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Abstract: Bone regeneration and repair are complex processes with the potential of added com-
plications, like delayed repair, fracture non-union, and post-surgical infections. These conditions
remain a challenge globally, pressurizing the economy and patients suffering from these conditions.
Applications of nanotechnology (NBT) in the field of medicine have provided a medium for several
approaches to support these global challenges. Tissue engineering is one such field that has been on
the rise in the last three decades through the utilization of NBT for addressing the challenges related
to bone regeneration. First, NBT enables the formation of scaffolds at the nanoscale needed for bone
tissue engineering (BTE) using natural and synthetic polymers, as well as with minerals and metals.
Then, it aids the development of the nano-formulation strategized to deliver antimicrobial drugs
and/or growth factors through various ways to enhance bone repair through the scaffold. Third,
NBT facilitates the use of specialized nanoparticles to image and track cellular events in vitro as well
as in vivo. This review is an effort to bring together the current knowledge in the field of BTE and
present the scope of ever-evolving NBT, a contribution towards precision medicine.

Keywords: bone repair; tissue engineering; bone regeneration; nanomedicine; nanobiotechnology
(NBT); nanoparticle (NP); regenerative medicine; bone tissue engineering (BTE)

1. Introduction

Bone regeneration post-diseased states, like osteoarthritis (OA) and osteoporosis
(OP), or after trauma related bone defects, remains a clinical challenge worldwide [1–3].
Delayed or impaired bone healing in the case of trauma or fracture may lead to non-union,
which further increases the number of procedures required to aid bone healing and incur
additional financial and societal pressures [4–6]. In 2019, 178 million new fractures were
recorded globally, significantly increasing fractures in the older population [5]. A more
thorough look into bone-related diseases indicate that about 200 million women suffer from
OP, leading to nearly 8.9 million fractures yearly [3]. Similarly in 2020, just considering
knee OA, over 654.1 million individuals over 40 years old were found to suffer from the
disease, making them more vulnerable to fractures [7].

While surgical intervention is the primary approach for the treatment of these condi-
tions, surgeries are invasive, expensive in many countries, and require considerable time
for repair post-surgery. Another challenge faced is the chance of post-surgical infection at
the surgical site [8]. To combat these challenges, in recent decades, the applications of tissue
engineering and regenerative medicine for the purpose of bone repair have increased [9–12].
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At its core, tissue engineering for the bone has four principal requirements—a mechanical
substrate or environment, osteoconductive scaffolds, osteogenic cells, and appropriate
growth factors to enable bone formation or osteogenesis. These four factors form the ‘dia-
mond concept’ for bone tissue engineering (BTE) [13,14]. Mechanical environment refers to
the base where the osteogenic scaffold is placed. The osteogenic cells that are usually bone
marrow (BM)-derived mesenchymal stromal cells (MSCs) or progenitor cells are added
to the scaffold in the presence of growth factors, like bone morphogenic factor-2 (BMP-2)
and vascular endothelial growth factor (VEGF). These promote the process of osteogen-
esis needed for bone regeneration and repair [14–16]. The source of cells—autogenic or
allogenic—and the age of donors and/or patients can impact the application stage [17,18].
Along with these four factors, vasculature is often challenging to replicate using methods
for BTE and needs special consideration. Additionally host factors, that is, the effect of
the environment of the host, is also a necessary factor to be considered for successful BTE
applications and, ultimately, for bone regeneration [14,19]. These are outlined below in
Figure 1.
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The global cost of bone fractures is estimated at US 5.5 billion per year; the total
annual cost of bone repair is estimated at US 17 billion worldwide, as of 2020 [20]. Bone
by itself is a complicated organ with a dynamic and multifaceted BM and highly intricate
microenvironment. Within the BM various cells, like MSCs, hematopoietic stem cells
(HSCs), osteogenic cells, adipogenic cells, immune cells, and macrophages, several growth
factors and extracellular matrix (ECM) co-exist and communicate with each other providing
an optimal environment for their function and survival [21–23]. Bone regeneration is a
complex and intricate process that requires a specific sequence of events, depending upon
the trauma or diseased state [24]. Thus, the intricacies and the level of complexity involved
in bone regeneration and repair makes it extremely challenging to mimic the organ in vitro
or ex vivo [25].

Technological advancements aimed at better replicating the anatomy and physiology
of the bone have paved the way for the use of nanoscale materials for the purpose of
BTE [26–29]. Nanomedicine as a field has enabled the formulation of a given material in
various forms, like nanoparticles (NPs), nanofibers (NFs), nanosheets (NSs), nanotubes
(NTs), and nanorods (NRs). These nanoscale formulations exhibit unique features that
make them ideal candidates for several applications in BTE. The nanoscale structures have
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the potential to mimic the bone complexity and 3D architecture. They have increasingly
been utilized not just for scaffold preparation [30,31], but also for the delivery of drugs, like
antibacterials for the prevention of post-operative infections, through the scaffold [32–34].
Additionally, nanotechnology has enabled the delivery of growth factors and proteins via
NPs within scaffolds. Moreover, they can be used for labeling and targeting cells in the
scaffolds for cellular tracing and functional analysis [26,35]. Therefore, these techniques
are being extensively used by scientist and medical professionals due to their edge over
traditional methods [36].

This article brings together the current knowledge of nanobiotechnology (NBT) in the
field of BTE since the last two decades. Here, we discuss the three major applications of
NBT in BTE—(a) nanoscale materials for scaffold structure and function, (b) nanomedicine
and drug delivery in scaffolds for BTE, and (c) nanotechnology for cell targeting and
labeling for BTE. Furthermore, we critically review these applications and evaluate the
recent scenario of this ever-expanding field. We finally outline the challenges faced by
NBT in replicating the ever-elusive bone, BM, and the process of bone regeneration while
predicting the foreseeable future of BTE with the help of nanotechnology.

2. Nanoscale Materials for Scaffold Structure and Function

Nanoscale materials have emerged as pivotal players in BTE due to their inherent
advantages, including biocompatibility, biodegradability, mechanical tunability, and their
capacity to mimic the natural bone ECM [28,37–40]. Several types of materials are being
used either individually or more commonly in combination with materials providing com-
plementary benefits towards the final scaffold. For example, several polymers, including
natural polymers such as chitosan, gelatin, and collagen, are used in hydrogel preparation
for BTE due to their biochemical and biophysical properties [41]. Other polymers, discussed
below, were also found to be beneficial at nanoscale for applications in drug delivery and
tissue engineering [42]. They may also be used in combination with harder materials, like
bioactive glass, or metals, like titanium, zinc, strontium, and others in their nanoscale forms,
offering biocompatibility, enhanced mechanical strength, and biodegradability towards
scaffold formulation [43,44]. The various materials used for BTE, as shown in Figure 2,
broadly explores polymeric and non-polymeric materials that have been used in BTE
applications, specifically for scaffold formation.
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(b)—metallic elements, PCL—poly(ε-caprolactone), PVA—poly(vinyl alcohol), PLGA—poly(lactic-
co-glycolic acid), PEG—polyethylene glycol, HA—hyaluronic acid, CS—chitosan, TiO2—titanium
dioxide, Si—silicon, Bo—boron, Ag—argentum (silver), Au—aurum (gold), Ce—cerium, Zn—zinc,
Sr—strontium, Fe—ferrous/ferric (Iron), Mg—magnesium, Ca—calcium.
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2.1. Polymeric Materials Used at the Nanoscale for BTE

Over the last two to three decades, polymeric materials have been explored, optimized,
and utilized for various applications, including the formulation of scaffolds for BTE [45,46].
With a wide variety of materials and characteristics, these can be improvised based on the
requirements of the target tissues. Figure 2a lists some of these well-known and commonly
used polymers that have contributed to our knowledge of biomaterials that may be used
for BTE. Additionally, at the nanoscale, the materials have been found to be promising due
to their biodegradability and biocompatibility on account of their enhanced porosity [47].
This section explores some of these polymeric materials with examples outlining their role
in BTE at the nanoscale.

