivo animal studies were conducted in order to assess osseointegration. The substrates were
implanted into the cancellous bones of the tibia marrow cavity of beagles, in which hMSCs can be
found abundantly. After 4 weeks, the implanted substrates demonstrated a large quantity of newly
formed bone. Therefore, the biocomposite not only provided a positive effect on osseointegration but
boosted bone formation around the implant. In addition, the improvement of antibacterial activity
combined with osseointegration showed promising potential for this bioactive material in orthopedic
implants, considering that further in vivo investigation is assessed.

Deng et al. [42], on the other hand, explored the use of polyphenylene sulfide (PPS) as an
alternative to the use of PEEK as potential biomaterial. PPS displays comparable mechanical
properties to PEEK and shows a lower production cost. Consequently, it can become a more potent
candidate as bone-grafting substrate than PEEK. Therefore, a biocomposite was developed composed
of nanohydroxyapatite reinforced in PPD by injection molding, as shown in Figure 3 (c).
Hemocompatibility tests were performed since the interplay between blood and the implant affect
bone formation and healing. The biocomposites were incubated with rabbit blood and results
demonstrated that the substrates showed low procoagulant properties, displaying good
hemocompatibility. In addition, cell proliferation and osteogenic differentiation was investigated for
human osteosarcoma MG-63 cells seeded in the biocomposite. Nanohydroxyapatite doped PPS
displayed higher cell multiplication when compared to pure PPS (optical density value at 570 nm
increased from ~0.5 to ~0.7), in addition to higher ALP activity expression (average optical density
increases on day 14 from ~1.2 to ~2.0) and formation of aggregates showing bone-like structures.

In vivo assessment of bone regeneration was performed by creating defects in the middle of
skull of rats and implanting nanohydroxyapatite doped PPS, bare PPS and a surgical titanium mesh.
A higher concentration of blood vessel infiltration was observed on the biocomposite, illustrating the
progress of angiogenesis. The implanted biocomposite also displayed compact de novo bone and
better bone healing. In addition, regeneration of blood vessels demonstrated that the quality of newly
formed bone in contact with the implants was higher for biocomposites when compared with bare
PPS and titanium. These results illustrated that doped PPS displayed positive osseointegration and
also enhanced bone maturation around the implanted area. Although these results are still
preliminary, PPS-based biomaterials show promising applications in the orthopedic field.

Similarly, Asadullah et al. [43] explored the use of polyimide (PI) as an alternative non-
degradable polymer to PEEK. PI was combined with tantalum pentaoxide (TO), an oxide that has
shown promising orthopedic applications due to its biocompatibility. The biocomposite was
fabricated by blending TO with PI through cold pressing and sintering, containing two different TO
contents 25 wt% (TPC25) and 50 wt% (TPC50). Compressive strength measurements demonstrated
enhanced compressive values for TPC25 and TPC50 (110 MPa and 130 MPa, respectively), when
compared with PI alone (98 MPa). In addition to enhanced strength, in vitro apatite mineralization
of the samples performed in simulated body fluid showed that apatite deposition was higher on
TPC50 compared with TPC25, while no deposition was verified on PI surface. Rat bone mesenchymal
stem cells (rBMSCs) were cultured on the surface of the samples. After 3 days, cells demonstrated
high adhesion, proliferation and cluster formation on the surface of TPC50, compared with the other
two substrates. In addition, ALP activity was also higher in TPC50. These results indicated that
increasing TO content enhanced mechanical strength and created a rough surface, improving cellular
response and, consequently demonstrating that the TPC50 biocomposite may be applicable for
orthopedic implants.
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Pandey et al. [44], on the other hand, explored not just the fabrication of a biocomposite scaffold
but also the applicability of the biocomposite as a coating for metal substrates. The hydroxyapatite-
based biocomposite was reinforced with ceria and silver nanoparticles. While ceria particles have
shown to offer enzyme mimetic properties, silver displays antibacterial properties. Pellets of the
biocomposite were produced by combining different concentrations of ceria and silver nanoparticles
to hydroxyapatite. E. coli and S. aureus were seeded on the surface of the substrates and incubated for
4h. In absence of silver, similar adhesion was obtained for both bare hydroxyapatite and
hydroxyapatite with ceria (viability close to 100%). However, in presence of silver, a decrease in
viability was seen to ~40% and ~50% for E. coli and S. aureus, respectively. Silver is known to have
antibacterial properties due to the ability of the silver ions to denature bacterial DNA [45].
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Figure 3. Applications of Biocomposites to Orthopedic/Dental Implants: (a) Schematic illustration of
fabrication process of graphene oxide- polyetheretherketone (PEEK) scaffolds. Reproduced with
permission from Reference [39]. (b) Schematic illustration of preparation of peptide-decorated carbon
reinforced PEEK (CFRPEEK) /nanohydroxyapatite biocomposite and its in vivo osseointegration.
Reprinted with permission from Reference [41]. (¢) Schematic illustration of preparation of
PPS/nanohydroxyapatite biocomposite and its in vitro/in vivo performance evaluation. Reprinted
with permission from Reference [42]. (d) Viability responses of E. coli (top) and S. aureus bacteria when
seeded on hydroxyapatite scaffold reinforced with ceria and silver nanoparticles. Representation of
aftereffects of this scaffold when hFOBs were seeded on it. Reprinted with permission from Reference
[44].

