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Abstract

The goal of a biomaterial is to support the bone tissue regeneration process at the defect site and 

eventually degrade in situ and get replaced with the newly generated bone tissue. Nanocomposite 

biomaterials are a relatively new class of materials that incorporate a biopolymeric and 

biodegradable matrix structure with bioactive and easily resorbable fillers which are nano-sized. 

This article is a review of a few polymeric nanocomposite biomaterials which are potential 

candidates for bone tissue regeneration. These nanocomposites have been broadly classified into 

two groups viz. natural and synthetic polymer based. Natural polymer-based nanocomposites 

include materials fabricated through reinforcement of nanoparticles and/or nanofibers in a natural 

polymer matrix. Several widely used natural biopolymers, such as chitosan (CS), collagen (Col), 

cellulose, silk fibroin (SF), alginate, and fucoidan, have been reviewed regarding their present 

investigation on the incorporation of nanomaterial, biocompatibility, tissue regeneration, and 

biodegradation. Synthetic polymer-based nanocomposites that have been covered in this review 

include polycaprolactone (PCL), poly (lactic-co-glycolic) acid (PLGA), polyethylene glycol 

(PEG), poly (lactic acid) (PLA), and polyurethane (PU) based nanocomposites. An array of 

nanofillers, such as nano hydroxyapatite (nHA), nano zirconia (nZr), nano silica (nSi), silver nano 

particles (AgNPs), nano titanium dioxide (nTiO2), graphene oxide (GO), that is used widely across 

the bone tissue regeneration research platform are included in this review with respect to their 

incorporation into a natural and/or synthetic polymer matrix. The influence of nanofillers on cell 

viability, both in vitro and in vivo, along with cytocompatibility and new tissue generation has 

been encompassed in this review. Moreover, nanocomposite material characterization using some 

commonly used analytical techniques, such as electron microscopy, spectroscopy, diffraction 

patterns, has been highlighted in this review. Biomaterial physical properties, such as pore size, 
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porosity, particle size, and mechanical strength which strongly influences cell attachment, 

proliferation, and subsequent tissue growth has been covered in this review. This review has been 

sculptured around a case by case basis of current research that is being undertaken in the field of 

bone regeneration engineering. The nanofillers induced into the polymeric matrix render important 

properties, such as large surface area, improved mechanical strength as well as stability, improved 

cell adhesion, proliferation, and cell differentiation. The selection of nanocomposites is thus 

crucial in the analysis of viable treatment strategies for bone tissue regeneration for specific bone 

defects such as craniofacial defects. The effects of growth factor incorporation on the 

nanocomposite for controlling new bone generation are also important during the biomaterial 

design phase.
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Introduction

The bone is a connective tissue that is primarily composed of minerals. It has several 

important functions within the body that include protection, locomotion, storage depot for 

calcium and phosphate in the body, housing for bone marrow, and structural integrity to the 

body [1]. The demand for functional bone grafting techniques has been constantly increasing 

all across the globe [2]. Around $45 billion is spent annually on the treatment of 

approximately 15 million bone disorder related patients including 1.6 million trauma-related 

fractures and 2 million osteoporotic bone defects [3]. Around 1.6 million patients undergo 

bone grafting procedures in the United States annually, accruing a total cost of around $2.5 

billion [2–4]. By the turn of the decade, the total expense related to bone grafting procedures 

would exceed by almost two times due to several factors, including “needs of the baby 

boomer population” and increase in life expectancy of individuals [5].

The standard practices in bone defect repair encompass autografts, which is the tissue that is 

harvested from the patient, most commonly from the region of the iliac crest than from the 

region of the proximal tibia or distal femur. Allografts serve as an alternative to autografts, 

wherein the bone tissue is harvested from a donor or cadaver. Autografts are well suited for 

bone reconstruction methods as they are non-immunogenic, histocompatible, and 

osteogenic; as bone forming cells or osteoblasts within the graft promote the formation of 

new bone by a process called osteogenesis. These autografts also facilitate osteoconduction 

as the cell housing possesses a three-dimensional (3D) and porous matrix that supports 

ingrowth of vascular networks, tissue and other osteoprogenitor cells from the host or patient 

into the graft. Allografts also support osteoinduction as they contain bone morphogenetic 

proteins (BMPs) and other growth factors that facilitate the formation of osteoprogenitor 

cells by differentiation of various stem cells, especially mesenchymal stem cells [2, 6]. 

Although, vascularized autografting is considered as a common technique for critical bone 

defects several limitations, shortcomings, and complications in present clinical procedures 

have been reported for both autologous and allogeneic transplantations, including a decrease 

in the supply of grafts, infection and morbidity of the donor site, scarring, and several 
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surgical complications such as chronic pain, infection, bleeding [5, 7–13]. The alternatives 

to vascularized autografting include methods such as xenogeneic and allogenic bone grafts, 

but they also face considerable obstacles when it comes to a proper blood supply, 

immunogenicity, shortage of donor, and transmission of diseases [14, 15]. There are a few 

other methods of bone repair that uses BMPs, fillers such as bone cement, and distraction 

osteogenesis [2]. All current clinical methods of care and treatment lack the ideal features 

such as decreased patient morbidity, negligible size restrictions for defect site, high potential 

for the formation of blood vessels and preosteoblasts, longer shelf life, and reasonable costs. 

The key principle that governs the ideas behind bone tissue engineering explains the 

requirement for a regenerative environment that mimics the natural extracellular matrix 

(ECM) of the bone [2].

The field of Bone Tissue Engineering (BTE) is a paradigm that aims to successfully 

incorporate regeneration of bone at defect site of the host without any additional 

complications, such as donor site morbidity, immunogenicity, and poor vascularization. BTE 

is structured around four key components – (a) osteogenic cells that generate the bone tissue 

matrix, (b) a biocompatible framework, or scaffold, created with bioactive materials that 

mimic the ECM of the bone, (c) vascularization that provides mass transport of nutrients and 

wastes, and (d) morphogenetic signals to direct the cells [2, 16]. The goal of a biomaterial is 

to support the tissue regeneration process at the defect site and eventually get “resorbed and 

replaced over time” with the newly generated bone tissue [17]. Such a paradigm for bone 

tissue regeneration requires the biomaterial to be in possession of the following properties – 

(a) osteoinduction which allows the biomaterial to promote the differentiation of the 

progenitor cells in to osteoblasts, (b) osteoconduction that facilitates the biomaterial to 

support the growth of the bone tissue as well as the surrounding bone in-growth, and (c) 

osseointegration that supports the biomaterial to aid in integration into the surrounding bone 

tissue [18, 19]. Additionally, the biomaterial should be chemically and mechanically stable 

in the host environment, non-thrombogenic, easily sterilizable, and adequate 

manufacturability.

The scaffold, a 3D framework that houses the bone cells in BTE, together with the 

appropriate mechanical as well as biological cues stimulate and support the proliferation of 

bone-forming cells [20]. The scaffold should also possess the following properties for 

adequate bone tissue regeneration – (a) biocompatibility that requires that the scaffolds 

should be osteoconductive, and thus, it should support cellular activity with no toxic 

influence on the host tissue; the scaffold biomaterial should also allow cell adhesion and 

proliferation inside its pores as well as on the surface; the scaffold should be able to promote 

vascularization, (b) in terms of mechanical properties scaffolds should have a range of 

Young’s moduli around 15 to 20 GPa and 0.1 to 2 GPa for cortical and cancellous bone 

respectively; compressive strength should be around 100 to 200 MPa and between 2 to 20 

MPa for cortical and cancellous bone respectively, (c) pore interconnectivity and size is 

quintessential for BTE as new bone tissue growth requires an optimum pore size of 200 to 

350 μm, essential for transport of nutrients and oxygen, and (d) bioresorbability which 

dictates that the scaffold should be able to degrade over time in vivo at a controlled rate of 

resorption, thereby making space for the growth of the new bone tissue simultaneously [21–

24]. Before the tissue regeneration process may be started, the biomaterial scaffold is 
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required to be fabricated to include certain features that are quintessential for cell growth 

and adequate bone tissue regeneration. Such properties primarily include porosity, surface-

to-volume ratio, and crystallinity [25]. Some of the fabrication methods generally used for 

bone tissue scaffolds include foam replica method [26], electrospinning [27], freeze drying 

[28], gas foaming [29], solvent casting/particulate leaching [30], phase separation [31], 

molecular self-assembly [32]. A new dimension of 3D printing technology in the field of 

BTE is 3D Bioprinting. A major advantage of this 3D printing technique is the feasibility to 

directly implant the scaffold, right after printing, onto the patient’s defect site [33]. Broadly 

the bioactive signal molecules, that control cell adhesion, proliferation, metabolism, and 

differentiation through biological cues and signals, may be broadly categorized into three 

groups – (a) mitogens which promote division of cells, (b) growth factors which promote 

cell proliferation, and (c) morphogens that control tissue generation [25]. Methods for the 

incorporation of these bioactive molecules into the scaffold may be categorized into two 

groups – a) top-down approach, that is achieved by depositing bone ECM, which is secreted 

by bone tissue cells or stem cells, on the scaffold, thereby creating a biomaterial scaffold-

ECM hybrid structure and b) bottom-down approach, that is done by functionalizing the 

scaffold with growth factors and/or cytokines, as well as covalent tethering of peptides; these 

bioactive molecules may also be incorporated into nano or microspheres/particles that are 

designed for timed release of the encapsulated bioactive molecule within the ECM [34, 35]. 

Topological and chemical features of the bone tissue scaffolds facilitate cell adhesion to the 

scaffold surface, and support proliferation [36]. The scaffold also experiences enhanced 

interaction of the growing tissue with the nutrient microenvironment and other bioactive 

elements around the defect site due to the presence of chemical properties. Topographical 

properties of the scaffold, which are integrated onto the scaffold in the form of growth 

factors or other biologically active agents, support osteoconduction, osseointegration, and 

osteoinduction. This was evident from the enhanced osteoconductive properties of 

prominent studies related to natural polymeric composite bone tissue scaffolds as compared 

to its pristine biomaterial counterparts [37].

Nanocomposite biomaterials are a relatively new class of materials that incorporate 

biopolymeric and biodegradable matrix structure with bioactive and easily resorbable fillers 

which are nano sized [38]. The nanofillers induced into the polymeric matrix render 

important physical as well as chemical properties, such as large surface area, improved 

mechanical strength and stability, improved cell adhesion, proliferation, and differentiation, 

to the biomaterial important for tissue regeneration compatibility [38, 39]. This paper 

encompasses the summary of information dealing with the application of nanocomposites in 

BTE. The nanocomposites have been categorized as per the polymer and the effects of the 

nanoparticles incorporated into the polymer on various aspects of BTE have been 

highlighted. The primary objective of this paper is to introduce the concept of amalgamation 

of various polymers/polymer blends with nanoparticles and discuss their synergistic effect 

on the bone regeneration process with the help of recent research trends in bone regeneration 

studies. As the polymer being used for nanocomposite synthesis is quintessential for 

facilitating a plethora of biomimetic properties such as mechanical strength, 

biocompatibility, cytocompatibility etc., therefore in the subsequent sections of this paper, 

the nanocomposites have been categorized broadly into the ones prepared with natural 
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biopolymers and others with synthetic biopolymers. For each of the categorized 

nanocomposite group viz. chitosan based, collagen based etc. A summary of the 

nanocomposite synthesis/preparation techniques along with mechanical and biological 

compatibility results have been highlighted. The influence of the nanomaterial over the 

pristine material and/or biomaterial without any nanofillers has been stated. Another aim of 

this paper is to highlight the effects, both advantages as well as drawbacks, of the nanofillers 

for each of the broad polymer nanocomposite sections. This further provides an insight into 

the various combinations of nanofiller and polymer matrix, along with the polymer 

incorporation methods as well, and their subsequent positive as well as undesired effects on 

the overall bone regeneration process. The authors hope to provide the readers with a set of 

preliminary information regarding the effects of nanofillers on overall composite properties 

and therefore help in design and planning of future bioactive nanocomposites for bone tissue 

regeneration.

Natural Polymers

BTE employs polymer based biocompatible and biodegradable natural materials that provide 

a suitable bioactive environment and necessary mechanical support to promote the growth of 

new bone tissue in defect sites. Due to their superior biocompatibility and minute negative 

immunological influence, natural polymers such as Col, CS, alginate, silk, alginate, 

fucoidan, elastin, gelatin, hyaluronic acid are extensively used in BTE research [40–42].

Chitosan-Based Nanocomposites

Some of the natural polymers, like CS, can be found in abundance in the shell crusts of 

crustacean creatures. CS is primarily composed of β−1,4-linked N-acetyl-D-glucosamine 

and D-glucosamine units that are vulnerable to biodegradation [43, 44]. Because of its 

biodegradability and non-toxic nature, CS has been one of the most promising biomaterials 

in BTE. There are vast similarities between the skeleton of CS and the glycosaminoglycans 

(GAGs), which increases the bone regeneration rate. The presence of reactive hydroxyl and 

amino functional groups facilitate modifications chemically. Thus, CS-based nanocomposite 

materials have gained increased attention in the field of BTE [45–47]. In contrast to its 

source, chitin, CS has good solubility with dilute acidic solutions with a pH below 6.5 [48]. 

The deacetylation conditions used, as well as the biological origin of the CS, influence a 

host of biological and physiochemical properties in the polymer. Several in vitro and in vivo 
studies have confirmed the minimal toxic effects as well as biological inertness of CS. The 

studies have also highlighted the fact that there were no complications, such as inflammation 

or an allergic reaction, post-implantation of CS-based scaffolds [44]. The restrictions of pure 

CS, especially in terms of mechanical strength, have been addressed by the formulation of 

CS-based nanocomposite scaffolds, mainly with hydroxyapatite, Col, tricalcium phosphate, 

and synthetic polymers.

nHA has been a common nanofiller for CS based composite biomaterial in BTE. Being 

chemically similar with natural bone apatite material, nHA offers a plethora of benefits to 

the nanocomposite in terms of mechanical, thermal as well as cellular activity. An 

intercalated CS/nHA composite structure has been reported to be prepared using a 
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combination of sol-gel process and self-assembly of nHA during drying of films [49], as 

mentioned in Table 1. Due to the penetration of nHA in between the CS layers, X-ray 

Diffraction (XRD) peaks of intercalated CS has been reported in the nanocomposites which 

has been further confirmed by Scanning electron Microscopy (SEM) micrographs and 

thermal degradation profiles. SEM data has also confirmed the presence of a layered 

morphology for nanocomposites with 10% and 20% nHA as compared to a smooth surface 

observed for 5% nHA/CS composite. Mechanical testing of the nanocomposites has been 

reported to have an increase from 3.5 GPa to 4.4 GPa for CS only and CS/nHA 20% 

composites. The surface of the composite has been reported to have nHA particles in the 

shape of discs. The uniform shape and size of the nHA particles on the surface of the 

composite is desirable for avoiding inflammation reactions, as natural bone apatite is known 

for its regular structural characteristics [50, 51].

