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Abstract: Recent advancement in nanotechnology has provided a wide range of benefits in the
biological sciences, especially in the field of tissue engineering and wound healing. Nanotechnology
provides an easy process for designing nanocarrier-based biomaterials for the purpose and specific
needs of tissue engineering applications. Naturally available medicinal compounds have unique
clinical benefits, which can be incorporated into nanobiomaterials and enhance their applications
in tissue engineering. The choice of using natural compounds in tissue engineering improves
treatment modalities and can deal with side effects associated with synthetic drugs. In this review
article, we focus on advances in the use of nanobiomaterials to deliver naturally available medicinal
compounds for tissue engineering application, including the types of biomaterials, the potential role
of nanocarriers, and the various effects of naturally available medicinal compounds incorporated
scaffolds in tissue engineering.
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1. Introduction

In medicine, nanotechnology can develop effective treatment modalities and overcome the
challenges associated with the diagnosis, prevention, and treatment of various diseases [1,2]. It is
extensively used in various perspectives on nanomedicine, including drug delivery (nanoscale
delivery vehicles), in vitro diagnostics/detection (nano-based sensors), in vivo imaging (targeting
imaging nanoprobes), therapy techniques (metal-based nanoparticles in hypothermia/antimicrobial
agent), biomaterials (biocompatible medical implants), and tissue engineering (scaffolds which mimic
extracellular matrix (ECM)). Recent advances in nanotechnology provide an easy process for designing
nanocarrier-based scaffolds for the purpose and specific use of tissue engineering applications [3] such
as the sustained delivery of drugs, bioactive molecules and angiogenic factors [4]. Tissue engineering is
an interdisciplinary field based on the principles from life sciences and engineering to restore, improve
and maintain tissue function [5]. Tissue engineering scaffolds have certain requirements such as
physical, chemical, and mechanical properties to enhance cell diffusion and three-dimensional (3D)
tissue formation [6]. The biocompatibility, biodegradability, and mechanical properties of scaffolds
play an important role in tissue regeneration, and provide adequate support to cells. Biocompatible
scaffolds allow the cells to function normally by enhancing their surface adhering and migration
properties. The primary purpose of using scaffolds in tissue engineering is to allow cells to build their
ECM and to be completely biodegradable without activating any immune reactions in our body. The
by-products of degraded scaffold should be non-toxic and can be removed from our body without
causing any adverse effects. Eventually, the scaffolding material must have good mechanical properties,
including tensile strength and compressive stiffness, to maintain their integrity during implantation [7].
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Biomaterial-based scaffolds or implants have played an important role in increasing support for
cell growth in tissue engineering and regenerative medicine. The biomaterial must be fabricated based
on the structural, biochemical, and biological requirements for tissue engineering applications [8].
Currently, research on the biomaterial-based delivery of natural medicinal compounds and their
scientific implications in tissue engineering applications has attracted global attention and the World
Health Organization (WHO) reports that about 80% of the world’s population relies on traditional
medicine. It is well documented that plants have been identified as a major source of natural medicinal
compounds and that plant-based compounds (phytochemicals) are considered to be highly effective in
topical applications with reduced side effects [3,9,10]. Some natural medicinal compounds derived
from plant sources and their active ingredients are listed here including turmeric (curcumin), garlic
(allicin), Aloe vera (Acemannan), ginger (gingerol), soy (isoflavones), green tea (epigallocatechin-gallate)
played a functional role with positive outcomes in bone tissue engineering [11].

In this review article, we focus primarily on the progress in using nanocarriers to deliver naturally
available medicinal compounds for tissue engineering application. Accordingly, this review article is
organized into five different sections. In Section 1, an introduction to the study is briefly explained. In
Section 2, the use of different biomaterials and their potential role in tissue engineering applications is
presented. In Section 3, the different types of nanocarriers available in tissue engineering applications
and their potential benefits are discussed in detail. In Section 4, the effects of natural compounds
incorporated scaffold in tissue engineering applications are described, as well as various methods to
fabricate the scaffolds. In Section 5, some conclusions are presented about the future perspectives of
this work.

2. Biomaterials for Tissue Engineering

Natural and synthetic polymers have been identified and are widely used as a biomaterial for
tissue engineering applications because of their high level of cellular compatibility (non-toxic), simple
design, preparation, structural stability, enhanced adhesion, biodegradability, and interestingly, their
biomimetic properties [12].

2.1. Natural Polymer-Based Biomaterials

The commonly used, natural, polymer-based biomaterials are collagen, silk, gelatin, keratin,
chitosan, hyaluronan, starch, pullulan, cellulose, alginate, and chondroitin. Collagen is a Food and
Drug Administration (FDA)-approved material for a variety of biomedical applications, including
wound dressing and artificial skin [13]. Collagen derived from animal origin retains the risks of immune
responses and interestingly, the use of other natural biomaterials (e.g., silk fibroin) can overcome
the side effects associated with these collagens [14]. It can act as a biomaterial in tissue engineering
from two different methods, the first being a decellularized form of collagen and the second forming
a scaffold by mixing collagen with other biomolecules [15]. Collagen-based biomaterials serve as
an excellent vehicle to deliver cellular components and bioactive molecules for myocardial repair
and regeneration [16]. Stem-cell-specific antibodies such as anti-Sca-1 loaded collagen scaffold were
successfully synthesized to target Sca-1-positive cells to promote myocardial regeneration in a mouse
model. The anti-Sca-1 conjugated scaffold effectively enhances the regeneration of cardiomyocytes at
the site of injury in the myocardium [17]. Yoon et al. (2020) recently studied the role and application
of type I collagen-based biomaterial (Insuregraf®) as a skin graft and suggested that this material is
clinically suitable for use as a dermal substitute in the treatment of burn wounds [18]. Boccafoschi et al.
(2005) prepared reconstituted collagen films for vascular tissue engineering applications, and the cell
culture study results revealed that the material supports cell spreading based on the observation of their
cell adhesion and proliferation properties [19]. Improved mechanical properties and the bioactivity
of biomimetic type I collagen and elastin-based meshes showed positive effects for the treatment of
ventral hernia repair in the in vivo rat model [20].
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In recent decades, the use of silk fibroin (SF) in tissue engineering has increased due to their
simple fabrication process, excellent biocompatibility and biodegradability [21,22] and it can be used
successfully as a biomaterial in various tissue engineering applications including musculoskeletal [23],
bone [24], soft [25], cartilage [26], cardiac [27] and neural tissue engineering [28]. The tailoring
properties of SF-based porous aerogels have demonstrated good cytocompatibility against human
foreskin fibroblast cells and can be used for tissue engineering applications [29]. Bhardwaj et al.
(2011) fabricated SF, chitosan-based scaffolds for cartilage tissue engineering applications, with the
biochemical and mechanical properties of the scaffolds resulting in enhanced cell attachment and the
accumulation of glycosaminoglycan and collagen on the synthesized scaffolds [30]. The functional
properties of nanocomposite based on hydroxyapatite and SF enhanced the bioactivity of bone growth
and the content of SF in the nanocomposite played a significant role in cell proliferation, biodegradation
and biomineralization for bone tissue engineering applications [31]. The surface morphology and
biocompatibility of SF and cobalt ferrite nanoparticle compounds played an important role in the cell
viability and proliferation rate of MC3T3-E1 pre-osteoblast cells and were suitable for bone tissue
engineering applications [32]. Growth factor incorporated SF-based scaffolds has limitations in the
release profile and rapid loss of the loaded material. The growth factor gene sequences functionalized
silk fibers secreted from transgenic silkworms and sustained the presence of growth factors on the
scaffolds, and it significantly enhanced cell proliferation and wound closure [33].