2.1.1. Synthetic Polymers

Polycaprolactone (ε-PCL) is a biodegradable, biocompatible polyester that has at-
tracted substantial attention in BTE due to its adaptable biodegradation and ease of ma-
nipulation into NFs, NPs, and scaffolds [48]. A PCL fiber mesh fabricated via electrospin-
ning demonstrated enhanced osteoblast cell proliferation and differentiation, whereby the
structure mimicked the natural ECM, facilitating cell adhesion and growth essential for
successful BTE [49]. Poly(lactic-co-glycolic acid) (PLGA), a copolymer of lactic and glycolic
acids, is another example of a biodegradable and biocompatible polymer commonly used
in BTE. Nanostructured PLGAs can be formed into NPs for drug delivery, NFs, or scaffolds
for cell growth and have each contributed unique benefits to BTE [50,51].

PLGA NFs combined with nano hydroxyapatite (HA), a major inorganic compo-
nent of bone, exhibited improved cell attachment, proliferation, and differentiation [52].
Polyethylene glycol (PEG) is another polymer that is often utilized in nanoscale form due
to its excellent biocompatibility and resistance to protein adsorption. PEGylated gelatin
nanospheres have been used to deliver BMP-2, which enhances bone regeneration in vivo,
signifying the importance of PEG in nanoscale drug delivery systems for BTE [53]. Other
nanoscale polymers, such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(vinyl
alcohol) (PVA), and polyurethane (PU), are also being explored for their potential in BTE
and have been discussed in great detail elsewhere [37,54,55]. When crafted into nanoscale
forms, such as fibers or particles, these polymers show promising potential in promoting
cell attachment, proliferation, differentiation, and delivering therapeutic agents, thereby
boosting bone regeneration [43,44,56–58].

2.1.2. Natural Polymers

Chitosan (CS) is another example of a biopolymer exhibiting a multitude of favorable
properties, including non-toxicity, biodegradability, biocompatibility [59,60], antifungal,
antibacterial [61,62], and wound healing abilities. Therefore, CS is widely utilized in the
biomedical, biotechnology, and pharmaceutical fields [63,64]. CS is a prime candidate for
crafting potential bone scaffolds, particularly when paired with osteoconductive substances,
such as HA [59,65] and poly(acrylic acid) (PAA) [66]. Studies have shown that CS-based
bone scaffolds foster cell adhesion and osteoblast cell proliferation, creating mineralized
bone matrices in vitro [67]. An enhancement in osteoblast cell proliferation was observed
for CS composites that incorporated nanoHA, ultimately triggering bone regeneration
within eight weeks as validated by micro-computed tomography [68]. The mechanical
characteristics of CS scaffolds can be enhanced by crosslinking with substances possessing
a minimum of two reactive functional groups, such as calcium phosphates, composites
(nanozirconia and nanocalcium zirconate), and bioglass, leading to a superior performance
compared to constructs consisting of only CS [69].

Cellulose is another widespread linear biopolymer that contributes significant tensile
strength to trees and is present in various organisms, including marine species, bacteria,
fungi, and even amoebas [70]. It is usually characterized by long fibrils that comprise
various crystalline and amorphous regions. By subjecting the cellulose pulp to mechan-
ical or chemical alterations, it is feasible to extract tiny crystalline cellulose components.
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These diminutive cellulose polymers, referred to as cellulose nanocrystals (CNCs), typically
exhibit diameters of 2–20 nm and a length distribution of 100–600 nm [71]. The functional-
ization of CNCs with sulphate or phosphate ester groups can be achieved through sulfuric
or phosphoric acid hydrolyses [72]. These modified scaffolds reveal superior crosslinking
and, subsequently, enhanced mechanical properties compared to those that are unmodified.

Furthermore, compared with phosphate ester-modified aerogels, aerogels crafted
from sulphate ester-treated CNCs display greater compressive strength, porosity, and
crosslinking [73]. These sulphate ester-modified CNCs (S–CNCs) possess in vivo osteocon-
ductive properties, enabling bone growth at the defect location. After three weeks, S–CNC
aerogels can create a bone volume percentage that exceeds controls by 33% and can see a
size increase of 50% after twelve weeks. Comprehensive research into cell–interface inter-
actions and in vivo scaffold degradation is crucial. Scaffolds constructed using modified
CNCs with bone tissue-enhancing properties are emerging as promising solutions for BTE
applications [47]. Various methods, like electrospinning or 3D printing, may be applied
to fabricate polymeric scaffolds and the recent advances in these applications have been
outlined elsewhere [74,75].

2.2. Mineral-Based and Metallic Nanoscale Materials Used for BTE

NPs obtained from minerals, such as zinc, silica, or calcium phosphate particles,
are classified as nanoscale materials where their primary role is to provide vital ions for
tissue generation. They do so by enhancing the mechanical properties of 3D-printed
scaffolds. Mineral-derived nanomaterials can be produced by several techniques, such as
plasma spraying, milling, and precipitation from solution [76]. Similarly, metallic nanoscale
formulations of gold (Au), silver (Ag), and titanium (Ti) have been explored at length for
their enhanced functionalities that are discussed in this section.

2.2.1. Mineral Nanoparticles
Calcium Phosphate

Adding mineral-based nanomaterials to both the surface and bulk of 3D-printed scaf-
folds has been shown to improve the overall functionality of the scaffolds. Nanomaterials
derived from calcium phosphate (CaP) are often added to the 3D-printed scaffolds since
bone is inherently composed of CaP crystals (70%) and 30% of organic collagen fibrils [77].
In 2017, Chen et al. generated a biomimetic composite scaffold of collagen and biphasic
calcium phosphate nanoparticles (BCP NPs). They engineered these scaffolds to release
dexamethasone (DEX) during preparation and hybridized this with collagen scaffolds. The
subcutaneous implantation of the composite scaffolds at the dorsal side of athymic nude
mice demonstrated the regeneration of the ectopic bone tissue. When used for the 3D cul-
ture of human BM-derived MSCs, these scaffolds demonstrated enhanced biocompatibility
and promoted the osteogenic differentiation of hMSCs [78]. Another study by Sokolova
et al. in 2020 used scaffolds of PLGA and nanohydroxyapatite (nHAP) (85:15) combined
with DNA-loaded CaP NPs. The results suggested increased cytocompatibility and rate of
gene transfection into cells indicating their favorable application as a scaffold for BTE or a
bone substitution material [79].

Silicon Dioxide (SiO2)

Silica NPs are an example of inorganic NPs. Silica particles have been shown to
promote osteoblast differentiation while inhibiting osteoclast differentiation [80]. A recent
study by Echazú et al. in 2022 [81] combined soluble silica particles and a CS polymer to
engineer a potential bone substitute. This was implanted into the medullary compartment
of both tibiae in Wistar rats and investigated for cytotoxicity and biocompatibility. The
results indicated successful new bone formation at the tissue–biocomposite interface (os-
seointegration) [81]. Another study conducted in 2023 by Shuai et al. used poly(L-lactic
acid) (PLLA)-based bone scaffolds and combined SiO2 NPs with graphene oxide (GO)
NS to promote the dispersion of GO on the biopolymer bone scaffold. The optimization
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of the adequate dispersion of GO with SiO2 enhanced the mechanical properties and
cytocompatibility of the scaffold, making it a potential candidate for BTE applications [82].