An increase in nHA content has also revealed an increase in surface roughness as well as 

hardness of the nanocomposite. Increase in nHA content also exhibits an interesting 

behavior of initiating a faster CS degradation up to 300 °C, which may be attributed to more 

efficient heat transfer aided by nHA particles [49]. However, the reverse trend for 

degradation rate vs. nHA content has been reported after 300 °C also. Additionally, thermal 

degradation of the CS matrix highlights the formation of calcium pyrophosphate as well as 

β-tricalcium phosphate [49]. In addition to nHA, several additional bio-ceramic 

nanoparticles, as listed in Table 1, have been used in the synthesis of CS-based 

nanocomposite porous scaffolds using freeze-drying methods [52]. The increase in 

nanoparticle size has been reported to have a negative impact on its distribution across the 

polymer matrix, as evident from Transmission Electron Microscopy (TEM) and SEM data. 

The roughness of the pore walls of the scaffolds has also been attributed to the deposition of 

nanoparticles on the pore walls, which also increases the pore wall thickness. Moreover, the 

swelling ratio has been reported to be lower for scaffolds prepared from nanocomposites as 

compared to their pristine polymer counterparts; this effect may be due to the release of the 

bio-ceramic nanoparticles after immersion in solution. Also, it should be noted that the water 

absorption of the scaffolds with nHA and nano calcium zirconate (nCZ) have been reported 

to have been lower than those with nZr. This may be due to the presence of a metal oxide 

surface on the nZr particles which is hygroscopic and attracts more water for the scaffolds 

prepared with nZr. Further, the presence of calcium and phosphate in nHA and calcium in 

nCZ may have possibly interacted with the amine and hydroxyl groups present in CS, 

thereby reducing its water uptake [52].

In terms of mechanical property assessment, nanomechanical property comparison reported 

comparable Young’s modulus across all nanocomposite groups. The increase in mechanical 

strength has been reported as a progression in the compressive strength and modulus of the 

nanocomposite scaffolds, which is around 50–55 KPa and 0.75–0.95 MPa respectively, as 

compared to pure CS scaffolds with 28 KPa and 0.25 MPa as the compressive strength and 

modulus respectively. As compared from the results of peak force quantitative 

nanomechanical mapping (PFQNM), the pure CS scaffolds failed to yield Young’s modulus 

greater than that of the CS-based nanocomposite scaffolds. The cross-interaction of zirconia-

hydroxyapatite composite ceramic material may be explained as the reason for the increased 

mechanical strength as compared to pure hydroxyapatite nanoparticles [52].
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Cell proliferation studies revealed that nCZ and nHA scaffolds were more effective scaffolds 

[52]. The low response rate from osteoblasts primarily towards zirconia-based scaffolds has 

been addressed by the nCZ/CS based composite scaffold. nCZ/CS composite biomaterial 

facilitated the increased proliferation of pre-osteoblasts as compared to nZr/CS composite 

scaffolds, as shown in Fig. 1. Also, nCZ/CS composite scaffolds had similarities in cell 

growth and spreading with nHA/CS composite scaffolds. This may be due to the presence of 

extracellular calcium on these scaffold groups that lead to more efficient osteoblast 

proliferation, as calcium sensing receptors enhance the chemotaxis and proliferation of the 

cells. The presence of calcium may have also enhanced the attachment of cells on the 

scaffold surface, with the cellular filopodias being reported to be have been spreading 

towards the nano bio-ceramic particles in each of the nanocomposite scaffolds. Increased 

osteopontin expression due to the presence of extracellular calcium on nHA and nCZ 

nanoparticles may have also contributed the efficient cell attachment on the respective 

nanocomposite [52].

Another novel study on bioinspired nanocomposites depicts the creation of nHA/CS/

tamarind seed polysaccharide (TSP) nanocomposites with a load proportion (nHA/CS/TSP) 

of 70/20/10, 70/15/15 and 70/10/20, respectively using a co-precipitation method [47]. A 

comparative appraisal of the properties of nHA/CS/TSP and nHA/CS nanocomposites was 

done by Fourier Transform Infrared Spectroscopy (FTIR), Energy Dispersive X-ray 

Spectroscopy (EDS), TEM, Thermal Gravimetric Analysis (TGA)/Differential Thermal 

Analysis (DTA), XRD, and mechanical testing. FTIR data revealed a shift of the hydroxyl 

group bands to a lower wavenumber in the nHA/CS/TSP as compared to nHA/CS samples, 

thus suggesting a strong intra and intermolecular hydrogen bonding between the three 

components within the nanocomposite. The hydrogen bonding may be attributed to improve 

the thermal stability of the nHA/CS/TSP composite, as depicted from TGA data. 

Agglomeration of nanoparticles was reported from TEM data to have been avoided with the 

addition of TSP to the nHA/CS composite, thereby revealing the inhibitory effect of TSP on 

particle agglomeration [47].

In the same study, the SEM data revealed the increasing trend in surface roughness of the 

nanocomposite with an increase in the TSP content [47]. This phenomenon may be 

explained as the result of an interaction between the carboxyl groups on TSP with the 

calcium ions from nHA and the hydroxyl groups on TSP with the amide groups on CS. The 

outcomes proposed strong chemical bonding between the three segments, reduced particle 

size, and homogeneous scattering of nHA particles in nHA/CS/TSP when contrasted with 

nHA/CS. Moreover, nHA/CS/TSP (70/10/20) exhibited the roughest and the most porous 

surface, and an improved thermal stability. The most enhanced compressive modulus and 

strength, 81 MPa and 4.0 MPa respectively, was reported for nHA/CS/TSP (70/10/20). This 

effect may be explained as the result of an increased cross-linkage between the three 

components of the nanocomposite system due to the increased hydrogen bonding and 

therefore reduced molecular mobility in the polymer matrix [47].

Additionally, the swelling characteristics of TSP incorporated scaffolds reported an increase 

with an increasing TSP content, thus signaling the effect of the hydrophilic nature of the 

TSP component in the composite [47]. Also, nHA/CS/TSP (70/10/20) displayed more 
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prominent swelling character, biodegradation and increased biomineralization in simulated 

body liquid (SBF), when compared with nHA/CS/TSP (70/20/10, 70/15/15) and nHA/CS 

nanocomposites. Enhancement in biomineralization may be attributed to the interaction of 

carboxylic groups on the TSP with the calcium ions in the SBF solution. An initial slow 

biodegradation rate of the nanocomposite may be explained as the inhibition of the attacking 

enzymes from reaching the N-acetyl glucosamine groups due to the presence of strong 

intermolecular hydrogen bonds between TSP and CS. But, TSP being hydrophilic and 

therefore prone to hydrolysis by the water content of the lysozyme, ended up being an 

accelerator for biodegradation of the nanocomposite [47]. A non-toxic interaction with 

MG-63 cells (human osteoblast cell lines) and better haemocompatibility was seen with 

nHA/CS-TSP (70/15/15) nanocomposites [47]. In a similar study, porous composite 

scaffolds were made by utilizing the freeze-drying method by blending zein (ZN), CS and 

nHA in various organic/inorganic weight proportions [53]. The scaffolds displayed that an 

increase in nHA content induced a decrease in the scaffold porosity. This phenomenon may 

again be attributed to the intermolecular hydrogen bonds formed between the hydroxyl 

groups in the nHA with the amide groups present in the CS matrix, as well as interaction of 

hydroxyl groups present in the CS matrix with the amide groups of ZN. Similarly, the water 

absorption of the scaffolds decreased with an increase in nHA content. This may be also due 

to the additional interactions caused between the amide and hydroxyl groups and the 

calcium and phosphate ions, thus reducing the hydrophilicity of ZN as well as CS. However, 

thermal stability data revealed the positive influence of nHA on the thermal degradation of 

the nanocomposite.

Furthermore, the cytocompatibility of the ZN/CS/nHA platforms was overviewed by 3-(4,5-

dimethylthiazol-2-yl)- 2,5-diphenyl tetrazolium bromide (MTT) assessment and cell 

adhesion studies utilizing human bone cancer cells [53]. Studies revealed the non-toxic 

nature of the biomaterial to the cells, and the cells were observed to have adhered to the pore 

walls inside the scaffolds. However, the cell proliferation was observed to be more for the 

scaffolds with higher amounts of CS and Zn over nHA. This phenomenon may be inferred 

as a result of the low crystallinity of the nHA particles that induce leaching of the phosphate 

and calcium ions into the surrounding fluid. This increases the requirement for additional 

intracellular calcium and phosphate, which is fulfilled by triggering additional cell death 

[53].

In the literature. zirconium dioxide (ZrO2) has also been reported as a beneficial candidate 

for natural nanocomposites [54]. The preparation of multifunctional ZrO2 doped 

nanocomposites having CS, naturally changed montmorillonite (OMMT) and nHA has been 

reported in the study. Arrangement of these nanocomposites was affirmed by FTIR and 

XRD. XRD data revealed the synthesis of the smaller sized ZrO2 particles through a 

comparatively broader nHA-ZrO2 peak. The formation of smaller nanofiller particles 

induced their enhanced dispersion in the polymer which was evident from the weaker XRD 

peaks for the nanocomposites. Increase in OMMT content also restricts interaction of water 

molecules with the polymer matrix, thereby reducing water uptake by the nanocomposite. 

Field Emission Scanning Electron Microscopy (FESEM) data also revealed the presence of 

spherical and uniformly sized ZrO2 particles. Additionally, SEM pictures uncovered uniform 

dispersion of OMMT and nHA-ZrO2 into the CS lattice. This may be inferred as the effect 

Bharadwaz and Jayasuriya Page 8

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the hydrophilic activity of the CS matrix that facilitates the uniform dispersion of the 

OMMT layers. The interaction between the calcium and phosphate ions with the amide and 

carboxyl groups of the CS matrix may also be the reason for observing a uniform 

morphology across the nanocomposite samples. Also, TEM and XRD powder analysis 

revealed that the OMMT was incorporated mostly within the bulk polymer [54].

Additionally, the incorporation of nZr particles also highlighted the enhancement of 

mechanical properties. As per the rheological analysis of the CS-OMMT-nHA-ZrO2 

nanocomposites, designated as CMZH I, II and III with 5, 10, and 15 wt. % OMMT 

concentration respectively, exhibited superior properties related to energy storage as 

compared to the viscous response of the material or the loss modulus. The intermolecular 

and intramolecular interaction amongst the nanocomposite components provides rigidity that 

may be attributed as the reason for a higher storage modulus. The uniform distribution of the 

nanofillers within the polymer matrix may have enhanced the storage modulus. However, the 

decrease in storage modulus with an increase in OMMT content may be due to the 

agglomeration of the nanofillers within the polymer matrix which decreases cross-linking 

with the composite system. Reduction in cross-linkages within the polymer system reduces 

elasticity of the entire composite, thereby reducing the storage modulus [54].

In the same study, the increase in OMMT content also reported an increase in antibacterial 

activity due to the growing concentration of antimicrobial ammonium salt in the OMMT 

component. Swelling rate analysis of the nanocomposites inferred the enhancement of the 

swelling rate with a decrease in the concentration of OMMT in the composite. The 

cytocompatibility analysis of the nanocomposite has been exhibited by the proliferation of 

human osteoblast cells (MG-63). In addition, incorporation of 5 wt.% OMMT and 5 wt.% 

nHA-ZrO2 into 90 wt.% CS matrix reported an increase in tensile strength, storage modulus, 

swelling in water and cytocompatibility alongside strong antibacterial impact, pH and 

compatibility of erythrocytes. The inclusion of OMMT as a positive influence on cell 

proliferation was revealed from in vitro data, along with the decreasing trend in cell 

proliferation with OMMT content at 15 wt. % [54]. In another study, enhanced cellular 

activity due to increased pore size has been reported in nSi reinforced CS nanocomposite 

scaffolds, with reports about pore sizes well over 300 μm [44]. However, pore size has been 

reported to be independent of the CS source or its deacetylation degree. nSi particles 

incorporated into the CS matrix have been reported to have also increased the mechanical 

compression resistance by around 30%. In vitro experiments reported spheroidal clusters of 

osteoblasts proliferating. Both in vitro and in vivo test results highlight the superior 

biocompatibility and bone tissue regeneration supportive properties of the nSi/CS composite 

scaffold. As shown in Fig. 2, it took at least 8 weeks for the onset of mature bone formation 

using this type of scaffold [44].

Freeze-dried scaffolds synthesized from CS, CMC and AgNPs-carboxylated cellulose 

nanowhiskers (CCNWs) have been reported to have enhanced mechanical properties along 

with an antibacterial environment [55]. AgNPs-CCNWs were prepared by allowing the 

growth of AgNPs on CCNWs. TEM data revealed that the AgNPs were stabilized with 

restricted mobility on the CCNWs, which can be attributed to the affinity of the AgNPs 

towards the hydroxyl and carboxyl groups of the CCNWs. XRD and FESEM examination of 
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the nanocomposite highlighted exceptionally crystalline structure with AgNPs, which were 

around 5.2 nm in diameter, enhanced on approximately 200 nm long CCNWs surface. FTIR 

examination affirmed the collaboration between CCNWs and AgNPs. Optimization of the 

amount of nanofillers content of nanocomposite amid scaffold fabrication helped in 

accomplishing 80– 90% porosity with pore diameter going somewhere in the range of 150 to 

500 μm. The increase in pore diameter may be inferred as the result of addition of 

nanofillers (CCNWS-AgNPs); thus, it may be attributed to the hydrogen bonds formed 

between the CMC matrix and nanofillers, thereby restricting the mobility of the backbone 

polymer chain. Additionally, carboxyl groups in the nanofillers and the CMC repel each 

other, thus further restricting the mobility of the backbone chain. These inhibitory effects 

may be the reason for fewer covalent cross-linkages in the polymer matrix, hence increasing 

the pore size [55].

The mechanical strength was additionally enhanced in coordination with the mechanical 

properties of cancellous bone for the same study [55]. The increase in mechanical strength 

with the addition of nanofillers may be attributed to the compact packing of the CCNWs-

AgNPs and CS, due to the interaction of the carboxyl groups in the nanofillers with the 

amino groups in the CS matrix. The addition of nanofillers also hindered the degradation 

rate of the scaffolds due to the increased intermolecular interactions within the polymer and 

thus covering up or blocking the lysozyme attack sites. Additionally, the swelling limit of 

scaffolds diminished after the incorporation of the nanocomposite. This inhibitory effect 

may be the result of the heterogeneous and intramolecular interactions occurring between 

the nanofillers and the polymer matrix. Also, the addition of the CCNWs-AgNPs were also 

helpful in enhanced biomineralization, as the carboxyl groups present on the CCNWs 

interact more efficiently with the calcium ions present in the SBF. Thus, scaffold degradation 

was tuned to help angiogenesis and vascularization. These hybrid scaffolds, in addition to 

displaying exceptional antimicrobial action, also supported MG63 cell attachment and 

proliferation [55].