Considering that serum albumin is the most abundant protein found in the blood [46], it is
important to investigate albumin adsorption to the surface of the substrates. Therefore, substrates
were incubated with bovine serum albumin for 24 h. An increase of 3.84 times was observed when
compared adsorbed protein in the biocomposite with bare hydroxyapatite. The increase in adsorption
can be related to protein adsorption on the silver surface but also to the increase in hydrophobicity
[47]. In addition, human fetal osteoblasts (hFOBs) seeded on the substrates showed increased cell
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viability and activity in the biocomposites, indicating cytocompatibility of the synergistic effects of
ceria and silver nanoparticles. These results illustrated that the ceria and silver nanoparticles doped
hydroxyapatite can be used not just as a scaffold but also as an antibacterial bioactive coating for total
hip replacement, since the biocomposite demonstrated not just enhanced mechanical properties but
also enhanced osteoblast adhesion and proliferation, in addition to antibacterial properties. However,
although not clear, further assessment of cell viability and antimicrobial activity in the same cell
media needs to be performed in order to verify the potential of this biocomposite.

4. Wound Healing

Skin is not only the largest organ in the human body but it also acts as a defense barrier to the
external environment. Damaged skin, such as open wounds, means that this defense mechanism is
lost and the organism is now vulnerable to skin-related infections. Wound dressings can be used to
accelerate the healing process, while avoiding dehydration and providing an antimicrobial
environment to avert infection [48]. Materials used in the fabrication of wound dressings should be
non-toxic, biocompatible and ideally accelerate cell proliferation [49]. When biodegradable, the
degradation rate should be equivalent to the rate of wound repair [50]. Gas exchange is also an
important parameter to be considered, since high carbon dioxide and low oxygen concentrations
change the acidity on the wounded area, decreasing the healing process and making the wound more
prone to bacteria growth [51].

Hydrogels have been extensively used in wound dressing due to its biocompatibility and high
water composition, maintaining a moist environment [52]. However, often a single component is not
able to cover all necessary requirements to create an appropriate wound dressing. Synthetic
polymers, for example, lack high cell affinity but display good mechanical properties. Natural
polymers, on the other hand, are biocompatible and biodegradable but often present poor mechanical
strength and limited shelf-life [53]. Considering these parameters, Anjum et al. [54] developed a
nanofiber scaffold composed of polycaprolactone (PCL) and gelatin, as illustrated in Figure 4 (a).
Even though PCL is a biodegradable polyester used in different medical applications [55], this
polymer has shown reduced cell adhesion, due to a lack of cell-recognition sites. Gelatin, on the other
hand, contains RGD (arginine-glycine-aspartate) motifs that enhance cell adhesion and proliferation.
The combination of these polymers aimed to increase cell adhesion, proliferation and migration while
exhibiting enhanced mechanical properties [56].

