This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Controlled release of drugs in electrosprayed
nanoparticles for bone tissue engineering
Jayaraman, Praveena; Gandhimathi, Chinnasamy; Venugopal, Jayarama Reddy; Becker,
David Laurence; Ramakrishna, Seeram; Srinivasan, Dinesh Kumar
2015
Jayaraman, P., Gandhimathi, C., Venugopal, J. R., Becker, D. L., Ramakrishna, S., &
Srinivasan, D. K. (2015). Controlled release of drugs in electrosprayed nanoparticles for
bone tissue engineering. Advanced Drug Delivery Reviews, 94, 77‑95.

https://hdl.handle.net/10356/81690
https://doi.org/10.1016/j.addr.2015.09.007

© 2015 Elsevier. This is the author created version of a work that has been peer reviewed
and accepted for publication by Advanced Drug Delivery Reviews, Elsevier. It incorporates
referee’s comments but changes resulting from the publishing process, such as
copyediting, structural formatting, may not be reflected in this document. The published
version is available at: [http://dx.doi.org/10.1016/j.addr.2015.09.007].

Downloaded on 09 Jan 2023 09:25:52 SGT

   
Controlled release of drugs in electrosprayed nanoparticles for bone tissue
engineering
Praveena Jayaraman, Chinnasamy Gandhimathi, Jayarama Reddy Venugopal, David Laurence Becker, Seeram Ramakrishna, Dinesh Kumar
Srinivasan
PII:
DOI:
Reference:

S0169-409X(15)00210-0
doi: 10.1016/j.addr.2015.09.007
ADR 12837

To appear in:

Advanced Drug Delivery Reviews

Received date:
Revised date:
Accepted date:

15 February 2015
28 August 2015
18 September 2015

Please cite this article as: Praveena Jayaraman, Chinnasamy Gandhimathi, Jayarama
Reddy Venugopal, David Laurence Becker, Seeram Ramakrishna, Dinesh Kumar Srinivasan, Controlled release of drugs in electrosprayed nanoparticles for bone tissue engineering, Advanced Drug Delivery Reviews (2015), doi: 10.1016/j.addr.2015.09.007

This is a PDF ﬁle of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its ﬁnal form. Please note that during the production process
errors may be discovered which could aﬀect the content, and all legal disclaimers that
apply to the journal pertain.

ACCEPTED MANUSCRIPT
Controlled release of drugs in electrosprayed nanoparticles for bone tissue
engineering

RI

Becker1, Seeram Ramakrishna2 and Dinesh Kumar Srinivasan1*

PT

Praveena Jayaraman1, Chinnasamy Gandhimathi1, Jayarama Reddy Venugopal2, David Laurence

Lee Kong Chian School of Medicine, Nanyang Technological University, Singapore

2

Center for Nanofibers & Nanotechnology, Nanoscience and Nanotechnology Initiative, National

SC

1

AC
CE
P

TE

D

MA

NU

University of Singapore, Singapore.

Corresponding author
Dr SD Kumar, MBBS, PhD
E-mail: dineshkumar@ntu.edu.sg
Tel: (+65) 6592 3055; Fax: (+65) 6515 0417

1

ACCEPTED MANUSCRIPT
Table of contents
Contents

Page

PT

Abstract ........................................................................................................................................... 3

RI

1. Introduction ................................................................................................................................. 4
2. Fabrication of nanoparticles ........................................................................................................ 7

SC

3. Type of materials used for fabricating nanoparticles .................................................................. 9
3.1 Natural polymers ................................................................................................................. 10

NU

3.2 Synthetic polymers.............................................................................................................. 12
3.3 Polymer composites ............................................................................................................ 14

MA

3.4 Inorganic and metallic materials ......................................................................................... 16
4. Chemical and physical properties of nanoparticles .................................................................. 19

D

5. Nanoparticles in bone tissue engineering ................................................................................ 21

TE

6. Drug Delivery ........................................................................................................................... 23
6.1 Encapsulation of drugs into polymeric nanoparticles ......................................................... 25

AC
CE
P

6.2 Growth factors and proteins ................................................................................................ 26
6.3 Antibiotics ........................................................................................................................... 30
7. Bone tissue regeneration ........................................................................................................... 33
7.1 Stem cells ............................................................................................................................ 36
7.2 Osteoblasts .......................................................................................................................... 39
Conclusion and future perspectives .............................................................................................. 43
Acknowledgements ....................................................................................................................... 43
References ..................................................................................................................................... 45
Figure captions .............................................................................................................................. 60
Abbreviations ................................................................................................................................ 60

2

ACCEPTED MANUSCRIPT
Abstract
Generating porous topographic substrates, by mimicking the native extracellular matrix (ECM)

PT

to promote the regeneration of damaged bone tissues, is a challenging process. Generally,

RI

scaffolds developed for bone tissue regeneration support bone cell growth and induce bone

SC

forming cells by using natural proteins and growth factors. Limitations are often associated with
these approaches such as improper scaffolds stability, insufficient cell adhesion, proliferation,

NU

differentiation and mineralization with less growth factor expression. Therefore, the use of

MA

engineered nanoparticles has been rapidly increasing in bone tissue engineering applications.
Nanomaterials developed using electrospray technique has an advantage over other conventional

D

methods as it generates particle sizes in micro/nanoscale range. The size and charge of the

TE

particles are controlled by regulating the polymer solution flow rate and electric voltage. The
unique properties of nanoparticles like large surface area to volume ratio, small size and higher

AC
CE
P

reactivity tends to attract the field of biomedical engineering. These nanomaterials are
extensively used for drug delivery, as therapeutic agents, mimicking ECM, restoring and
improving the functions of damaged organs. The controlled and sustained release of
encapsulated drugs, proteins, vaccines, growth factors, cells and nucleotides from nanoparticles
have been well developed in nanomedicine. This review provides an insight into the preparation
of nanoparticles by electrospraying and illustrates how these nanoparticles are used in drug
delivery for promoting bone tissue regeneration.

Keywords: Electrospray; nanoparticles; drug delivery systems; bone tissue; regenerative
medicine.
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1. Introduction
Nanotechnology is a multidisciplinary branch of science involving biomedical, pharmaceutical,

PT

chemical, materials, polymers, optical and electrical engineering. In the biomedical field, it has a

RI

vital role in the drug delivery, diagnostic imaging and regenerative medicine [1]. In particular,

SC

nanotechnology has been developed in regenerative medicine to improve bone tissue engineering
(BTE). It aims to overcome some of the limitations related to bone tissue regeneration techniques

NU

such as inadequate mechanical strength of temporary frameworks (scaffolds), unstable

MA

production of growth factors, lack of stimulation of cell adhesion and osteogenic differentiation
at the damaged site. The gap between conventional medicine and engineering aspects has been

D

filled by biomedical engineering. The size, structure and surface area to volume ratio of

TE

nanoparticles are inter-related to the biological activity and functionalization. Nanoparticle
research is therefore an area of great scientific attention due to its potential applications in tissue

AC
CE
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engineering and many research articles (>1000) related to regenerative medicine which have
been published over the past few decades [2].
Bone regeneration is a well-structured, complex physiological process in normal fracture healing
and includes a series of events involving various cell types, intra and extracellular signaling
pathways that follow a defined temporal and spatial sequence to restore and remodel the
structure of skeleton [3]. There are many potential problems that can occur during bone tissue
regeneration including osteoporosis, avascular necrosis and atrophic nonunion. The treatment
methods currently applied to overcome these issues include traditional autologous bone graft,
allograft implants, free fibula vascularized grafts, application of growth factors to stimulate
differentiation of cells, distraction osteogenesis and application of osteoconductive scaffolds [4].
When there are large defects, a two-step process called the Masquelet technique is used as

4
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alternative method to promote bone tissue regeneration. This technique involves radical
debridement of the soft tissue and insertion of a cement spacer into the defect in the bone region.

PT

After about 6-8 weeks, the inserted spacer is removed and the membrane, which has formed

RI

around it, acts as a chamber for the insertion of non-vascularized autografts [5]. During

SC

distraction osteogenesis, regeneration of bone is induced between slowly distracted osseous
surfaces. This technique has been applied to treat limb length deformities, bone loss or any other

NU

bone discrepancies involving external fixators. However, these approaches have certain problems

MA

associated with psychology of patients undergoing lengthy and painful treatments of bone
distraction osteogenesis [6]. In the autologous bone grafting method, the patient’s own tissues,

D

which are histocompatible and non-immunogenic, are used to reduce the possibility of

TE

immunoreactions of the grafted tissues. However, harvesting of a patient’s own tissues requires
further surgical procedures with potential complications and discomfort faced in addition to

AC
CE
P

quantity restrictions and associated costs. Allogenic bone grafts are acquired from living donors
or human cadavers and are used to overcome the limitations related to harvesting process and
graft material quality, but are susceptible to rejection. Bone graft substitutes are the alternatives
for autologous or allogeneic grafts. The bone grafts are generally made using natural or synthetic
biomaterials, which enhance the migration, adhesion, growth and differentiation of cultured bone
cells for bone tissue regeneration. The commonly used bone substitutes are made of
hydroxyapatite (HA), β-tricalcium phosphate (β-TCP), collagen, glass ceramics and calciumphosphate cements [4]. For reconstructing large bone defects or failures there is a requirement
for considerable structural scaffold which is an alternative for cortical auto-allografts made of
cylindrical titanium or metallic mesh cages combined with autologous bone grafts or
demineralized bone matrix and cancellous allografts [7].
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Drug delivery systems include the release of encapsulated therapeutic agents into the body by
improving its efficiency and controlling the site, rate and time of drug release. The controlled

PT

delivery of drugs in an adequate time period without degradation of non-released drugs is

RI

essential for tissue regeneration. Drugs within their optimal concentration range will have

SC

maximum benefit and if the concentration is outside that range they might be toxic or of limited
therapeutic benefit. The conventional methods for administrating drugs include injection, oral

NU

ingestion, implantation and transdermal delivery. Pharmaceutical industries spend increasing

MA

amounts of money in developing new and more efficient methods for delivering successful
drugs. The average cost and duration for developing a novel drug delivery system requires $20-

D

30 million and about 3-4 years. However, for new drug it requires ~$500 million and about 10–

TE

12 years. Worldwide the cost of drug delivery products was estimated to be more than $130
billion in 2012 and $220 billion in 2015 with an annual increase rate of 37% [2, 8]. The need for

AC
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P

efficient delivery of drugs with fewer side effects has driven researchers to innovate new drug
delivery systems with an emphasis on emerging new technologies. They focus mainly on
minimizing the drug degradation or loss, increase the bio-availability of drug, preventing side
effects and improving drug accumulation in the targeted zone. Drug carriers are the substances
used to improve the effectiveness of drug delivery and target the damaged sites. They can be
made stimuli responsive, slowly degradable and also capable of directing the drug loaded system
to the targeted site either by active or passive targeting mechanisms. These drug carriers can
comprise of soluble synthetic polymers, biodegradable liposomes, micro/nanoparticle,
nanofibers, dendrimers and micelles. Nanoparticles derived from poly (lactic-co-glycolic) acid
(PLGA), polyglycolic acid (PGA), polylactic acid (PLA) are commonly applied biomaterials for
delivering osteoinductive factors, plasmid DNA (for gene therapy) or anti-inflammatory drugs to
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enhance bone tissue regeneration [9-11]. The size of a molecule has a significant role in
delivering the drugs effectively to the particular site of the organs.