Enhancement of mechanical properties for nanocomposite scaffolds have also been studied 

for CS based hydrogels using a formulation of CS/glycerophosphate disodium salt (GP) gel 

incorporated with attapulgite (ATP) nanoparticles, as shown in Fig. 3 [56]. The tensile 

strength, including elongation at fracture of the hydrogels, have been reported to have 

increased with the incorporation of the ATP nanoparticles to 5 times in comparison to 

CS/GP only hydrogels; it exhibits an increasing trend with increasing ATP concentration. 

The fibrillar structure of the ATP nanoparticles along with its overall effect on the 

biomaterial surface may be explained as the reason for the increasing trend in mechanical 

strength. FTIR data also reveals the formation of hydrogen bonds between ATP and the CS 

matrix, which increases the crosslinking density of the hydrogel and supports the increased 

mechanical behavior of the composite. SEM analysis of the ATP incorporated hydrogels 

explained this observation of enhanced mechanical properties as the influence of increased 

compactness of the porous structure with enhanced pre-wall roughness, along with the 

formation of uniform small holes distributed on the pore wall. As reported by FTIR results, 

the hydrogen bonding between ATP and CS molecules has been attributed as the reason for 

the increased crosslinking of the hydrogel. Additionally, gelation speed, which may be 

explained as the rheological analysis on the dynamic process of sol-gel transition, was also 
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reported to have significantly enhanced with the incorporation of the ATP nanoparticles. It 

may be inferred that the nucleation effect of ATP nanoparticles induces crystallization of the 

CS matrix, thus increasing the gelation efficiency [56]. Bioactive glass (BG) nanoparticles 

with gelatin and CS based hydrogel matrix has also been used in BTE [57]. The cationic 

nature of the hydrogel, reported from its zeta potential at 37 °C, facilitates the interaction of 

negatively charged components of the bone’s natural ECM. Strong hydrogel crosslinking has 

again been reported that may be the reason for the enhancement of mechanical strength. In 
vivo analysis using human osteosarcoma cell lines (SAOS) exhibited promising results with 

respect to cell viability, proving the nanocomposite’s cytocompatibility [57].

Collagen-Based Nanocomposites

Col, an essential part of the bone’s natural ECM, is arranged as fibers in animals [58–60]. 

Col may be obtained easily from fish waste, such as bones, scales, and skins [61]. Marine 

sources, such as cuttlefish [62], jellyfish [63], skin and muscles of marine animals [64], and 

waste from fish [65] is considered better than bovine sources, primarily due to the latter’s 

high risk of transmission of spongiform encephalopathy [60]. Col is a bioactive natural 

polymer that exhibits favorable biocompatibility, facilitates adhesion and proliferation of 

bone cells, and decreased antigenicity [66, 67]. The bone’s ECM is primarily composed of 

Col that nourishes the bone cells by facilitating proper nutrient transport [68]. Although the 

biocompatibility of Col facilitates cell adhesion and proliferation, the faster biodegradability 

rate of pure Col scaffolds, poor mechanical strength, and increased swelling instead 

persuade the use of Col-based composite biomaterials for BTE [69–72].

The use of functionalized nanofillers have also been noted in the literature. Nanofillers such 

as functionalized multiwall carbon nanotube (f-MWCNT) was used for synthesis of 

composite scaffolds using Col and hydroxyapatite (HA) with the help of freeze-drying 

technique [72]. The incorporation of f-MWCNT has exhibited enhanced biocompatibility 

which may be attributed to the negatively charged surfaces on the nanotubes. These charged 

sites act as nucleation sites for bone mineralization. Additionally, the f-MWCNT 

incorporation also has facilitated an interconnected porous structure with an increased 

surface area of around 11.746 m2/g, and an adequate volume in its pores, which was around 

0.026 cm3/g. Intramolecular hydrogen bonding between the functional groups present on the 

polymer matrix and the hydroxyl groups on the f-MWCNT may be attributed to certain 

effects such as enhanced mechanical strength. However, the chemical interactions between 

the amide functional groups on the Col and CS and the carboxyl and hydroxyl groups on f-

MWCNT render a decreased porosity. Moreover, the additional hydrogen bonds formed 

between the hydroxyl groups on the biomineralized HA and the amide groups on the 

polymers and other calcium ion present in HA influence the reduction in overall porosity. In 
vitro results for the nanocomposite scaffolds were superior to the control samples, along 

with enhanced biocompatibility, as measured using MTT assay [72].

Biphasic calcium nanoparticle (BCP) has also been used in BTE with additional 

incorporation of dexamethasone (DEX) [73]. The dexamethasone has been included in a 

way for its controlled release during the regeneration process. Controlled porosity of the 

scaffold structure was achieved using porogen leaching method. These scaffolds have also 
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displayed enhanced mechanical strength, as stated in Table 1, along with an interconnected 

pore structure. Human mesenchymal stem cells (hMSCs) were seen to have achieved proper 

osteogenic differentiation with the nanocomposite scaffold, as well as increased 

biocompatibility. In vivo analysis, subcutaneous implantation at the dorsa of “athymic nude 

mice”, displayed facilitation of ectopic bone formation, as shown in Fig. 4. It is worth to 

note the facilitation of angiogenesis which may be attributed to the constant release of 

calcium ions from the scaffold material. Also, enhanced osteogenic differentiation of the 

hMSCs may be attributed to the constant release of phosphate, calcium and DEX ions from 

the nanocomposite scaffolds [73].

Apatite (Ap) based Col scaffolds that mimic the bone like subfibrillar nanostructure, have 

been reported in use in apical periodontitis bone imperfections [74]. The bone regeneration 

capability of the Col-Ap nanocomposite was examined by contrasting it with inorganic β-

tricalcium phosphate and Col (pure and organic) by utilizing a critical-sized rat mandibular 

defect model. Micro-computed tomographic imaging (Micro CT) and histologic recoloring 

were utilized to assess new bone generation in vivo. When contrasted with the β-tricalcium 

phosphate and Col scaffolds, the Col-Ap nanocomposite-based scaffolds displayed unrivaled 

recovery properties portrayed by adequate deposition of new bone structures and 

vascularization at the imperfection site. The effects of the sub-fibrillar structure of the Col-

Ap nanocomposite may be attributed to the adequate organic-inorganic phase interaction of 

the minerals during biomineralization [74].

Additionally, immunohistochemistry demonstrated that the transcription factor osterix (OSx) 

and vascular endothelial growth factor (VEGF) receptor 1 were expressed abundantly in the 

Col-Ap groups [74]. The outcomes demonstrate that the Col-Ap nanocomposite facilitates 

the growth of bone-forming cells and invigorates increasingly vascular tissue ingrowth. The 

formation of vascular network along with enhanced VEGF receptor 1 expression facilitates 

adequate nutrient transport. Moreover, the Col-Ap nanocomposite facilitates the secretion of 

bone ECM, as revealed by the increased expression of transforming growth factor (TGF) β 
−1 and mineralization of rat bone marrow stem cells [74]. Bacterial cellulose (BC) has been 

used in Col based scaffolds with HA and growth peptide incorporation [75]. In vitro 
assessment of nanocomposite synthesized from BC, Col, HA and osteogenic growth peptide 

(OGP) or its C-terminal pentapeptide (OGP) [10–14] for bone regeneration purposes has 

also been reported. The BC/Col nanocomposites were effectively prepared through a 

carbodiimide-mediated coupling, as exhibited by spectroscopy data in the study. SEM, 

FTIR, and 31Phosphorus Nuclear Magnetic Resonance examinations revealed that in situ 
creation of HA was a successful course of action to acquire natural bone-like apatite. 

Moreover, BC/Col composites reported spherical apatite deposition which was composed of 

needle-like or plate-like apatite crystallites. These particles closely resembled the 

osteocalcium phosphate phase and may be attributed for the supply of secondary nucleation 

sites for apatite on them. Moreover, the presence of peptides along with Col may also be 

attributed to the nucleation and growth of plate-like apatite crystallites [75].

The incorporation of Col and HA on the BC fiber network may be attributed to be the reason 

for enhancement in the strain at failure for the nanocomposite [75]. This has been reported 

to be a helpful feature in terms of flexibility of the nanocomposite for handling purposes, as 
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compared to pure BC membranes. The OGP containing (BC/Col) - HA composites 

facilitated the early advancement of the osteoblastic phenotype. Moreover, the bonding 

between Col, HA, and OGP peptides has enhanced the cell development as contrasted with 

the OGP containing BC/HA. Additionally, none of the nanocomposites demonstrated 

cytotoxic, genotoxic or mutagenic impacts [75].

Other alkaline rare earth elements viz. Strontium (II) has been used in conjunction with Col 

for osteoporotic bone defect treatments [76]. This study encompasses the effects of 

strontium ion for BTE as a replacement for the standard calcium ions associated with the 

biological and cellular processes. Mineralized Col-type I scaffolds with Strontium (II) were 

used in the regeneration study instead of using calcium during scaffold preparation. 

Strontium was used to the degree of 25, 50, 75 and 100 mol. % by substituting the CaCl2-

stock arrangement with an equimolar concentration of SrCl2 (0.1 M). Synchronous 

fibrillation and mineralization of Col prompted the arrangement of Col-mineral 

nanocomposites with mineral phases moving from nanocrystalline hydroxyapatite over 

ineffectively crystalline Sr-rich stages towards a blended mineral stage, with 1 mol.% 

Strontium, comprising of a shapeless strontium phosphate, which is distinguished as Collin’s 

salt (Sr6H3(PO4)5 * 2 H2O; CS) and very crystalline strontium hydroxyapatite 

(Sr5(PO4)3OH; SrHA). The framed mineral stages were portrayed by TEM and Raman 

spectroscopy. Scaffolds made from Col/mineral nanocomposites with controlled strontium 

content displayed an interconnected porosity reasonable for homogenous cell seeding in 
vitro. Strontium particles (Sr+2) were discharged in a continued way from the modified 

scaffolds, with an unmistakable connection between the discharged Sr+2 fixation and the 

level of Srsubstitution. Since the focus of Sr+2 in this range are known to have an 

osteoanabolic impact, these scaffolds are promising biomaterials for the clinical treatment of 

deformities in a systemically debilitated bone. [76].

Silk Fibroin-Based Nanocomposites

SF is a natural material used widely in the medicine and textile industry. SF is extracted 

from Bombyx mori cocoon, a mulberry source, and is a biocompatible material found as the 

core of a structural protein fiber that is coated with sericin. It has been known to possess 

excellent cytocompatible properties and has been used in various tissue engineering 

applications [77–82]. It has also been reported that SF extracted from non-mulberry sources, 

like tasar silkworm – Antheraea mylitta has enhanced mechanical properties as compared to 

SF isolated from mulberry sources [83]. Adhesion of osteoblasts and bone regeneration has 

been reported to be enhanced for non-mulberry SF [84–87]. Attachment of cells, as well as 

proliferation, has been reported to be enhanced due to the presence of Arg-Gly-Asp (RGD), 

that facilitates integrin binding [88, 89].

Titanium dioxide (TiO2) has been used as a nanofiller in SF based polymer scaffolds. The 

TiO2 nanoparticles have several benefits to its incorporation into a polymer matrix, ranging 

from mechanical property enhancement to improved cellular interaction [80, 90]. 

Halogenated TiO2 nanoparticles, nTiO2 fabricated with fluoride particles, were added to the 

SF matrix through phase separation technique to create SF/TiO2-F nanocomposite scaffolds. 

MTT test results were utilized to affirm the biocompatibility of the platforms utilizing 
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human-like SaOS-2 osteoblast cell line for 1, 3 and 5 days. The mechanical properties of 

scaffolds have been enhanced by adjusting the amount of TiO2-F sum up to 15 wt. %. 

Further increase in TiO2-F content has been reported to be detrimental. Fluoridation of TiO2 

has been reported to have enhanced the bioactive properties of the SF/TiO2-F scaffolds. 

Also, osteoblast interaction has been reported to be non-toxic with the prepared scaffolds. 

However, the addition of 20% by wt. of halogenated nanoparticles reported decrease in 

mechanical properties which may be attributed to the non-uniform dispersion of the 

nanofillers on the SF matrix, thereby suggesting agglomeration of the nanoparticles. The 

increase in scaffold degradation rates in conjunction with increased TiO2-F content was 

reported with the increase in acidity of the surrounding PBS solution. Additionally, the 

presence of fluoride ions has been highlighted to have increased the biocompatibility of the 

scaffold in terms of cell viability and attachment [80].

Another similar study has reported the preparation of porous scaffolds using the freeze-

drying technique from SF and TiO2 nanoparticles [90]. SF/TiO2 scaffolds were prepared 

with 5, 10, 15 and 20 wt. % of the TiO2. SaOS-2 osteoblast-like cells were used to analyze 

the biocompatibility of the scaffolds. Scaffolds have been reported to exhibit enhanced 

directional and mechanical strength with an increase in TiO2 nanoparticle content that 

reduces porosity. This study reported that no porogen or inorganic solvents were required for 

obtaining the macroporous, interconnected and directional porous structure. However, as 

listed in Table 1, there was a reduction of porosity that has been reported with the increasing 

content of nanoparticles which may be attributed to the agglomeration of these nanofillers 

on the pore walls, thus, making them thicker. The increase in pore wall thickness may be 

further attributed to be the reason behind the enhanced mechanical properties of the 

nanocomposite material. The bioactivity of the prepared scaffolds was affirmed by 

observation of surface crystallization of the apatite layer in terms of incubation time in the 

SBF. Mineralization has also been reported to increase with an increase in TiO2 content. The 

presence of hydroxyl groups on the nanoparticle surface induces the enhanced apatite 

nucleation. Moreover, the degradation rate of the prepared scaffolds exhibited an increase 

with an increasing amount of TiO2. SaOS-2 osteoblast-like cells have been reported to 

exhibit enhanced cell attachment and proliferation, including increasing cell viability with 

an increase in SF content [90].