Zinc Oxide (ZnO)

Zinc is one of the minerals present in bone in the form of trace elements. It promotes
bone density and the prevention of bone loss [83]. It also activates proteins involved in
bone homeostasis as a part of inorganic minerals. ZnO NPs exhibit low toxicity, act as
antibacterial agents, and exhibit optimal biological compatibility and chemical stability.
They stimulate osteogenesis and hence have the potential to accelerate bone growth and
mineralization [84,85]. In 2020, Cho et al. investigated the cell proliferation and antibacterial
activities of a PCL/nanoHA scaffold doped with ZnO. Their results indicated that the
scaffolds with 100 nm-thick ZnO coatings showed enhanced antibacterial cell proliferation
activities and mechanical properties [86]. In 2017, Forero et al. studied the effect of
CS/gelatin/nanoHA scaffolds containing a nano-copper–zinc alloy for BTE. These scaffolds
increased the proliferation and adhesion of mouse embryonic fibroblasts and induced
osteogenic differentiation. After an in vivo subcutaneous implant, they induced the growth
of surrounding tissues and promoted granulation tissue formation [87]. The use of ZnO
NPs in the field of BTE is very limited, but promising, with novel advancements being
made using hybrid mix of compatible biopolymers.

2.2.2. Metallic NPs

A high penetrating ability and surface area coupled with improved cell adhesion,
differentiation, and growth suggests that metal NPs are one of the ideal candidates for
scaffold fabrication in BTE. Ag and Au are the most common osteogenic agents used in
this category. They exhibit a high surface area, enhanced antibacterial properties, biocom-
patibility, and surface reactive features in order to identify pathogenic viruses [88] and
intracellular targets [89].

Silver (Ag)

Silver (metal or salt) has been used as an antibacterial agent in implants [90,91].
Ag ions can penetrate the bacterial cell wall and cause growth inhibition. Ag-based
scaffolds are highly potent with enhanced cell adhesion and cytocompatibility, improved
osteogenesis and osteo-conductivity, acceptable mechanical strength, an ability to bridge
oxygen molecules, and low toxicity [92–94]. Akturk et al. optimized the protocol to generate
an antibacterial gelatin nanocomposite membrane for BTE applications. They used soluble
starch-coated Ag NPs and bioactive glass particles incorporated into gelatin to fabricate
a nanohybrid nanocomposite fiber [95]. Another study investigated the use of CS-silver
polymeric scaffolds in BTE. These scaffolds demonstrated enhanced matrix mineralization
and osteogenic differentiation (marked by the upregulation of marker genes Runt-related
transcription factor 2 (Runx2), type-1 collagen (Col-I), alkaline phosphatase (ALP) activity,
and secreted osteocalcin (OCN)) [96].

Gold (Au)

Gold NPs exhibit low toxicity, high antibacterial effects, and biocompatibility in the
scaffold environment [97]. While some studies indicate dose-dependent cytotoxicity in
human cell lines marked by membrane damage and reactive oxidative species (ROS) gener-
ation [98,99], this property of Au NPs has often been useful to destroy cancer cells [100].
Thus, ensuring the appropriate size and dosing of Au NP plays a crucial role in BTE applica-
tions. Nekounam et al. demonstrated an optimized protocol for the fabrication of a carbon
NF/Au NP-based scaffold that supported cell proliferation and indicated low toxicity in
bone cells [101]. Au NPs that are smaller in size (<10 nm) have been used for miRNA
delivery to the nucleus. Yu et al. in 2017 created nanohybrids using polyethylenimine,
liposomes coated on the surface of Au NPs. After the release from endosomes inside the
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cells, miR-5106 was able to facilitate BM stem cell osteoblastic differentiation, which further
aided in mineralization [102].

Titanium Dioxide (TiO2)

TiO2 NPs are bioinert cell carrier materials with improved permeability and high
biocompatibility. They are available in the form of nanocrystals and exhibit antibacterial
and antiseptic properties making them a promising scaffolding material for bone tissue
repair [103]. A study published in 2018 described the methodology to fabricate a lightweight
and economical TiO2/CS scaffold by freeze-drying [104]. An in vitro study conducted by
Pattanashetti et al. in 2020 determined the ideal weight percentages of TiO2 NPs that
needed to be crosslinked in a PVA matrix. These nanofibrous scaffolds were developed
using electrospinning and the results indicated that 0.1 g of TiO2 exhibited enhanced
mechanical stability and a subsequent slow rate of degradation in the scaffolds. These
scaffolds were found to be viable and non-toxic to the cells, as observed by the MTT assay
using MG-63 osteosarcoma cell lines [105].

3. Nanomedicine and Drug Delivery in Scaffolds for BTE

NPs have demonstrated their potential as vehicles for delivering bioactive molecules;
they are particularly suited for encapsulating and delivering growth factors and genes
that stimulate bone regeneration [106,107]. Additionally, bone repair often demands the
presence of a microenvironment that can foster bone formation and may additionally
require pharmaceutical agents to prevent complications, like post-surgical infections. These
complex physical and biological properties are met through the constructs reinforced with
various pharmaceutical agents, like antibiotics, drugs, genes, and growth factors. Precise
control over the carrier vehicle is needed for the efficient loading, targeting, and delivery
of these agents. This is where nanotechnology offers exceptional opportunities ranging
from the modulation of biomaterial surfaces to the targeted and controlled release of the
payload. Figure 3 shows the schematic representation of drug-loaded NPs embedded in a
scaffold aimed for BTE.
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3.1. Pharmaceutical Agents in Scaffolds

Scaffolds are usually designed considering the mechanical and functional properties
of the site of application. Scaffolds developed for bone regeneration are osteoconductive
matrices, as they provide optimum signaling for the attachment of osteogenic cells with
subsequent proliferation, crucial for successful integration at the site of interest. Thus,
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an ideal scaffold should be adaptable and provide suitable mechanical support that may
or may not be resorbable (depending upon the end goal). Furthermore, the scaffold
should promote cell growth and differentiation by offering appropriate signaling cues and
microenvironments, without the risk of rejection by the host tissue [27].

The first impediment to the acceptance of a foreign material by the human body is
microbial infection. The introduction of medical devices or scaffolds is associated with a
high risk of microbial infection, which may appear months or even years after the graft,
resulting in fatal consequences [8,108]. The primary prevention techniques include envi-
ronmental control, surface coatings, sterilization, and antibiotic therapy. However, effective
and long-term antimicrobial materials are necessary for combating the onslaught of bacteria,
especially for antibiotic-resistant strains. This has led to the emergence of biomaterials
imbued with antimicrobial properties. Antimicrobial properties can be imparted by the
incorporation of antibiotics, metal ions and metal-based NPs, antimicrobial peptides, and
bacteriophages [109]. Scaffolds impregnated with antibiotics, like ciprofloxin, gentamycin,
and vancomycin, directly or in the form of NPs, have been used for localized antibiotic
delivery [110,111].

Due to the declining effectiveness of conventional antibiotics, constructs enhanced
with metal-based nanomaterials and antimicrobial peptides are being explored for long-
term infection management [92]. Silver, gold, copper, zinc, cerium, and their oxides are
some of the most-used materials for the synthesis of metal NPs [61,91,94]. These NPs
exhibit toxicity by the impairment of the cell membrane, generation of ROS, damaging
the biomolecules (lipids, proteins, and DNA), thereby interfering with their function and,
ultimately, critical cellular pathways. The triggering of multiple antibacterial mechanisms
combined with the nano-size of the particles makes it difficult for the bacteria to develop
resistance against metal NPs [112–114]. However, an overexpression of proteins, like
flagellin, or the production of extracellular polymeric substances may alter the size and
zeta potential of NPs leading to their agglomeration and thereby inactivation. Conversely,
a reduction in the expression of proteins, like porins, which are involved in the uptake
of NPs, may also be adopted by bacteria as a resistance mechanism against metal NPs.
Although, the inactivation of NPs through agglomeration, the reduction in expression of
surface porins, the upregulation of metal sequestration, and bio-precipitation, as well as
the increased production of scavenger and detoxification enzymes, has been reported in
some cases [115].