PT

Pharmaceutical industries face major challenges when large molecules degrade rapidly in the

RI

bloodstream or gut when delivered orally or when transdermal drug delivery is not possible due

SC

to molecule size above 500 Da. These drawbacks can be improved by the active or passive
targeted delivery of drug carrier systems. These targeting mechanisms are designed to regulate

NU

the drug release kinetics, to avoid nonspecific delivery of drugs and consequent side effects

MA

thereby increasing therapeutic efficiency. In some cases, like pain, the sustained release of drugs
is not effective and instead pulse release is more desirable. This review summarizes the recent

D

progress of electrohydrodynamics atomization (EHDA) method applied for the nanoformulation

TE

of micro/nanoparticles using electrospraying. This technique has been applied for the
encapsulation of several therapeutic agents onto biodegradable polymeric nanoparticles to

AC
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provide sustained and control release profiles with improved encapsulation efficiency. The
fabrication of particulate materials using electrospray methods including the size, shape,
composition, structure and morphology has also been discussed for BTE.

2. Fabrication of nanoparticles

Synthesis of nanoparticles involves various methodologies like solvent evaporation,
precipitation, single and double emulsion, electrospraying, porous glass membrane
emulsification, sol-gel and coacervation are used for fabricating micro/nanostructures. Among
these techniques the most popular are emulsion methods, which involve the dispersion of
molecules in a polymer solution and then undergo emulsification to attain micro/nanosized
droplets, which are later dried after removing solvents. The major drawback of this technique is
denaturation of protein based drugs due to the use of organic solvents. This causes variability in
7
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drug loading and encapsulation efficiency, size and surface morphology of particles, which are
not homogeneous. Whereas, nanoparticles synthesized by electrospray technique or EHDA have

PT

the potential method to overcome the drawbacks of conventional methods such as lower

RI

efficiency, difficulty in fabricating particle size below 100 nm, rate and time of drug delivery,

SC

difficulty in encapsulating hydrophilic drugs and degradation of drugs due to its exposure with
organic solvent, high temperature and biomolecules. Owing to the simple and flexible

NU

experimental setup, it has been effectively employed to prepare nanoparticles with controllable

MA

size, structure, morphology and compositions. All these characteristics make electrospray
technique a fascinating tool for generating nanoparticles in drug delivery systems [12, 13].

D

Patients with organ failure currently have high morbidity and limited options for treatment but

them [14].

TE

bioengineering of scaffolds (by EHDA) to serve as replacement tissue may be a viable option for

AC
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P

Electrospraying works on the principle of applied electric fields. The applied high voltage
generates the electrostatic force inside the liquid droplet, which counteracts with the surface
tension of the liquid droplet. The liquid getting to the needle tip develops into a Taylor Cone and
discharges a liquid jet by means of its apex. According to Coulomb’s Repulsion of Charges, the
highly charged liquid droplets disperse radially on the collector plate. These self-dispersing
charged droplets have the higher deposition efficiency when compared with the uncharged spray.
The size of the droplets ranges from hundred micrometers to around tens of nanometers. The
droplet size can be precisely controlled by regulating both the flow rate and applied voltage. In
practice, despite the electrospray technique enabling better control over structure, size and
composition of particles as compared to other traditional fabrication methods, it is also
associated with some disadvantages including low throughput of the methods and yields in the
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range of milligrams/hour. Multi-jet modes have been used to obtain similar size and morphology
of nanoparticles as in a single jet mode, with an increased yield ranging from milligrams to

PT

grams per hour [15].

RI

Nanoparticles prepared by using the electrospray method are suitable for both industrial and

SC

scientific research. The technique is used widely in micro/nano film deposition, encapsulation of
drugs or nanocapsule formation. The research on micro/nano encapsulation of drugs has been

NU

extensively developed due to its potential in the field of biomedical engineering such as

MA

controlled delivery of drugs, diagnostics and imaging using nanoparticles [16]. Drugencapsulating nanoparticles are fabricated using natural/synthetic polymers and bioactive

D

molecules. The physical morphology, shape, size, construction and composition of these

TE

micro/nanostructures can be varied by different methods and choice of materials. These

AC
CE
P

nanostructures are administered in multiple ways, including: oral, inhalation and local injection.
Figure 1 shows a) the scanning electron microscope (SEM) and b) transmission electron
microscope (TEM) images of polymer particles developed by electrospraying technology [17].

3. Type of materials used for fabricating nanoparticles
A material that improves bone tissue regeneration has a potential in clinical applications for
treating several bone defects. Porous material scaffolds made of polymer and bioceramic
components are engineered to support bone tissue for cell proliferation and mineralization. These
engineered scaffold materials that can mimic both biological and mechanical context of native
bone tissue matrix and provides vascularization of large tissues are of major concern. Nanoscale
materials used to recreate scaffolds with novel functionality are emerging as interesting

9
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candidates in bone tissue regeneration. Table 1 illustrates variety of materials used for fabricating

PT

nanoparticles in BTE.

3.1 Natural polymers

RI

Electrohydrodynamics atomization techniques have been used to fabricate nanoparticles

SC

comprising a variety of biomaterials in drug delivery systems and tissue engineering applications

NU

(Table 1). Naturally occurring polymers that are used are generally non-toxic, highly responsive
and biodegradable. The polymers are also capable of remodeling themselves based on their

MA

intrinsic properties by inducing the secretion of enzymes by cells [12]. Chitosan is a linear
polysaccharide derived from chitin, which is found in crustacean shells (e.g. Shrimps, crabs).

D

The primary amino groups of chitosan can protonate at low pH exhibiting biocompatible,

TE

biodegradable, antibacterial, analgesic, mucoadhesive and hemostatic properties [18]. Chitosan
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enhances bone mineral deposition by osteoblasts and exhibits low immunogenicity with better
mechanical property. Hence, it has been widely explored for bone regeneration. Arya et al.
obtained ampicillin loaded chitosan particles with a particle size of 520 nm using electrospraying
technique. They optimized fabrication parameters such as applied voltage, needle gauge, distance
from tip of needle to the collector plate and concentrations of acetic acid and chitosan solutions
for generating reproducible chitosan micro/nanoparticles and enhancing their potential in drug
delivery systems [19]. In a current study, chitosan nanoparticles loaded with dexamethasone
(Dex), which is one of the glucocorticosteriod improved bone formation by promoting osteoblast
differentiation and mineralization. The sustained delivery of Dex from chitosan nanoparticles
significantly enhanced osteogenic differentiation of human mesenchymal stem cells (hMSCs) for
bone tissue regeneration [20]. Zhang et al. were able to prepare solid nanoparticles by a one-step
electrospraying method using chitosan/acetic acid solution at various concentrations, which in
10
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turn produced different particle sizes [21]. Chitosan nanoparticles doped with boric acid of
diameter 175 nm were synthesized using tripolyphosphate for its application in BTE. The release

PT

profiles of boron from scaffolds were found to be an early burst release for first 5 hrs followed

RI

by slow release over 120 hrs. Boron based nanoparticles loaded into chitosan scaffolds act as an

SC

osteoinductive agent by supporting proliferation and differentiation of preosteoblastic cells [22].
Dexamethasone disodium phosphate (DXP), an osteoinductive drug encapsulated within chitosan

NU

(CN) nanoparticles, was coated onto porous baghdadite (BD; Ca3ZrSi2O9) scaffolds using

MA

nanostructured hydrogels gellan and xanthan (GX) enhanced bone regeneration. The average size
of DXP-CN nanoparticle obtained was 521±21 nm. The drug release profiles of DXP-CN-GX

D

hydrogels coated with BD scaffolds showed a sustained release of DXP with an initial burst

TE

delivery. DXP released from nanostructured hydrogels integrated with BD scaffolds improved
the osteogenic differentiation of cells when compared to uncoated BD scaffolds [23].

AC
CE
P

Collagen is a favourable biomaterial, which is extensively used in bone restoration due to its
biocompatibility and biodegradability. Though the conversion of collagen into nanoparticles is
challenging, current studies have shown that under ambient temperature and controlled pressure,
it is possible to prepare collagen nanoparticles using one step electrospray deposition. Ethyl
cellulose (EC) is a water insoluble polysaccharide extensively used as an encapsulated drug
delivery system based on its properties: biocompatibility, non-toxic, non-irritant and its thin film
shows good mechanical properties and flexibility. EC can be used as a stabilizer, binder, water
conserving agent and dispensing agent. In addition, it is used for sustained release of drugs [24].
Park et al. fabricated HA nanoparticles using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)oxidized bacterial cellulose scaffold as a dispersant in aqueous medium for bone tissue
regeneration. Hybrid biocomposite scaffold significantly enhanced cell adhesion, migration,

11
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growth, mineralization and differentiation by confirming it to be a possible candidate in bone

PT

tissue regeneration [25].
3.2 Synthetic polymers

RI

The key advantages of synthetic polymers over natural polymers include tailoring of mechanical

SC

properties and the degradation process. Moreover synthetic polymers are highly attractive as they

NU

can be synthesized with desired shapes and provide a possible environment for cell growth in
tissue engineering. Synthetic polymers are generally low in cost and have a highly reliable

MA

source of materials. The micro/nano particles developed, act as drug carriers with a potential to
deliver drugs in a controlled and sustained manner. Polyesters represent the majority of

D

biodegradable synthetic polymers extensively studied for its application in tissue engineering.

TE

Among the polyester family, electrosprayed nanoparticles of PGA, PLA, and poly-ε-

AC
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P

caprolactone (PCL) and their copolymers are widely applied in drug delivery systems owing to
their biocompatibility and biodegradability. PGA is a biodegradable, aliphatic polyester and
thermoplastic polymer with high crystallinity. PGA displays a highly crystalline nature, which is
responsible for slow degradation process and insolubility in water. The solubility of the polymer
depends on its molecular weight and high molecular weight PGA is insoluble in most organic
solvents except the fluorinated solvents (eg. hexafluoroisopropanol). PLGA is a biodegradable
and biocompatible synthetic copolymer fabricated by electrospraying method acts as an excellent
drug delivery carrier for tissue regeneration. PLGA polymers are widely used in drug delivery
systems, tissue engineering and biomedical devices as approved by Food and Drug
Administration (FDA) [26]. Berkland et al. fabricated PLGA nanoparticles for tissue
regeneration using flow limited field injection electrospray method in acetonitrile with a flow
rate of 1 ml/h, showed that the injection charge method inducing the ionic state of PLGA
12
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solution is highly efficient when compared to the conventional electrospray methods [27]. Lee et
al. developed anodized titanium implants layered with PLGA nanoparticles and fibroblast growth

PT

factor using electrospray to study its osseointegration in rabbit tibiae. The particle size of PLGA

RI

nanoparticles coated on the surface of implants was observed to be 268.6±93.2 nm. The

SC

combination of biodegradable PLGA nanoparticles with fibroblast growth factor coated onto the
surface of titanium implants resulted in the formation of new tissue next to the surface of the

NU

bone implant [28]. Almeria et al, developed monodisperse PLGA particles of size 60nm-2µm

MA

using electrospray drying route for tissue engineering application. By selecting appropriate
electrospray parameters and polymer solution properties, it is possible to control the particle size

D

and monodispersity. PLGA particles obtained were spherical in shape encapsulated with or

TE

without active agents, tailoring it to a particular biomedical application [29].

