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Tissue engineering is a research domain that deals with the growth of various kinds of tissues with the help of synthetic

composites. With the culmination of nanotechnology and bioengineering, tissue engineering has emerged as an exciting

domain. Recent literature describes its various applications in biomedical and biological sciences, such as facilitating the

growth of tissue and organs, gene delivery, biosensor-based detection, etc. It deals with the development of biomimetics to

repair, restore, maintain and amplify or strengthen several biological functions at the level of tissue and organs. Herein, the

synthesis of nanocomposites based on polymers, along with their classification as conductive hydrogels and bioscaffolds, is

comprehensively discussed. Furthermore, their implementation in numerous tissue engineering and regenerative medicine

applications is also described. The limitations of tissue engineering are also discussed here. The present review highlights

and summarizes the latest progress in the tissue engineering domain directed at functionalized nanomaterials.

Keywords Tissue engineering � Nanomaterials � Nanotechnology � Regenerative medicine � Biomimetics � Conductive
hydrogels � Polymers � Scaffolds

1 Introduction

In tissue engineering (TE) domain, tissue growth is initi-

ated by 3D-scaffolds; the cells proliferate and differentiate

into several types or from a base of cells. These scaffolds

are combined with growth factors (GFs) to direct cell

behaviour and enable the production of tissue. These

engineered tissues are functional and capable of implant

growth and regeneration [1–5]. Currently, it has become an

impressive tool for repairing and reconstructing impaired

organs and tissues. In the past two decades, the immense

implementation of nanomaterials (NMs) in TE has pro-

gressed tremendously (Fig. 1).
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Various cell sources, such as iPSCs and adult stem cells,

have become available, as have genetic editing tools that

allow for more cell customization. Chemical advances and

GF delivery systems, biophysical signals on cellular func-

tions and tissue design strategies have contributed to

building tissues that are architecturally, compositionally

and functionally identical to their natural counterparts [6].

The advent of nanoparticles (NPs) is linked to their

nanoscale dimensions, which allow them to diffuse through

the membrane and aid in cellular uptake.

Several NMs have been developed for their unique and

exceptional physicochemical characteristics and biocom-

patibility, making them a potential candidate for modelling

tissue-engineered bioscaffolds. These scaffolds play a

prominent role in controlling and regenerating tissues to

provide structural support. These have been utilized in

numerous processes, such as bone repair, neural regener-

ation, wound healing, etc. [4]. In the past decade,

extraordinary advancements have been made in impli-

menting nanotechnology in neuroscience and neuro-engi-

neering. It is prescient that such novel nanotechnologies

would bring crucial insights into bioengineering [7].

NMs possess excellent biocompatibility, inherent optical

properties, surface functionality, large surface area,

biodegradability, etc. and thus can be utilized in vivo and

in vitro research for tissue and organ construction

[4, 8–10]. Two-dimensional (2D) NMs are a category of

materials possessing one-dimension atomic layer thickness

and exhibit excellent properties because of their unique

nano-plane. The most commonly used 2D NM is graphene

[4, 11–13]. Furthermore, 3D bioscaffolds have a system-

atized framework, are inspired by biomimetics and have

grabbed immense attention [14, 15].

This review highlights the fabrication process of

bioscaffolds and conductive hydrogels using functionalized

NMs and their applications in bioengineering and regen-

eration. In many instances, conductive hydrogels and

bioscaffolds are used interchangeably. However, they

possess different characteristics. Indeed, conductive

hydrogels have the edge over bioscaffolds for TE innova-

tion. Herein, we have discussed and summarized NMs used

in various cardiac, nerve, bone, dental and skin TE appli-

cations developed so far.

2 Operational definition, types, advantages
and disadvantages

TE is an interdisciplinary area that amalgamates material

science, biological science, and engineering. It is con-

cerned with the development of biomimetics to repair,

restore, maintain and amplify or strengthen a variety of

biological functions at the tissue and organ levels [1–4].

NPs have tremendously contributed to this field. However,

they are not confined to fixed sizes; they can be customized

or fabricated in various sizes and shapes that lead to pur-

pose-oriented characteristics and mimic several compo-

nents of the extracellular matrix (ECM). It plays an

indispensable role in establishing an organ’s structural

framework [4].