The co-delivery of antibiotics with growth factors or drugs presents a lucrative
prospect in BTE. For example, core–shell mesoporous silica NFs with BMP-2 at the core
and gentamycin in the shell demonstrated enhanced ontogenetic regeneration abilities with
advanced antibacterial properties [110]. The mesoporous silica NP and BMP-2 combination
was also used with deferoxamine to trigger angiogenesis [32]. The bioavailability of phar-
maceutical agents can be improved by loading them in liposomes—enclosed vesicles with
a bilayer structure [116]. These nontoxic, self-assembling, spherical vesicles can hold both
hydrophilic and hydrophobic payloads in their bilayer membranes and aqueous centers,
respectively. The encapsulation and subsequent release of curcumin, a hydrophobic com-
pound, from liposomes incorporated onto 3D calcium phosphate scaffolds increased its
bioavailability. The released curcumin showed selective cytotoxicity towards osteosarcoma
cells while promoting the proliferation of osteoblasts [116]. Lee et al. synthesized oxysterol-
based non-phospholipid liposomes and loaded them with a smoothened agonist (SAG).
This tailor-made delivery system was able to stimulate osteogenic differentiation based
on the intrinsic osteo-inductive properties of the oxysterol 20S-hydroxycholesterol as well
as the drug cargo, SAG, which is a small molecule activator of Hedgehog signaling, thus
resulting in enhanced bone repair [117]. Liposomes have been used as a delivery system
for several hydrophilic and hydrophobic drugs, proteins, and growth factors, and as a
non-viral delivery system for genes through transfection [118].

Depending on the specific requirements of BTE, several types of drug release strategies
viz. controlled, sustained, programmed, responsive, transfection, and surface presentation
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have been developed [119–121]. Physical adsorption and chemical conjugation are primary
tools to achieve these modifications. Layering nanomaterials onto scaffolds has led to
the generation of multifunctional scaffolds that provide control over the spatiotemporal
release of pharmaceutical agents. A layer-by-layer (L-B-L) approach was used to enhance
the biocompatibility of oxysterol liposome-loaded porous PLGA by coating the liposome
layer with polydopamine [117]. The release behavior of small and large molecules can be
influenced through the sequential L-B-L coating of CS and sodium hyaluronate on porous
scaffolds [122]. The sequential delivery of BMP-2 and alendronate (ALN) resulted in the
osteogenic differentiation of MSCs followed by an inhibition of osteoclastic activity leading
to a synergistic effect on bone regeneration [123].

The scaffold itself can be modulated on a nano- or microscale to assist bone repair.
The interface between ECM and cells is composed of nanoscale morphological features that
guide cellular properties, like adhesion, growth, and differentiation. Mimicking bone’s
inherent nano-topography by creating hierarchical nanostructures has been employed to
guide cell shape, expression patterns, and signaling, thereby influencing cell fate. The
cell microenvironment can be further enhanced by the chemical modification of scaffold
surfaces. These include a controlled release of metal ions, NPs, and miRNAs [54]. An-
timicrobial and osteoconductive abilities were shown by the nano-functionalization of
titanium scaffolds with TiO2 and γFe2O3 [124]. Another example of surface functionaliza-
tion was shown by the surface phosphorylation of polyethylene terephthalate followed by
coating with hydroxyethyl methacrylate loaded with ciprofloxacin [111]. The presence of
anionic hydrophilic phosphate groups led to better biomineralization and yielded higher
cell densities on the surface functionalized biomaterial as compared to the bare PET ma-
trix. Moreover, coating with hydroxyethyl methacrylate (HEMA) further improved the
hydrophilicity and compatibility of the biomaterial without hampering the accessibility of
phosphate groups [111]. Harnessing the potential of nanoscale engineering, in the form of
NPs or surface modifications, can lead to the development of smart/novel drug delivery
systems that promote the optimal conditions for tissue growth and regeneration.

3.2. Protein Functionalization for Scaffold Surfaces

As outlined above, bone regeneration and the regulation of cellular behavior are
influenced by the nanoscale morphology on the BTE scaffold [125]. A nanoscale approach
helps in mimicking the natural ECM composition of a tissue by forming a 3D scaffold for
cells, by offering mechanical strength, monitoring cellular events, and delivering various
bioactive agents to the targeted bone tissue [126]. The synthesis of protein-based NPs
for functionalizing scaffolds utilizes proteins from animal sources, like collagen, albumin,
elastin, silk protein, and fibronectin, as well as from plant sources, like soy protein, zein,
and wheat gluten. The choice of protein depends on the application of the scaffold and
related properties of proteins.

The commonly used methods for the synthesis of protein-based scaffolds include
electrospinning, sol-gel, freeze-drying, and solvent casting [46]. Electrospinning involves
the conversion of a polymer into a viscous solution through solvent addition, increasing
the voltage source to extend the polymer into a thin stream across an electrostatic field,
and then obtaining the formed NFs on the collector [26]. The sol-gel process involves
the mixing of colloidal particles in the desired solvent of a low viscosity, allowing it to
form the colloidal solution (sol). This solution is kept in an appropriate mold for casting
and then gelation (gel) occurs to form 3D networks from colloidal particles. The freeze-
drying method, also known as lyophilization, involves the dehydration of a frozen solution
under a low-pressure vacuum, forming an anhydrous 3D structure, yielding 90% porosity
in the scaffold. In the solvent casting method, solvent in contact with the polymer is
allowed to undergo evaporation forming porous scaffolds. In the salt-leaching method,
water-soluble salts (e.g., sodium chloride, sodium citrate, and sodium acetate), porogen,
or sugar particles are mixed together with a biodegradable polymer solution and allowed
to solidify into a mold of a desired shape. In lyophilization, the solvent is removed at low
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temperature under vacuum, resulting in the leaching off of salt flakes and leaving behind a
porous structure [127]. The thermal crosslinking method involves the use of the gelation
method, which can be performed using a microwave [46]. In the solvothermal method,
nanostructured materials are synthesized via a heterogeneous reaction conducted in a
non-aqueous medium under high-pressure and -temperature conditions around the critical
point [128]. Biomimetic mineralization is a methodology that mimics the natural process
of the mineralization of material surfaces. It uses a supersaturated solution of simulated
body fluids (SBFs) containing ions at concentrations similar to those of blood plasma. This
coating method is conducted under biological conditions (temperature, pH, and pressure)
forming carbonated apatite on a substrate, which imitates bone mineral [76]. Apart from
the traditional methods of scaffold synthesis, 3D-printing technology allows the fabrication
of scaffolds with precision, using chemical deposition, electron beam lithography, and laser
lithography [129]. These techniques are combined with mechano-transduction approaches
for an appropriate stimulation of cells into biochemical signals, thereby, regulating cell
behavior on these scaffolds [125].

Of the two main types of proteins used for NP synthesis, animal protein-based NPs
are known for their high bioavailability, non-toxicity, biodegradability, ease of tunability,
extended shelf lives, and in vivo half-lives. On the other hand, plant proteins have gained
attention on account of their low immunogenicity as compared to animal proteins [46].
Additionally, their low molecular weight and high polar nature as compared to the animal
proteins manifests their natural hydrophilicity and efficient cell attachment. Furthermore,
plant tissue features are aptly utilized in fabricating scaffolds, on account of their inherent
vascular networks, unified porosity, high surface area, suitable mechanical property, and
remarkable water-absorption ability [130]. These features of both types of proteins are
suitable to offer a plethora of alternatives for scaffold functionalization, essential for BTE
applications (Table 1).