AC
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PCL is a semi crystalline, biodegradable, biocompatible polymer with -60 C as a glass
transition temperature. It is also chemically stable, mechanically strong and permeable. Due to
these properties, PCL is accepted by the FDA for its application in drug delivery systems and
tissue engineering. The polymer is highly hydrophobic in nature which makes it more difficult
for the encapsulation of macromolecules like DNA, peptides, proteins and drugs [30].
Gandhimathi et al. developed biocomposite scaffold PCL/silk fibroin/ascorbic acid nanoparticles
loaded with dexamethasone (DM) to improve the environment for human adipose derived stem
cells (hADSCs) differentiation into osteogenesis and increased secretion of minerals for bone
tissue regeneration [31]. Figure 2 illustrates the cumulative release profiles of DM from
electrosprayed nanoparticle scaffolds [31].

Polylactides (PLAs) have properties similar to

PLGAs, however, the highly crystalline nature of poly (l-lactide) is responsible for its slow
degradation process, whereas poly (d,l-lactide) exhibits a lower degree of crystallinity. Hence
13
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poly (l-lactide) is used extensively as a drug delivery system due to its release kinetics and long
term degradation process of the polymer [32]. Ikeuchi et al. studied phase separation process by

PT

electrospraying 1% PLA and chloroform solution in 5% ethanol at high humidity, which resulted

RI

in PLA particles of high surface porosity. The variation in polymer solution flow rate and

SC

humidity of electrospray environment influenced the diameter and surface porosity of the
nanoparticles. The direct 3D patterning method combined with nanofibrous hollow structure of

NU

PLA particles showed improved cell interaction and biodegradability for its application in tissue

MA

regeneration [33].
3.3 Polymer composites

D

Nanoparticles incorporated into the polymer scaffolds enhance the functional characteristics of

TE

the biocomposites because of the interaction between the scaffolds and particles.

These

AC
CE
P

composites provide combined functional chemical and biological properties. The combination of
nanohydroxyapatite (n-HA) particles with chitin, chitosan, collagen, fibrin, gelatin, PCL, PLA,
PLGA, polyamide, and polyvinyl alcohol based composite scaffolds have been widely explored
for bone graft substitutes. Hydroxyapatite based polymer composite scaffolds proved to be the
promising candidate for bone repair and regeneration due to their chemical interaction, alkaline
phosphatase (ALP) activity, biocompatibility, mineralization effect, biodegradability and
mechanical property [34, 35]. Venugopal et al. developed polymeric nanofibrous scaffolds,
which are loaded with 4% HA nanoparticles on the surface using electrospray method, in order
to enhance cell adhesion, interaction, proliferation, migration and differentiation for bone tissue
regeneration [37]. PCL nanofibers are electrospun on the rotating drum together with n-HA
particles (52 nm) electrosprayed on them to get diameters of 420 ± 15 nm. Figure 3 shows the
schematic representation of both electrospinning and electrospraying techniques for fabricating
14
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PCL/HA nanofibrous scaffolds [36]. These PCL/HA nanofibrous composites enhanced the
differentiation of hMSCs into osteogenic lineages for BTE. Poly (3-hydroxybutyrate) (PHB)/

PT

hydroxyapatite (PHB/HA) blend composite prepared by entrapping HA particles within the

RI

fibers were mechanically strong while a PHB/HA (spray) composite prepared by spray

SC

deposition of HA particles on the surface of fibers were highly porous and showed better
biological properties by creating a rough surface for the efficient cellular interactions [37]. Gupta

NU

et al. fabricated Poly (L-lactic acid)-co-poly (3-caprolactone) (PLACL) and gelatin based

MA

biocomposite substrates incorporated with HA nanoparticles using electrospinning and
electrospraying methods to achieve improved osteophilic environment for the proliferation and

D

mineralization of osteoblasts. The biocomposite nanofibrous substrate coated with HA

TE

nanoparticles aided to achieve rough surface morphology suitable for cell adhesion, growth and
also improved the mechanical stability of scaffold. It was reported that after the 30th day of cell

AC
CE
P

culture the mineral formation on the surface of the scaffolds created a thick layer with the ECM
production by cells. The process of mineralization refers to the deposition of calcium and
phosphorous salts on the ECM, where matrix containing anionic molecules takes up Ca2+ and
phosphate ions aids for nucleation and growth leading to calcification for bone tissue
regeneration [38].

Korina et al. fabricated composites consisting of PHB nanofibers combined with Titanium
dioxide (TiO2) particles and chitosan oligomers using electrospinning, electrospraying and
impregnation methods. The polymer composites obtained were compatible and provided a
favorable environment for the development of hMSCs [39]. Francis et al. studied the combined
effect of electrospinning and electrospraying method to fabricate polymeric composite material
for bone tissue regeneration. Electrospun gelatin (Gel) nanofibers with electrosprayed HA

15
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nanoparticle scaffolds showed better cell proliferation, interaction, enhanced osteoconductive
and osteoinductive effect for bone tissue regeneration [40]. The study by Zhao et al. showed that

PT

uniform coating of calcium phosphate (CaP) on the surface of electrospun PCL-Keratin

RI

composites facilitated improved cell-matrix interactions. Further, incorporating HA nanoparticles

SC

on or within the surface of CaP coated electrospun scaffold enhanced mechanical property,
biocompatibility and proliferation rate of hMSCs. The presence of CaP coating on the surface of

NU

electrospun scaffold proved to be a potential bioengineered polymeric composite for

MA

differentiation of cells into osteogenic lineage [41]. Ramier et al. synthesized electrospun
PHB/Gel biocomposite scaffold and electrosprayed HA nanoparticles on the surface of the

D

scaffold material for its application in orthopaedic defects. The hMSCs seeded on PHB/Gel/HA

TE

scaffold exhibited faster cell adhesion, proliferation, migration and osteogenic differentiation.
The existence of electrosprayed HA nanoparticle induced the rate of mineralization activity by

AC
CE
P

depositing high level of calcium on the surface of polymeric scaffold and makes the
biocomposite scaffold a suitable candidate for bone tissue regeneration [42].

3.4 Inorganic and metallic materials
Inorganic nanoparticles have been developed for various applications due to their intriguing
properties such as nanosize, optical properties, superparamagnetic and biological properties [43].
Encapsulation of inorganic nanoparticles such as silica, alumina, carbon black, titanium, calcium
carbonate, magnetic iron oxides onto the polymeric matrix has been reported by several studies
[44-46]. In a recent study, mesoporous silica based nanoparticles combined with bioactive
factors were synthesized by incorporating bone forming peptide derived from bone
morphogenetic proteins (BMPs)-7 for improving bioactivity and osteogenic factor delivery.
Peptide modified silica based nanoparticles resulted in better cell proliferation, adhesion and
16
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ALP activity, thus proved to be a likely candidate for bone repair, regeneration and bio implant
coating [47]. Amorphous polyphosphate nanoparticles combined with calcium ions were

PT

synthesized in a globular size of approximately 100 nm. Polyphosphate nanoparticles regulates

RI

adenosine triphosphate (ATP) levels when exposed to sarcoma osteogenic osteoblast like cells

SC

and also acts as a metabolic fuel for the hydrolytic cleavage of phosphor-anhydride linkages,
which further results in the formation of HA on the osteoblast plasma membranes [48]. The in

NU

vivo study of selenite incorporated bone mineral nanoparticles showed the inhibition of

MA

osteosarcoma growth and improved the healthy tissue function in nude mice model, by sustained
release of selenite from the nanoparticles [49]. Mellor et al. prepared 0% or 20% TCP

D

nanoparticles loaded PLA nanofibrous scaffolds for its application in osteochondral defects using

TE

hADSCs. Histological analysis showed that the local differentiation of hADSCs in a
chondrogenic culture medium produces cartilage in the layers containing 0% TCP and calcified
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tissue in the layers comprising 20% TCP [50].
Bagchi et al. developed perovskite ceramic nanoparticles as fillers in biocomposite polymeric
scaffolds for its use in orthopeadic treatments due to its enhanced chemical, mechanical and
electrical properties. Three different perovskite particles such as barium titanate (BT), calcium
titanate (CT) and strontium titanate (ST) were incorporated into PCL scaffolds to improve
osteogenic proliferation. The study demonstrated that, the use of these perovskite ceramic
nanoparticles might be a capable technique for developing suitable bone substrates in bone tissue
regeneration [51]. Gelatin modified with calcium phosphate nanoparticles and PCL nanofibers
were incorporated into fibrous gelatin matrix for facilitating cell spreading, differentiation and
mineralization on the surface of scaffold for its use in BTE. PCL scaffold serves as the skeleton
for enhancing the bioactivity of biocomposite constructs in bone tissue regeneration due to its
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mechanical property [52]. Hickey et al. studied the effects of magnesium oxide (MgO)
nanoparticles added with HA nanoparticle-poly (L-lactic acid) (PLLA) composites for

PT

orthopedic tissue engineering [53]. The HA-PLLA composites added with MgO nanoparticles

RI

exhibited better mechanical properties, proliferation and adhesion of osteoblast, fast degradation

SC

of MgO and non-toxicity. These potential characteristics of MgO nanoparticles proved to be a
suitable candidate for cancellous bone applications [53]. Nguyen et al. synthesized porous

NU

gelatin-pectin (Gel-P) scaffold loaded with biphasic calcium phosphate (BCP) nanoparticles for

BCP

composite

material

had

MA

improving the osteogenic differentiation of cell using rabbit model. The biodegradable Gel-Pwell

defined

interconnected

pores

which

facilitates

D

osteoconductivity and promotes cell adhesion, proliferation and viability for bone tissue

TE

formation [54].