Gelatin is a biocompatible and biodegradable natural polymer which is derived from collagen
hydrolysis, and it has numerous applications as a scaffold in tissue engineering and carrier molecule in
drug delivery [34,35]. There are some disadvantages of using gelatin in tissue engineering applications
which include poor mechanical and thermal properties, it can be easily overcome by making a composite
material [36]. Some of the gelatin-based composite materials and their potential benefits as a scaffold
material for tissue engineering applications are briefly discussed here. Nanocomposite fibers based
on gelatin and cerium oxide nanoparticles have shown a positive effect in nerve tissue engineering
and regenerative medicine [37]. Dual-nanofiber scaffolds based on polyurethane-gelatin and nylon
6-gelatin are made by electrospinning, which has a good tensile strength and wettability properties,
and the porous structure of gelatin scaffolds promotes osteoblast cell attachment, migration, and
proliferation [38]. Nooeaid et al. (2020) developed a biocompatible, multifunctional, highly porous
tetracycline hydrochloride/polylactic acid/gelatin-based gel for use in soft-tissue engineering. The
scaffold material exhibits excellent antibacterial activity against Staphylococcus aureus and Escherichia
coli bacterial strains and has shown cytocompatibility with human dermal fibroblast cells [39]. Sharifi et
al. (2020) fabricated gelatin/chondroitin sulfate/polycaprolactone-based nanofibrous scaffolds and has
shown better human mesenchymal stem cells (hMSCs) attachment and chondrogenesis differentiation
for cartilage tissue engineering applications [40]. The ciprofloxacin-loaded three-dimensional porous
phosphate glass-reinforced gelatin scaffolds for bone tissue engineering were synthesized; the scaffolds
mimic ECM properties, and sustained release of ciprofloxacin was observed in the phosphate-buffered
saline at 37 °C. Cell culture studies for these scaffolds were performed, and the results revealed good
cell adhesion and proliferation with enhanced cell viability in osteoblast like MG-63 cells [41].

Keratin-based scaffold are biocompatible, the medicinal uses are well documented in the literature.
The major sources of keratin are from hair, wool, horns, hooves and nails. It has shown some
significant advantages in tissue engineering applications due to their intrinsic biological functions and
the production of pure keratin fibers is a major physical limitation associated with keratin materials,
which can be overcome by blending with synthetic and natural polymers [42]. The functional role
of keratin-associated proteins and keratin intermediate filaments extracted from hair samples was
prepared as a hybrid hydrogel with chitosan, which showed controllable mechanical properties for tissue
engineering applications [43]. The porous composites of keratin-based three-dimensional scaffolds are
prepared by keratin in combination with chitosan or gelatin without the use of any cross-linking agent,
and they have shown better thermal stability, mechanical strength and biocompatibility, and enhanced
proliferation rate of NIH3T3 fibroblasts cells and the newly synthesized healthy ECM compared to
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pure keratin [44]. Oxygen-generating smart scaffolds are prepared using a mixture of human keratin,
SF, gelatin, and calcium peroxide for use in urinary tract tissue engineering. The synthesized smart
scaffold demonstrated good antibacterial activity against Staphylococcus aureus and Escherichia coli,
which are commonly found in urinary tract infections. The implantation of this smart scaffold study
was conducted in an in vivo rabbit model to treat urethral defect; it showed enhanced cell proliferation
of autologous cells and prevented fistula formation due to its excellent antibacterial activities [45].
Dou et al. (2020) recently reported the use of sulfonated keratin- and polycaprolactone-based mats for
vascular tissue engineering applications and the synthesized mats were shown to play a key role in
enhancing endothelial cells growth with better blood and cytocompatibility [46].

Chitosan has been extensively studied in tissue engineering applications due to their surface
hydrophilicity, biocompatibility, biodegradability, and significant biochemical properties [47]. The
chitosan membranes have low mechanical resistance, being as stiff and brittle in nature which
are considered as major disadvantage of using chitosan as a scaffold in tissue engineering. The
mechanical properties are effectively improved by cross-linking with hydrophilic material such as
polyethylene glycol [48,49]. An electrostatically immobilized heparin containing chitosan scaffolds
stimulates osteoblast proliferation and demonstrates the enhanced cell viability and differentiation in
MC3T3-E1 in vitro for bone tissue engineering applications [50]. In another study, an immobilized
heparin containing chitosan scaffolds improved the stability and loading efficiency of the nerve
growth factor and supported morphological development with enhanced cell attachment and
cell proliferation of Schwann cell in vitro, and it may be prominently used in peripheral nerve
regeneration [51]. The biomimetic vascular microenvironment was constructed with a combination
of heparin, vascular-endothelial-growth-factor-loaded chitosan and a polycaprolactone-based 3D
nanofibrous scaffold by electrospinning method, and enhanced endothelial cell proliferation and
anticoagulation properties [52]. Gomes et al. (2017) synthesized chitosan, polycaprolactone, and
gelatin-based hybrid scaffolds by electrospinning method, showing better physicochemical and
biological properties for skin tissue engineering applications [53]. Wang et al. (2017) demonstrated
the use of hydrophilic poly (3,4-ethylenedioxythiophene)-based chitosan and gelatin porous scaffold
for neural tissue engineering applications. Electroactive biomaterial significantly improved the
electrical conductivity, mechanical and thermal properties of the scaffolds. An in vitro cell culture
study revealed that the synthesized electroactive biomaterial showed enhanced biocompatibility, cell
adhesion, proliferation, gene expression, and protein levels in PC12 cells [54]. Biomimetic genipin
cross-linked collagen and chitosan-based porous scaffolds were prepared, the addition of chitosan
played an important role in cross-linking efficiency, and the degradation study showed that the
addition of genipin enhances the biostability of the material. The cross-linked scaffold showed excellent
biocompatibility against rabbit chondrocytes in vitro and was recommended for use in articular
cartilage tissue engineering [55].