Electrospinning technique was used to obtain polycaprolactone-gelatin nanofibers. The growth
of adult human skin-derived precursor cells (hSKPs) seeded on the nanofiber scaffolds was
investigated in order to determine whether these nanofibers could be used in the delivery of cells into
wounds. Nanofiber scaffolds displayed enhanced cell proliferation compared to bare
polycaprolactone. By day 7, cells had almost completely covered the surface of the scaffolds, creating
a monolayer, in which the cells started producing collagen. These results displayed that the
combination of both polymers enhanced cellular activity, holding good promise in terms of
delivering cells to injured skin areas.

In a similar approach, Yuan et al. [57] developed a fibrous scaffold composed of chitosan,
polyethylene oxide and fibrinogen, in which platelet-derived growth factor (PDGF) was successfully
incorporated, as illustrated in Figure 4 (b). PDGF helps to regulate matrix deposition and act as an
initiator of the wound healing process [58]. Chitosan is a polymer derived from chitin that has been
explored as a wound dressing material due to its antimicrobial properties [59]. However, since
chitosan shows a polycationic nature, it is challenging to electrospin it. Therefore, chitosan was mixed
with polyethylene oxide in order to improve electrospinability, while providing mechanical strength
to the biocomposite. Fibrinogen works through its activated form (fibrin), which can be used as a
temporary matrix for tissue repair and regeneration. However, fibrin lacks structural and mechanical
integrity; challenges that were overcome by combining it with chitosan and polyethylene oxide.
Addition of PDGEF to the scaffolds demonstrated that, during in vitro degradation, the biocomposite
exhibited a unique sustained release profile, promoting fibroblast migration. The chitosan-
polyethylene oxide-fibrinogen scaffolds demonstrated a viable alternative to wound dressings,
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especially due to its capability to deliver bioactive PDGF. Although promising, feasible applications
of this biocomposite will require in vivo investigation of PDGF delivery and enhancement of wound
healing.

The antibacterial potential of silver can consecutively reduce the toxicity response to the scaffold
and so Zhang et al. [60] incorporated silver nanoparticles on a collagen-alginate biocomposite.
Alginate is a natural polymer extracted from brown seaweed and it has been extensively used in
biomedical applications [61]. Although biocompatible, alginate shows low hemostatic performance
[62]. Combining alginate with collagen, the most abundant protein in the human body and a major
component of extracellular matrix, attempted to increase hemostatic function and promote cell
proliferation.

Sodium alginate powder was dissolved in a silver nanoparticle solution and the mixture was
added to a collagen solution, resulting in a collagen-alginate-silver nanoparticles blend, that was then
casted into rectangular molds. Mouse embryonic fibroblasts were seeded in the scaffolds in order to
evaluate biocompatibility of the biocomposite. When compared with the control group a relative
viability of more than 72% was obtained for the cells when the concentration of silver was below 50
uM. Antibacterial activities of E. coli and S. aureus were also evaluated in the biocomposites. While
composites without silver nanoparticles showed no antibacterial activity, the presence of silver
nanoparticles inhibited the growth of both bacteria, exhibiting potent antibacterial activity and
thereby displaying the strong potential of the biocomposite as wound dressings.

Also taking advantage of the antimicrobial properties of silver nanoparticles, Wang et al. [63]
developed a biocomposite mat composed of polyurethane and keratin, in addition to silver
nanoparticles. Keratin, a low-cost fibrous protein, was extracted from human hair in order to obtain
S-(carboxymethyl)keratin. Considering that gas exchange is essential for wound healing,
polyurethane is known for its ability to allow permeation of oxygen [64]. Combining these two
polymers and fabricating the biocomposite by electrospinning allowed the development of polymeric
fibers with high surface area and porosity, parameters required for wound dressing applications.
Fibroblast NIH 3T3 cells seeded on the scaffolds displayed better cell growth in the biocomposites
than in bare polyurethane. In addition, the biocomposites displayed high antibacterial activity
against both S. aureus and E. coli. In vivo studies were performed by cutting 4 full-thickness circular
wounds on the back of rats and applying the nanofibrous mats to the wounds and comparing the
results with a sponge dressing, as illustrated in Figure 4 (c). In the sponge control group,
inflammatory cell infiltration was obvious. On nanofibrous mats, on the other hand, the boundary of
epidermis and dermis layers disappeared, while a reduction of inflammatory cells was seen.
Therefore, in addition to cell growth stimulation, animal testing results showed that the biocomposite
could promote wound healing. However, long-term in vivo studies are still necessary to fully test the
potential of this biomaterial for skin repair.