Bioactive glass (BG) scaffolds are interesting candidates currently employed in bone tissue
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restoration owing to their osteoconductivity, osteoinductivity and bone bonding ability. BGs are
generally used as bioactive coating material on orthopedic implants, dental applications, bone
filling materials and small bone implants [55-57]. In a recent study, selenium (Se) nanoparticles
showed a significant role in the modulation of cell proliferation, antioxidant protection and
enhanced immune surveillance. Stevanovic et al. prepared uniform, amorphous, stable selenium
nanoparticles immobilized inside spherical PLGA particles (PLGA/Se). Bioactive glass based
constructs coated with PLGA/Se nanoparticles using foam replica method proved to be a
promising candidate in bone tissue repair and rejuvenation by promoting bone regeneration and
eliminating possible infections and inflammations [58]. In another study, nanosized mesoporous
bioactive glass (NMBG) nanoparticles were prepared and coated onto PLGA-calcium silicate
scaffolds for better mechanical strength, drug delivery and bioactivity in BTE. The NMBG
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particles of diameter 50-100 nm showed initial burst effect of ibuprofen for 8 hrs followed by a
sustained release profile after 24 hrs. Further, presence of NMBG particles in the scaffold

PT

revealed better mechanical strength, cell attachment, proliferation and mineralization activity,

RI

proving it to be a multifunctional scaffold for orthopedic treatment [59]. Gold nanoparticles

SC

synthesized with different charges using amine, carboxyl and hydroxyl groups were studied for
its differential cell response on hMSCs osteogenesis. Surface functionalized gold nanoparticles

NU

treated with hMSCs showed better osteogenic differentiation, cellular uptake and cell viability

MA

with no acute toxicity [60]. Kumar et al. developed hybrid nanoparticle consisting of strontium
decorated with reduced graphene oxide to demonstrate their use in bone tissue formation. The

D

hybrid nanoparticles of size 200-300 nm were then incorporated in PCL scaffolds to improve the

TE

osteogenic differentiation process in bone tissue regeneration. This composite prepared by using
hybrid nanoparticles resulted in good mechanical, osteoconductive and osteoinductive properties
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proved to be a suitable candidate in bone tissue regeneration [61].

4. Chemical and physical properties of nanoparticles
The physiochemical properties of nanoparticles depend on various factors like size, shape,
structure, composition and morphology of particles. The ratio between surface atoms to the bulk
for a larger material (around 1 µm) is low compared to the nanoparticles of size in nanometer
scale. Nanoparticles are generally functionalized or surface modified by capping certain
functional groups on their surfaces, which has to be flexible and biocompatible to perform
multiple functionalities like targeted delivery with specific rate and particle localization.
Nanoparticles commonly used in medical applications, have a comparatively large functional
surface that can be used to bind, carry and absorb biomolecules like proteins, drugs, cells, genes
and probes. The rapid development of these nanoparticles in nanomedicine relies completely on
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this flexibility. Many biomolecules are conjugated with nanoparticles via surface functional
groups for particular functions such as drugs for chemotherapy, aiming ligand for binding cells

PT

and genes for transfection of cells. The physiochemical property of nanoparticles reveals the

RI

biological effects, toxicity and bio-distribution. These characteristics strongly determine the

SC

reactivity and surface properties of the nanoparticles. For instance the melting property of
nanoscale particles differs when compared to larger molecules. The small size nanoparticles have

NU

larger surface area to volume ratio and it is known that smaller the particle size there is a

MA

decrease in melting temperature and also melting points for smaller particles are less compared
to the bulk materials [62]. The chemical properties of these particles in therapeutics influence the

D

stability, drug release and cellular uptake in tissue engineering applications. As mentioned

TE

earlier, the size of the particle increases its reactivity and larger the surface area of nanoparticle
promotes the aggregation and interaction towards the biomolecules like proteins, lipids, DNA
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etc. Nanoparticle aggregation is due to several interactions such as van der Waals, Born
repulsion, structural solvation, electrostatic interactions, hydrophobic and hydrodynamic
interactions in addition to the effect of polymer properties [63]. Different sized nanoparticles
aggregate depending on the aqueous medium. For example, cobalt ferrite nanoparticles of
different diameters aggregates in various medium such as cell culture medium, diethylene glycol,
and phosphate buffer saline [64]. They interact and adsorb the media components like proteins
and ions present in the serum due to particle size, distribution and interaction with cell changes.
Smaller the size of the nanoparticle, the penetration into cellular barrier is more when compared
to larger size particles [65]. For instance, the size and shape of CaP nanoparticles has a major
effect on osteoblast adhesion, proliferation, apoptosis, osteogenic gene expression and viability
[66-68]. Xu et al. showed that HA nanoparticles of size 20 nm significantly improved cell
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adhesion, proliferation, bioactivity and inhibited cell apoptosis. Further, when cells were seeded
onto sphere like HA nanoparticles results showed an improved cell migration and proliferation

PT

when compared to rod like nanoparticles [68]. The mechanical property of polymeric or ceramic

RI

nanoparticle composites depends on the morphology, composition of material, orientation and

SC

structural configuration of the matrix. For bone tissue restoration, the scaffold materials should
possess a suitable mechanical strength similar to that of the native bone matrix and considerably

NU

support adhesion, growth, differentiation and mineralization of osteogenic precursor cells [69,

MA

70]. The porous nanostructured particles have greater potential for delivery of drugs, protein and
genes due to their higher drug loading capacity, targeted delivery and controlled release profiles

D

[71, 72]. Along with size, shape and surface modification, the role of nanoparticle distribution
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applications [73].

TE

and its accumulation on specific targeted site are also under consideration in biomedical

5. Nanoparticles in bone tissue engineering
Nanoparticles are extensively applied in biological applications based on the surface
morphology, which helps to increase its affinity towards the drugs, receptors and ligands. The
approach for fabricating regenerative bone scaffolds focuses on the combination of nanoparticles
due to its impact on mechanical strength; biocompatibility, bioactivity of impregnated biological
factors, and osteogenic properties of the scaffolds [74, 75]. Owing to these characteristics
properties of nanoparticles, there is a rapid emergence of theragnostics in biomedicine.
Nanoparticles are conjugated with various biomolecules for specific functions such as drug
delivery for chemotherapy and ligand targeted for cell binding in imaging technology. The nano
sized particles can easily penetrate through the intracellular region or the tissue across various
barriers and reach the targeted site of the damaged bone tissues. They act as a payload carrier for
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delivering drugs or nucleic acids in the form of DNA and RNA. The payload carrier consists of a
polymeric matrix material with several functional groups, over which the therapeutic drugs or the

PT

signal emitters are conjugated for drug delivery. Nanocarriers loaded with ligands selectively

RI

bind to the receptors and form a particular disease marker over the targeted cell and then carry

SC

the drug loaded nanoparticle to the damaged site by providing interaction with the targeted cells.
The drugs can be either conjugated or encapsulated on the surface of the nanoparticles whereas

NU

the ligands are always attached to the carrier surface for better interaction with the targeted cells

MA

or tissues.

The incorporation of nanoparticles onto the electrospun fibers enhances the sustained release

D

profiles of the targeted drugs. The most widely used HA nanoparticle helps to improve cell

TE

adhesion, interaction, growth and osteoblast differentiation due to its specific properties such as
surface roughness, affinity towards biological factors and increased surface area [76, 77].
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Recently many research works have been focused on improving the scaffold properties using
carbon nanotubes, carbon allotrope graphene and polysaccharides such as cellulose [78, 79].
TiO2 nanotube implants for bone interface were surface treated with silver to act as an antibiotic
material and prevent any bacterial infection during postsurgical periods [80]. Synthetic polymers
such as polyacrylates, polyglycolides and polycaprolactone copolymers dominate over natural
polymers like collagen and gelatin; based on their capability to attain a sustained release of
therapeutic agents. The most extensively studied synthetic PLGA nanoparticles are applied for
bone tissue regeneration in specific due to its hydrophilic surface morphology with carboxylate
at its end groups. The surface properties of these nanoparticles can be modified to reach
sustained and controlled drug release rates. Choi et al. has developed a surface functionalized
tetracycline loaded PLGA nanoparticle for bone specific drug delivery. These nanoparticles were
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<200 nm in size and had a hydrophilic surface layer. It has been shown that these surface
functionalized nanoparticles can be used to obtain controlled release profiles and site specific

PT

targeted delivery [73]. In addition, these PLGA based nanoparticles can be combined with

RI

molecules, which have a higher affinity towards CaP in bone by promoting its ability to reach the

SC

specific targeted bone sites [81]. Among natural polymers, collagen can be easily modified by
reacting with its functional group, including cross-links or biological grafting molecules to

NU

promote the mechanical and biological properties of the matrix. Collagen type 1 is the most

MA

extensively available component for preparing scaffold materials, which promotes migration,
interaction, proliferation, adhesion, differentiation and mineralization of bone cells [82]. A

D

chitosan nanoparticle is non-toxic, biodegradable and promotes controlled drug delivery. They

TE

act as an antibacterial agent, drug and protein carriers and gene delivery vectors. Studies show
that chitosan nanoparticles prevent infection in the damaged site and improve the wound healing

AC
CE
P

process. It can also be physiochemically modified to enhance the biodistribution, circulation
time, targeted delivery and DNA condensation in BTE [83].

6. Drug Delivery

The drug delivery system consisting of a carrier device targets the therapeutic agent towards the
damaged site and improves its efficiency by controlling the delivery time, site and rate of release
[84]. Nanoparticle based on biodegradable polymers satisfy the requirements of these drug
delivery systems by its ability to transfer through aerosol, biocompatibility, targeting the specific
site with the controlled release rate of drug in a sustained manner along with the degradation of
drugs in a required period of time. The need for controlled and targeted delivery of drugs has
stimulated the exploration of several polymeric nanoparticles as biodegradable scaffolds which
are planned to degrade at an estimated rate; by releasing their encapsulated drugs in the targeted
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site. In simple terms, the procedure of releasing the encapsulated bioactive agent in a specific
place, rate and time is known as a drug delivery system. Although there are more advancement in

PT

discovering and designing new drugs, it is hard to turn these new methods into effective clinical

RI

use. Many therapeutic agents are in limited use owing to their poor solubility, nonspecific

SC

delivery, higher toxicity and degradation. Currently, researchers work on electrosprayed
nanoparticles as targeted drug delivery systems due to their effectiveness in conveying drugs,

NU

lower degradation rate and differentiation of products with reduced cost [85]. It is widely

MA

applicable in drug delivery, cancer therapies, tissue engineering, asthma and hormonal
treatments, for which tailored delivery of multiple-molecule are required for therapeutics. The

D

main advantage of using nanoparticles as drug delivery systems is that it offers targeted drug

TE

delivery into the affected site of the body. It can either be active or passive drug delivery to the
site of affected tissues. The administration of these drugs via oral, ocular, injection and nasal
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routes was reviewed by Gandhimathi et al. [86]. PLGA is generally used as a carrier in drug
delivery system owing to its degradability and biocompatibility into lactic acid and glycolic acid.
The surface modified carrier material improves the stability, circulation of drugs throughout the
body, integration of diagnostic agents and bio-specific targeting over the cellular ligands and
ECM components. Though electrospraying is considered as advantageous over other
conventional methods for generating nanoparticles, it requires further more development for its
application in therapeutics.
Polymeric nanoparticles fabricated using various techniques depending on the application and
type of drugs used for encapsulation. Nano-encapsulation of various bioactive molecules and
drugs on the polymeric nanoparticles are widely used in nanomedicine. These nanoparticles have
the following properties such as controlled or sustained release, biocompatibility with cells and
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tissues along with subcellular size [87]. The effective response and drug delivery of
nanoparticles are influenced by the following characteristics such as surface modification,

PT

particle size and molecular weight of the drugs [88]. Current technologies applied for

RI

encapsulating the drugs includes phase separation (coacervation), solvent extraction from a

SC

double emulsion through evaporation or spray drying [89]. Although these methods are
comparatively more effective, the process is very slow. Whereas electrosprayed encapsulation is

NU

a suitable technique due to its rapid mass production and it can also be reduced to portable

MA

devices that are capable of encapsulating and delivering the drug based on the demands of
physicians and patients.