Hyaluronic acid (HA) is a biocompatible mucopolysaccharide, a type of glycosaminoglycan
which is considered a major component of ECM [56]. The major disadvantage of HA in scaffold
preparation is its low stability and rapid degradation; often, chemical modification and cross-linking is
required to make this material useful in tissue engineering applications [57]. Li et al. (2020) recently
fabricated the interpenetrating network scaffolds based on collagen, chondroitin sulfate and HA.
HA-containing scaffolds significantly enhanced neurogenesis and may be considered for use in brain
tissue engineering therapy [58]. Core-shell-structured nanofibers were fabricated using polyurethane,
starch, and HA. The biological properties of HA enhanced the scaffold-cell attachment in the L929
mouse fibroblasts cell (in vitro) study, and the core-shell structural morphology of nanofibers showed
a positive impact on wound healing rate (in vivo) compared to control [59]. The mechanical properties
of HA-based cryogels were improved by adding the halloysite nanotubes. The hemocompatibility
study results revealed that the non-hemolytic nature of this scaffold and the scaffold treated cells
showed an improved cellular activity in different cell types [60]. The HA-based microfibrous scaffolds
supported the complete formation of monolayer in HUVECs cells, and the co-culture of HUVECs
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with MSCs study showed blood vessel formation on the scaffolds [61]. The ionic bonding between
the cationic chitosan and the anionic HA forms the polyelectrolyte complex, which demonstrated
advanced physicochemical, mechanical and biological properties of the chitosan-HA-based scaffolds
for many applications in tissue engineering [62]. Some of the studies based on chitosan-HA scaffolds
and their positive outcomes on tissue engineering applications are listed here. Chitosan-HA-based
scaffolds enhance cartilage ECM production [63], act as a hydrogel for cartilage tissue engineering [64],
can be used in dental pulp regeneration [65], acts as an injectable material in tissue engineering [66],
and can be applied in bone defects and various bone tissue engineering applications [67-69].

Pullulan is a non-toxic, edible biopolymer derived from different fungal strains, and
surface-modified pullulan-based scaffolds have received considerable attention in tissue engineering
applications. Although non-toxic in nature, pullulan has its own limitations in tissue engineering, i.e.,
a lack of adhesive properties that do not support cell proliferation and osteogenesis [70]. Bae et al.
demonstrated the functional application of cell-encapsulated and surface-modified pullulan-based
hydrogel, which also improved the mechanical and biological properties of the scaffold [71].
Amrita et al. (2015) reported that the successfully manufactured porous pullulan scaffold has a
nano-hydroxyapatite-based deposition to overcome its surface adhesive limitations. Surface-modified
pullulan and their enhanced osteoconductivity can be used successfully in bone tissue engineering [72].
ECM-mimetic, chemically cross-linked pullulan- and gelatin-based nanogels can be used as scaffolds
in tissue engineering [73]. In bone tissue engineering applications, antibiotic cefuroxime axetil-loaded
pullulan, poly(hydroxybutyrate-co-hydroxyvalerate) and polycaprolactone and diatom shell-based
3D scaffolds have been developed and their osteocompatibility has been studied in Saos-2 cells,
which has shown enhanced cell viability, cell attachment and cell distribution [74]. An injectable
cross-linked scaffold was fabricated using pullulan, dextran and nanocrystalline hydroxyapatite and
evaluated in rat femoral condyle defects. Smaller size microbeads (300-500 pum in diameter) were
successfully filled and promoted ingrowth in the bone defect site in favor of bone formation and
mineralization [75]. The cellular response of a 3D-printed, pullulan-based hydrogel scaffold was
evaluated using both HEK293 and mesenchymal stem cells. The scaffold material demonstrated
excellent cell viability in both two-dimensional (2D) and 3D patterns and showed excellent adhesive
properties on the scaffold coated with ECM fibronectin [76]. Biomimetic and injectable pullulan-HA
with hydroxyapatite-based hydrogels were prepared using silane coupling agents, which act as a
dermal filler for long-lasting durability, and cell culture studies showed improvements in cell adhesion
in L-929 fibroblast cells [77]. Pullulan- and cellulose-based crosslinked scaffolds were prepared by the
electrospinning method, which showed improved stability and mechanical properties by different
physicochemical characterizations. A prolonged cell culture study (35 days) in Saos-2 cells revealed
the cytocompatibility of scaffolds with adjustable thickness and structural integrity, which allowed the
cells to adhere and proliferate within the material and can be used successfully as a potential scaffold
for tissue engineering applications [78].

Chondroitin sulfate-based biomaterial has their benefits in tissue engineering applications such as
naturally derived biomimetic and bioactive macromolecules. It is used in various tissue engineering
applications due to its biocompatibility, biodegradability, and anionic properties [79]. Crosslinking
treatment with other stable polymer is always required to overcome the low-stability issues associated
with chondroitin sulfate [80]. Hybrid biomimetic nanofibrous scaffolds based on the mixture of gelatin,
polyvinyl alcohol and chondroitin sulfate were fabricated through electrospinning process and showed
excellent mechanical and biological properties for skin tissue engineering applications [81]. Cross-linked
chitosan, natural hydroxyapatite, chondroitin sulfate, and amylopectin-based scaffolds showed an
interconnected porous structure, good water retention ability and controlled biodegradability suitable
for bone growth and bone tissue engineering applications. Cell culture studies showed enhanced cell
attachment and proliferation compared to chitosan scaffolds in MG-63 cells [82]. The lower roughness
and enhanced hydrophilicity properties of chondroitin sulfate immobilized nanofiber meshes made it
an excellent substrate for human articular chondrocytes in cartilage tissue engineering applications [83].
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Chondroitin sulfate-based biomaterial shows positive effects on the treatment of articular cartilage
defects in the animal model and exhibits considerable anti-inflammatory effects [84]. Chondroitin
sulfate-based biomaterial accelerated the epidermal regeneration process [85], promoted cardiomyocyte
proliferation [86], periodontal tissue engineering [87] and skin tissue engineering [81], improved the
clinical efficacy of islet transplantation [88], bone tissue engineering [89], bone defect healing [90] and
bone regeneration [91].