More complex wound healing patches can be developed by incorporating sensing markers in
order to monitor the healing process. Oxygen can be used as a healing marker, indicating tissue
oxygenation and, consequently, providing valuable diagnostic information. Roussakis et al. [65]
developed a theranostic biocomposite scaffold composed of collagen and dextran, containing an
oxygen sensing component. Collagen-dextran mixture displayed high biocompatibility and
biodegradability, while oxygen monitoring by in vivo phosphorescence imaging incorporated the
ability to track the progression of the wound healing. The oxygen-sensing macromolecule
(dendrimer) was incorporated into the collagen-dextran mixture, together with a green-emitting
reference dye. In vivo evaluation of the performance of the biocomposite scaffold membrane was
performed by incorporating the membrane with and without the oxygen-sensing marker in a wound
made on the backs of diabetic mice. In vivo luminescence imaging was performed considering that
as wound oxygenation increases, the rate of phosphorescence quenching increases, resulting in a
decrease in phosphorescence intensity on the biocomposite. In vivo results demonstrated a large
decrease in phosphorescence on days 0B1, followed by small variations until day 10. These results
demonstrate the ability to observe and track oxygen levels using this composite membrane.
Therefore, the incorporation of both therapeutic and diagnostic functionality into a single
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biocomposite, as in the case of the oxygen-sensing scaffold, cannot just enhance healing but also
monitor the progression of the wound healing process.
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Figure 4. Applications of Biocomposites to Wound Healing: (a) SEM images of polycaprolactone-
gelatin nanofiber scaffold (top) and morphology expression of human skin-derived precursor cells

(hSKPs) cells on this matrix. Reproduced with permission from Reference [54]. (b) SEM image of
fibrous scaffold composed of chitosan, polyethylene oxide, fibrinogen (top). Platelet-derived growth
factor (PDGF) was released from the scaffolds, displaying a dose-dependent profile (bottom).
Reprinted with permission from Reference [57]. (¢) Schematic illustration of fabrication of
polyurethane/keratin/silver nanoparticles scaffold (top). Wound healing tests were performed using
different dressing materials, including a sponge dressing (control), in the back of rats (bottom).

Reprinted with permission from Reference [63].

5. Tissue Engineering

Biocomposites have also been applied to the field of tissue engineering. This field refers to the
restoration of damaged tissues using artificial scaffolds [66]. Since the scaffold containing cells is
supposed to enhance cell growth and regeneration of the damaged tissue, degradation of the scaffold
needs to meet the regeneration rate of the damaged area. This is done by using biomaterials to mimic
the extracellular matrix of tissues, that is mainly composed of collagen, elastin, fibrin and hyaluronic
acid [67].

Lee et al. [68] developed a fibrin-based biocomposite that was used to create a 3D printed
glioblastoma multiforme (GBM) model. The biocomposite ink was composed of fibrin, alginate and
genipin. To crosslink the components of this bioink, calcium chloride, chitosan and thrombin were
used. Aspect Biosystems RX1 printer was used to create the 3D printed model of GBM, in which
U87MG human GBM cells were mixed with the bioink and the mixture was crosslinked at the exiting
nozzle of the printhead, as illustrated in Figure 5 (a). High cell viability was observed after printing
(~88%) and, after 12 days of culture of the scaffolds, ~86% of cell viability was obtained. In addition,
cells also displayed the formation of spheroids within the scaffolds, indication the feasibility of using
these constructs as drug screening models. The scaffolds were treated with a GBM-reprogramming
cocktail (cocktail that has shown to reprogram GBM cells to neurons [69]). While elongated neurites
were not seen, cells had impaired ability to proliferate throughout the scaffold and were not able to
form cell-like spheroids. These results indicated that this 3D printed model could recreate a more
accurate representation of GBM's in vivo characteristics than 2D cell cultures, while using a fibrin-
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based biocomposite ink. Nevertheless, even though positive results were obtained, in vivo data still
needs to be obtained, in addition to possible exploration of more complex 3D printed structures.