D

6.1 Encapsulation of drugs into polymeric nanoparticles

TE

Drugs are generally related to low solubility, larger particle size and high crystallinity.
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Fabrication of various drug particles using electrospraying technique reduces the particle size,
produces amorphous structure and increases solubility by enhancing bioavailability and its
administration of the particles [90]. These particles under variable temperature X-ray diffraction
displayed complete recrystallization of structure into polymorphic form of drug during heating
[91]. Natha et al. investigated on PLGA loaded simvastatin drug which has the potential for
bone tissue restoration. The study revealed that the encapsulation efficiency was >90% with the
continuous release of drug over 3 weeks [92]. Pinto et al. reviewed various methods for
encapsulating bioactive molecules on electrosprayed nanoparticles [93]. Depending on the
nanosystem delivery, different drugs vary in administration, biological activity and therapeutics.
The bioactive molecules such as drugs, proteins, nucleic acids or peptides tend to be bound on
the surface of the nanoparticles as nanospheres or encapsulated as nanocapsule. These
encapsulated nanomedicines do not change its composition in blood, non-inflammatory, non25
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toxic, non-immunogenic and non-thrombogenic [94]. Midhun et al. prepared particulate
formulations of drug and polymeric matrices using electrospraying method. Monodispersed

PT

budesonide encapsulated onto biodegradable polymer PCL nanobeads exhibited an encapsulation

RI

efficiency of approximately 75% with a sustained and controlled release of drugs [95]. The study

SC

on electrospun PCL-Gel nanofibrous scaffolds incorporating mesoporous bioactive glass (BG)
nanoparticles loaded osteogenic drug DEX showed an improved therapeutic efficacy in bone

NU

tissue regeneration. DEX loaded BG nanoparticles displayed a loading efficiency of 63% and a

MA

sustained linear release profile upto 28 days after an early burst release kinetics of ~30% in 24
hr. The osteoinductive PCL-Gel-DEX loaded BG biopolymer scaffolds exhibited a long term

D

osteogenic drug delivery system for bone tissue formation in a calvarium model [96].

TE

Irmak et al. developed 17β-estradiol (E2) loaded PLGA nanoparticles incorporated in chitosanHA scaffolds to induce osteogenic differentiation of ADSCs obtained from a rat model. The E2
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loaded PLGA nanoparticles showed a diameter of ~240 nm and encapsulation efficiency of 54%.
A sustained release of E2 from PLGA nanoparticles on chitosan-HA scaffolds showed a
substantial effect on differentiation of cells into osteogenesis [97]. A study showed that PLGA
nanoparticles used to generate cohesive colloidal gel loaded with DEX, acts as an injectable bone
filler to repair skeletal defects. The drug released from colloidal gel showed a highest drug
loading efficiency of 20%. Injectable PLGA colloidal gels were reported as the potential
osteoconductive bone fillers capable of producing sustained drug release kinetics and repairing
cranial bone defects in a rat model [98]. Schematics of developing drug loaded nanoparticles
such as nanospheres or encapsulated as nanocapsule is shown in figure 4.

6.2 Growth factors and proteins
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BTE involves delivery of biological molecules like growth factors to induce the regeneration of
bone in defected sites. The bone substitute when combined with highly purified proteins such as

PT

growth factors has a tremendous improvement in the bony defect without any autogenous graft

RI

harvest. They even stimulate proliferation of mesenchymal stem cells, osteoblast or

SC

osteoprogenitor cells with the active protein molecules. Growth factors can control cell growth,
adhesion, migration and differentiation into osteogenic lineages. Several growth factors that

NU

include vascular endothelial growth factors (VEGF), BMPs, platelet derived growth factor,

MA

insulin like growth factor, fibroblast growth factor and transforming growth factor- beta (TGF-β)
are used as drug cargo for the promotion of osteogenic cell growth and mineralization in bone

D

tissue engineering. Osteoblast cell growth with the successive bone formation entirely depends

TE

on the signals produced by growth factors and consecutively directs the osteogenic
differentiation. Directly injecting the growth factors into solution might become ineffective due
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to excretion from defect site and rapid diffusion. Moreover short half-life of growth factors,
unstable biological activity and negligible amount of tissue penetration might result in ineffective
delivery [99]. In order to overcome these limitations, delivery carriers themselves were injected
or implanted as they are biocompatible, biodegradable and more suitable for protein
encapsulation. Amongst various other growth factors, the most commonly used BMPs have been
extensively studied for bone regeneration process. Although BMPs are the potential
osteoinductive growth factors, in vivo administration of BMPs are more complicated due to their
localised actions, rapid local clearance and short half-life period [100]. The in vivo studies make
use of BMP-2 or combined with several other growth factors including VEGF, TGF-β which
shows the maximum inductive potential for osteoblasts differentiation of hMSCs compared to
other BMPs [101]. Several bone substitutes including allogenic demineralized bone matrix,
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alloplastic TCP and xenogenic bovine bone minerals are used as carriers for delivering BMP-2 in
animal models resulting in excellent bone repair and regeneration. Chung et al. analysed the

PT

sustained release profile of BMP-2 growth factor loaded with functionalised nanoparticle

RI

hydrogel complex comprising of fibrin gel and heparin functionalized nanoparticle for effective

SC

bone regeneration. The release profile analysis of BMP-2 loaded onto four different carrier
systems were studied in which the in vitro profiles resulted in a controlled and sustained release

NU

of growth factor without an early burst release that would occur in vivo when compared to

MA

functionalized NP fibrin gel complex and fibrin gel on its own [102]. Currently, the importance
of VEGF towards bone repair and restoration has been investigated in regenerative medicine.

D

The secreted cytokine known as VEGF, functions in the development of blood vessels, migration

TE

of cells, endothelial cell growth and prevention of apoptosis. An in vivo study demonstrated that
delivery of VEGF is an essential substance for fracture healing and cortical defect restoration
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process. VEGFs consisting of (A,-B and -E) plays an important part in vascular angiogenesis,
whereas VEGF (-C and –D) are used to control lymphatic vessel growth. Angiogenesis occurs
through sprouting angiogenesis or by initiating extravasation and vasodilation of plasma
proteins; this delivers a place for the migrating endothelial cells [103]. Few studies have been
done to identify the effect of VEGFs on osteogenesis with either of the polymeric materials such
as PLGA, collagen or ceramic substrates for delivering VEGF. The results showed that
remarkable bone tissue regeneration was obtained using PLGA along with VEGF [104]. Wang et
al. synthesised core shell sphere of diameter 1 µm using PLGA in core and poly-(D, L-lactide)
(PDLLA) in shell, loaded with both BMP-2 and VEGF growth factors to stimulate osteogenesis
and angiogenesis respectively. PLGA/PDLLA particles showed an early burst release profiles of
VEGF, followed by continuous release of BMP-2. Both the growth factors released from the
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particles maintained their bioactivity with enhanced osteogenic differentiation of mesenchymal
stem cells and improved growth of endothelial cells [105]. PDGF plays a significant part in

PT

differentiation of preosteoblasts into osteoblasts and also helps in proliferation of mesenchymal

RI

stem cells. PDGF-AB and –BB are the alternatives of alpha granule platelets and are released

SC

once the platelets get attached to the defected sites. Studies show that the combination of VEGF
and PDGF has a positive effect on restoration of bone, which is proved based on histologic

NU

analysis [106]. Similarly BMP-2 combined with IGF-1 resulted in no osteogenic differentiation

MA

of mouse pluripotent stem cells; however, initial delivery of BMP-2 alone led to increased
release of both the growth factors followed by mineralization on the matrix surface [107].

D

Gelatinous matrix based carriers are used in delivering TGF-β growth factor for restoration of

and human bones [108].
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bone models. TGF-β growth factor resulted in potential healing of bone defects both in animal
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Protein based therapeutic agents are effectively used for treating several bone related diseases.
Owing to the short half-life period, low tissue permeability and susceptibility, elimination from
blood circulation, the need for frequent injection of protein drugs occurs in order to obtain
sufficient amount of therapeutic agent at the targeted site. Multiple injections of drugs results in
various problems such as side effects due to high dosage and inconvenience for patients [109].
To overcome these limitations, proteins are encapsulated within different carrier systems to
succeed controlled and gradual release of drugs over a sufficient period of time. Drug loaded
nanoparticles fabricated by electrospraying technique delivers therapeutics via different routes
such as injection, oral or inhalation [110]. Jiang et al. formulated PLGA based nanoparticle with
poly-aspartic acid (poly-Asp) peptide sequence bound with HA, acts as a molecular tool in bone
targeted applications. Also methoxy-poly (ethylene glycol) (PEG)-PLGA and meleimide-PEG-
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PLGA based nanoparticles conjugated with fluorescein isothiocyanate (FITC)-tagged with polyASP peptide delivery system did not induce cytotoxicity and was capable of binding with bone

PT

tissues and applicable for bone disease therapy [111]. Christopher et al. prepared ferritin based

RI

nanoparticles by electrospraying 10 mM ammonium acetate with CO2 of flow rate 0.51/min

SC

under 2-3 kV of applied voltage. The intracellular protein molecule ferritin, stores iron in a
nontoxic soluble form and then releases in a controlled manner. The size of ferritin nanoparticles

NU

obtained were 13.1 nm and that of apoferritin particles were 11.8 nm [112]. The double stranded

MA

oligonucleotides encapsulated on gelatin nanoparticles showed an ionic interaction on the surface
of the particles [113]. One of the novel drug carriers are the lipids and much research has been

D

carried out on lipid based drug delivery. Osteogenic peptides derived from soluble and insoluble

TE

constituents of bone matrix initiates osteogenesis, mineralization, vasculogenesis and bone
formation. These peptides showed significantly high biological activity both in vitro and in vivo
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conducted in diseased animal models, once immobilized in a bone matrix by either conjugating
or grafting. Osteogenic peptides proved to be an alternative growth factor in functionalizing
orthopedic implants for cell adhesion, proliferation, integration and mineralization of implants
with nearby tissues [114].