Other SF based HA nanocomposites were synthesized to access the crystallinity of Col-

SF/HA nanocomposites, and reveal that the low crystalline carbonate-substituted HA 

constituted the inorganic phase of the composite [91]. Morphological studies also revealed 

that HA particles, with size ranging between 30 to 100 nm, were uniformly distributed 

throughout the matrix of the polymer. TEM micrographs demonstrated that the inorganic 

particles were made from progressively fine sub-particles, whose size measurements were 

somewhere in the range of 2 and 5 nm in a non-crystallographic manner. The flexural 

modulus of nanocomposites has been reported to have been enhanced by the incorporation 

of SF. In vitro analysis revealed that the nanocomposites exhibited adequate cell 

biocompatibility. Hydrogen bonding leading to intramolecular cross-linking has been 

attributed to a beta sheet transformation of the SF molecules in the hydrogel. However, the 

precipitated HA has been reported to be of lower crystallinity which may be due to the size 

constraints faced by the growing apatite particles with the 3D microstructure of the hydrogel 
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[91]. A similar study used biocompatible SF from non-mulberry tropical tasar silkworm to 

create SF/HA nanocomposite particles with the help of the chemical precipitation technique 

[92]. A comparative study, in terms of biochemical and biophysical properties of SF/HA 

nanocomposites, between in situ reinforcement and external deposition of HA particles on 

SF scaffolds revealed better cytocompatibility and mechanical strength for scaffolds 

prepared using external deposition of HA. The presence of amide and carboxyl functional 

groups on the SF matrix may be the reason for adequate HA nucleation. However, the 

presence of HA on SF fibers reduces the degradation rate due to the lower exposure rate of 

the degradation enzymes on the SF network. Using an osteoblast macrophage co-culture 

model the immune response studies revealed that both types of scaffolds exhibit very less 

immune responses [92].

3D printed scaffolds were also analyzed for mechanical strength and cellular activity with 

SF polymer matrix and in situ HA growth [93]. 3D printed porous scaffolds made from 

SF/HA nanocomposites prepared using in situ mineral precipitation technique, reported the 

use of sodium alginate (SA) as the paste binder for 3D printing of the scaffolds. Microscopic 

analysis of the SF/HA nanocomposite revealed a very narrow particle size distribution and 

uniform morphology. The 3D printed scaffolds exhibited enhanced mechanical properties, 

with a compressive strength range of more than 6 MPa. These scaffolds also exhibited an 

interconnected porous network, with 70% overall scaffold porosity and approximately 400 

μm in pore size. In vitro analysis of the porous scaffolds revealed recrystallization of the 

incorporated HA and subsequent apatite formation on the scaffold surface; analysis was 

done by soaking the scaffold in SBF. Also, it was reported that a balance in pH, between 6.9 

and 7.1, was maintained for the microenvironment of the culture medium over a month. In 
vitro analysis, as shown in Fig. 5, using human bone marrow stem cells displayed that 

SF/HA content played a key role in cell proliferation; both cell proliferation, as well as 

alkaline phosphatase (ALP) activity, displayed an increasing trend with increased SF/HA 

content in the scaffolds. Drug release studies of the scaffolds with bovine serum albumin, 

revealed a sustained manner over a course of 5 days. [93].

Cellulose-Based Nanocomposites

Cellulose, abundantly found in bacteria and plants, degrades at a very slow pace due to the 

absence of the enzymes that attack its bonds [94]. It has been reported that due to the 

biocompatible nature of cellulose, along with biodegradability, non-toxic character, presence 

of protein binding sites, modifiable properties, and resistance to in vivo breakdown, 

cellulose forms a vital element in BTE as well as drug delivery applications [95]. But due to 

the absence of a definite 3D structure, cellulose has been seldom used alone in tissue 

engineering scaffolds. Moreover, the low mechanical properties of cellulose are also a 

hindrance. Thus, cellulose is mostly coupled with other natural and synthetic polymers for 

use in tissue engineering applications [94, 96, 97].

Biomimetic growth of HA on CNWs has been a widely used approach for cellulose based 

nanocomposites for BTE [98, 99]. A concentration of 1.5 M was used for SBF to allow the 

biomineralization of HA. Multiple functional groups viz. phosphoric acid, hydrochloric acid, 

and sulfuric acid were used thereby leading to varying functionalized CNWs being obtained. 
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Phosphonate and sulfonate surface functional groups impact the mineralization of HA 

directly, which has been attributed to the presence of the negative charge on the CNW 

surface that aid in hydroxyapatite nucleation and growth. Wet chemical precipitation method 

was used to prepare hybrid CNW/HA material for comparison. Fibroblast (L929) cells were 

employed for biocompatibility analysis of both the hybrid samples simultaneously prepared 

using a biomimetic approach and wet chemical precipitation method. During an incubation 

period of 24 hours, the hybrid materials obtained through the biomimetic approach have 

been reported to exhibit superior bioactivity and biocompatibility as compared to the 

material prepared using the wet chemical precipitation method [98]. A similar study on 

functionalized CNWs using hydrochloric acid for CNW preparation, followed by chemical 

functionalization of amino and carboxylate groups was done to analyze efficient and 

selective mineralization of HA through a biomimetic approach, using SBF for an incubation 

period of 14 and 28 days. Results have been reported to exhibit the importance of SBF 

contact time and surface functionalization of the CNWs, with carboxylate and amine groups, 

during mineralization of HA over the CNWs. MC3T3-E1 (preosteoblasts) cells were used 

for the bioactivity analysis of the prepared hybrid material. During an incubation period of 

24 hours, amino-functionalized CNWs with HA grown through biomimetic approach exhibit 

significantly higher cell viability in comparison to the CNWs functionalized with 

carboxylate groups [99].

Studies suggesting the use of cellulose nanocrystals (CNCs) along with halloysite nanotubes 

(HNTs) have been used as reinforcing agents in nanocomposite scaffolds prepared from 

xanthan gum (XG) and sodium alginate (SA) using freeze casting/drying technique [100]. 

Uniform dispersion of the CNCs and HNTs across the polymer matrix with partial 

orientation has been reported. Moreover, the morphology of the prepared scaffolds has been 

reported to exhibit interconnected pore channels with very high porosity. The electrostatic 

attraction as well as hydrogen bonding between CNCs, HNTs, SA and XG may be attributed 

for the uniform dispersion of the nanofillers. These attractive forces are also responsible for 

the increased storage and loss modulus of the composite system [100].

The proper interfacial attractions between the components of the composite system may be 

attributed to the adequate thickening of the elongated pore walls which further improve the 

mechanical properties of the nanocomposite [100]. The incorporation of the CNCs and/or 

HNTs have been also reported to have a significant effect on the reduction of porosity as 

well as water uptake potential of the prepared scaffolds. The reduction in water uptake may 

be due to the lower water intake capacity of the HNTs. CNC and/or HNT inclusion have 

exhibited increased cytocompatibility of the scaffolds, as analyzed using MC3T3-E1 

preosteoblasts, along with an increase in thermal stability as well as compressive mechanical 

strength. The thermal stability of the nanocomposite may be primarily due to the 

encapsulation of the polymer matrix into the HNT’s lumen. Increased cell viability of the 

nanocomposite system may be attributed to the synergistic effect of the CNCs and HNTs 

which deliver adequate bioactivity as well as mechanical stability to the scaffold [100].

CNCs cross-linked by chemical process to form aerogels, by using the cryo-templating 

technique, were also included in bone regeneration scaffolding study [101]. CNCs were 

surface functionalized with phosphate or sulfate groups, as determined by the acid used for 
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their extraction: phosphoric acid or sulfuric acid. In vitro studies involving Saos-2 

osteoblast-like cells revealed that the cells sustained their phenotype over 7 days, as depicted 

from ALP assay, as well as an increase in metabolism over this period. SBF, which has been 

pre-treated with 0.1 M calcium chloride, was utilized for mineralization analysis in vitro and 

it exhibited hydroxyapatite growth over 14 days. In vivo studies using the Calvarial bone of 

adult male Long Evans rats, as shown in Fig. 6, revealed the superior osteoconductivity as 

well as increased bone growth fractions at around 33% and 50% respectively for 3rd and 12th 

week time periods of the sulfated aerogel, as compared to the control samples without CNC 

aerogel implantation. This has also been attributed to be a predictor of superior porosity of 

the CNC aerogel. Sulfated CNC aerogels also exhibited enhanced mechanical property of 

compressive strength and superior stability in liquid environments, as compared to its 

phosphate counterparts [101].

Electrospinning is also a widely used method for polymer based scaffold synthesis. 

Electrospun fibers of cellulose, derived from cotton, coupled with nHA were used to prepare 

nanofibrous scaffolds for bone tissue regeneration [102]. SEM data revealed that the average 

diameter of the nanofibers increased with an increase in nHA loading. SEM images also 

revealed that the size distribution of the nanofibers was well aligned with the bone’s natural 

ECM fibers. Moreover, the electrospun nanofibers exhibited superior mechanical properties, 

with a modulus of elasticity of around 3.12 GPa and tensile strength of around 70.6 MPa. 

Biocompatibility analysis of the nanofibers, as listed in Table 1, using human dental follicle 

cells exhibited good cell adhesion and proliferation. Additionally, the thermal stability of the 

electrospun nanofibers was reported to have increased with an increase in nHA content 

[102]. In another study, ionic cross-linked CMC microparticles were prepared through ionic 

crosslinking using Zirconium (Zr) aqueous ion complex and CS complex [103]. It has been 

reported that the presence of Zr facilitates a rough or groovy surface along with increased 

stability during degradation studies with PBS. FTIR data has inferred the successful 

crosslinking of the CMC with CS and Zr. Cell assays accomplished by using murine 

preosteoblasts - OB-6 cells revealed the non-toxic nature of the microparticles, including 

good cell attachment and proliferation on the surface of the microparticles. The presence of 

Zr on the surface of the microparticles has also been attributed to significantly aid in the cell 

attachment and proliferation, as seen with microparticles prepared using 10% w/v zirconium 

tetrachloride in Fig. 7. The stability and swelling characteristics of the microparticles have 

been attributed to its cross-linking efficiency, as Zr ions gets replaced at a faster rate with 

lower cross-linking density. Also, more water molecules are taken up into the polymer 

matrix with lower cross-linking of the microparticles, thereby increasing the swelling. The 

low toxicity of the Zr ions, especially since they exist in a complex hydroxide form, have 

facilitated for the adequate biocompatibility of the composite. Additionally, surface 

roughness of the microparticles due to Zr incorporation has been attributed to the adequate 

cell adhesion and proliferation characteristics of the scaffold [103].

Alginate-Based Nanocomposites

Brown seaweeds supply the majority of alginate, which is primarily polysaccharides, 

produced industrially [104]. Several types of brown algae, such as Laminaria japonica and 

Macrocystis pyrifera, are sources of alginate that are initially processed to form gelatinous 
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precipitates and are further synthesized into water-soluble SA by purification [105]. Alginate 

produced from bacteria primarily originates from Pseudomonas and Azotobacter [106]. 

Some of the advantages of alginate gels include conformance with irregularly shaped bone 

defects, better control on release of various cell growth factors, ease of ligand attachment as 

seen with RGD attachment, and size handling. Although its biocompatibility makes alginate 

gels a very good biomaterial for bone tissue regeneration, yet, the poor mechanical strength 

of alginate gels alone drives the concept behind alginate based composites [107].

Cytocompatible bio-scaffolds from gelatin cross-linked with alginate-di-aldehyde (ADA) 

and (nHA) were synthesized using the method of lyophilization [108]. The use of ADA, 

synthesized from periodate oxidation of alginate, facilitates the crosslinking of the aldehyde 

and amino functional groups in ADA and gelatin respectively, and thereby improves the 

thermal stability of the scaffold. Wet chemical treatment was utilized to prepare nHA from 

egg-shell waste that exhibited adequate calcium to phosphate ratio of around 1.51, 

nanostructure, and crystallinity. The increased scaffold stiffness owing to the nHA affected 

the water absorption and biodegradation of the scaffold. XRD analysis attributed the reason 

for enhanced crystallinity to be a combined effect of ADA and nHA. But the proliferation of 

nHA within the scaffold hinders its porous structure, as analyzed from SEM micrographs 

[108].

In another study graphene oxide (GO), alginate and gelatin has been incorporated to 

fabricate scaffolds using the freeze-drying method. FTIR data revealed broadening of a 

characteristic peak that infers the interaction of the GO with the alginate-gelatin polymer 

complex. FESEM data revealed the presence of GO nanosheets that ultimately induces 

roughness on the scaffolds that aid in cell adhesion and proliferation. However, the increased 

hydrophilicity of the GO along with its increased surface area, renders the addition of the 

nanofiller ineffective with respect to change in scaffold porosity. However, a 0.3% increase 

in GO content has been reported to enhance the mechanical strength of the scaffold by 

around 83%. This effect may be attributed to the reinforcing property induced by the GO 

nanosheets within the alginate-gelatin polymer matrix. The swelling characteristics of the 

scaffold increase with increasing GO content, up to 0.1%, which may be due to the enhanced 

hydrophilicity of the GO due to the presence of functional groups on the GO particles. But 

further increase in GO content, above 0.1%, induces enhanced physical cross-linking within 

the scaffold, thereby reducing the water uptake of the scaffold. Additionally, the presence of 

the negatively charged functional groups viz. carboxyl, hydroxyl and epoxy groups on GO 

induces better cell attachment and proliferation with MG-63 cell lines. Cell differentiation, 

as assessed from Runx 2 and Osteocalcin expressions in Fig. 8, as well as ALP activity was 

reported as adequate for utilizing the scaffold for bone regeneration [109].

Fucoidan-Based Nanocomposites

Fucoidan is another natural biomaterial extracted from similar sources as alginate, such as 

brown seaweed and algae. Fucoidans have repeating arrangements of alternate α (1→ 3) and 

α (1→ 4) glycosidic bonds in the primary structure of α−1,3-linked sulfated L-fucose [110]. 

The primary aide provided by fucoidan includes facilitation of the supply of ALP enzyme, 

BMP-2, osteocalcin, and Col type I expression [111]. Lubboc®, a commercial bone 
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substitute made from fucoidan with low molecular weight promotes bone cell proliferation, 

Col type I expression, thus facilitating the increased activity of ALP enzymes [112]. The 

enhanced activity of ALP, coupled with superior Col type I expression, Runt-related 

transcription factor 2 (Runx-2), osteocalcin and osteopontin facilitates the osteogenic 

differentiation of stem cells derived from human adipose tissue [113]. Fucoidan based 

composite scaffolds enhance the biomineralization by 30% in bone tissue regeneration 

[112]. Several bone tissue regeneration scaffolds made from alginate, CS, and fucoidan 

using freeze-drying technique have displayed very promising results in new bone formation 

[114].