2.2. Synthetic Polymer-Based Biomaterials

Synthetic polymer-based biomaterials used for tissue engineering applications and some of
them are polylactic acid (PLA), polyglycolic acid (PGA), poly (lactic-co-glycolic acid) (PLGA) and
polycaprolactone. Multifunctional scaffolds based on a combination of synthetic (PLA) and natural
polymers have attracted interest in soft tissue engineering and this approach has significantly enhanced
the mechanical and compressive properties of PLA-based scaffolds [39]. Modified bioactive surface
scaffolds were manufactured using PLA and HA with enhanced biocompatibility and pro-angiogenic
activity and can be successfully used for tissue engineering applications [92]. The porous PLA-,
polycaprolactone- and HA-based scaffolds were prepared by indirect 3D-printing for bone tissue
engineering, which has shown good cell viability, attachment and proliferation on MG63 osteoblast
cells and enhanced the function of alkaline phosphatase (ALP) and osteoblast [93]. In Wistar rat studies,
the implanted Mesenchymal-stem cell-loaded PLA scaffolds have shown positive healing effects in the
scaffold material when compared to control in bone tissue engineering and bone regeneration [94].
A novel scaffold was developed using tumor necrosis factor-« and insulin-like, growth-factor-loaded
polycaprolactone and PLA to treat acute liver failure. The results demonstrated cell cycle arrest
inhibition in the G1 phase and anti-senescence mechanisms induced by scaffold material, and the
senescence genes were downregulated in HepG2 cells in the RT-PCR study. Hepatocellular molecules
were detected by the immunocytochemical staining method to confirm the differentiation of bone
marrow stem cells into hepatocytes and the results showed an upregulated expression of hepatocellular
molecules in a scaffold-treated group compared to the control group. A urea estimation study was
performed to identify the functions of differentiated hepatocytes and expressions were relatively
improved compared to the control [95].

PLGA is a biodegradable synthetic polymer, which showed numerous advantages in tissue
engineering applications [96]. The lack of bioactivity is the major drawback associated with PLGA [97].
The addition of bioactive glass can significantly improve the biological properties of PLGA-based
scaffolds [98]. The fiber tubes were prepared using PGA and coated with poly (L-lactic acid) (PLLA)
and PLGA. The PLLA-bonded tubes showed an advantageous result in a larger compressive force study
and the degradation assay compared to PLGA-bonded tubes. The rat study revealed that there were
no structural changes in the PLLA-bonded tubes implanted during fibrovascular tissue ingrowth [99].
The cellular performance of the porous PGA scaffold was evaluated with human skin fibroblasts
cells in vitro, which demonstrated the evident cell adherence and proliferating property of scaffolds,
and the scaffold porous structure was could be covered by ECM due to their biocompatibility. The
in vivo compatibility of the scaffolds was studied by subcutaneous implantation in Sprague-Dawley
rat models. The histocompatibility of the scaffold was further confirmed by the distribution of new
blood cells and the presence of collagenous fiber on the implanted scaffold [100]. Positively charged
poly-L-lysine (PLL) modified porous PLGA microspheres were used for tissue engineering applications
and showed strong interactions with the negatively charged cell membrane, allowing the MG63
human osteoblast-like cells to spread evenly over the surface of the microspheres [101]. Ong et al.
(2018) demonstrated the use of a PLGA-based biodegradable microporous scaffold as a carrier for
both hydrophobic (curcumin) and hydrophilic (gentamicin) nature drugs [102]. Curcumin-loaded,
PLGA-embedded chitosan scaffolds were successfully studied for the treatment of chronic wounds.
The porous structure of the scaffold supported cell growth and proliferation in Vero cells (in vitro),
and the curcumin-loaded composite scaffold displayed more potent antibacterial property against
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Staphylococcus aureus than the plain scaffold [103]. The novel PLGA- and PLA-based hybrid nanofibers
were prepared by electrospinning method, which helped achieve a sustained release of loaded thymosin
beta-4. The biocompatibility of nanofibers tested against human-adipose-derived mesenchymal stem
cells and the encapsulated thymosin beta-4 played a significant role in cell migration and tenogenic
differentiation of cells in tendon regeneration [104]. Qodratnama et al. (2015) reported the use of
lysozyme as a model protein to study the release behavior properties of the PLGA polymer for tissue
engineering applications. The results demonstrated that the synthesized PLGA-based microparticle
could be used to control protein release. The released bioactive molecules and the surface morphology
of the PLGA microsphere may support cellular responses and provide positive effects on cell growth
and differentiation [105]. The sustained release of vascular endothelial growth factor (VEGF) and
the enhanced cell proliferation rate was observed from VEGF-loaded, PLGA-coated beta-tricalcium
phosphate scaffold compared to the scaffold without VEGEF, which can be used for bone regeneration
applications. [106]. In another study, VEGF-loaded TCP and PLGA microsphere-based scaffold prepared
for the treatment of craniofacial defects by 3D-printing technology [107]. Polycaprolactone-based
scaffolds are gradually used in tissue engineering applications due to their non-toxic, mechanical
and tissue-compatible properties. It can be degraded by the hydrolysis process under physiological
conditions, but the rate of degradation is slower due to the presence of repeating five hydrophobic
CH, moieties [108]. Polycaprolactone is an FDA-approved biodegradable polymer used in bone tissue
engineering and the addition of biocompatible nanoparticles significantly overcomes the bioactivity
issues related to polycaprolactone [109]. The polycaprolactone-based hybrid scaffold has shown
cytocompatibility in SaoS-2 cells with enhanced cell viability and cell density compared to the control.
Hybrid composite materials, such as calcium-polyphosphate microparticles with polycaprolactone,
play an important role in improving the surface morphology of polycaprolactone, and appear as a
smooth surface, whereas rough surface control is observed. Cell density and cell morphology were
further examined by scanning electron microscopy, and no cells were detected on the rough surface of
the control, whereas a polycaprolactone-based hybrid material showed a clearly visible cell morphology
of SaoS-2 cells [110].