6.3 Antibiotics
Antibiotic loaded nanoparticles are widely used in the application of treating persistent infectious
diseases. The encapsulation of nanoparticles can be achieved even at nanoscale levels which is
more favourable for the particles to pass through the sputum in order to reach the colonies of
microorganisms present in the targeted sites. The major advantage of using nanoparticles as a
carrier is to release antibiotics in a continuous manner at the targeted site and to improve the
antimicrobial efficacies towards the microbes. Some commonly used bioactive molecules like
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chitosan and hyaluronic acid have the capability of inhibiting the growth and adhesion of
bacteria [115, 116]. The targeted delivery of vancomycin for the cell affected by bacterial

PT

infection through surface charge switching based (PLGA-PLA-PEG) nanoparticles is an example

RI

of pH responsiveness. At acidic conditions the PLA molecules tends to form a positive charge

SC

and get attracted towards the negatively charged bacterial cell wall. Furthermore, use of PEG
coating helps to maintain a sustained blood circulation of nanoparticle [117]. Sun et al. used the

NU

same antibiotic vancomycin, which is resistant to Staphylococcus aureus and studied its

MA

antibacterial activity in collagen scaffolds encapsulated with silver nanoparticle and BMP-2 for
infected bones in vitro [118]. Arya et al. studied the synthesis of ampicillin loaded chitosan

D

particles and found that it had targeted encapsulation efficiency of 80.4% and drug loading of

TE

50.25% with a particle size of 520 nm. Initially the release of drug was increased followed by a
continuous release up to 120 hours. The drug release undergoes few steps initially diffusion of
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drug molecules followed by degradation of polymer matrix [19].
Osteomyelitis is an infectious bone disease which causes inflammation, destruction of bones and
necrosis. Acute bone infections are treated with intravenous antibiotics whereas chronic
infections require operative treatments with intravenous antibiotics, debridement, local
antibiotics and removal of metals. Lalidou et al. revealed that the bone grafts can be used as
carriers for delivering local antibiotics for the inhibition of bone infectious diseases [119]. Apart
from the treatments applied for chronic infections, several antibiotic delivery vehicles are
recommended by most of the surgeons. Polymethylmethacrylate is a commonly used polymer
material, which is loaded with antibiotics to act as an antibiotic delivery vehicle for orthopaedic
defects. Few clinical studies have been reported that antibiotic loaded with HA and calcium
sulfate can be used for local delivery of antibiotics and also it is known to be a safe method for
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bone tissue regeneration. A greater amount of antibiotics have been delivered by them locally
along with the serum concentrations in safe levels, aids bone repair, destroys the dead space and

PT

it doesn’t require any surgery for their removal of infection [120]. Although, targeting

RI

intracellular colonies by antibiotic therapy is more difficult to prevent any infections rather than

SC

destroying only the pathogens that are present in the bone matrix. Uskokovic et al. studied
intracellular delivery of plasmids using calcium phosphate nanoparticles known as non-viral

NU

agents loaded with clindamycin phosphate destroying the Staphylococcus aureus colonies within

MA

osteoblast cells to a greater degree when compared to the administration of pure antibiotics
[121]. Prevention of invasive fungal infections caused during bone marrow transplantation is a

D

major concern in clinical treatments. However, antifungal therapies are often toxic and the

TE

infection caused by fungi is detected in advanced stages creating serious challenge for an
effective treatment in BTE. Amphotericin B (AmB) is a polyene antifungal intravenous drug
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mainly used for fungal infections, which are associated with ergostrol, to form pore that tends to
leak potassium and thus causes fungal cell death. The interaction of AmB with the membrane
sterols tends to aggregate and forms transmembrane channels. Intermolecular hydrogen bond
interaction with the carboxyl, amine and the hydroxyl group helps to stabilize the channel,
destroy the fungal activity and allows cytoplasm to leach out. AmB encapsulated in PCL
nanoparticles showed more effectiveness when compared with free AmB to reduce the antifungal
activity of Leishmania infected mice [122]. In a current study, bioactive glass scaffolds coated
with (PLGA/Se) nanoparticles showed a substantial role in antibacterial and antiviral activity.
The functionalized (PLGA/Se) nanoparticles coated bioactive glass composites prevents the
antibacterial activity against the main causative agents such as Staphylococcus epidermidis and
Staphylococcus aureus which are responsible for orthopaedic infections [58].
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7. Bone tissue regeneration
Bone tissues are capable of repairing, remodeling and healing the diseased site, but it needs to

PT

overcome several challenges in deadly conditions due to diseases or trauma that requires

RI

replacement of damaged or affected bones. For the increasing older population, efficient

SC

treatment of bone defects and acceleration of healing process in large bone fractures is required
to solve the problems. Thus tissue engineering offers the application of biocompatible and
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biodegradable substitutes providing enough space for cell attachment, growth, interaction and

MA

differentiation for developing new tissues. Developing engineered biomaterial substitutes is a
potential approach to help the restoration of damaged bone tissues affected by trauma or inherent

D

diseases. BTE includes the development of 3D systems combined with the bone forming cells,

TE

growth factors and porous biodegradable scaffolds. An ideal graft used for bone tissue
regeneration should require extraordinary pro-osteogenesis and pro-angiogenesis qualities in
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order to rapidly restore the tissue function. The complex cascade of bioactivity is controlled by
various biological molecules including growth factors that are liable to promote the regenerative
signals at the site of injury [123]. These events further enhance bone healing by activating the
inflammatory and progenitor cells that are capable of mediating the healing process [124]. To
improve the regeneration process, a few strategies have been followed such as biocomposite
substitutes, nanoparticles used for controlled release and delivery of drugs [125]. Researchers
currently working on functionalizing the nanofibrous scaffolds with osteogenic factors or
synthesizing the nanoparticles, enhance the materials properties for osteogenic differentiation in
bone tissue engineering. A group of growth factors such as BMPs promote the formation of
bones by differentiating the hMSCs to osteoblastic or chondroblastic cells. Among the growth
factors, BMP-2 and BMP-7 are most effective in inducing the formation of complete bone
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morphogenesis [126]. To study the sequential time pattern for the administration and to improve
the growth factor stability, BMP-2 was loaded on PLGA nanoparticles for initial release on the

PT

other hand BMP-7 was loaded on poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)

RI

nanoparticles for final release of growth factors. It was reported that the in vitro assay in rat bone

SC

marrow hMSCs showed an enhanced osteogenic differentiation into osteoblast with sustained
delivery of BMP [127]. Yilgor et al. synthesized PLGA and PHBV nanoparticles consisting of

NU

BMP-2 and BMP-7 proteins and incorporated them in PCL scaffolds for developing 3D tissue

MA

engineered constructs. These nanoparticles incorporated on PCL scaffolds delivered both BMP-2
and BMP-7 in a successive manner by improving bone marrow mesenchymal stem cells

D

differentiation into osteogenic lineage [128]. A phosphate based ceramic called HA has been

TE

extensively used to create scaffolds of higher mechanical and osteoconductive properties [129,
130]. Moreover, HA has the potential to induce hMSCs differentiation into osteogenesis without
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any addition of growth factors and increase the ALP activity along with osteocalcin expression
and mineralization [131]. It also enhances the surface topography of the scaffolds, promotes the
growth of cells, adhesion, proliferation and differentiation [132-134]. The fabrication of
Chitosan/HA biocomposite substitutes for bone tissue formation revealed that spherulites
containing calcium and phosphorus is the major component in calcium phosphate apatite known
as mineral phase of bone. There was a significant increase in the mineralization upto 108% in
Chitosan/HA nanoparticle compared with chitosan alone [135]. HA particles induced chitosan
substrates enhanced the secretion of mineral deposition on human osteoblasts for regeneration of
bone tissues. Figure 5 displays the FESEM images of biocomposite nanofibrous
Chitosan/HA/osteoblast substrate consisting of needle like morphology or spherulites comprising
tiny minerals of calcium phosphate in varying sizes after day 10 of cell culture. The morphology
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of spherulites was changed after day 15 from needle to granules of tiny minerals. The presence
of calcium and phosphate on the surface of the cells were confirmed using the elemental analyses

PT

of the mineralizing agents. HA nanoparticles were trapped by chitosan nanofibers to offer

RI

stability to the biocomposite scaffold material for mineralization and differentiation of osteoblast

SC

cells [135].

The in vitro study conducted by Nath et al, using electrosprayed PLGA nanoparticles loaded

followed

by reverse transcription

polymerase response revealed

good

MA

proliferation
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with simvastatin drug showed enhanced bone tissue regeneration. The cell attachment,

biocompatibility of electrosprayed PLGA particles [92]. De Jonge et al. experimented with the

D

electrosprayed calcium phosphate and collagen/calcium phosphate composite coatings and

TE

showed improved osteoblast differentiation, which lead to the enhanced mineral deposition
[136]. The in vitro study of 2-N, 6-O-sulfated chitosan (26SCS) based nanoparticles (S-NP)
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showed dose dependent enhancement on angiogenesis. BMP-2 loaded S-NP (BMP-2/S-NP) with
1.4 ± 0.2% as the loading efficiency of protein. Gel based implant encapsulated with BMP-2/SNP (BMP-2/S-NP/Gel) showed the formation of both peripheral vessel and new vessel along
with controlled release profiles of BMP-2, which displayed encouraging vascularization at the
diseased site of the bone. BMP-2/S-NP/Gel had the potential to promote and accelerate the bone
augmentation by restoring the bone marrow cavity within 12 weeks. Figure 6 shows the
complete repair of bone with rich vessel network using the implant BMP-2/S-NP/Gel. The need
to develop cell binding sites and biomechanical properties of electrospun nanofibers with
functionalized nanoparticles are paramount but it is also the major obstacle currently faced by the
tissue engineers. The promising and emerging new engineered tissues are relying on generating
biocomposite scaffolds with informational function, like scaffold material comprising of growth
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factor sequences that enable cell attachment, proliferation, migration and differentiation for bone

when compared to non-informational polymeric scaffolds [137].
Stem cells

RI

7.1

PT

tissue regeneration. These informational biocomposite scaffolds showed improved osteogenesis

SC

Mesenchymal stem cells are the multipotent cells with the ability to differentiate into variable
cell types as osteoblasts for bone tissue regeneration. Cells with related phenotypic characteristic

NU

properties are isolated from several adult tissues such as adipose tissue, neonatal tissues like

MA

placenta, umbilical cord blood, skeletal muscle and fetal tissues. Among these sources, bone
marrow is considered to be the main source for hMSCs. Recent approach focuses on the delivery

D

of osteogenic cells directly to the targeted site along with growth factors for effective bone tissue