3.2.1. Plant Proteins

The potential of zein/HA NFs has been investigated for their application in BTE by a
group of researchers. Zein, a core maize endosperm protein, is biocompatible with human
liver cells, mouse fibroblast cells, and human umbilical vein endothelial cells (HUVEC).
This biocompatibility makes it a suitable candidate for a therapeutic carrier and design
engineered scaffold. Despite the poor mechanical properties and structural instability of
zein in an aqueous environment, the extensive usage of zein occurs through assembling
NFs using the electrospinning process. The blend of zein fibers with synthetic polymers
or crosslinkers imparts to them suitable aqueous and mechanical stability properties [131].
Natural ECM comprises various growth factors, polysaccharides, proteins, and other
components, building a network of cells for attachment, growth, and proliferation [132].
HA, a key constituent of bones and teeth, in its nanocrystalline form is favorable for
fabricating bio-composite scaffolds for BTE aspects [131].

In another study, zein/HA NF synthesis was achieved by two techniques: magnetic
stirring and ultrasonication. The homogenous distribution of HA and increased wettability
of NFs were achieved by ultrasonication, while balanced strength and elongation were
achieved by the magnetic stirring approach. Furthermore, the tensile strength and mechan-
ical properties of fibers obtained by both methods were found to be desirable. Cell seeding
on the zein/HA scaffold electrospun using a magnetic stirrer with a 5.0 weight% HA indi-
cated notably higher proliferation as compared to those seeded on the control zein fibers
on the seventh day. This study demonstrated that the zein/HA NF membranes designed
with a high biological efficacy possessed a noteworthy BTE application potential [133].

Another plant protein, soy, was used in the form of porous scaffolds, synthesized using
sol-gel and crosslinking techniques. The CS–soy blend prepared using the sol-gel approach
and utilizing tetraethyl orthosilicate as a crosslinker, was found to improve the mechanical
stability, rate of degradation, surface energy, and porosity, thereby increasing the water
uptake. This blend is suitable for soft tissue engineering [134]. Furthermore, fibrous
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soy scaffolds can be prepared by electrospinning and melt-spinning methods, with the
former being more suitable for drug loading and cell adhesion [131]. In a recent report by
Chien et al., soy scaffolds were synthesized using freeze-drying as well as the 3D-printing
approach. Freeze-dried scaffolds with 1 and 3% soy quantities exhibited the highest volume
percentage of pore sizes while the bioprinted ones demonstrated a larger pore volume at a
5 µm pore size on account of the printing channels and their interconnections. It was found
that the porosity, density, and degradation rate of these scaffolds remarkably influenced
the in vivo response [135].

3.2.2. Animal Proteins

The animal source protein, collagen, has also been approved as an efficient BTE
material as it is effective in preserving biomolecule activity, thereby assisting the osteogenic
differentiation of BM MSCs. Additionally, HA NPs’ incorporation into collagen encourages
bone regeneration and improvises the mechanical properties of collagen scaffolds [136].
The synergistic effect of two bioactive molecules, BMP-2 and ALN, was demonstrated by
Lee et al. through the sequential release of these molecules from collagen–HA scaffolds.
BMP-2 was loaded onto PLGA microspheres encapsulating ALN. The synergistic effect
of bone regeneration was demonstrated by the foremost release of BMP-2, facilitating the
osteogenic differentiation of MSCs, and eventually, the secondary release of ALN inhibiting
osteoclastic activity [123]. The effects of the sequential release of BMP-2 and ALN on
bone regeneration were evaluated in vitro and in vivo, compared to those of the single or
concomitant release of BMP-2 and ALN using different and complementary assays. These
scaffolds indicated increased osteogenic activity on account of the synergistic effect of
molecules. Enhanced bone regeneration was identified at eight weeks post-implantation in
the rat with an 8 mm critical-sized defect. These outcomes are indicative of the sequential
drug delivery from the scaffolds, resulting in a synergistic effect on bone regeneration [123].

Table 1. Protein functionalization used for scaffold surfaces aimed at BTE.

Protein Source Scaffold Form Synthesis Method Cell/Animal Model Study
Type Reference

Zein Plant

HAP/zein nanofibers Solvothermal Mouse MSCs In vitro [137]

Zein/Ca phosphate nanofibrous mats Electrospinning Adipose-derived
stem cells In vitro [132]

Zein porous scaffold Salt-leaching Rabbit MSCs in
nude mice In vivo [138]

Zein/chitosan/nanohydroxyapatite
porous scaffold Freeze-drying MG-63 In vitro [139]

Soy Plant

Soya protein isolate/polyethylene oxide
nanofiber membrane Crosslinking Rat MSCs In vivo [140]

Soya protein isolate/β-tricalcium
phosphate/graphene oxide Freeze-drying Rat MSCs In vivo [141]

Soy 3D scaffold Crosslinking/freeze-
drying hMSCs In vitro [142]

Soy 3D scaffold Electrospinning Adipose-derived
stem cells In vitro [143]

Collagen Animal

Collagen hydrogel scaffold Encapsulation hMSCs In vitro [144]
Collagen/chitosan/hyaluronic

acid hydrogel Crosslinking MG-63 In vitro [145]

Collagen/alginate/nanosilica hydrogel Crosslinking MG-63 In vitro [146]
Collagen /hydroxyapatite Biomimetic mineralization Rabbit rib In vivo [147]

Silk Animal

Silk fibroin Lyophilization Male rabbit In vivo [148]
polycaprolactone/aloe vera/silk

fibroin–hydroxyapatite
nanofibrous scaffolds

Electrospinning Adipose-derived
stem cells In vitro [149]

Collagen/dECM/silk fibroin (SF) 3D printing Pre-osteoblast
MC3T3-E1 cells In vitro [150]

Chitosan-silk sericin 24/hydroxyapatite Biomimetic mineralization MG-63 In vitro [151]

One of the studies on the HA scaffold with protein nanorods involved 3D-printed bone
tissue. This study validated the nanoscale maneuvering of cellular signals for rabbit femur
restoration. Here, the researchers integrated 3D printing with hydrothermal treatment for
the fabrication of the scaffold, which encouraged osteogenesis through its macro- and nano-
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topology. HA scaffolds prepared by 3D printing were sintered at 1200 ◦C for enhanced
mechanical properties. Furthermore, hydrothermally prepared nanorods were coated onto
the scaffold, which activated the Yes-associated protein (YAP), myosin II, and integrin
subunit, thereby promoting osteogenesis. In vitro studies exhibited accelerated cell prolifer-
ation and osteogenic differentiation due to the nanorods (dia. 30 nm). YAP implicated the
cell-sensing system, which regulated the cellular structure and gene expression. These re-
sults suggest that the surface nanoscale morphology prompts mechanotransduction-related
signals for encouraging osteogenesis. In vivo experiments indicated that the 3D-printed
scaffolds with a nanorod coating assisted in bone regeneration, even in the absence of
exogenous cells and any growth factors. This work depicted the potential strategy for the
personalized repair of bone tissues [125].

4. Nanotechnology for Cell Targeting and Labeling for BTE

In addition to the application of nanotechnology in BTE previously discussed, it is
also being extensively explored for its potential role as a biosensor. The technology is used
to perform continuous cell tracking and the monitoring of cell fate in BTE applications.
Conceptually, NPs prepared using Au or materials that can be traced are used, which
specifically help to visualize the cells in vitro or in vivo (Figure 4), enabling scientists to
visualize the integration of cells in BTE in a non-invasive manner [29]. Imaging techniques
can significantly help test host graft interactions and immune responses to implants, scaf-
folds, and viable grafts, as well as study the signaling behavior. Thus, in vivo, monitoring
is essential to advance tissue engineering to repair or regenerate bone tissue [152].
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A variety of NPs, like quantum dots, superparamagnetic iron oxide nanoparticles
(SPIONs), silica NPs, and gold NPs [40], are used as contrast agents for several imag-
ing modalities, like fluorescence imaging, magnetic resonance imaging (MRI), computed
tomography (CT), and photoacoustic imaging.