3D bioactive scaffolds prepared by freeze-drying technique from the composite structure of 

CS, nHA, and fucoidan exhibited reduced water absorption and retention [115]. The pore 

size of the scaffold ranged from 10–400 μm, along with the presence of a phosphate group 

which was confirmed by FTIR analysis. Nutrient supply and cell growth were aided by the 

scaffold’s microstructure, and the scaffold facilitated the in vitro biocompatibility of 

periosteum mesenchymal stem cells (PMSCs) for proper differentiation, growth, and mineral 

deposition. The incorporation of nHA may be attributed as the reason for the very high 

porosity of the scaffolds, above 90%, which thereby facilitates vascularization. However, the 

dense ceramic surface of the nHA on the scaffolds resulted in a lower water absorption and 

retention. Additionally, SEM data revealed an adequate pore structure suggesting that the 

nHA did not agglomerate within the composite system. Also, the presence of carbonated 

nHA rich phase, obtained from salmon fish bone through alkaline hydrolysis method, may 

be the reason for the increased cell proliferation and biocompatibility. Further, 

biomineralization was reported to be enhanced with the incorporation of carbonated nHA 

[115].

In another study, fucoidan and nHA hybrid composite scaffolds were prepared by in situ 
chemical process and tested for response to bone tissue regeneration [116]. 

Biomineralization of Fucoidan/nHA composite scaffold was superior, as compared to 

hydroxyapatite only bone tissue regeneration environment, for human adipose-derived stem 

cell; this effect has been primarily attributed to the presence of fucoidan in the 

nanocomposite. Gene expressions, such as osteopontin, osteocalcin, Runx-2, and Col type I, 

were observed to have enhanced results for the fucoidan/nHA scaffolds on the 7th day of 

implantation. In vivo study on rabbit model displayed new bone formation, however, the 

bone formation was not very dense, as shown in Fig. 9. nHA may have also benefited the 

osteoblastic activity which has been suggested due to the increased gene expressions for Col 

Type I, osteopontin and osteocalcin for nHA incorporated composite [116].

Synthetic Polymers

Specific applications in bone tissue regeneration require certain modifications to the polymer 

structure. This reengineering is quite difficult with natural polymers, and hence synthetic 

polymers, such as PCL, PLGA, PLA, are widely used in BTE [117, 118]. PCL is a relatively 

cheap and elastic synthetic polymer that has been approved by the FDA, USA. PLGA is 

another FDA approved synthetic biopolymer used in BTE. The major advantages of PLGA 
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include biocompatibility and controlled degradation, whereas reduced osteoconductivity of 

PLGA poses as a major disadvantage [119].

Polycaprolactone-Based Nanocomposites

PCL is an aliphatic and semi-crystalline polymer that exhibits superior toughness and 

mechanical strength along with adequate biocompatibility [120–125]. The advantage of PCL 

in BTE is displayed by its adequate cell adhesion and proliferation, as well as good 

mechanical strength, whereas it’s slow degradation rate sometimes poses as a factor that 

impacts negatively on the bone tissue regeneration process [126, 127]. Biodegradation of 

PCL based scaffolds is driven by hydrolysis reactions, thereby saving the need to incorporate 

any enzymes or catalysts [128]. The hydrophobic nature of PCL inhibits cell adhesion and 

therefore proliferation, yet several osteoinductive and osteogenic inorganic compounds, such 

as titanium dioxide, hydroxyapatite, BG improves the mechanical as well as biological 

characteristics of PCL based scaffolds [129–133].

Hydroxyapatite nanorods synthesized in situ and reinforced on PCL has been reported in the 

literature [125]. The synthesis of semi-crystalline hydroxyapatite nanorods (nHAR), as 

affirmed by FESEM and XRD, was done at a temperature scope of 60–150 °C in an 

autoclave [125]. The temperature of the thermal procedure chooses the proportion of the 

nHAR. As observed from EDS and FTIR data, the ratio of calcium to phosphorus likewise 

pursues an immediate association with the processing temperature. With increase in 

processing temperature, the crystal growth also increases which may be due to the reduction 

in surface tension on some specific crystal structure faces with an increasing temperature. 

However, the increase in temperature also induces reduction in ion diffusion rate into the HA 

crystal. The in situ synthesis for nHAR accomplishes a higher flexible modulus and 

mechanical quality, around 15% more, than the result of ex situ technique. In vitro analysis 

in SBF reported increased bone tissue regeneration [125].

The enhancement in mechanical strength due to the incorporation of the in situ nanorods 

may be attributed to the uniform distribution of the nanofillers through the PCL matrix 

[125]. However, porosity also has a negative impact on the mechanical strength, as has been 

reported. The nanocomposite material displayed biocompatibility, as gathered from MTT 

data as shown in Fig. 10. The low crystallinity of the nanorods may be the reason for 

adequate dissolution of thermodynamically lesser stable HA nanorods in the SBF solution. 

This in turn rendered much help in facilitating the nucleation and growth of new HA in situ 
[125]. Another study with reduced graphene oxide (RGO), prepared by a biofriendly 

reduction method for ascorbic acid, induced PCL nanofibrous meshes (RGO/PCL) were 

prepared for bone tissue regeneration study. Around 0.25 wt. % of RGO in PCL was 

fabricated to mimic the fibrillar structure of bone’s ECM. Also, the surface roughness in 

nanoscale was reported for nanofibrous mesh with RGO. The PCL chains have been 

reported to form hydrogen bonds with GO/RGO. The mechanical properties of the 

RGO/PCL nanofibrous mesh exhibited superior results, which may be attributed to attractive 

forces between the GO/RGO nanosheets and the PCL polymer matrix. Additionally, the 

roughness of the RGO/PCL composite may hinder the sliding motion of the nanofibers in 

the mat, thereby enhancing the mechanical stiffness [134].

Bharadwaz and Jayasuriya Page 20

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Also, enhanced cell adhesion, spreading, and proliferation of osteoblast-like and fibroblast 

cell lines have been reported [134]. The electrospun RGO based substrate material improved 

the in vitro calcium deposition from osteoblast-like cell lines, due to the enhanced 

osteogenic marker expression. The rough surface on the RGO/PCL biomaterial may have 

improved the adsorption of osteogenic growth factors onto its surface, thus improving the 

mineralization during bone tissue regeneration. As shown in Fig. 11, RGO based PCL 

nanofibrous biomaterial displayed increased cell viability as compared to GO/PCL material, 

which has been depicted by the green spots for live cells. Also, RGO/PCL material 

displayed increased cell spreading as compared to the GO/PCL biomaterial. In general, cell 

spreading was enhanced with nanofibrous material as compared to PCL only. The 

nanofibrous mat materials, RGO/PCL and GO/PCL, exhibited enhanced cell adhesion on the 

substrate. This observation has been attributed to the probable effect of cell anchorage links 

through pseudopodia, as well as the fiber diameter and porosity of the material, thus 

mimicking the bone’s natural ECM structure. The effect of surface roughness, thus leading 

to a larger surface area for cell attachment, should also be noted [134].

Another innovative approach uses magnetron sputtering for incorporating bioactive 

TiCaPCON films onto PCL nanofibers. EDS and X-ray photoelectron spectroscopy (XPS) 

analysis revealed that the highest Ti concentrations on the PCL nanofibers were reported at 2 

and 2.5 A currents for the magnetron. However, at 2.5 A current, substantial damage to the 

nanofibrous structure, as shown in Fig. 12. Using MC3T3-E1 cell lines, the biocompatibility 

analysis of the scaffolds revealed adequate cell spreading with actin fibers adhering to the 

substrate with their tips. The cell proliferation rate and ALP activity have been reported to 

have increased by around 4 and 2 times respectively as compared to PCL only scaffolds 

[135].

Poly (lactic-co-glycolic) Acid-Based Nanocomposites

PLGA is a common organic component of BTE scaffolds. The properties of PLGA include 

biocompatibility, biodegradability, and controlled degradation rate [136–140]. The 

hydrophobic surface nature of PLGA is caused by the pendent methyl group present on the 

structure of PLGA chains [141]. Since PLGA alone does not exhibit the adequate 

mechanical strength for bone tissue regeneration, several ceramic nanoparticles like 

flourhydroxyapatite, BG, nHA, and tricalcium phosphate, are incorporated into the PLGA 

structure to create PLGA nanocomposite biomaterials [142–146].

3D scaffolds were synthesized from PLGA and titanium dioxide nanotube (TNT) composite 

microspheres using sintering technique. 0.5 wt. % TNT incorporated into PLGA scaffold, by 

sintering at 100 °C for 3 h [147]. SEM data revealed the adequate dispersion of the TNTs on 

the PLGA microspheres. It has been reported that the sintering temperature and time are 

crucial factors for controlling scaffold strength and structure. The increase in sintering 

temperature may induce a reduction in porosity due to stronger bonds being formed and the 

overall filling up of the void spaces. Therefore, the mechanical properties of the scaffolds 

also increased with an increase in sintering temperature which may be attributed to the 

increased bonding within the microspheres. Also, a sintering time above 3 h has been 
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reported to have created holes in the microspheres by agglomeration of molten smaller 

particles.

However, excessive addition of the TNTs render reduction in mechanical properties [147]. 

This may be due to the fact that the PLGA microspheres required close contact for bonding 

which is increasingly inhibited with an increasing TNT content. Although the TNTs may be 

able to sinter at a very high temperature, the PLGA would degrade extensively at those 

higher temperatures. Therefore, a very low PLGA/TNT ratio is detrimental for the 

mechanical properties of the scaffold. The structure of the TNTs resembles that of 

continuous fibers that reinforce the PLGA matrix. Excess addition of TNTs may also lead to 

agglomeration within the PLGA matrix, thereby causing improper dispersion of the TNTs. 

This would also reduce the mechanical properties of the scaffold.

Biodegradability study, using SBF, on the PLGA/0.5 wt. % TNT scaffolds and its PLGA 

only control scaffolds displayed a reduction in weight during the first 4 weeks [147]. This 

observation may be due to the slower degradation of TNTs or lower interaction of the water 

molecules with the ester bonds of the polymer due to TNT incorporation. Additionally, the 

TNTs may also impart crystallinity to the composite, thereby reducing the degradation rate. 

Also, ALP activity analysis and MTT assay confirmed the enhanced cell viability 

characteristics of PLGA/0.5 wt. % TNT nanocomposite scaffolds over its control group. In 
vitro studies on the PLGA/TNT scaffolds exhibited increased bioactivity along with stability 

in pH during degradation in its surroundings. However, there was significant reduction in 

cell viability after 3 days for the nanocomposite scaffolds. This may be attributed to the 

superior bioactivity of the TNTs that absorb calcium ions from the ECM at a faster rate, thus 

reducing the overall bioactivity of the scaffold. In vivo analysis of the PLGA/TNT scaffolds 

displayed twice the amount of new bone formation as compared to pure PLGA scaffolds. 

These results were supported by histologic images, as shown in Fig. 13. Mathematical 

modeling of scaffold mechanical properties resulted in an exponential trend with time, with 

progress in scaffold degradation, for both the PLGA/TNT and its control group. A 

monotonous distribution of stress on the PLGA/TNT scaffold was observed using a 3D finite 

element model, which has been attributed to the presence of TNT and thereby reducing the 

maximum stress on the bone [147].

In another study, nanofiber (ultrafine) scaffold was synthesized from PLGA, tussah SF, and 

GO using the electrospinning method [148]. Nanofiber composition comprising of 1 wt. % 

GO and 10 wt. % SF in PLGA displayed a reduction in fiber diameter by almost 150 nm. 

This may be attributed to the addition of GO that changes the viscosity and conductivity of 

the electrospinning solution. It has been also reported that the synthesized nanofibers were 

also mesoporous as compared to PLGA-tussah SF nanofibers without GO that only 

contained micropores. FTIR data also revealed the formation of hydrogen bonds between 

carbonyl groups on the polymer matrix and the hydroxyl/carboxyl groups on the nanofillers. 

Additionally, the SF along with GO enhanced the mechanical properties, viz. modulus of 

elasticity and tensile strength, by more than 3 times with respect to the control group. The 

enhancement of mechanical properties with the incorporation of GO may be attributed again 

to the strong hydrogen bonds formed between the functional groups of the polymer matrix 

and the nanofillers. The presence of GO along with SF also enhanced cell adhesion and 
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proliferation for mesenchymal stem cells from mice. The PLGA/SF/GO biomaterial 

exhibited increased ALP activity and mineral deposition, as shown in Fig. 14. Due to the 

enhanced protein absorption on GO doped composite scaffolds, the overall cell proliferation 

for those scaffolds were slightly higher [148].

PLGA/HA composite fibrous scaffolds were synthesized using the melt-spinning technique 

with BMP-2 being incorporated onto the scaffold with the help of a polymeric bridge in the 

form of polydopamine (PDA) [149]. The PDA coating adhered to the surface of the 

PLGA/HA scaffold, as confirmed by FTIR and SEM analysis. The attached PDA coating 

onto the PLGA/HA fibrous scaffolds enhanced the scaffold surface roughness which 

inherently is advantageous for cell attachment. PDA modification has been also reported to 

have increased the hydrophilic nature of the scaffold. The flexibility of the PDA in terms of 

acting as a bridge between the polymer scaffold and other interacting organic and inorganic 

elements or compounds is noteworthy, as it improves the attachment of various physical as 

well as chemical cues onto the scaffold surface for enhanced cell attachment and 

proliferation. Additionally, BMP-2 which has been immobilized on the PLGA/HA scaffold, 

released in a more sustained manner due to the effective immobilization of BMP-2 on the 

scaffold by PDA. In vitro studies on the BMP-2 immobilized fibrous scaffold improved cell 

adhesion and proliferation of MC3T3-E1 cells. Also, a significant increase in bone mineral 

deposition, ALP activity, and mRNA expression in MC3T3-E1 cells which were cultured on 

the BMP-2 immobilized fibrous scaffold was observed, as shown in Fig. 15 for 

biomineralization [149].

The use of magnetic elements as a potential candidate for BTE applications have also been 

touched upon [150]. Magnetic nanocomposite biomaterial was synthesized from PLGA and 

magnetite. PLGA synthesis was achieved by copolymerization of lactic and glycolic acid in 

the presence of tin octanoate [Sn(Oct)2] which acts as a catalyst. Magnetite, which was 

prepared by co-precipitation process from FeCl2/FeCl3, which was incorporated into the 

nanocomposite scaffold bore size and magnetization of around 864 nm and 39.44 emu/g 

respectively. Magnetic properties of the nanocomposite scaffold aids in targeting by 

manipulation of an external magnetic field. Thermogravimetric analysis revealed the 

composition of the nanocomposite scaffold to be around 54 wt. % magnetite and 37 wt. % 

PLGA. Adequate biocompatibility and biodegradability of the nanocomposite scaffold may 

facilitate its use in various BTE applications [150].