The polyethylene glycol (PEG)-based composite nanofibers were prepared by the electrospinning
method and this showed enhanced tensile strength and cell adherence properties compared to cellulose
acetate butyrate (CAB) alone. Here, the hydrophilicity nature of polyethylene glycol (PEG) plays
a key role in reducing the hydrophobicity of CAB, resulting in a better performance of composite
nanofibers [111]. PEG-based nano-hydroxyapatite and PEG-based nano-bioglass scaffolds showed
positive results in physicochemical, mechanical, and cellular studies, which were attributed to the
functional application of those materials in hard tissue engineering applications [112]. Polyvinyl
alcohol (PVA), a water-soluble, non-toxic, biocompatible synthetic polymer, showed great potential
as a biomaterial in wound-dressing applications [113]; the blended PVA with a biopolymer chitosan
forms interconnected porous structure facilitated their functional use as a scaffold in soft-tissue
engineering. [114]. The in vitro cytocompatibility of PVA and chitosan-based, double-network
hydrogels was studied in rat bone marrow stem cells and mouse fibroblast cells, which revealed
that the hydrogel was safe and non-toxic to the cells. The in vivo study displayed complete wound
closure and no scar tissue formation in the hydrogel-treated groups, enhancing its use in tissue
engineering applications [115]. PVA and gelatin-based hydrogel mimicked the suitable morphology
and biological properties for tissue formation, which can be used as a cartilage scaffold for osteoarthritis
surgery [116]. Some PVA-based scaffolds are successfully used in different tissue engineering
applications, which include cardiovascular tissue engineering [117], bone tissue engineering [118],
hard tissue regeneration [119], cartilage repair [120], and skin tissue regeneration [121].

3. The Potential Role of Nanocarriers in Tissue Engineering

Recently, the use of nanocarriers in tissue engineering applications has greatly increased due to their
biological, mechanical, electrical, and antibacterial properties [122]. Nanocarriers are non-immunogenic
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in nature, non-toxic, highly biocompatible, biodegradable, provide mechanical strength and improve
the hydrophilicity of scaffold material for tissue engineering applications [123].

The physicochemical properties of nanocarriers facilitate the easy and efficient loading of active
biomolecules such as protein, enzyme, growth factor, drug, and natural medicinal compounds that are
functionally applied in tissue engineering. The physicochemical properties of nanocarriers ensure the
stability and nativity of the loaded biomolecules and facilitate controlled drug release mechanisms,
which also play a key role in the degradation of the scaffold material. Nanocarriers often enhance
the cytocompatibility of the implanted scaffold material and provide a suitable surface morphology
to improve the different cellular functions such as cell viability, cell migration, cell attachment and
cell proliferation.

A recent study suggested that the nanogel-based scaffolds play an effective role in tissue
regeneration constructs for tissue engineering applications [124-126]. Pullulan-based nanogels
were successfully synthesized and two different growth factors, such as human recombinant human
bone morphogenetic protein 2 (BMP2) and recombinant human fibroblast growth factor 18 (FGF18),
were loaded for effective bone repair in bone tissue engineering. The degradation of nanogels facilitated
the sustained release of the growth factor and provided bone healing and regeneration in vivo [127].
The fibronectin-loaded nanogel-based 3D scaffolds showed positive outcomes in bone regeneration
therapy. The biocompatibility and porous structure of the nanogels allowed the osteoblast cells to
effectively adhere to the scaffold surface and contact to the loaded fibronectin [128].

There are different types of nanocarriers are functionally used in tissue engineering applications,
including polymeric nanoparticles [129], gold nanoparticles [130], titanium oxide nanoparticles [131],
dendrimers [132], liposomes [133] and micelle [134]. A schematic illustration of the different types
of nanocarrier used for tissue engineering applications is shown in Figure 1 and different types of
nanomaterial characterization techniques are illustrated in Figure 2. The fabrication methodology,
potential role, and application of nanocarrier-based biomaterials for tissue engineering applications
are discussed in Table 1.
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Figure 1. Schematic illustration of different types of nanocarrier used for tissue engineering applications.
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Figure 2. Different types of nanomaterial characterization techniques.

Table 1. Potential role and application of nanocarrier-based biomaterial for tissue engineering applications.
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bone and tooth tissue
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The synthesized biomaterials
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Chemical A .
recipitation cytocompatibility against
bre MG-63 osteoblast cells and
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. . . been suitable as an ECM in
Gold nanoparticles loaded HAp nanomaterials. . Tissue . . .
. . . . Carrier molecule . . tissue engineering. Gold
and collagen-based biomaterial. =~ Microwave-assisted engineering . >
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Dexamethasone-loaded nangeggirgrel::zae S(Iieis an
carboxymethyl Precipitation Regulation of Bone tissue P .
. . . P . . excellent intracellular
chitosan/poly(amidoamine) method osteogenesis (in vivo) engineering .
- . nanocarrier for
dendrimer nanoparticles
dexamethasone release and
significantly enhanced the
ectopic bone formation [132].
Sustained release of paclitaxel
The bilayer membrane was achieved. It alleviates
of liposomes can help myelin inhibition and enhance
Paclitaxel-liposome loaded Lyophilization to rmprove the Spinal cord neu r01:1al d1fferent1'at10n
. solubility issues S - (in vitro). It provides
collagen microchannel scaffolds method - - injury repair . -
associated with microenvironment support for
hydrophobic drugs neural stem cells to
such as paclitaxel. differentiate into mature
neurons (in vivo) [133].
Quenching, ‘Cellular‘ It mimics native fibrous
. . self-assembly and It regulates cellular alignment in
Nanofibrous micelles . - networks surrounded by
soft lithography responses tissue cells [134]
approaches engineering o

TiO, Nanoparticles loaded porous

PLGA-based scaffolds.

3D-printing
technique

To improve mechanical
properties of the
scaffold

Bone tissue
engineering

Osteoblast proliferation
considerably increased in
PLGA/TiO, compared to pure
PLGA [135].

Mesoporous silica nanoparticles

(MSN) loaded collagen hydrogel.

Conventional
method

Porous morphology to
load nerve growth
factor (NGF)

Neural tissue
engineering

NGF-loaded collagen-MSN
scaffolds show significant
effects on neurite outgrowth
patterns compared to
NGF-loaded scaffold without
MSN [136].

Nano-hydroxyapatite
(HAp)-alginate-gelatin based
microcapsule

Electrostatic
encapsulation
method

Nano-HAp promotes
microencapsulated cell
osteogenesis

Bone tissue
engineering

The composite provided an
efficient osteogenic building
block. Alginate improves the
swelling, stability, and
mechanical strength of
hydrogels. Further studies
related to the composition of
the hydrogels are required to
improve their performance in
static and dynamic
cultures [137].