The colloidal NPs known as quantum dots (QDs) have exceptional optical properties,
making them ideal for the fluorescence imaging of biological systems. They have unique
optical and electrical features due to quantum confinement effects [153]. This produces
QDs with superior stability, biocompatibility, size-modulated absorbance and emissions,
brightness, and persistent luminescence. These properties have enabled them to be em-
ployed as long-term cell-labeling and tracking probes for dynamic processes [40]. They
have broad excitation and narrow emission ranges, allowing multiplexed imaging with
a single excitation source. Jahed and colleagues synthesized QD-histidine-βcyclodextrin
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to label human adipose stem cells (ASCs) and track their differentiation into bone tissue
in a 3D cell-laden CS hydrogel scaffold [154]. Another group injected lead sulfide QDs
(PbS QDs) encapsulated by ribonuclease A (RNase A) with a shortwave infrared (SWIR)
emission in Balb/C nude mice. It achieved the accurate long-term imaging of various bone
structures in a 3D configuration [155]. Despite their numerous advantages in imaging,
QDs have presented significant challenges of toxicity associated with the materials used in
their core, i.e., cadmium (Cd) (II) and lead (Pb)(II) ions, and their eventual accumulation in
organs. Furthermore, focused studies using high dosages of specific combinations of QDs
need to be conducted to construe the cytotoxicity issue [153].

Recently, inorganic magnetic NPs have emerged as a potential MRI probe for cell
tracking. SPION nanocomposites are NPs with a functionalized shell surrounding an iron
oxide core [156]. Clusters with different aggregation states can be adapted by adjusting the
composition of composite materials or the ratio between organic and inorganic matter to
improve the uptake by the live cells in vivo for better visibility [157]. SPIONs are effective
contrast agents, owing to their superparamagnetic properties and high sensitivity in MRIs,
requiring lower concentrations and thus reducing their side effects [158]. SPIONs surfaces
can be functionalized to recognize specific targets. Hence, they may be applied for processes,
including cellular imaging, cellular tracking, biosensor applications, as well as for guided
drug and gene delivery [40]. Jing et al. used MSCs in the articular cartilage of rabbit
knee joints using the Feridex–protamine sulfate complex as the SPION and transfection
agents [159]. Kim et al. demonstrated a PAA backbone conjugated with 2-aminoethyl-
trimethyl ammonium (TMA) by 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)
initiation to produce particles called “TMA–SPION” for an in vivo mouse model and were
able to visualize them using MRI at day 7 [160]. However, different studies on human
and animal cells have revealed that, at the cellular level, SPION uptake can change gene
expression and produce ROS. High levels of ferric ions in the cell can create an osmotic
imbalance leading to membrane leakage and cytotoxicity [156].

Silica NP synthesized as core/shell silica NPs (C/S, SiNPs) and mesoporous silica
NPs (MSNPs) are often used in imaging agent delivery. In core/shell silica NPs, the
core composed of imaging agents, such as fluorescent probes, AuNPs, and SPIONs, is
shielded by the silica shell, reducing the amount of photobleaching and allowing for the
long-term monitoring of the labeled material [40]. MSNPs also offer various attractive
physicochemical properties owing to their tunable shape, size, morphology, large surface
area/pore volume, high colloidal property, thermal stability, biocompatibility, and ease of
surface modification [161].

On the other hand, metal NPs are used for optical detection due to their tunable
strength, bandwidth, and frequency. These characteristics, attributed to the collective
oscillation mode, make the metal NPs ideal for optical applications [40]. Au NPs are
being explored as contrast agents in combination with organic and inorganic polymers
in bioimaging processes. Recently, their application in imaging has generated interest
owing to their favorable properties of biocompatibility, easy synthesis, surface plasmon
resonance (SPR), and surface ligand functionalization [39]. Additionally, their efficient
uptake by the cells allows their use to track cells in vivo. They can be adapted to absorb
in the near-infrared range (NIR), thus enhancing deep-tissue visualization by imaging
techniques. Additionally, substantial X-ray attenuation driven by the high atomic number
helps boost computed tomography (CT) contrast. A two-photon imaging (TPI) agent was
created by Gunnlaugsson and colleagues using Eu(III) complexes that were covalently
bonded to the surface of Au NPs. This substance enabled the 3D imaging of small-scale
bone injuries by binding to exposed calcium sites (i.e., microcracks) within the injured bone
surface [162]. As 19F magnetic resonance imaging (MRI) and CT contrast agents, it was
demonstrated in a study that labeling CPC with perfluoro-15-crown-5-ether-loaded (PFCE)
PLGA NPs and AuNPs (diameter: 40 nm) could improve the image contrast and accurately
identify and locate the scaffold [163].
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However, Au NPs’ practical application for in vivo imaging is still challenging due
to the low penetration depth of the scattered light in tissue samples. Also, the clinical
application of Au NPs and the long-term toxicity associated with their in vivo usage
remains elusive. In spite of these challenges, the evidence presented above indicates its
potential application in the field of BTE and bone repair.

5. Challenges and Future Perspectives

While NBT in BTE applications have promising potentials, we are yet to overcome
certain challenges. The systemic toxicity of metallic NPs and immunogenic responses,
especially those required at higher doses, require special attention. This is because it can
negatively affect cell adhesion and architecture. More comprehensive, reliable toxicity
assessment studies for defined compositions of NPs are vital for their success. Reports of
the toxicity response to NPs in the scaffolds due to the degradation of the implants and
heavy metals in carbon NTs increase the need for further research into technologies aimed
at mimicking the local and systematic biological functions of these NPs. These results
would provide a better cognizance of the biocompatibility of these systems and would be
the guiding light for making the process economical and sustainable. In regard to the NPs
used in imaging and cell tracing, future studies on biomedical applications with in vivo
systems are warranted to ensure the safe application of SPIONs in the field of BTE imaging.

A combination of several materials to form nano-scaffolds is another area that needs more
research as it can open more avenues concerning the optimum formula for scaffolds [164].
Another limitation that requires more study is implant mediated infection, an unwanted
reaction as a result of a foreign body and a loss of the implant material due to degradation.
The use of electrospun scaffolds for BTE has documented cases of infections leading to
failed bone tissue regeneration [165]. Another challenge of designing scaffolds in general is
obtaining mechanical properties and vascularity similar to that of bone [35]. Innovative
fabrication techniques, like 3D functional constructs in conjugation with NPs, can help
modulate the properties of the microstructure [166]. The overall standardization of proto-
cols and carefully defining permitted limits or the concentration of materials used would
bring us a step closer to the safety and efficacy of these formulations.

Despite these challenges, the field is ever-expanding and providing innovative solu-
tions to problems that were previously unapproachable. A new class of NPs is increasingly
becoming known to scientists and these are known as cell-membrane-coated NPs. This
approach uses the bionic cell membrane as a coating technology for designing NPs for
formulating the multi-functional biomimetic drug delivery system discussed by several au-
thors, including Liu and colleagues and Ye and colleagues [167,168]. Furthermore, futuristic
applications of NBT in cancer has been indicated by the use of bio-inspired nanoplatelets
and nano-sponges for chemotherapy. Both the nanoplatelets as well as the nanosponges
were found to not only ablate the primary tumor in vivo, but also inhibit breast cancer
metastasis [169,170].