Also in the field of neural tissue engineering, Wang et al. [70] developed a conductive scaffold
composed of chitosan, gelatin and poly(3,4-ethylene-dioxythiophene) (PEDOT) nanoparticles.
Chitosan/gelatin porous scaffolds were immersed in a solution containing ammonium persulfate
(APS) and EDOT monomer, as illustrated in Figure 5 (b). Final scaffolds displayed a porous structure,
favorable for cell perfusion. In addition, the constructs displayed high electrical conductivity in
hydrated state and in presence of cells, indicating that this biocomposite shows promising properties
to be used as conductive material for tissue engineering. In combination with an appropriate
biodegradation rate (~90% weight loss after weeks of incubation), cytotoxicity tests demonstrated
that the degradation products did not alter cell viability. PC12 cells from rat adrenal medullary tumor
were seeded on the scaffolds and demonstrated high adhesion, proliferation and spreading over the
scaffold surface, displaying neurite growth. These results indicated that the PEDOT layer had a good
biocompatibility and that the biocomposite shows potential to be used as an implant material for
neural tissue engineering. Further in vivo investigation is still necessary to fully understand the
potential of this biocomposite as an implant for neutral tissue engineering.

Applications of conductive scaffolds can also be extended to cardiac tissue regeneration. Wu et
al. [71] developed a 3D hybrid scaffold based on aligned conductive nanofiber yarn networks. These
networks were combined with a hydrogel shell in order to mimic the native cardiac tissue structure,
asillustrated in Figure 5 (c), especially considering that heart muscles are dense quasi-lamellar tissues
that display an anisotropic structure with multiple layers of extracellular matrix (ECM) and highly
oriented cells [72,73]. The yarn networks were prepared using a weaving technique. First, a
nanofibrous web was created by electrospinning a mixture composed of PCL, silk fibroin and carbon
nanotubes. Surgical suturing threads were positioned with battlements pattern, forming a warp
structure in which the fibers woven across, producing an interwoven network scaffold. Even though
cardiomyocytes cultured on the surface of the network scaffold demonstrated high viability, aligned
and elongated morphologies and a synchronous beating ability, the network structure was easily
disrupted. Considering that the preparation of multilayer nanofiber yarns network is difficult, a core-
shell approach was taken, in which gelatin methacryloyl was used to encapsulate the network.
Cardiomyocytes seeded on this 3D structure exhibited long sarcomeres, indicating that this
biocomposite structure enhanced cellular alignment, elongation and cardiomyocytes maturation.
Therefore, this scaffold demonstrated a good potential for cardiac tissue engineering applications.

Tissue engineering has also been explored in the development of skeletal muscle tissue. The
selection of biomaterials for this application includes the focus on enhancing myoblast adhesion and
promoting myogenic differentiation. Considering that skeletal myoblasts are naturally electroactive,
the use of conductive materials, such as conducting polymers, in the skeletal muscle tissue
engineering field has been extensively explored [74877]. However, these polymers have shown to
present not just toxicity but also reduced biodegradability. To overcome some of these challenges,
Manchineella et al. [78] explored the use of silk fibroin combined with melanin in the development
of an electroactive biocomposite scaffold. While silk fibroin (extracted from silkworm cocoons) has
good biodegradability and biocompatibility, the conduction property of the biocomposite originated
from the addition of melanin. Melanin, a natural polymeric pigment, displays conducting and
antioxidant properties [79-81]. A blend of silk fibroin and melanin were electrospun in order to create
a porous scaffold. Conductivity property of the biocomposite, in terms of resistance values, was
evaluated using a resistivity probe at room temperature and results were compared with silk by itself.
These results indicated that electrospun biocomposite scaffolds demonstrated 2.5 times decrease in
resistance compared with silk, attributed to the porous nature of the scaffold and to the addition of
melanin. Viability, cytotoxicity and proliferation of mouse myoblast cells seeded onto the
biocomposite scaffolds were investigated. In addition to high cell viability, a homogeneous cell
distribution was observed on the surface of the biocomposite. Myogenesis (formation of muscular
tissue) was induced by creating serum starvation condition on the scaffolds containing confluent
myoblasts. Multinucleated myotubes formation was observed due to myoblast fusion. Myotubes
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formed on silk scaffolds in absence of melanin were shorter, while presence of melanin on electrospun
scaffolds resulted on well-defined, long and aligned myotubes. These results indicated that addition
of melanin to silk fibroin improved myogenic differentiation of myoblast cells, demonstrating that
this biocomposite has potential for applications in skeletal muscle tissue engineering.