Although cranial defects are successfully treated with hydrogel, yet several of these 

composites lack the adequate strength for load bearing application [151, 152]. Thus, porous 

PLGA/HA nanocomposite incorporated with poly (glycolic acid) (PGA) fibers, at different 

concentrations 0, 30, 50, 70 wt. % and synthesized from melt spinning with average 

diameter from 70 to 191 nm which depict the hybrid character of the fibers possessing both 

micro as well as nano structure. The study revealed that the nanocomposites required less 

than 100 N force for injection, which is convenient for smooth injectability of the composite 

without causing fatigue to surgeon [151]. The incorporation of PGA fibers increased the 

density of the composite due to enhanced reinforcement. PGA fibers were reported to have 

enhanced the fiber and matrix adhesion within the composite. The incorporation of PGA 

fibers into the gel matrix has proven to increase the mechanical properties – nanocomposite 

Bharadwaz and Jayasuriya Page 23

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with 70 wt. % PGA fibers exhibited a compressive strength of around 31.1 MPa, which was 

around four times as compared to the composite without any fillers. This effect may be 

attributed to the faster solidification rate of the composite which provides superior initial 

mechanical strength at the defect site. Cell viability studies, within 4 h of immersion in 

Minimum Essential Medium and N-methyl pyrrolidone, reported that more than 70% of 

cells were alive for nanocomposite paste extracts with four times dilution. The provision of 

the hybrid micro and nano structure within the composite may have facilitated cell and 

nutrient transport with adequate mechanical support [152].

Polyethylene Glycol-Based Nanocomposites

PCL nanofiber scaffolds with GO, and surface treated with PEG, were synthesized using the 

electrospinning method [153]. The fiber diameter displayed an increasing trend with the 

inclusion of GO/PEG into the nanofiber composite. It has been also noted that the addition 

of GO into the polymer matrix has increased the viscosity of the solution, that may have 

increased the fiber diameter. PCL/GO/PEG nanocomposite exhibited increased 

hydrophilicity along with increased modulus of elasticity, particularly at low concentrations 

of PEG. This effect has been attributed to the improved dispersion of GO/PEG blend. The 

presence of oxygenated functional groups on the GO surface along with the solubility of GO 

in water may be attributed as the reasons for increased hydrophilicity for the composite as 

compared to PCL only. Also, the grafting of PEG onto GO may have enhanced the 

dispersion of the nanofillers within the PCL matrix, thereby increasing the elastic modulus 

of the composite. However, at very high concentration of the nanofillers, agglomeration 

issue might have been effective in reducing the elastic modulus. Analysis with MC3T3-E1 

cells on PCL/GO/PEG nanofiber mats exhibited adequate cell attachment and growth, along 

with adequate cytocompatibility, as shown in Fig. 16 [153].

In another study, nano calcium phosphate based nanocomposite material for guided bone 

regeneration has been reported in literature [154]. PCL/PEG/SF based membrane, that also 

incorporated nanocalcium phosphate, was developed with the intent to reduce non-functional 

scar tissue defects with the help of guided bone regeneration. Flame Spray Pyrolysis (FSP) 

technique was utilized for the synthesis of nanocalcium phosphate, that was hypothesized to 

improve the osteoconductivity of the membrane. A porous mechanical framework of 

randomly oriented fibers was incorporated into the regenerative layer, with around 12.6 μm 

in fiber thickness, of the bilayer membrane. The addition of calcium phosphate particles may 

be affecting the increase in fiber diameter as the addition of the inorganic calcium phosphate 

may have reduced the conductivity of the electrospinning solution.

Mechanical properties of the nanofiber membrane exhibited an increase in tensile strength 

due to the nanoparticles incorporated into the composite structure [154]. Increased water 

absorption was displayed by the nanocomposite along with hydrophilicity, as confirmed by 

the low water contact angle data. The effect of the solvent used during the solvent casting of 

PCL films may be the reason behind the reduction in water contact angle for PCL, as the 

polymer chains might have been rearranged. Additionally, the electrospun fibers contained 

hydrophilic carboxyl and amino groups from SF, thus helping in enhancement of overall 

hydrophilicity of the composite [154].
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Also, the incorporation of nanocalcium phosphate facilitated enhanced biomineralization as 

compared to the control sample with no nanocalcium phosphate, as shown in Fig. 17 [154]. 

The addition of nano calcium phosphate may be the reason for enhanced biomineralization, 

as the presence of nano calcium phosphate may provide an adequate surface for the 

nucleation and growth of apatite based particles that form the structure of the regenerated 

bone. An increasing trend in cell adhesion and proliferation was observed with an increasing 

amount of nanocalcium phosphate. The roughness imparted by the addition of the nano 

calcium phosphate particles may be attributed for the adequate cell attachment behavior for 

the composite. Additionally, ALP activity and mineral deposition increased along with the 

increase in nanocalcium phosphate content. Osteogenic differentiation of the cells was aided 

by the addition of the calcium phosphate nanoparticles as they increased the concentration of 

calcium ions thereby facilitating better storage of the cells. Also, the electrospun layer of the 

bilayer membrane possessed adequate porosity for proper cell attachment and functionality 

of other biological conditions necessary for osteogenic cells [154].

Poly (lactic acid)-Based Nanocomposites

PLA is a synthetic polymer often being used in preparing tissue regeneration scaffolds due 

to its biocompatible and biodegradable properties, especially the ones fabricated using 

electrospinning technique [155, 156]. However, PLA alone lacks the adequate mechanical 

strength essential for bone tissue regeneration systems, and hence PLA often has been 

observed to undergo various fabrication methods involving polymer structural modifications, 

creation of blended polymer fibers, and incorporation of nanoparticles to form 

nanocomposite fibers [157–162]. The US FDA has approved PLA and its applications 

pertaining to a dynamic field of biomedical engineering [128, 163, 164].

A combination of 3D printing and thermally induced phase separation technique has been 

reported to have been utilized for preparing BTE scaffolds from a combination of both PLA 

and CS-HA hydrogel, as shown in Fig. 18 [165]. The SEM data revealed adequate adhesion 

of the CS and PLA polymers, which may be attributed to the interaction between the 

carbonyl and amino acids in the polymers. The study has reported an overall porosity of 

around 60% with extremely large pores of around 960 ± 50 μm pore size for the PLA 

structures with the incorporation of in situ formed HA – CS hydrogel through gelation 

method. The higher porosity may have facilitated the growth and differentiation of the 

human mesenchymal stem cells and nutrients across the scaffold. The composite hydrogel 

system with a high overall porosity would help in osteoinduction as well as angiogenesis, 

thus sustaining better cell survival. The interaction of human mesenchymal stem cells with 

the composite hydrogel structure at 21 days has revealed enhanced osteogenesis which has 

been attributed mostly to the in-situ mineralization of HA within the HA-CS complex. The 

in situ method of HA synthesis using non-toxic precursors such as calcite and urea 

phosphate allows the simultaneous existence of OCP and HA as calcium phosphate that 

renders better bioactivity as well as bioresorbability. The scaffolds made with composite 

blend of 3D printed PLA and HA-CS have been reported to have reduced elastic modulus in 

wet state. This may be attributed to the loss in mass from the scaffold struts made from PLA 

as well as the low water retention potential caused due to the HA nanoparticles [165].
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Another study with electrospun coaxial PLA (core)/Poly (vinyl alcohol) - PVA (shell) 

nanofibers have been reported to have enhanced mechanical as well as surface wetting 

properties, thus, inhibiting the hydrophobic nature and poor ductility of PLA [166]. The 

proper coaxial structure of the polymers was reported with FTIR analysis using detection of 

hydroxyl and carboxyl groups on the polymers. Coaxial electrospinning has been reported to 

have enhanced the fiber diameter. Thermal degradation studies also revealed lower 

degradation rates for the coaxial fibers as compared to their pristine counterparts. PLA/PVA 

nanofiber mats with 27 ± 1.5° water contact angle, as compared to 110 ± 2.5° to pure PLA 

material, proves the improvement in hydrophilicity of PLA in the composite nanofiber 

material. This effect may be due to the porous nature of the PLA fiber that allows the water 

droplet to pass through channels into its core where it gets absorbed by the hydrophilic PVA.

In terms of mechanical properties, PLA/PVA nanofibers have also been reported to have 

displayed around 175% increase for failure strain, including an increase of 254% in tensile 

strength, given as 14.5 MPa for PLA/PVA vs 4.1 MPa for pure PLA [166]. The ductility of 

PLA/PVA nanofibers has also noticed an increase from 40% to 110%, for pure PLA. The 

enhancement in mechanical properties may be attributed to the interaction of the two 

polymers in a coaxial fiber structure. Also, the coaxial fiber has been reported to possess a 

much lower glass transition as compared to its pristine polymer counterparts. This may be 

the reason behind the enhanced ductility of the composite fiber. Cell adhesion and 

proliferation analysis, using human embryonic kidney cells – HEK-293, on PLA/PVA 

nanofibers, have also revealed adequate biocompatibility of the nanocomposite. The poor 

stability of the PVA only fibers highlights the efficiency of the PLA/PVA coaxial fiber in cell 

attachment [166]. The application of nHAR for BTE has been reported in the literature 

[167]. Nanocomposite scaffolds have been prepared from poly (D, L) lactic acid (PDLLA) 

and nHAR using a combined solvent casting – salt leaching method. These nHAR/PDLLA 

nanocomposite scaffolds exhibited macroporous structure, with overall porosity of around 

84%, and an average pore size range of around 117–183 μm. FESEM data revealed the 

uniform dispersion of the nanorods and deposition on the pore walls, thus making them 

thicker and the pores smaller. Thus, an increase in nHAR content may induce a reduction in 

pore size and overall morphology of the scaffold. FTIR data also revealed the formation of 

hydrogen bonds between carbonyl group on PDLLA and the hydroxyl group on nHAR 

[167].

Biomineralization, with apatite formation in a flower like morphology, has been reported to 

have been facilitated by these nanocomposite scaffolds, after 7 days of incubation in SBF 

[167]. The increase in nHAR increases the nucleation sites for biomineralization which may 

account for the flower like morphology as compared spherical particles for samples without 

nHAR. As shown in Fig. 19, with an increasing time period of incubation, the 

nanocomposite scaffolds with a higher content of nHAR, which is around 30 wt. %, revealed 

superior cell attachment, cell proliferation, and cell distribution when tests were conducted 

on MG63 osteoblast cell lines and compared to the scaffolds with a lower percentage of 

nHAR. However, with increasing nHAR content, the cell viability has been reported to have 

reduced. This may be due to the reduction in pore size with additional nHAR that affects the 

cell viability negatively [167].
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Incorporation of BG into electrospun fibers is another composite synthesis method for BTE 

scaffolds [168]. Composite nanofibers were prepared from poly-L-lactic acid (PLLA) and 

BG using the electrospinning method. The prepared scaffolds from the nanofibers revealed 

an interconnected porous structure with an average fiber diameter of around 500 nm, as 

analyzed from SEM, FTIR, and XRD data. The electrospinning feeding rate controls the 

fiber diameter. The nanofibers were plasma treated for surface modification for enhanced 

cell attachment [168].

hMSCs were used in the analysis of viability, growth, and proliferation. Results from several 

analytical assays, such as ALP activity, MTT, Alizarin Red Staining, Calcium Deposition, 

Col Expression, and RT-PCR, have highlighted the importance of the incorporation of BG 

into the nanofiber composite for enhanced bioactivity and biocompatibility of the prepared 

scaffolds, including added advantages for cell behavior provided by the 3D porous structure 

of the scaffolds, as shown in Fig. 20 [168]. The presence of bioactive elements such as 

calcium, phosphorous, silicon, along with a high porosity and surface area facilitates 

adequate cell proliferation and differentiation. Additionally, the nanofibrous structure of the 

scaffold may have also aided in cellular activities for bone regeneration [168]. It is known 

that BMPs play huge role in bone regeneration, and as such have played a significant part in 

biomaterial/scaffold fabrication [169]. The incorporation of BMPs in bone tissue 

regeneration has been widely studied for obtaining the optimal set of parameters for both 

scaffold properties as well as BMP concentration [169, 170]. BMP-2 carrier particles (PLA/

PLGA particles) incorporated into PEG-Silk gels have proven to inhibit the burst release 

characteristics for BMP-2. In vitro studies exhibited significant stabilization of encapsulated 

proteins with facilitation of complete in vitro bioactivity. In vivo analysis of the composite 

gel exhibited scaffold biocompatibility, along with a reverse relationship of degradation rate 

with increased hydrophobicity due to additional reinforcement with PLA/PLGA particles. 

New bone formation was also reported to be maximum with PLA/PLGA – BMP-2 

incorporated hydrogel [171].

Polyurethane-Based Nanocomposites

PUs have been reported to exhibit favorable mechanical, physical and biocompatible 

properties [172]. The segments within the PU polymeric structure is attributed widely due to 

its block copolymeric structure made from macro-diols that form the soft segment, and 

diisocyanates and diamines, also known as chain extender diols, as the hard segment of its 

core chain [173]. Composite scaffolds prepared with PU generally exhibit enhanced 

mechanical properties while retaining PU’s original toughness. Incorporation of 

nanoparticles over microspheres reveals a superior reinforcement of PU, which has been 

attributed to the higher surface area-to-volume ratio of the nanoparticles over microspheres 

[174].

nTiO2 reinforced poly (ester urethane) urea (PEUU) scaffolds were prepared from poly 

(ester urethane) - PEU grafted onto nTiO2 particles; this process enhances the interfacial 

bonding of nTiO2 and PEUU [175]. The nTiO2 particles were functionalized with hydroxyl 

groups on the surface for adequate PEG grafting with isocyanate groups. Electrospinning 

technique was employed for scaffold creation with an average fiber diameter which is less 
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than 1 μm. However, the electrospun fibers synthesized without the nanofillers revealed the 

trend of having such a low fiber diameter. These electrospun fibers demonstrated a 

homogenous distribution of the composite PEU-nTiO2 particles, as analyzed from SEM and 

EDS data. PEU grafting on nTiO2 proved to be advantageous in inhibiting agglomeration of 

the pristine nTiO2. The fiber morphology revealed through SEM micrographs that the 

uniform distribution of the nanoparticles was only reported with grafted nTiO2. This may be 

attributed to the lower interaction between the non-grafted nanofillers and PEUU polymer 

matrix. This also resulted in presence of beads along the nanofibers synthesized during 

electrospinning. As reported, the ratio of nanofillers to polymer (PEUU) at 1:2 generated a 

smooth morphology. On the contrary, a ratio of 1:1 and 2:1 revealed more rough fibers as 

compared to 1:2 ratio [175].

Moreover, the PEU-nTiO2 composite structure has been reported to have enhanced PEUU 

scaffold mechanical properties, especially with increased tensile stress and modulus of 

elasticity, as compared to unmodified nTiO2 [175]. Scaffold reinforcement has been reported 

to have been the maximum at 1:1 ratio of PEUU and PEU-nTiO2 with elastic modulus at 

around 49 MPa; this has been reported as a 53% increase in the Young’s modulus over 

PEUU only scaffolds. It should be noted that the strength of interaction between the 

nanofillers and the PEUU matrix influence the reinforcement efficiency of the scaffold, thus 

influencing its mechanical properties [175].