Currently, there are 508 clinical trials recorded just for the use of NPs as per the data
accessed from ClinicalTrials.gov. These include the use of nanoscale applications ranging
from treatment to diagnostic purposes and from jaw bone to leukemia applications. Out of
these, there 25 studies used NBT in some form or the other for bone-related conditions in
these trials. The most relevant ones reflecting the aim of this article are outlined in Table 2.

Modifications of scaffolds using NPs potentially translates to better biological and
structural mimicking properties of the natural bone environment. This provides a favorable
environment for cellular attachment, division, and bone formation. The three main targets
of osteogenic cell survival, osteoblastic differentiation, or modulation of immunological
response warrant nano-structural changes to polymer surfaces. The persistent quest to
better understand the interactions between nanoscale surface topography and the biolog-
ical system into which it is introduced remains a consistent discussion of research with
foreseeable noteworthy developments.
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Table 2. Current clinical trials using NBT for bone-related applications.

Trial id Title Phase NBT Used Target

NCT04316091
A Phase I Clinical Trial of Neoadjuvant

Chemotherapy With/Without SPIONs/SMF
for Patients with Osteosarcomas

I SPIONS Osteosarcoma/bone
cancer

NCT01323894
Osteogenic Effects on Human Mesenchymal

Stem Cells Enhanced by Wnt Signaling
(using HA NPs)

Observational NP Osteoblastogenesis of
human MSCs

NCT05258006
Assessment of Autogenous Dentin Graft in

Treatment of Infra-bony Defect (using
demineralized Dentin NPs)

NA NP Stage III periodontitis

NCT03678883 9-ING-41 in Patients with Advanced Cancers II NP Cancers (including bone)

NCT04803500
Simvastatin Around Immediate Implant (using

simvastatin gel (1.2 mg/0.1 mL of
solid lipid nanoparticles))

II Lipid NPs Alveolar bone
regeneration

NCT03140657
The Effects of Nanocurcumin on Treg Cells and

Th17 Cells Responses in Ankylosing
Spondylitis Patients

II Nanocurcumin Intervertebral and
sacroiliac joints

NCT05906563
Evaluations of Melatonin and Metformin
Loaded Nanoparticles in the Treatment of

Periodontal Intra-bony Defects
II NP Bone loss in the jaw

NCT05101655
Construction of Microfluidic Exosome Chip for
Diagnosis of Lung Metastasis of Osteosarcoma

(using NP tracking analysis (NTA))
Observational NP Osteosarcomas,

pulmonary metastases

6. Conclusions

NBT provides novel and technologically advanced tools to engineer scaffolds using
nano-scale materials to create drug delivery devices with controlled spatial and temporal
release patterns. Different types of formulations at the nanoscale using natural (proteins
and polysaccharides) or synthetic (metals, ceramics, magnetic/paramagnetic materials, and
polymers) materials can provide a strong platform for tissue-engineered artificial organ
functionalization. Although these advancements provide opportunities to harness NBT
to enhance tissue repair, numerous questions and challenges still remain to be addressed.
We are yet to utilize the full potential of the mechanisms by which variations in the nano-
scaling, orientation, and co-presentation of these formulations modulate cell responses.
The field of nanotechnology, along with the integration of growth factors, metabolites, and
biomaterials of appropriate mechanical properties will help in attaining timely and effective
bone regeneration. In summary, the future of medicine with the use of NBT is promising
for BTE and orthopedic applications, especially with the advancement of nanomedicine
and NBT as a tool in precision medicine [171].
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145. Gilarska, A.; Lewandowska-Łańcucka, J.; Horak, W.; Nowakowska, M. Collagen/chitosan/hyaluronic acid—Based injectable
hydrogels for tissue engineering applications—Design, physicochemical and biological characterization. Colloids Surf. B
Biointerfaces 2018, 170, 152–162. [CrossRef] [PubMed]

146. Khatami, N.; Khoshfetrat, A.B.; Khaksar, M.; Zamani, A.R.N.; Rahbarghazi, R. Collagen-alginate-nano-silica microspheres
improved the osteogenic potential of human osteoblast-like MG-63 cells. J. Cell. Biochem. 2019, 120, 15069–15082. [CrossRef]
[PubMed]

147. Liu, F.-Z.; Wang, D.-W.; Zhang, Y.-J.; Lv, Z.Y.; Sun, X.-D.; Li, K.-Y.; Zhang, B.; Wang, X.-M.; Cui, F.-Z. Comparison of rabbit rib
defect regeneration with and without graft. J. Mater. Sci. Mater. Med. 2017, 28, 2. [CrossRef] [PubMed]

148. Cai, Y.; Guo, J.; Chen, C.; Yao, C.; Chung, S.-M.; Yao, J.; Lee, I.-S.; Kong, X. Silk fibroin membrane used for guided bone tissue
regeneration. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 70, 148–154. [CrossRef]

149. Shanmugavel, S.; Reddy, V.J.; Ramakrishna, S.; Lakshmi, B.; Dev, V.G. Precipitation of hydroxyapatite on electrospun polycapro-
lactone/aloe vera/silk fibroin nanofibrous scaffolds for bone tissue engineering. J. Biomater. Appl. 2014, 29, 46–58. [CrossRef]

150. Lee, H.; Yang, G.H.; Kim, M.; Lee, J.; Huh, J.; Kim, G. Fabrication of micro/nanoporous collagen/dECM/silk-fibroin biocomposite
scaffolds using a low temperature 3D printing process for bone tissue regeneration. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 84,
140–147. [CrossRef]

151. Chen, L.; Hu, J.; Ran, J.; Shen, X.; Tong, H. A novel nanocomposite for bone tissue engineering based on chitosan–silk
sericin/hydroxyapatite: Biomimetic synthesis and its cytocompatibility. RCS Adv. 2015, 69, 56410–56422. [CrossRef]

152. Fragogeorgi, A.E.; Rouchota, M.; Georgiou, M.; Velez, M.; Bouziotis, P.; Loudos, G. In vivo imaging techniques for bone tissue
engineering. J. Tissue Eng. 2019, 10, 1–13. [CrossRef]

153. Gil, H.M.; Price, T.W.; Chelani, K.; Bouillard, J.-S.G.; Calaminus, S.D.; Stasiuk, G.J. NIR-quantum dots in biomedical imaging and
their future. iScience 2021, 24, 102189. [CrossRef] [PubMed]

154. Jahed, V.; Vasheghani-Farahani, E.; Bagheri, F.; Zarrabi, A.; Jensen, H.H.; Larsen, K.L. Quantum dots-βcyclodextrin-histidine
labeled human adipose stem cells-laden chitosan hydrogel for bone tissue engineering. Nanomed. Nanotechnol. Biol. Med. 2020,
27, 102217. [CrossRef] [PubMed]

155. Che, Y.; Feng, S.; Guo, J.; Hou, J.; Zhu, X.; Chen, L.; Yang, H.; Chen, M.; Li, Y.; Chen, S.; et al. In vivo live imaging of bone using
shortwave infrared fluorescent quantum dots. Nanoscale 2020, 12, 22022–22029. [CrossRef] [PubMed]

156. Jaswal, N.; Justa, P.; Kumar, H.; Deepshikha; Krishna; Pani, B.; Kumar, P. Biomedical Applications of Superparamagnetic Iron
Oxide Nanoparticles (SPIONS) as a Theranostic Agent. In Iron Ores and Iron Oxide; IntechOpen: London, UK, 2023. [CrossRef]

157. Cai, Z.; Wu, C.; Yang, L.; Wang, D.; Ai, H. Assembly-Controlled Magnetic Nanoparticle Clusters as MRI Contrast Agents. ACS
Biomater. Sci. Eng. 2020, 6, 2533–2542. [CrossRef] [PubMed]

158. Seifalian, A.M.; Bull, E.; Madani, S.Y.; Sheth, R.; Green, M.; Seifalian, A. Stem cell tracking using iron oxide nanoparticles. Int. J.
Nanomed. 2014, 9, 1641–1653. [CrossRef]