Kim et al. [82] integrated 3D printing techniques on the development of a biocomposite scaffold
consisting of PCL and collagen simulating microfibril muscle structure. In order to 3D print PCL
microfibrils, poly(vinyl alcohol) (PVA) was mixed with PCL and a complex microscale-patterned 3D
printed structure was created. PVA was then removed by immersing the 3D printed structure in
distilled water for 24 h. Collagen was then deposited on the surface of the PCL fibers, in order to
enhance myoblast adhesion. Myoblast proliferation and morphology were investigated by live/dead
staining and MTT assay. Cell morphology was aligned parallel to the direction of the microfibrils,
while structures without collagen did not induce alignment of cytoskeleton shape. In addition, higher
cell proliferation was observed in the hybrid microfibrils struts. Gene expression factors illustrating
myogenic differentiation were tracked using real-time polymerase chain reactions. Myoblasts
cultured on the biocomposite structures demonstrated higher gene expression levels, indicating
higher alignment and proliferation. Cells also infiltrated and proliferated between the microfibers of
the scaffolds. These results illustrated that PCL/collagen-based scaffolds possess a good potential as
substrates for muscle tissue regeneration.

Even though mimicking tissues in vitro has been one of the main goals of tissue engineering,
vascularization remains a challenge. Lack of vascularization restricts the delivery of nutrients to cells
by diffusion [83], which limits the final thickness and complexity of the scaffold. Focusing on the
development of blood vessel scaffolds with applications to cardiovascular diseases, Badhe et al. [84]
investigated the use of a biocomposite composed of chitosan and gelatin. The scaffolds showed a
microporous bilayer structure, in which the inner layer provided a large surface area for cellular
adhesion and proliferation, while the non-porous outer layer provided flexibility and elasticity. The
porous inner layer was created by adding Eudragit® L100 particles to the hydrogel solution. This
mixture was then transferred onto spinning plastic tubes and, after drying, the setup was immersed
in a sodium hydroxide solution to dissolve the Eudragit® L100 particles, leaving behind a
microporous tubular scaffold. A second layer of chitosan-gelatin hydrogel mixture was then applied
to the tubular structure and allowed to dry, as illustrated in Figure 5 (d). The resulting scaffold
demonstrated a final bilayer tubular structure. Human dermal fibroblast cells seeded in the tubular
scaffolds spread and proliferated on the surface of the 3D structures, showing filopodia and reaching
confluence by day 20. These results confirmed that the chitosan-gelatin tubular scaffolds can be
considered a promising candidate for blood vessel tissue engineering.

Applications of biocomposites in tissue engineering also extents to the development of in vitro
tumor models. Cancer is still a devastating disease that affects millions of people each year. In order
to predict the response of cancer to treatment, studies are moving away from the 2D cell cultures into
3D models, which is an improvement considering that cells experience a 3D environment inside the
body [85]. Therefore, 2D monolayers are unable to replicate this complexity [86] and, consequently,
the translation of results obtained in 2D cell cultures are not very promising [87]. Zhao et al. [88]
developed an in vitro cervical tumor model in order to investigate the response of paclitaxel in 3D
constructs. The 3D constructs were fabricated by 3D printing Hela cells mixed with a biocomposite
ink composed of gelatin, alginate and fibrinogen in a layer-by-layer fashion. Comparing with Hela
2D monolayers, Hela cells in the 3D constructs demonstrated the formation of round spheroids in
addition to tight cell-cell connections within the hydrogel. Monolayers, on the other hand, showed
flat and elongated morphology. Paclitaxel was added to the cell media of 3D scaffolds and 2D
samples, in order to compare the response of the cells to this chemotherapy drug. While high cellular
apoptosis was observed in both 2D and 3D samples, 3D printed Hela/hydrogel constructs
demonstrated enhanced chemoresistance, illustrating the impact of dimensionality on the evaluation
of effectiveness of chemotherapy.