Nano-HAp, pullulan/dextran
based composite

Freeze drying

Induced mineralization

Bone tissue
engineering

The composite activates early
calcification and osteoid tissue
formation [138].

Nano silver, HAp, gelatin,
alginate, poly (vinyl alcohol)
based 3D scaffolds

Freezing thawing
approach

Antibacterial activity

Bone tissue
engineering

The 3D scaffold showed
superior mechanical
properties. The release of
silver ions from scaffold
materials leads to enhanced
antibacterial activity against
Bacillus and E.coli sps.
Although it shows some
positive outcomes in in vitro,
more in vivo studies are
required to find the suitability
of the synthesized material for
human beings [139].
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Table 1. Cont.

11 of 27

Name of the Nanocarrier Loaded Fabrication . T}ssue.
. . . . Role of Nanocarriers  Engineering Outcomes
Biomaterial/Composite/Scaffolds Techniques .
Applications
The interconnected porous
composite material showed
Chemical stability, better physical, and
Nano zirconia (nano ZrO,) loaded Freeze drvin mechanical and Tissue mechanical properties.
chitosan and SF-based ying biocompatibility . . Enhanced biocompatibility
. method engineering . .
nanocomposite property for bone and proliferation were
scaffolds observed in Human Gingival
Fibroblast cells compared to
the control [140].
The scaffold supports the
attachment and proliferation
Nano-HAp loaded o Nano-sized HAp . of humar:l osteoblast.cells. The
olyhydroxybutyrate-co-(3-hydrox algrlg%?ospmnmg promote cellular Bone tissue mechanical properties of this
polyhydroxybuty Y v ethods activity and rate of engineering matrix show the decreased

(PHBV) and SF-based composite.

mineralization Young’s modulus when
increasing concentration to 5
wt.% [141].
The existence of TiO,
Single emulsion To provide improved the bioactivity of

TiO, Nanotube loaded 3D porous Bone tissue PLGA scaffold, promoting cell

and microsphere compressive modulus

PLGA-based microspheres. sintered techniques and strength engineering attachment (in vitro) and
4 sty enhanced bone regeneration
(in vivo) [142].
The surface morphology,
Mesoporous silica nanoparticles Electrospinning To increase solution physical and biological
(MSNPs) loaded PLGA/gelatin method for scaffold, viscosity, conductivity, Nerve properties of the scaffolds
nanofibrous scaffolds Template removal  and hydrophilicity of ~ regeneration made it more suitable for
' method for MSNPs the scaffolds nerve tissue engineering
applications [143].
The synthesized nanospheres
are biocompatible, facilitating
osteogenic differentiation and
osteoinductive properties
(in vitro). The limitation of
Ultrasonic this study is that the author
Strontium-doped HAp/SF coprecipitation Osteoinductive Bone did not show the in situ bone
biocomposite nanospheres pme tP})w d components regeneration defect healing potential of

strontium-doped HAp/SF
biocomposite nanospheres,
but their hypothesis strongly
recommended the use of this
biomaterial as an in situ bone
filling material [144].

4. Effects of Natural Compounds Incorporated Scaffold in Tissue Engineering

The use of natural compounds incorporated scaffolds shows a wide range of beneficial applications
in tissue engineering. Bose et al. (2020) recently reported a comprehensive investigation on the
osteogenic effects of natural medicinal compounds, the pharmacological effects of bioactive molecules
present in the natural medicinal compounds and their potential role in bone tissue engineering [11].
A schematic representation of the preparation of a nanobiomaterial-based scaffold for the delivery
of natural medicinal compounds for tissue engineering applications is shown in Figure 3 and
the chemical structures of curcumin, soy isoflavones and acemannan are given in Figure 4. A
comparative study on different types of natural compounds incorporating a scaffold for tissue
engineering applications is given in Table 2. Turmeric (Curcuma longa), also known as “Indian
saffron”, is traditionally used as a medicinal compound for different treatment modalities. Curcumin
is considered to be one of the major bioactive constituents in turmeric and its therapeutic benefits
are well documented in the literature [145,146]. It has wide application in tissue engineering and
regenerative medicine due to its multifunctional biological activities, which include anti-inflammatory,
anti-oxidant and antibacterial properties [147]. Although it has multifunctional activities and wide
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application in biological science, there are some issues associated with curcumin which limits its
efficient use, such as low solubility, poor oral bioavailability, high degradation rate in alkaline
pH, and photodegradation [146,148]. Nanotechnology platforms facilitates the bioavailability of
curcumin by incorporation into different types of nanomaterials which include chitosan hydrogel [149],
HA-PLA nanoparticles [150], gelatin-based biomimetic nanofibrous mats [151], SF nanoparticles [152],
Pullulan-based nanoparticles [153], alginate-polysorbate 80 nanoparticles [154], PLA nanoparticles [155],

PLGA nanoparticles [156], and polycaprolactone/montmorillonite nanocomposite [157].

\
[NANOCARR.ERS]- +
/

3D porous scaffold

| oo Y - -
- .- - g™
Natural compounds 3D porous scaffold
loaded nanocarriers in with cells for Tissue
3D porous scaffold Engineering Applications

Figure 3. Nanocarriers and biomaterial-based scaffold for the delivery of natural medicinal compounds
for tissue engineering applications.
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Figure 4. Chemical structure of natural compounds (a) curcumin; (b) soy isoflavones and (c) acemannan.

The therapeutic properties of Aloe vera (Aloe barbadensis Miller) in wound-healing attracted
the use of it as a biomaterial composite in tissue engineering applications [158]. Aloe vera plays an
important role in the treatment of skin injury and has been used successfully in skin tissue engineering
applications, improving the activity of amino acids, stimulating cell production, promoting skin
regeneration, and preventing scar formation [159]. The bioactive compound “acemannan” is the major
functional polysaccharide extracted from the leaves of Aloe Sps. It requires a deacetylation process using
sodium borohydride to obtain the water-soluble form of acemannan and it showed greater antibacterial
activity against both Gram-positive and Gram-negative bacterial strains [160]. It is commonly insoluble
in acetone and propylene glycol and completely soluble in inorganic solvent (0.9% NaCl) [161]. Silva
et al. (2013) explored the use of chitosan and Aloe-vera gel-based membranes as active wound dressing
materials and showed desired physical, mechanical, and biological properties [162]. Aloe vera gel-based
3D sponges were prepared by freeze-drying techniques, and showed an interconnected pore structure
in the matrix; gellan gum plays an important role in improving the stability and mechanical properties
of sponges and can be used as an active biomaterial in regenerative medicine [163]. Aloe vera blended
collagen-chitosan scaffolds facilitate cell migration and the porosity of the scaffold enhanced cellular
activity in L3T3 mouse fibroblast cells [164]. Aloe vera-based Poly (vinyl pyrrolidone) (PVP) fibers were
prepared by the electrospinning method, which has shown excellent antibacterial and antimicrobial
activity against different microbial strains, and long-term storage studies found no microbial growth
on the scaffold [165].