TE

regeneration. Cao et al. developed a biocomposite photopolymerisable hydrogel (PH)
incorporated with growth factor rhBMP-2 loaded on 2-N, 6-O-sulfated chitosan nanoparticles
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(PH/rhBMP-2/NPs) for bone tissue regeneration. In vitro hMSCs culture using the composites
resulted in good cell viability, adhesion, proliferation followed by differentiation. The in vivo
study of rhBMP-2 loaded substrate in rabbit radius serious defect undergoes gradual resorption
with the replacement of new bone and reunion of the defective bones. The rhBMP-2/PH group
revealed less bone binding with relatively slow rate of healing compared to PH/rhBMP-2/NPs-10
group. PH/rhBMP-2/NPs-10 group was more suitable for rapid bridging of bones with a large
quantity of regenerated bone tissues [138]. Huang et al. studied the osteogenic differentiation of
defected rat bone mesenchymal stem cells (rBMSCs) using the scaffold made of silk/HA
nanoparticles. HA/silk nanoparticles into silk scaffolds showed an improved growth, stiffness
and osteogenic differentiation of rBMSCs without any growth factors and furthermore increased
the deposition of calcium and collagen type I [139]. In another study, Barium titanate (BT)
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nanoparticles were combined with the hyper gravity stimulation for the betterment of hMSCs
differentiation into osteoblasts. The results showed a significant development in the osteoblast

PT

expression of markers both at the protein and gene levels, the uptake of nanoparticles were

RI

substantially increased, the cellular growth and morphology confirms the differentiation of

SC

hMSCs into osteoblasts [140]. The hMSCs seeded to a biphasic calcium phosphate (BCP)
nanoparticles loaded onto porous gelatin-pectin (Gel-P) composites with interconnected pores

NU

facilitated osteoconductivity and improved bone formation. Using this composite for in vitro

MA

studies in a rabbit model, the results were more favorable for cell attachment, interaction,
proliferation and viability. The ALP activity and osteopontin marker expression confirms the

D

formation of osteogenic lineage with mineral deposition on the surface [141]. Healing of infected

TE

or contaminated bone defects is a major concern in clinical treatments. Collagen scaffolds
encapsulated with silver nanoparticles and growth factor BMP-2 was used to study the
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enhancement of healing process in infected bone defects. The differentiation of BMSCs into
osteoblast was confirmed by Runx2 osteonectin and osteopontin protein marker expression
[118]. Li et al, prepared BMP-2 loaded onto chitosan-stabilized bovine serum albumin
nanoparticles (BNP) embedded to electrospun poly(ε-caprolactone)-co-poly(ethylene glycol)
(PCE) copolymer scaffold loaded with DEX. The in vitro study showed the bioactivity and
controlled dual release of BMP-2 and DEX from loaded nanofibrous scaffold. The in vivo
osteogenesis studies of BNP/DEX/PCE scaffolds revealed that improved bioactivity and
controlled dual delivery of BMP-2 and DEX stimulates the calvarial defect repair in rat [142].
BMP-2 loaded in fibrin-based nanocarriers resulted in ectopic bone restoration. It was stated that
BMP-2 loaded fibrin nanoparticles showed an enhanced osteogenic lineage differentiation of
human mesenchymal stem cells [143]. The hMSCs cultured on hybrid biocomposite nanofibrous

37

ACCEPTED MANUSCRIPT
substrates made of poly (L-lactic acid)-co-poly-(ε-caprolactone)/silk fibroin/ascorbic acid/
tetracycline hydrochloride (PLACL/SF/AA/TC) loaded with HA nanoparticles stimulated

PT

osteogenesis due to the presence of AA/TC/HA for bone tissue regeneration. The porous scaffold

RI

PLACL/SF/AA/TC/HA provided structural space for proliferation, differentiation and

SC

mineralization of cells allowing exchange of nutrients and biomolecules. These functionalized
scaffolds with HA particles were proved to be the potential candidate for bone defect treatments

NU

[144]. PLGA based nanoparticles have been extensively formulated for the therapeutic agent

MA

delivery in bone tissue restoration. Jiang et al. prepared poly-Asp linked PLGA nanoparticles
tagged with FITC for bone targeted drug delivery and tissue regeneration applications. The

D

study showed that use of FITC-poly-Asp nanoparticles increased local drug delivery

TE

concentration, sustained drug delivery and reduced off target side effects. Further when FITCpoly-Asp nanoparticles were cultured with hMSCs and mouse bone marrow stem cells, it
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resulted in a better mineralized matrix, increased tibia bone section binding and reduced
cytotoxicity of cells [111]. Kumar et al. developed biocomposite nanostructured substrates of
PLACL, silk fibroin and HA using simultaneous electrospinning and electrospraying techniques
for bone tissue regeneration. The electrospun nanofibrous substrates were electrosprayed with
HA nanoparticles to attain rough surface morphology of substrates suitable for cell adhesion,
proliferation and osteogenic differentiation of hMSCs. It was reported that these substrates
enhanced the biological functions for cell growth, osteogenesis, ALP activity and mineralization
for new bone tissue formation [145].
A nanocomposite layer made of biodegradable PCL nanofibers and HA nanoparticles coated
with biphasic calcium phosphate (BCP) (BCP/PCL/nHA) scaffold cultured with ADSCs resulted
in improved osteogenic differentiation with gene expression. BCP/PCL/nHA composite with
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ADSCs was considered to be more suitable for bone repair and regeneration [146].
Nanostructured biocomposite scaffolds of Poly (L-lactic acid)/Poly-benzyl-L-glutamate/Collagen

PT

(PLLA/PBLG/Col) coated with nanohydroxyapatite (n-HA) were developed for bone restoration

RI

and repair. The presence of bioactive PBLG and n-HA on the polymeric biocomposite scaffolds

SC

showed improved and regulated biological functions including attachment, growth, interaction,
osteogenic differentiation and mineralization of ADSCs. Figure 7 demonstrates the SEM images

NU

of A) PLLA/PBLG/COL and B) PLLA/PBLG/COL/n-HA nanofibrous substrates and the

MA

confocal microscopic images of C) PLLA and D) PLLA/PBLG/COL/n-HA biocomposite
scaffolds. The SEM images of A) and B) displayed uniform beadless structures of nanofibers

D

trapped with n-HA, which enhanced the matrix environment suitable for cell binding,

TE

proliferation, integration and differentiation of progenitor cells into desired osteogenic lineages.
The confocal images exhibited D) cuboidal morphology of ADSCs on the surface of
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PLLA/PBLG/COL/n-HA biocomposite scaffolds in which the arrows represents the complete
differentiation of ADSCs into osteogenesis. C) In PLLA nanofibrous scaffolds the cuboidal
morphology of cells are not present this is due to the absence of n-HA incorporation that might
stimulate cell adhesion and also completes differentiation of into osteogenic cells. The results
showed that PLLA/PBLG/COL/n-HA biocomposite substrates were suitable for bone tissue
regeneration by promoting mineralization and differentiation of ADSCs into osteogenic lineage
[147].

7.2 Osteoblasts
Osteoblasts play a vital role in formation, growth, repair of bone and finally responsible for the
development of new bone matrix. They create basic multicellular units in the locality of vascular
spaces and surface of bones that are responsible for bone remodeling through RANKL-RANK39

ACCEPTED MANUSCRIPT
osteoprotegerin axis [148]. Any instance of trauma, disruption of vasculature causes hematoma
formation and recruits osteoprogenitor cells from periosteum and endosteum towards the fracture

PT

sites. Later intramembranous bone formation occurs in the periosteum, leads to callus formation

RI

along with angiogenesis. The process is finally completed by remodeling of fracture site via

SC

organized osteoblast/ osteoclast activity [149]. The influence of several growth factors including
BMPs, platelet-derived growth factor, fibroblastic growth factors, VEGF, TGF-β, insulin growth

NU

factor-1 on osteoblast activity is significant for the nourishment and formation of bones

MA

[149,150]. PCL nanocomposites incorporated with several perovskite ceramic nanoparticles like
strontium titanate (ST), calcium titanate (CT) and barium titanate (BT) using MC3T3-E1

D

subclone 4 mouse pre-osteoblasts were analyzed for the enhanced bone regeneration. The cell

TE

viability and proliferation was excellent for the PCL/CT composite compared to others, which
was more suitable for bone tissue regeneration [51]. Kumar et al. developed a composite made of
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graphene sheets and strontium metallic nanoparticles for demonstrating its application in BTE.
PCL incorporated with hybrid nanoparticles (Strontium decorated reduced graphene oxide
(RGO-Sr) scaffolds resulted in a significant osteoblast adhesion, proliferation and differentiation.
The nanomaterial composite increased the biological activity with good osteoinductive and
mechanical properties [61]. BG nanoparticles produced by multistep sol-gel method was studied
for the in vitro reactivity of human fetal osteoblast (hFOB) cell model with and without HA and
silicon substituted HA (SiHA) nanoparticles for the BTE. Nanocomposite scaffold in the
presence of BG nanoparticles resulted in a potential HOB cell proliferation, adhesion, migration
and differentiation compared to HA and SiHA nanoparticles [151].
PLACL and silk fibroin nanofibrous scaffold incorporated with HA improved an osteophilic
environment for the proliferation, mineralization and differentiation of osteoblasts. Gupta et al.
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studied the hFOB cell morphology on the biocomposite scaffolds by incorporation of HA with
higher activity [152]. After 30th day of cell culture the mineral development on the surface of

PT

polymeric scaffolds created a thick layer with the ECM production by cells. The process of

RI

mineralization occurs through the deposition of calcium and phosphorous salts on the ECM

SC

where matrix containing anionic molecules takes up Ca2+ and phosphate ions aids for nucleation
and growth causing calcification for bone tissue regeneration [152]. Zhang et al. developed

NU

nanocomposite scaffolds of HA/Chitosan for bone tissue restoration using human fetal osteoblast

MA

cells (hFOB). The HA nanoparticles of spindle shape were incorporated within the
nanocomposite chitosan matrix. After 15 days of in vitro hFOB culture, HA/Chitosan scaffold

D

resulted in a substantial bone formation compared to the pure electrospun nanostructured

TE

chitosan scaffolds. The presence of HA within the chitosan nanofibrous matrix significantly
improved the structural and compositional features, which were very close to native
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CE
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mineralization. Differentiation of hFOB into osteogenic lineage and it proved the potential for
the scaffold to promote bone tissue formation. Figure 8 displays the FESEM images of
nanostructured HA/Chitosan scaffolds (A) incorporated with 20% PEO (B) incorporated with
10% PEO (C) at high magnification (D) after alkali treatment. The presence of 10% PEO in the
scaffold has considerably improved the formation of chitosan fibers when compared to 20 %
PEO. The nanostructured HA/ Chitosan nanofibrous scaffolds showed a continuous, uniform
geometry with granulate like morphology under higher magnification [153].The biological
analyses indicated that HA incorporated within the nanostructured biocomposite scaffolds were
appeared to have considerably improved bone formation which was evident from the cell
attachment, proliferation, interaction, mineral deposition, differentiation and morphology
observed, owing to the tremendous osteoconductivity of HA for BTE [153,154]. In a recent
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study, addition of MgO nanoparticles to HA-PLLA degradable nanocomposites resulted in an
improved bone tissue regeneration. The osteoblasts cultured in degradable nanocomposite

PT

exhibited better adhesion and proliferation of cells in the presence of MgO nanoparticles. The

RI

mechanical properties of degradable nanoparticles were maintained to make it suitable for

SC

orthopedic tissue application. Furthermore presence of MgO nanoparticles in HA-PLLA
nanocomposites resulted in non-toxicity towards the cells [53]. A study by Kumar et al.