In addition to providing a 3D environment, scaffolds should also match the mechanical
properties of the tissue being modelled. Valente et al. [89] explored the use of a biocomposite mixture
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composed of collagen type I and gelatin methacryloyl in order to mimic healthy and cancerous breast
tissues. By varying the ratio between these two polymers, different elastic moduli values were
obtained for the biocomposites. Soft biocomposite scaffolds displayed an elastic modulus of ~200 Pa,
while healthy breast tissue displayed elastic modulus ranging from 150 to 400 Pa. Stiff hydrogel
mixture presented elastic modulus of ~5900 Pa, that was similar to values obtained for breast tumor
samples (388 kPa) [90-92]. These biocomposite mixtures were then injected into microfluidic devices
in order to create a breast-on-a-chip to evaluate the impact of matrix stiffness on the transport of
GNP, as illustrated in Figure 5 (e). GNP are radiosensitizers that are capable of enhancing the effect
of radiation therapy. Tracking the movement of fluorescently labeled GNP inside the microfluidic
device demonstrated that there was a 77% decrease on the diffusion coefficient. The decrease in
diffusive transport displayed the importance of biocomposite stiffness on transport of species. In
addition to demonstrating high cell viability for MCF-7 breast cancer cells seeded on the scaffolds,
diffusion results for GNP were similar to in vivo results obtained for Immunoglobulin G, highlighting
the feasibility of application of this biocomposite in mimicking in vitro tumor and healthy breast
ECM.
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printhead (top) 3D printed glioblastoma multiforme (GBM) structure (bottom). Reproduced with
permission from Reference [68]. (b) Schematic of the synthetic route to the PEDOT/Chitosan/Gelatin
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permission from Reference [84]. (e) Mimicking ECM in vitro using a biocomposite mixture inside of
a microfluidic device. Reprinted with permission from Reference [89].
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6. Conclusion

Biocomposites present great potential for application in a wide range of areas in biomedical
engineering. Table 1 summarizes the highlighted applications of biocomposites discussed in this
paper. In the case of synthetic bone grafts, biocomposites displayed good cell adhesion, proliferation
and bone growth. In addition, high ALP levels were also observed, indicating the osteoinductive
character of the biocomposites. Encouraging outcomes were also obtained for biocomposites
containing PEEK, in which enhanced mechanical properties and high ALP activity level allows the
application of these scaffolds to orthopedic/dental implants. Considering that wound dressings are
required to be biocompatible, they contain a large quantity of water and provide gas exchange,
biocomposite hydrogel materials are an appealing alternative to currently available wound dressings.
Considering the diversity of the available biocompatible polymeric materials, there are many
potential applications of biocomposites for tissue engineering. In summary, while promising results
have been widely documented in the open literature, the integration of biocomposites in the human
body requires further in vivo studies in order to assess the biocompatibility and non-toxicity of these
scaffolds.

Table 1. Summary of Biomedical Applications of Biocomposites.

Application Biocomposite Composition Reference
Nanohydroxyapatite and glycol chitosan [10]
Hydroxyapatite and polymeric blend (fibroin, chitosan and [11]
agarose)
Regfr?er;:tion Calcium silicate, zinc silicate and graphene oxide [15]
Collagen, silk fibroin and dECM [26]
Boron nitride and boron trioxide [28]
Nanohydroxyapatite, calcium sulfate and bioactive molecules [32]
PEEK and graphene oxide [39]
CFRPEEK, nanohydroxyapatite, carboxymethyl, chitosan and [41]
Orthopedic bone forming peptide
Implants Polyphenylene sulfide and nanohydroxyapatite [42]
Polyimide and tantalum pentaoxide [43]
Hydroxyapatite, ceria nanoparticles and silver nanoparticles [44]
Polycaprolactone and gelatin [54]
Chitosan, polyethylene oxide and fibrinogen [57]
Wound Healing Collagen, alginate and silver nanoparticles [60]
Polyurethane, keratin and silver nanoparticles [63]
Collagen and dextran [65]
Fibrin, alginate and genipin [68]
PEDOT, chitosan and gelatin [70]
Tissue Polycaprolactone, silk fibroin and carbon nanotubes [71]
. . Silk fibroin and melanin [78]
Engineering
Polycaprolactone and collagen [82]
Gelatin, alginate and fibrinogen [88]
Collagen type I and gelatin methacryloyl [89]
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