Soy protein extracted from soybean is inexpensive, has high storage capabilities, and has been
identified as a rich source for more than 20 different amino acids, and soy-protein-based cellulose
nanofibrils have played an important role in bone repair and regeneration of hard tissues [166]. Soy
protein isolate (SPI) hydrolysates are more stable in heat than intact SPI, which leads to a greater
solubility at pH 4.5 [167]. However, the film-forming ability of SPI was tested at different pH
solutions, and it showed partially or totally denatured proteins at pH 11 and 2, but maintained
their native conformation at pH 8. The structural differences in protein can affect the physical and
mechanical properties of the films [168]. A wound-dressing material prepared using soy-protein-based
bioactive glass nanoparticles was tested on mouse embryonic fibroblast cells and showed excellent cell
viability and cytocompatibility [169]. In another study, soy-protein-based bioactive glass nanofibrous
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scaffolds showed a significant advantage in their use in tissue engineering [170]. A wide variety of
soy-protein-loaded biomaterials have been developed and have had very positive effects on wound
healing and applications in tissue engineering, including soy-protein-loaded, alginate hydrogel-based
biomaterials [171], gentamicin-loaded, soy-protein-based matrix [172], and soy- and casein-based

membrane [173].

Table 2. A comparative study on various types of natural compounds incorporated scaffold for tissue

engineering application.

Potential Role,

Active Physicochemical Properties,
Detail of the Fabrication Type Medicinal and the Release Profile of Outcomes
Scaffold Material M Compound Incorporated Active
Incorporated Medicinal Compound from
the Nanobiomaterials
Core-shell nanofibers (153 nm The synthesized
diameter). Core (Zinc and Zn-curcumin
curcumin complex) and shell ~ composite nanofibers
(blend of carboxymethyl showed excellent
chitosan, PVA and GO) part of support for cell
Novel Graphene the nanofiber was confirmed = adhesion, spreading
oxide (G Ol; and through FTIR and XRD and the proliferation
Zn-Curcumin Electrospinning Curcumin analysis. The presence of GO process and
based composit in the blend aided to improve  enhanced the activity
asrelancoofib}e)fss ¢ the mechanical properties of of alkaline
nanofibers. In vitro drug phosphatase. It has
release studies were good antibacterial
performed for 25 days and activity and
revealed that the curcumin promising potential
release was slower and more for bone tissue
prolonged from nanofibers engineering [174].
A biocompatible
scaffold used for
The presence of nanometer . . .
. . . tissue engineering
sized fibers with L .
. applications, with
interconnected pores were .
. . well-interconnected
. confirmed through scanning .
Composite . pores helping to
. electron microscopy (SEM) . .
nanofibrous A . achieve optimal
. study. An in vitro curcumin .
scaffold (Curcumin Ny curcumin release,
. release from nanofibers was .
incorporated observed in and increased cell
chitosan, collagen, Electrospinning Curcumin . attachment and cell
phosphate-buffered saline .
and (PBS) at 37 °C, which showed viability. The
polyvinyl-alcohol o i nanofiber scaffold
olvmer-based that the 20% of initial burst with curcumin
polymer release in 24 h and sustained .
nanofibers) . . showed higher
cumulative curcumin release .
. «-SMA protein
was slowly increased by .
o expression than the
almost 90%, observed over a .
period of 21 days nanoflbel: scaffold
without
curcumin [175].
Transmission electron fthelps prevent bone
. cancer cells and
microscope (TEM) study health
revealed that the promotes healthy
Bifunctional 3D . bone cells, and this
. curcumin-encapsulated .
printed scaffold li liposome-based,
) iposomes showed .
(Liposome hinfil h ize distributi curcumin-loaded,
encapsulated Thin-film Curcumin omogenous size dlistribution bifunctional
hydration in the range of 40-50 nm. The !

curcumin onto 3D
printed tricalcium
phosphate (TCP))

properties of liposomes
showed more controlled and
sustained drug release of
curcumin (17% released in
60 days)

3D-printed scaffold
can be used as a
potential substitute
to bone graft
treatments after
tumor removal [176].
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Table 2. Cont.
Potential Role,
Active Physicochemical Properties,
Detail of the Fabrication Type Medicinal and the Release Profile of Outcomes
Scaffold Material P Compound Incorporated Active
Incorporated Medicinal Compound from
the Nanobiomaterials
Hydrophilic
The surface hydrophilicity, biodegradable
3D printed crosslinking density and porous scaffold
biodegradable nanoporous structure of the  exhibits excellent cell
scaffolds One-step 3D . scaffold facilitated curcumin adhesion and cell
- o Curcumin . .
(Curcumin, printing process release. The burst release of proliferation
polyurethane, and curcumin was observed due to properties.
gelatin) the surface hydrophilicity of It can be used to
the synthesized scaffolds. regenerate cartilage
tissues [177].
SEM image revealed that the
size of‘ curcumin-loaded It mimics the ECM
N . nanofibers was 139 nm,
Biomimetic . structure of soft
- whereas the curcumin-free .
nanocomposite . tissues and showed
nanofibers were 195 nm. The .
scaffolds . . o . suitable
Freeze drying Curcumin addition of curcumin . .
(Polycaprolactone, I . physicochemical and
. . significantly reduced the size . . .
Chitosan, Gelatin . biological properties
. of the nanofibers. Slow .
and Curcumin) . for skin
curcumin release was regeneration [175]
observed in all types of & '
scaffold studied in this work.
The biological
responses of the
synthesized
The field emission SEM study  nanofibrous scaffolds,
revealed the average size fiber  such as cell adhesion
SF-based diameter of Aloe-vera-loaded  and migration, have
biofunctional Electrospinning Aloe vera nanofiber was in the range of ~ been evaluated, and
nanofibrous method 212 + 27 nm. The successful they provide a stable
scaffold incorporation of aloe environment in the
compound in the scaffold was growth of human
confirmed through FTIR study. ~ dermal fibroblasts for
skin tissue
engineering
applications [179].
It has shown
2% of AV plays an important enhanced
role in the size of the antibacterial activity
nanofibers diameters, making against E. coli and S.
Polycaprolactone, .
. it not easy to break. The aureus and
chitosan and Aloe — g . I
Electrospinning average size diameter of Cytocompatibility
vera (AV) blended Aloe vera . .
- method nanofibers was 37.58 + 3.24 against human
nanofiber . e .
(sloping free surface umbilical vein
membranes

electrospinning method) and
53.63 + 12.31 (modified bubble
electrospinning method)

endothelial cells. It is
suiSection for
treating acute
wounds [180].
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Detail of the
Scaffold Material