NU

described that addition of diopside (CaMgSi2O6) (Dp) particles with chitosan scaffold have a

MA

potential application for BTE. Chitosan/Dp scaffolds resulted in a decreased water retention
capacity however their degradation property doesn’t show any changes. These biodegradable

D

scaffolds displayed better affinity for protein adsorption and compatibility towards human

regeneration [155].

TE

osteoblastic cells by providing a suitable environment for the cell growth in bone tissue
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Silk fibroin scaffolds deliver high porosity, large surface area, better interaction between cell and
scaffold for adhesion, interaction and proliferation of cells but lacks in mechanical stability. HA
nanoparticles incorporated into SF scaffold resulted in a good mechanical strength,
mineralization, cell viability and improved compatibility to osteoblasts. These mechanically
reinforced biocomposite scaffolds containing HA nanoparticles proved to be a possible scaffold
for bone tissue restoration [156]. The in vitro study of human osteoblast cultured on hybrid
nanocomposite consisting of high density polyethylene, HA nanoparticles, TCP nanoparticles
and MgO nanoparticles resulted in an improved ALP activity, cell adhesion, proliferation and
viability. This hybrid nanocomposite supported with good mechanical strength and antibacterial
property for osteogenesis prevents tissue inflammation [157].
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Conclusion and future perspectives
EHDA technique used for fabricating nanoparticles demonstrates a huge potential for producing

PT

nanoparticles of controlled size, shape and morphology for application in drug delivery carriers

RI

and tissue regeneration. The unique physicochemical properties of nanoparticles have allowed

SC

the integration of various functions in a single design. It is mainly due to their nanometer size
with higher surface area to volume ratio, capacity to serve as the carrier for therapeutic drugs,

NU

growth factors and genes, showing targeted delivery with controlled release in the affected sites

MA

of the tissues. Furthermore nanoparticles provide an in situ imaging of drug payload release and
monitor the treatment response. Although there is a significant progress in developing the

D

theragnostic nanoparticles, there are a few limitations such as tissue penetration capacity of

TE

lower and higher molecular weights when compared to small molecule drugs. In order to develop
a multiple functionalizing theragnostic nanoparticle there are many challenges during
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manufacturing such as cost, reproducibility, colloidal stability etc. In order to fulfil these
requirements, it is essential to develop nanoparticles with high stability which are capable of
withstanding high salt concentration, temperature, pH and also have a minimal contact with the
serum protein, that would tend to conjugate biomolecules without any changes in the colloidal
stability. Many new effective drug molecules have to be identified for specific targeted delivery.
Researchers should even focus on innovating new techniques to improve the efficacy in
penetrating the tissue or subcellular region and offer controlled delivery of drugs in the specified
site of interest. The effort on developing nanoparticles in therapeutics for higher loading
capacity, payload release and antimicrobial coating is equally important. This is accomplished by
exploring various functional groups for effective therapeutic loading, polymer coating and
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improving the conjugation methods. The requirement of theragnostic nanoparticles varies
depending on the disease for different stages of treatments.

PT

Choice of bioactive molecules also plays a key role in delivery therapeutics. Though there are

RI

some drawbacks in maintaining stability and shear or thermal stress of biomolecules, this can be

SC

managed by choosing appropriate carrier molecules. Future work should involve more
collaborative efforts for developing multifunctional particles capable of targeting drugs to the

NU

required site, diagnosing and monitoring the response of therapeutics. Nanoparticles

MA

encapsulated with multiple growth factors and signalling agents help to release these molecules
in a precise temporal and spatial pattern by mimicking natural extracellular matrix for better

D

development of damaged bone tissues. These functionalized tissue engineered scaffolds also acts

TE

as cell carriers by providing noninvasive means of cell delivery via direct injection of cells
incorporated nanoparticles to the damaged site unlike surgical implantation. In addition
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electrosprayed cells also maintain their proliferation and biological functions on various
substrates including electrospun scaffolds. However, further studies have to be performed in
optimizing the nanoparticle material and combination of therapeutics, controlled delivery of
bioactive molecules shows great potential for enhancing bone tissue repair. The advantages of
using these nanomaterials are available in natural origin and biodegradable but their scalability
and commercialisation are in abundance. With great scientific, commercial and public interests it
is possible to lead a significant development in this field in upcoming years.
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Figure captions
Figure 1. a) SEM micrographs and size distribution of electrosprayed core–shell particles, b)

PT

TEM micrographs of electrosprayed core–shell particles [17].
Figure 2. FESEM images of the electrosprayed particles a) PCL b) PCL/SF, c) PCL /SF/AA and

RI

d) PCL/SF/AA/DM scaffolds, e) Cumulative release profile of dexamethasone from
dexamethasone-loaded scaffolds [31].

SC

Figure 3. Diagrammatic representation of electrospraying and electrospinning system for
fabricating PCL/HA nanofibers [36].

NU

Figure 4. Schematics of developing drug loaded nanoparticles such as nanospheres or
encapsulated as nanocapsules.

MA

Figure 5. FESEM images of hFOB and its interaction with biocomposite nanofibrous substitutes
a) On day 10 of cell culture the Chitosan/osteoblasts scaffolds, b) On day 15 of cell culture the

D

Chitosan/osteoblasts scaffolds, c) On day 10 of cell culture with needle like morphology on the
surface of Chitosan/HA/osteoblasts scaffolds, d) On day 15 of cell culture with granular

TE

morphology on Chitosan/HA/osteoblasts scaffolds [135].

NP/Gel [137].
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P

Figure 6. The complete repair of bone with rich vessel network using the implant BMP-2/S-

Figure 7. SEM images of a) PLLA/PBLG/COL and b) PLLA/PBLG/COL/n-HA nanofirous
substrates and the confocal microscopic images of c) PLLA and d) PLLA/PBLG/COL/n-HA
biocomposite scaffolds [147].

Figure 8. FESEM images of nanostructured HA/Chitosan scaffolds a) incorporated with 20%
PEO, b) incorporated with 10% PEO, c) at high magnification, d) after alkali treatment. The
presence of 10% PEO in the scaffold has considerably improved the formation of chitosan fibers
when compared to 20 % PEO. The nanostructured HA/Chitosan nanofibrous scaffolds showed a
continuous, uniform geometry with granulate like morphology under higher magnification [153].
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Abbreviations
AA- Ascorbic acid

PT

ALP- Alkaline phosphatase
AmB- Amphotericin B

RI

Asp- Aspartic acid
ADSCs- Adipose derived stem cells

SC

ATP- Adenosine tri phosphate
BCP- Biphasic calcium phosphate

NU

BG- Bioactive glass
BMP- Bone morphogenetic proteins

MA

BNP- Chitosan coated bovine serum albumin nanoparticles
BT- Barium titanate

D

BTE- Bone tissue engineering

CaP- Calcium Phosphate

CN- Chitosan
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CT- Calcium titanate

TE

BTNPs- Barium titanate nanoparticles

DBM- Demineralized bone matrix
DEX/DM- Dexamethasone
DP- Diapside

DXP- Dexamethasone disodium phosphate
E2- 17β-estradiol

EC- Ethyl cellulose
ECM- Extracellular matrix
EHDA- Electrohydrodynamics atomization
ES-DMA- Electrospray differential mobility analyser
FESEM- Field emission electron microscope
FITC- Fluorescein isothiocyanate
Gel- Gelatin
Gel-P- Gelatin-pectin
HA- Hydroxyapatite
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hFOB- human fetal osteoblast
hMSCs- human Mesenchymal stem cells
MgO- Magnesium oxide

PT

n-HA- Nanohydroxyapatite

RI

NMBG- Nanosized mesoporous bioactive glass
NPs- Nanoparticles

SC

PBLG- Poly-benzyl-L-glutamate
PCL- Poly (ε-caprolactone)

NU

PDGF- Platelet derived growth factor
PDLLA- Poly-(D, L-lactide)

MA

PLLA- Poly (L-lactic acid)
PEG- Polyethylene glycol

PGA- Polyglycolic acid

TE

PH- Photo polymerisable hydrogel

D

PEO- Polyethylene oxide

PEC- Poly (ε caprolactone) co-poly (ethylene glycol)
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PHB- Poly (3-hydroxybutyrate)

PHBV- Poly (3-hydroxybutyrate-co-3-hydroxyvalerate)
PLA- Polylactic acid or polylactide
PLACL- Poly (L-lactic acid)-co-poly-(ε-caprolactone)
PLGA- Poly (lactic-co-glycolic) acid
PLLA- Poly (L- lactic acid)

rBMSCs- rat bone mesenchymal stem cells
rhBMP-2- recombinant human bone morphogenetic protein-2
Runx2- Runt-related transcription factor 2
SEM- Scanning electron microscope
Se- Selenium
Si- Silicone
SF- Silk fibroin
ST- Strontium titanate
TCP- Tricalcium phosphate
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TEM- Transmission electron microscope
TC- Tetracycline hydrochloride
TGF- β - transforming growth factor-beta
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TiO2- Titanium oxide
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VEGF- Vascular endothelial growth factors
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Table 1: Various materials used for fabricating nanoparticles in bone tissue engineering
Solvent
Acetic acid
Tripolyphosphate
-

Ethyl cellulose

Dichloromethane

PLGA

Acetonitrile
DMSO

PCL
PLA

[19]
[22]
[23]

1 µm

[24]

[27]
[28]
[29]

Chloroform

10-20 µm

[31]

Chloroform

14-19 µm

[33]

Methanol/chloroform

52 nm

[36]

Ethanol

<25 nm

[39]

TFE

421±75 to 679±147
nm

[40]

Polyphosphate
(polyP)
complexed with Ca2+

AC
CE
P

-

100 nm

[48]

Calcium Titanate
Stronium Titanate
Barium Titanate

Chloroform and methanol

105 ± 20 nm
125 ± 20 nm
85 ± 10 nm

[51]

MgO

Chloroform

20 nm

[53]

Bioactive glass

Ethanol

<20 µm

[55]

Bioglass 45S5

-

300–360 µm

[56]

Calcium Silicate

Polyvinyl alcohol

<40 µm

[59]

AuNP

Ultra-pure
water
aminethanethiol

<26 nm

[60]

Stronium based NPs

-

200-300 nm

[61]

SC

300 nm
268.6±93.2 nm
60nm-2µm

MA

NU

Synthetic polymers

Gel/HA

and

TE

PHB/TiO2/Chitosan
Oligomers

D

PCL/HA
Polymer
composites

Inorganics
metals

Reference

520nm
175nm
521 ± 21 nm

PT

Chitosan
Natural Polymers

Particle size

RI

Material
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