Incubation of scaffolds in SBF over 8 weeks revealed the highest biomineralization, in terms 

of calcium and phosphorous, for the PEUU/ PEU-nTiO2 scaffolds as compared to the other 

control groups. It should be noted that the grafted nanofillers based composite nanofibrous 

scaffolds showed the onset of biomineralization at around 2 weeks after incubation. 

Additionally, higher amounts of calcium and phosphorous was found to have been deposited 

on the scaffolds containing nanofillers as compared to PEUU only scaffolds. These results 

infer the influence of the nTiO2 on the absorption of phosphate and carbonate ions that 

ultimately effect biomineralization. Bone marrow-derived mesenchymal stem cells were 

utilized for cytocompatibility analysis of the scaffolds, and PEUU/ PEU - nTiO2 scaffolds 

displayed the highest cell proliferation as compared to the control groups, which has been 

shown in Fig 21. This may be inferred as the effect of the change in hydrophilicity of the 

nanofillers due to PEU grafting. Also, the grafting of PEU also improved the stability of the 

nTiO2 which otherwise have been reported to have some toxic effects on cells [175–177]. In 

another study, functionalized multiwall carbon nanotube (fMWCNT) and zinc oxide 

nanoparticle (nZnO) reinforced PU fibers were prepared by the electrospinning process to 

prepare scaffolds for BTE [178]. Uniformly dispersed fMWCNT and nZnO particles, as 

exhibited by TEM data, revealed to have facilitated enhancement in biocompatibility, 

biodegradability, mineralization, mechanical strength, hydrophilic nature, electrical 

conductivity, and thermal stability. The increase in wt. % in fMWCNT decreases the 

nanofiber diameter, almost around the ultrafine scale. The presence of the polar functional 

groups on fMWCNT form strong hydrogen bonds with the carbonyl and amino groups of the 

PU polymer, thereby enhancing stress bearing capacity of the fibers. Additionally, the 

presence of the adequately dispersed nanofillers, fMWCNT as well as nZnO, aid in the 

enhancement of fiber stiffness through their electrostatic attractive forces. Cytocompatibility, 

as shown in Fig. 22, has been reported for a composition of 0.4 wt. % fMWCNT and 0.2 wt. 
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% nZnO reinforced electrospun fibers, along with the antimicrobial nature of the same. 

MC3T3-E1 (preosteoblasts) cells were used to analyze osteogenic differentiation of the 

scaffolds; increased surface to volume ratio, charge density and functionalized MWCNTs 

aid in the differentiation process. The presence of negatively charged groups on the 

nanofillers help in increased absorption of calcium and phosphorous ions that inherently 

increased the nucleation rate of the calcium phosphate minerals. The effective 

biomineralization with the nanocomposite fibrous scaffolds may be a big support in 

facilitating adequate biocompatibility, cell proliferation as well as cytocompatibility of the 

scaffolds [178].

Conclusion

Polymer nanocomposites have the capability to facilitate cell attachment, proliferation, new 

bone tissue growth, and biodegradation of the scaffold. Moreover, the inclusion of 

nanofillers into the polymer matrix creates a suitable blend of physical, chemical, and 

biological properties in the biomaterial that closely mimics the bone’s natural ECM. 

Therefore, the improved ALP activity, Runx-2 activity, as well as Col type I gene expression 

may be attributed to the incorporation of nanomaterials into the composite structure. This 

hybrid structure with optimal porosity, mechanical strength, and elasticity enhance nutrient 

and growth factor transport across the nanocomposite scaffold, thus, improving new bone 

tissue development. Material preparation and fabrication is a critical step that encompasses a 

wide range of variables and techniques for synthesis, analysis, and quantification. The 

overall enhancement in the properties of the biomaterial depends on the optimal tuning of 

the material preparation and blending methods. Hydrogel-based polymer matrix holds a 

significant advantage over 3D scaffolds, as the former can be utilized as an injectable 

scaffold with nanofillers incorporated into the gel. Various hydrogel-nanoparticle based 

injectable scaffolds are therefore ideal for reducing the invasiveness of scaffold implant 

procedures, which can be widely utilized for the treatment of craniofacial defects. 

Crosslinking density of the polymer matrix holds significant importance during the 

biodegradation phase of the scaffold, as the integration of the new bone tissue with the host 

bone depends on the maintenance of optimal scaffold degradation rate and facilitation of 

smooth resorption of the degradation products. Natural polymers have an advantage over 

synthetic polymers in terms of biocompatibility and degradation; whereas, synthetic 

polymers provide adequate opportunity for enhancement of material properties by physical, 

chemical, and topographical methods that enhance cell proliferation and new tissue growth. 

But, the by-products of degradation of synthetic polymer-based scaffolds at times may pose 

certain issues, such as a buildup of acid in the surrounding tissue. Hence, the optimization of 

polymer blends, including the nanofillers, is quintessential for obtaining scaffold material 

that promotes adequate bone tissue development. Further research in the field of 

nanocomposite biomaterials for bone tissue regeneration is highly favorable owing to the 

enhanced cytocompatibility and bioactivity of the nanocomposite biomaterials with 

enhanced bone tissue development.
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Highlights

• Improved osteoconductive properties for nanocomposites over the pure 

biomaterial.

• Nanocomposites offer adjustment of the matrix to obtain desired scaffold 

properties.

• Natural polymer based nanocomposites display superior biocompatibility.

• Synthetic polymer based nanocomposites can be optimized for strength and 

bioactivity.
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Fig. 1. 
Proliferation of OB-6 pre-osteoblasts on CS and CS composite scaffolds at day 10 and 20. 

The proliferation was better on CS-nHA and CS-nCZ groups; scale = 250 μm [52].
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Fig. 2. 
Histological Images of nSI/CS composite scaffold. A (2 weeks), C (4 weeks), and E (8 

weeks) with H&E staining. B (2 weeks), D (4 weeks), and F (8 weeks) with Mallory’s 

trichrome staining [44].
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Fig. 3. 
Influence of ATP nanoparticles on CS/GP hydrogel crosslinking [56].
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Fig. 4. 
H&E Staining after 12 weeks of implantation along the decalcified regions; green stars 

signifies new bone formation whereas yellow arrows identify new blood vessels [73].
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Fig. 5. 
Fluorochrome-labelling analysis of the hBMSCs for cell proliferation for the three scaffold 

groups with varying amounts of the paste binder; culture done for (A) 1 day, (B) 7 days; cell 

nuclei in blue and actin in red [93].
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Fig. 6. 
Control sample bone growth from only bone defect wall (a,b,c,d) and contact and distance 

osteogenesis from the center as well as wall of the bone defect in sulfated CNC aerogel 

implanted samples (e,f,g,h) [101].
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Fig. 7. 
OB-6 preosteoblasts proliferating along cracks on the microparticles on day 10 prepared (a) 

with 5% w/v ZrCl4 and (b) with 10% w/v ZrCl4 [103].
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Fig. 8. 
Runx2 and Osteocalcin expression data in Relative Fluorescence Intensity [109].
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Fig. 9. 
(A) Radiographs of nHA only and (B) Fucoidan/nHA nanocomposite scaffold. H&E 

staining (x100) displaying (C) the filling of bone defect with Fucoidan/nHA nanocomposite 

biomaterial, and (D) identification of osteoblasts (represented by ) and fat cells 

(represented by ) [116].
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Fig. 10. 
PCL/HA (20%) nanocomposite incubation data in human osteosarcoma cell lines for 

analysis of cell viability; p-value > 0.05; n=5 for statistical significance [125].
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Fig. 11. 
(A) Fluorescent images denoting live cells (in greens spots) and dead cells (in red spots) for 

cell viability analysis on RGO/PCL nanofibrous mat and other control samples. (B) Cell 

spreading analysis (using toluidine blue staining) of 3T3s after 24 hours of culture on 

RGO/PCL biomaterial as well as other control samples. (C) Cell adhesion analysis (using 

SEM micrographs) for 3T3s on RGO/PCL nanofibrous mat as well as other control samples 

after 24 hours of cell culture [134].
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Fig. 12. 
Scanning electron microscope images showing a) PCL nanofibers only, b) PCL/TNT at 

2.5A, c) PCL/TNT at 2A, and d) PCL/TNT at 1.5 A magnetron current [135].
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Fig. 13. 
Histologic images: (A) PLGA/TNT, (B) pure PLGA, (C) empty defect. Histomorphometric 

analysis: (D) new bone formation (%), (E) residual scaffold (%). G – Graft, NB – New bone 

formation, and CT – connective tissue. Asterisk and double asterisk denote the significant 

difference between time points and scaffolds respectively [147].
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Fig. 14. 
SEM images for biomineralization by mesenchymal stem cells on PLGA (A), PLGA/SF (C), 

and PLGA/SF/GO nanofiber scaffolds 14 days post implantation; corresponding EDS 

images for mineral identification are given along with on the right [148].
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Fig. 15. 
Alizarin Red staining of MC3T3-E1 cells (on 21st day of cell culture) on (A) PLGA, (B) 

PLGA/HA, (C) PDA-PLGA, (D) PDAPLGA/HA, (E) PDA-PLGA/BMP-2, and (F) PDA-

PLGA/HA/BMP-2. [149]
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Fig. 16. 
Cell viability analysis of MC3T3-E1 cells on (a, b. c. d) electrospun PCL and (a’, b’, c’, d’) 

electrospun PCL/GO/PEG (at 0.25 wt.%); cell culture done for 1 (a, a’), 5 (b, b’), 7 (c, c’), 

and 9 (d, d’) days respectively; scale at 200 μm [153].
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Fig. 17. 
Energy dispersion spectroscopy for detecting apatite-like formation on the nano calcium 

membranes after 10 days of SBF incubation [154].
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Fig. 18. 
Schematic for preparation of 3D printed PLA/HA-CS composite hydrogels through freeze 

gelation technique [165].
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 Fig. 19. 
MG 63 cells stained with DAPI (blue) and actin filaments with Oregon Green 488 phalloidin 

(green) after 5th and 7th day culture (images captured using confocal laser scanning 

microscopy). (a) and (b) – S1 (0 wt.% nHA), (c) and (d) – S2 (10 wt.% nHA), (e) and (f) – 

S3 (20 wt.% nHA), and (g) and (h) – S4 (30 wt.% nHA); scale bars are representing 100 μm 

[167].

Bharadwaz and Jayasuriya Page 59

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 20. 
Relative gene expressions (alkaline phosphatase (a), osteocalcin (b), osteonectin (c), 

collagen I (d), and Runx 2 (e)) at 7th day (with osteogenic differentiation of human 

mesenchymal stem cell lines) for control sample, PLLA nanofiber only, BG/PLLA 

nanocomposite scaffold, and BG nanofiber only; between group significant difference at P < 

0.05 [168].
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Fig. 21. 
Cell growth using bone marrow-derived mesenchymal stem cells on various scaffold 

compositions [175].
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Fig. 22. 
MC3T3-E1 Cell Viability and Proliferation for a 5-day period with live cells (red) and dead 

cells (green) for scaffolds – Electrospun scaffolds of (a) PU (pure), (b) PU/ZnO-fMWCNTs 

(0.1 wt.%), (c) PU/ZnO-fMWCNTs (0.2 wt.%), and (d) PU/ZnO-fMWCNTs (0.4 wt.%) 

[178].
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Table 1

Summary of some natural polymer-based nanocomposites which have been listed with respect to nanomaterial 

used. Significant advantages and disadvantages due to the incorporation of the particular nanomaterial have 

been listed along with their effect on the mechanical properties.

Nanomaterial Synthesis 
Method

Polymer 
Incorporation 

Method

Scaffold 
Preparation & 

Mechanical 
Properties

Biological 
Activity Advantages Drawbacks References

nHA

• Sol-gel method; 
co-precipitation.
• Wet chemical 
method (egg 
shells)

• 2% formic 
acid – CS 
suspension; 
nHA addition 
while 60 min 
magnetic 
stirring 
followed by 
sonication (30 
min.).
• 2% acetic acid 
– CS 
suspension; 
40% w/w 
nanoparticles 
with magnetic 
stirring 
followed by 
sonication at 40 
°C.
• 1% acetic acid 
– CS/TSP 
solution co-
precipitation.
• Col/SF blend 
with in situ HA 
formation
• 5 wt. % 
Gelatin and 
ADA mixed 
with nHA and 
CaCl2 (for 
gelation).
• 2.5 % CH 
solution, 0.1 g 
Fucoidan and 
2.5 g of nHA

• Freeze-drying.
• Compressive 
Modulus:
• 0.24 MPa – 
Pure CS
• 0.76 MPa - 
CS/nHA
• Young’s 
Modulus:
• ∼3.0 GPa – 
Pure CS
• >3.5 GPa - 
CS/nHA
• Tensile strength 
of 69 MPa for 
CS/nHA films.
• Compressive 
modulus and 
strength are 
enhanced with 
TSP 
incorporation
• Col/SF/HA 
scaffolds report 
increased elastic 
modulus.

• MG-63 cell 
lines showed 
increased cell 
viability for 
nHA/CS/TSP 
biomaterial.
• Higher 
biomineralization 
and degradation 
with increase in 
TSP content.
• Cell 
proliferation on 
CS-nHA and CS-
nCZ better than 
that on CS-nZrO. 
Filopodia 
extensions 
towards non 
bioceramic 
materials.
• Col/SF/HA 
reports more cell 
growth with 
MG-63.
• ADA/
Gelatin/nHA 
showed 
cytocompatibility 
with Vero cell 
line.
• Adequate cell 
proliferation and 
growth with CS/
Fucoidan/nHA 
scaffolds for 
periosteum 
derived-
mesenchymal 
stem cells 
(PMSC).

• Surface 
roughness of 
nHA/Cs/TSP 
higher than CS/
nHA, which is 
also more than 
pure CS material.
• Increased 
mechanical 
strength of 
scaffold.
• Improved 
thermal stability 
for nHA/CS/TSP 
and CS/nHA.
• Uniform 
particle 
distribution.
• Higher swelling 
ratio with TSP 
incorporation into 
nHA/CS.
• Presence of 
calcium in 
nanoparticles 
(especially nHA) 
has been reported 
to have increased 
the binding 
efficiency of the 
engineered 
biomaterial with 
osteocalcin; and 
enhanced 
osteopontin 
expression and 
synthesis leading 
to more Arg-Gly-
Asp oligopeptide 
binding sites. 
This helps in cell 
spreading across 
the scaffold.
• Thermal 
stability increases 
with increase in 
nHA in ADA and 
Gelatin scaffolds.
• Higher 
mineralization for 
CS/
Fucoidan/nHA 
scaffolds.