159. Jing, X.-H.; Yang, L.; Duan, X.-J.; Xie, B.; Chen, W.; Li, Z.; Tan, H.-B. In vivo MR imaging tracking of magnetic iron oxide
nanoparticle labeled, engineered, autologous bone marrow mesenchymal stem cells following intra-articular injection. Jt. Bone
Spine 2008, 75, 432–438. [CrossRef]

https://doi.org/10.1016/j.actbio.2013.07.005
https://www.ncbi.nlm.nih.gov/pubmed/23851173
https://doi.org/10.1002/jbm.b.33225
https://doi.org/10.1039/C4CE01287A
https://doi.org/10.1016/j.biomaterials.2009.04.054
https://doi.org/10.1016/j.ijbiomac.2017.11.017
https://doi.org/10.1177/0885328219891614
https://doi.org/10.3390/polym12010069
https://doi.org/10.1016/j.actbio.2011.09.036
https://doi.org/10.1039/c3ra47547f
https://doi.org/10.1002/jbm.a.36008
https://www.ncbi.nlm.nih.gov/pubmed/28093887
https://doi.org/10.1016/j.colsurfb.2018.06.004
https://www.ncbi.nlm.nih.gov/pubmed/29902729
https://doi.org/10.1002/jcb.28768
https://www.ncbi.nlm.nih.gov/pubmed/31020682
https://doi.org/10.1007/s10856-016-5807-1
https://www.ncbi.nlm.nih.gov/pubmed/27866345
https://doi.org/10.1016/j.msec.2016.08.070
https://doi.org/10.1177/0885328213513934
https://doi.org/10.1016/j.msec.2017.11.013
https://doi.org/10.1039/C5RA08216A
https://doi.org/10.1177/2041731419854586
https://doi.org/10.1016/j.isci.2021.102189
https://www.ncbi.nlm.nih.gov/pubmed/33718839
https://doi.org/10.1016/j.nano.2020.102217
https://www.ncbi.nlm.nih.gov/pubmed/32418806
https://doi.org/10.1039/D0NR06261H
https://www.ncbi.nlm.nih.gov/pubmed/33141143
https://doi.org/10.5772/intechopen.1001133
https://doi.org/10.1021/acsbiomaterials.9b01198
https://www.ncbi.nlm.nih.gov/pubmed/33463262
https://doi.org/10.2147/IJN.S48979
https://doi.org/10.1016/j.jbspin.2007.09.013


Appl. Biosci. 2023, 2 638

160. Kim, H.; Dae, H.-M.; Park, C.; Kim, E.O.; Kim, D.; Kim, I.-H.; Kim, Y.-H.; Choi, Y. A highly sensitive magnetite nanoparticle as a
simple and rapid stem cell labelling agent for MRI tracking. J. Mater. Chem. 2011, 21, 7742–7747. [CrossRef]

161. Yuan, D.; Ellis, C.M.; Davis, J.J. Mesoporous Silica Nanoparticles in Bioimaging. Materials 2020, 13, 3795. [CrossRef]
162. Wu, Y.; Ali, M.R.; Chen, K.; Fang, N.; El-Sayed, M.A. Gold nanoparticles in biological optical imaging. Nano Today 2019, 24,

120–140. [CrossRef]
163. Bouché, M.; Hsu, J.C.; Dong, Y.C.; Kim, J.; Taing, K.; Cormode, D.P. Recent Advances in Molecular Imaging with Gold

Nanoparticles. Bioconjugate Chem. 2020, 31, 303–314. [CrossRef]
164. Raghavendran, H.R.B.; Puvaneswary, S.; Talebian, S.; Murali, M.R.; Naveen, S.V.; Krishnamurithy, G.; McKean, R.; Kamarul, T. A

comparative study on in vitro osteogenic priming potential of electron spun scaffold PLLA/HA/Col, PLLA/HA, and PLLA/Col
for tissue engineering application. PLoS ONE 2014, 9, e104389. [CrossRef] [PubMed]

165. Xue, J.; He, M.; Liu, H.; Niu, Y.; Crawford, A.; Coates, P.D.; Chen, D.; Shi, R.; Zhang, L. Drug loaded homogeneous electrospun
PCL/gelatin hybrid nanofiber structures for anti-infective tissue regeneration membranes. Biomaterials 2014, 35, 9395–9405.
[CrossRef] [PubMed]

166. Heo, D.N.; Castro, N.J.; Lee, S.-J.; Noh, H.; Zhu, W.; Zhang, L.G. Enhanced bone tissue regeneration using a 3D printed
microstructure incorporated with a hybrid nano hydrogel. Nanoscale 2017, 9, 5055–5062. [CrossRef] [PubMed]

167. Liu, H.; Su, Y.-Y.; Jiang, X.-C.; Gao, J.-Q. Cell membrane-coated nanoparticles: A novel multifunctional biomimetic drug delivery
system. Drug Deliv. Transl. Res. 2023, 13, 716–737. [CrossRef]

168. Fang, R.H.; Kroll, A.V.; Gao, W.W.; Zhang, L.F. Cell Membrane Coating Nanotechnology. Adv. Mater. 2018, 30, e1706759.
[CrossRef]

169. Ye, H.; Wang, K.; Wang, M.; Liu, R.; Song, H.; Li, N.; Lu, Q.; Zhang, W.; Du, Y.; Yang, W.; et al. Bioinspired nanoplatelets for
chemo-photothermal therapy of breast cancer metastasis inhibition. Biomaterials 2019, 206, 1–12. [CrossRef]

170. Ye, H.; Wang, K.; Lu, Q.; Zhao, J.; Wang, M.; Kan, Q.; Zhang, H.; Wang, Y.; He, Z.; Sun, J. Nanosponges of circulating tumor-derived
exosomes for breast cancer metastasis inhibition. Biomaterials 2020, 242, 119932. [CrossRef]

171. Alghamdi, M.A.; Fallica, A.N.; Virzì, N.; Kesharwani, P.; Pittalà, V.; Greish, K. The Promise of Nanotechnology in Personalized
Medicine. J. Pers. Med. 2022, 12, 673. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1039/c1jm10247h
https://doi.org/10.3390/ma13173795
https://doi.org/10.1016/j.nantod.2018.12.006
https://doi.org/10.1021/acs.bioconjchem.9b00669
https://doi.org/10.1371/journal.pone.0104389
https://www.ncbi.nlm.nih.gov/pubmed/25140798
https://doi.org/10.1016/j.biomaterials.2014.07.060
https://www.ncbi.nlm.nih.gov/pubmed/25134855
https://doi.org/10.1039/C6NR09652B
https://www.ncbi.nlm.nih.gov/pubmed/28211933
https://doi.org/10.1007/s13346-022-01252-0
https://doi.org/10.1002/adma.201706759
https://doi.org/10.1016/j.biomaterials.2019.03.024
https://doi.org/10.1016/j.biomaterials.2020.119932
https://doi.org/10.3390/jpm12050673

	Introduction 
	Nanoscale Materials for Scaffold Structure and Function 
	Polymeric Materials Used at the Nanoscale for BTE 
	Synthetic Polymers 
	Natural Polymers 

	Mineral-Based and Metallic Nanoscale Materials Used for BTE 
	Mineral Nanoparticles 
	Metallic NPs 


	Nanomedicine and Drug Delivery in Scaffolds for BTE 
	Pharmaceutical Agents in Scaffolds 
	Protein Functionalization for Scaffold Surfaces 
	Plant Proteins 
	Animal Proteins 


	Nanotechnology for Cell Targeting and Labeling for BTE 
	Challenges and Future Perspectives 
	Conclusions 
	References