Fabrication Type

Active
Medicinal
Compound
Incorporated

Potential Role,
Physicochemical Properties,
and the Release Profile of
Incorporated Active
Medicinal Compound from
the Nanobiomaterials

Outcomes

Alginate based
hydrogel

Solvent-casting
process

Aloe vera

The chemical composition of
AV existence in the hydrogel
was confirmed through FTIR
study and thermogravimetric
analysis results showed that
the presence of AV increased
the thermal stability of the
material.

The synthesized
films were evaluated
with different
physical and
mechanical
properties and could
be applied for skin
applications. The
loading efficiency of
Aloe vera was greatly
increased due to the
water absorption and
swelling behavior of
the hydrogel
film [181].

Biodegradable
soybean-based
biomaterial

Thermosetting

Soybean

Genistein isoflavones from
soybean could stimulate
protein synthesis and
osteoblastic functions and it
plays a major role in bone
regeneration (in vivo). The
degradation of soybean
granules was observed in the
periphery of the defects
through polarized light
microscopy.

An in vivo rabbit
study confirmed the
osteogenic potential
of the soybean-based
biomaterial as a bone

filler for bone
regeneration [182].

Soybean-based
biomaterial
granules

Simple
thermosetting
method

Soybean

Genistein is one of the soy
isoflavones present in the
soybean. Approximately
0.08 pug/mL genistein release
was observed after 100 h of the
study in PBS pH 7.4 at 37 °C

An in vitro study has
revealed that it
reduced the activity
of macrophages,
differentiates
osteoblast and may
be functionally used
for bone
regeneration [183].

Multifunctional 3D
printed TCP
scaffolds

Binder jetting
technique

Soy isoflavones

The multifunctional scaffold
was prepared using all the
three soy isoflavones in the

ratio of 5:4:1 (genistein,
daidzein and glycitein) and
the release of all three
isoflavones were observed in
both pH 7.4 and 5.0 for 16
days. It revealed that 72.5%
(genistein), 100% (daidzein)
and 13.75% (glycitein) release
in pH 7.4 and 25.1%
(genistein), 23.3% (daidzein)
and 2.97% (glycitein) release in
acidic pH 5.0

It may be used in
postsurgical
applications, which
include bone graft
substitutes, drug
delivery vehicle,
localized tumor cell
suppression and
bone cell
proliferation. The
scaffolds must be
tested with other
malignant cell lines
to confirm their
chemopreventive
efficacy and
characterizations
related to the
expression of
different bone
markers [184].
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5. Future Perspectives and Conclusions

In this review article, we discussed the functional application of natural medicinal compounds
with incorporated biomaterials, and their potential role in various tissue engineering applications.
Naturally derived compounds are biocompatible, non-toxic, biodegradable, and inexpensive in
nature. The use of polymer-based materials reveal high benefits in the preparation of the biomaterial
for tissue engineering applications, and this is well-documented in the literature. We believe that
natural medicinal compounds with incorporated biomaterials have shown widespread biological and
pharmacological effects in tissue engineering and regenerative medicine. A comprehensive literature
study has shown that the latest advances in nanotechnology and their applications in tissue engineering
have had positive effects on treatment modalities. Furthermore, the nano-based products facilitated the
improved loading efficiency and sustained release of the natural medicinal compounds (e.g., curcumin),
proteins, and growth factors, more efficiently, and the nanobiomaterials significantly overcame other
limitations associated with those bioactive compounds. Plenty of bioactive compounds are available
from natural sources; the unique clinical benefits of these compounds for tissue engineering applications
need to be addressed in the future. The preparation of composite biomaterials using naturally available
biopolymers with other types of polymers will overcome the interrelated side effects. The combination
of polymers with inorganic and ceramic materials will improve the mechanical properties of the
biomaterials. More research is needed to develop novel biomaterials using a combination of different
polymers for tissue engineering applications. The development of novel biomaterials offers excellent
opportunities in tissue engineering and regenerative medicine, and must meet the requirements of
clinicians and comply with the expectations of patients. Furthermore, we recommend more in vivo and
clinical trials to address the functional applications of natural medicinal-compound-loaded biomaterials
for different tissue engineering applications.
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Abbreviations

2D Two-dimensional

3D Three-dimensional

ALP Alkaline phosphatase

ECM Extracellular matrix

FDA Food and Drug Administration
G1 phase Gap 1 phase cell cycle

HA Hyaluronic acid

HAp Hydroxyapatite

HEK293 Human Embryonic Kidney cells
HepG2 Hepatocellular carcinoma cells
hMSCs Human mesenchymal stem cells
L-929 Fibroblast cells

MC3T3-E1 Pre-osteoblast cells

MG-63 Osteoblast like fibroblast cells
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MSN or MSNPs ~ Mesoporous silica nanoparticles

NGF Nerve growth factor

NIH3T3 Fibroblast cells

nZnO Nano Zinc Oxide

PC12 Pheochromocytoma cells

PCL Polycaprolactone

PGA Polyglycolic acid

PHBV Polyhydroxybutyrate-co-(3-hydroxyvalerate)
PLA Polylactic acid

PLGA Poly (lactic-co-glycolic acid)

PLL Poly-L-lysine

PLLA Poly (L-lactic acid)

RT-PCR Real time—Polymerase chain reaction
Saos-2 Osteosarcoma epithelial cells

Sca-1 Stem cells antigen 1

SF Silk fibroin

TCP Tricalcium phosphate

TiO, Titanium Oxide

VEGF Vascular endothelial growth factor
WHO World Health Organization

Zn Zinc

710y Zirconia
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