• Without TSP 
incorporation, 
water absorption 
and porosity 
capacity decrease 
as compared to 
pure CS.
• Irregular crystal 
structure with 
wet chemical 
method.
• Pore size 
decreased with 
increase in nHA 
above 2% in 
ADA and Gelatin 
matrix.
• Slower 
degradation rate 
with increase in 
stiffness due to 
increase in nHA 
content in ADA 
and Gelatin 
matrix.
• CS/
Fucoidan/nHA 
scaffolds show 
slight decrease in 
porosity and 
lower efficiency 
in water 
absorption/
retention with 
nHA 
incorporation.

[49], [47], 
[91], [108], 

[115]

nZrO/nCZ Co-precipitation

• 2% acetic acid 
– CS 
suspension
• 40% w/w 
nanoparticles 
with magnetic 
stirring 
followed by 

• Freeze-drying.
• Compressive 
Modulus: 0.774 
MPa - CS/nZrO 
0.97 MPa - 
CS/nCZ
• Young’s 
Modulus: >3.5 

• OB-6 
preosteoblast cell 
proliferation on 
CS/nZrO better 
than CS only 
scaffolds.
• Cell 
proliferation on 

• Increased 
mechanical 
strength of 
scaffold.
• Uniform 
particle 
distribution.

- [52]
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Nanomaterial Synthesis 
Method

Polymer 
Incorporation 

Method

Scaffold 
Preparation & 

Mechanical 
Properties

Biological 
Activity Advantages Drawbacks References

sonication at 40 
°C.

GPa - CS/nZrO, 
CS/nCZ.

CS-nCZ better 
than that on CS-
nZrO. Filopodia 
extensions 
towards non 
bioceramic 
materials.

nSi Stöber method

• CS solutions 
(in acetic acid) 
and nSi put 
together in 
Eppendorf 
tubes and 
frozen.

• Freeze-drying.
• Young’s 
modulus of 
around 173.3 
MPa.

Human primary 
osteoblast cells 
were reported to 
have formed 
three-dimensional 
conformation.

• 3D 
conformation of 
cells enhances 
cellular metabolic 
activity.

• No significant 
changes in pore 
size between 
samples with 
varying 
nanofillers 
amount.

[43]

CCNWs/
AgNPs

• Acid hydrolysis 
– Carboxylation 
(CCNWS).
• Metallic 
Reduction 
Method (AGNPs/
CCNWS)

• CS/CMC 
polymer blend 
mixed with 
CCNWs/
AGNPS.

• Freeze-drying.
• Enhanced 
compressive 
strength with 
increase in 
nanofillers 
content to 
polymer matrix.

• Adequate 
MG-63 cell 
adhesion to 
scaffolds.
• Suitable protein 
absorption at low 
CCNWS/AgNPs 
content.

• Antimicrobial 
activity.
• Larger pore size 
with increasing 
nanofillers 
content.

• Reduction in 
swelling and 
porosity (%) and 
increase in half-
life for 
degradation with 
increase in 
nanoparticles.

[55]

BG Stöber method

• 0.1 M acetic 
acid CS 
solution and 
2% gelatin (in 
DI water).
• BG dispersion 
in varying 
amounts.

• Hydrogel based 
injectable 
scaffold.
• Elastic and 
viscous modulus 
(at both 25 and 
37 °C) increase 
with

• Adequate cell 
proliferation 
(SAOS cells).

• Reduction in 
gelation time 
with gelatin and 
BG 
incorporation.

• No effect on 
porosity [57]

MWCNT

Acid oxidative 
process 

(functionalization 
of MWCNT)

• Col hydrogel 
synthesized 
using acetic 
acid for fibril 
homogenization

• Freeze-drying.
• Compressive 
stress and elastic 
modulus 
increased with 
fMWCNT/CS/Co
l scaffolds.
• 
Biomineralization 
of scaffolds 
resulted in 
doubling of these 
properties.

• Enhancement in 
MG-63 cell 
proliferation and 
overall scaffold 
biocompatibility 
with nanoparticle 
incorporation

• Enhanced 
regularity and 
interconnected 
pore size rate.
• Increased 
biomineralization 
on nanostructured 
surface.
• 
Biomineralization 
reduces 
hydrophilicity

• Reduced 
swelling with 
nanofiller 
incorporation 
and 
biomineralizetion

[72]

BCP

Calcium nitrate 
tetrahydrate 

added dropwise 
to ammonium 

phosphate 
dibasic

• 2.5% (w/v) 
Col solution.
• 50:50 (w/v) 
BCP/Col 
solution to ice 
particles.

• Freeze-dried.
• Increased 
Young’s modulus 
for all 
nanoparticle 
incorporated 
scaffolds.

• Human 
mesenchymal 
stem cells 
(hMSC) adhesion 
adequate.
• DEX-BCP 
scaffolds reported 
increased cell 
proliferation.

• Adequate 
interconnected 
pores at BCP/Col 
mass ratio of 1:1
• Increased pore 
surface roughness

• Osteogenic 
expressions 
significantly 
enhanced with 
combined effect 
of DEX/BCP.

[73]

nTiO2

Fluoride 
modification of 
nTiO2 using HF

• 2% (w/v) SF 
blended with 
homogenously 
dispersed TiO2-
F

• Freeze-dried.
• Increase in 
compressive 
strength (approx. 
0.7 to 1.7 MPa) 
with increase in 
nanofiller content 
up to 15 wt. %

• Higher 
biomineralization 
with spherical 
apatite particles.
• SAOS-2 cell 
viability and 
attachment 
increased with 
nanofiller content 
up to 15 wt. %

• Degradation 
rate increases 
with increased 
nanofiller content

• Decrease in 
pore size with 
increase in TiO2-
F content

[80, 90]

CNWs
Acid hydrolysis 

followed by 
lyophilization

• In situ HA 
formation – 

• Homogenously 
dispersed in 
medium.

• MC3T3-E1 cell 
lines reported 
cytocompatibility.

• Controlling 
acidic groups on 
CNWs can 

• CNWs tend to 
aggregate. [98, 99]
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Nanomaterial Synthesis 
Method

Polymer 
Incorporation 

Method

Scaffold 
Preparation & 

Mechanical 
Properties

Biological 
Activity Advantages Drawbacks References

biomimetic 
method.
• Physical 
blending of 
CNWs and HA 
particles 
synthesized 
using wet 
chemical 
method.

• L929 cells 
reported viability 
to be higher for 
CNW with 
biomimetically 
produced HA.

influence HA 
nucleation 
characteristics

• Thermal 
degradation of 
cellulose 
irrelevant of HA 
growth.

CNCs

Acid hydrolysis; 
TEMPO 
oxidation 
reaction

• Cryo-
templating to 
form CNC 
aerogel.

• CNCs 
synthesized with 
sulfuric acid 
hydrolysis 
exhibited higher 
compressive 
strength than 
CNCs created 
through 
phosphoric acid 
hydrolysis.

• Adequate cell 
proliferation and 
metabolism 
exhibited using 
SAOS-2 cell 
lines; 
significantly 
increased ALP 
activity with S-
CNC over P-
CNC; adequate 
biomineralization 
of pretreated 
CNC aerogels.

• High porosity 
(above 80%) for 
both S-CNC and 
P-CNC.
• Large surface 
area for improved 
cell adhesion.
• Tunable 
degradation 
characteristics of 
the aerogel by 
controlling the 
aldehyde and 
hydrazide content 
on CNC surfaces 
and limiting the 
number of 
hydrazine bonds.

• Lower cell 
metabolism for 
P-CNC(from 
phosphoric acid) 
due to low 
stiffness as 
compared to S-
CNC (from 
sulfuric acid).

[100, 101]
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Table 2

Summary of some synthetic polymer-based nanocomposites. The summary has been categorized with the 

nanoparticle in focus. Significant advantages and disadvantages due to the incorporation of the particular 

nanomaterial have been listed along with their effect on the mechanical properties.

Nanomaterial Synthesis Method
Polymer 

Incorporation 
Method

Scaffold 
Preparation & 

Mechanical 
Properties

Biological 
Activity Advantages Drawbacks References

nHA In situ solvo-thermal 
method on PCL

• PCL/nHA 
dissolved in 
DMC with 
stirring.

•Salt leaching 
and freeze-
drying.
• Compressive 
strength and 
elastic modulus 
of in situ 
PCL/nHA has 
been reported to 
be more as 
compared to 
PCL/nHA (ex 
situ).

• Human 
osteosarcoma 
cells report 
higher cell 
viability with in 
situ PCL/nHA.

• Adequate 
nanofillers 
dispersion 
through the 
polymer 
matrix, owing 
to an increase 
in mechanical 
strength for in 
situ PCL/nHA.
• Reduced 
hydrophobicity 
of PCL.
• Reduced 
particle 
aggregation in 
in situ PCL/
nHA.

• Spherical 
nHA (ex situ) 
less uniformly 
distributed.
• Minor 
reduction in 
ductility of 
biomaterial.

[125]

RGO Reduce GO using L-
ascorbic acid.

• 0.25 wt. % 
GO-RGO/PCL 
composite 
solution with 
20% (w/v) PCL 
on total volume.

•Electrospinning: 
nanofibrous 
mats.
• Young’s 
modulus of 
around 2.09 MPa 
for nanofibrous 
mats with GO-
RGO/PCL, 
which is 38% 
increase as 
compared to 
PCL only mats.

• Mouse 
fibroblast 
(NIH-3T3) cell 
lines reported 
increased cell 
viability with 
RGO 
incorporation.
• 3T3, HOS, 
MG-63 cell lines 
reported 
increased cell 
proliferation with 
RGO (both 
fibrous and 
films).
• Enhanced 
biomineralization 
with RGO/PCL 
nanofibrous 
mats.

• Increased 
surface 
roughness 
owing to 
heterogeneous 
topography.

• No 
significant 
effect on the 
ductility of 
the 
nanofibrous 
mat.

[134]

TNT

PLGA/TNT 
microspheres 

synthesized using 
modified emulsion 

and solvent 
evaporation process.

• 10% (w/v) 
PLGA dissolved 
in methylene 
chloride mixed 
with TNT was 
added in drops t 
PVA solution 
while being 
stirred.

•Sintered 
microsphere 
procedure.
• PLGA/TNT 
(0.5 wt. %) 
sintered at 120 
°C and for 3 
hours exhibited 
the maximum 
compressive 
strength and 
modulus, >10 
MPa and > 350 
MPA 
respectively.

• G-292 
(osteoblast) cell 
proliferation had 
no adverse 
effects due to 
TNT 
incorporation.
• Increased 
bioactivity for 
PLGA/TNT 
scaffolds; 
SAOS-2 cell 
lines reported 
adequate 
attachment, 
proliferation as 
well as 
migration.
• In vivo studies 
revealed 
adequate bone 

• Increased 
surface 
roughness for 
microspheres.
• Reduce 
hydrophobicity 
of the scaffold 
enforced by 
PLGA.
• Mesoporosity 
and nanoscale 
surface 
topography 
aids in 
adequate 
cellular 
behavior.

• Nanofillers 
incorporation 
efficiency 
may reduce 
with increase 
in TNT 
content; 
reduction in 
PLGA/TNT 
ratio will 
decrease 
scaffold 
mechanical 
strength.
• Decrease in 
degradation 
rate of 
scaffolds.

[147]
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Nanomaterial Synthesis Method
Polymer 

Incorporation 
Method

Scaffold 
Preparation & 

Mechanical 
Properties

Biological 
Activity Advantages Drawbacks References

formation in 
direct contact 
with the 
composite 
material.

Grafted - GO

• Oxidation of natural 
graphite (Tour’s 
method).
• Surface grafted GO 
on PEG synthesized 
with amino-PEG and 
GO aqueous 
suspension.

• 
Electrospinning 
mixture made 
by blending 
GO-g-PEG with 
PCL using 
dichloromethane 
and ethanol; 10 
wt. % of PCL 
with 1 wt. % 
maximum GO-
g-PEG 
concentration.

•Electrospun 
fibers; increase 
in tensile stress; 
0.25 wt. % GO-
g-PEG/PCL 
reported 
enhanced elastic 
modulus and 
overall 
reinforcement of 
nanocomposite 
as compared to 
GO only 
incorporation.

• MC3T3-E1 
cells have been 
reported to have 
more affinity 
towards 
PCL/GO-g-PEG 
nanocomposite.
• GO-g-PEG 
enhances cellular 
adhesion as 
compared to 
pristine PCL 
scaffolds.

• GO-g-PEG 
nano sheets 
reported with 
deep lamellar 
structure 
owing to 
adequate 3D 
porous 
network.
• Nanofiber 
diameter 
distribution 
increased with 
GO-g-PEG 
information;

• Reduction in 
ductility with 
GO-g-PEG 
addition.
• Lower 
interaction 
between PCL 
matrix and 
nanofillers 
owing to 
lower 
heterogeneous 
crystallinity.

[153]

Nano calcium 
phosphate

Flame Spray 
Pyrolysis method.

• Solvent casted 
and electrospun 
bilayer 
membranes with 
10% (w/v) PCL, 
5% (w/v) SF.

•Electrospun SF/
PCL-PEG-PCL 
with nano 
calcium 
phosphate.
• Increase in 
ultimate tensile 
strength with 
increase in nano 
calcium 
phosphate 
content

• Human dental 
pulp stem cells 
(DPSC) cell lines 
reported 
significant 
enhancement in 
osteogenic 
differentiation of 
cells.
• High porosity 
of membranes 
facilitated cell 
attachment.

• Increased 
hydrophilicity 
with 
increasing 
nano calcium 
phosphate 
content.
• Increased 
roughness and 
thickness of 
nanofibers 
with 
increasing 
nano calcium 
phosphate 
content.
• Enhanced 
nucleation of 
apatite with 
addition of 
nanofillers; 
increased 
elastic 
behavior of 
nanofibers 
with 
nanofillers 
addition.

• Very slight 
increase in 
water uptake 
with 
nanofillers 
addition.

[154]

BG

Sol-gel method; BG 
nanofibers 

synthesized using 
tetraethyl 

orthosilicate, 
tetraethyl phosphate, 

hydrochloric acid, 
calcium nitrate, 

polyvinylpyrrolidone.

• BG nanofibers 
dispersed in 
ethanol were 
applied onto the 
plasma treated 
PLLA 
nanofibers and 
dried at room 
temperature.

•Electrospun BG 
and PLLA 
nanofibers 
synthesized as 
nanocomposite

• Increased 
biocompatibility.
• MSCs show the 
highest growth in 
PLLA BG 
nanofiber 
composites with 
lower toxicity.
• Highest ALP 
activity for 
nanocomposite 
as compared to 
BG only and 
PLLA only 
nanofibers.

• Adequate 
interconnected 
porous and 
completely 
fibrous 
structure.

- [162]
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