Nanocomposites are comprised of two or more materials

that mainly include NMs and polymers. Polymeric NPs can

be classified as (1) natural and (2) synthetic and are widely

used. Both types of polymers have several advantages and

limitations, such as the natural polymer’s cell adhesion

support. In contrast, synthetic polymers are better

Fig. 1 Summary of tissue

engineering progress in the past

decade [6] (Reconstructed from

[Khademhosseini A, Langer

RA. decade of progress in tissue

engineering. Nat Protoc.

2016;11:1775–81])
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controllable, inert and tunable, but they do not mimic the

ECM [16]. Natural polymers are inseparable from TE,

despite having several limitations, such as processability,

mechanical, electrical and physicochemical properties and

variations that could cause an immune response [16–18].

Recently, biodegradable polymic NPs have gained recent

consideration due to numerous characteristics such as

structural precision, porosity, degradation, etc. Commonly

used biodegradable polymers are poly(lactic acid), poly-

caprolactone (PCL), poly(p-dioxanone), poly(glycolic

acid), etc., which are either naturally or synthetically

derived [19]. Therefore, modulating polymers with NPs

could improve properties and compatibility, thereby mini-

mizing their limitations.

Polymers functionalized with NMs, biomolecules or

stem cells can be categorized based on their ability to

mimic the ECM into (1) bioscaffolds and (2) conductive

hydrogels. The literature reveals that conductive hydrogels

mimic the ECM more efficiently as compared to scaffolds.

Conductive hydrogels with enhanced strength and con-

ductivity have been developed using poly(ethylene glycol)

(PEG), poly(vinyl alcohol) (PVA), and graphene oxide

(GO) NPs [20, 21]. They are constructed using a blending

method that could lead to agglomeration of conductive

material formed in hydrogel and this drawback leads to an

in situ process that provides a high level of flexibility and

strength [20, 22].

Hydrogels turned out to be employed in the TE domain

to stimulate the functions of native tissues, as they can

form a 3D polymeric network possessing several shapes

and sizes due to unique physical properties [20, 23]. To

replicate the biological and electrical characteristics, one of

the most efficient materials is a conductive hydrogel, which

is an amalgamation of conductive polymers and soft

hydrogels [20, 24, 25]. Due to their unique characteristics,

conductive hydrogels efficiently provide electrical con-

ductivity to cells [20]. It also improves cell adhesion, dif-

ferentiation, proliferation, and migration and has a huge

role in bioengineering of various tissue types [26].

Of several types of NMs, metal and carbon-based NMs

have been used in several applications because of their

electrical properties and have restricted use due to cyto-

toxicity and homogenous distribution [20, 26]. Magnetic

NPs have emerged to have crucial roles in applications

associated with the biomedical sector. The use of magnetic

NPs for cell growth and seeding makes them suitable for a

practical regenerative medicine approach [27]. Different

functionalized NMs used do not just act as a supporting

material but are crucial for enhancing the efficacy of var-

ious TE applications and regenerative medicine. They

exhibit excellent mechanical and electrical properties and

improve mechanical strength, cause uniform distribution,

and reduce electrical impedance to the scaffold.

Furthermore, they have antimicrobial properties, good

biocompatibility, reduced cytotoxicity, etc. This adds to its

immense utilization [20]. Therefore, the following section

has briefly highlighted the functionalization of NMs and

polymer materials.

3 Functionalization of nanomaterials

Functionalization and modification of NMs onto the sur-

face of biomaterials or stem cells are of utmost importance,

as this mainly accounts for cell function, regulation and

NM implantation. Functionalized NMs are those materials

whose characteristics and properties are enhanced by their

surface modification. NMs have the appropriate size,

composition, structure, and surface chemistry. Therefore,

the combination of polymeric NPs could improve surface

area, biocompatibility and many more such characteristics.

Hence, proper functionalization could revolutionize TE

research. Doberenz et al. investigated thermo-responsive

polymers for biomedical applications. These can be trig-

gered by several stimuli, such as pH, temperature, light,

enzymes, ionic strength, and others, leading to modulation

of physical characteristics. It enables the implant or

material property to be influenced by environmental con-

ditions. Hence, they are gaining an interest in the

biomedical field [28].

Another example is nanofibrillated cellulose (NFC),

which is a plant-derived polysaccharide that possesses

large surface area, size (5–20 nm), flexibility, and good

mechanical strength and thus is utilized for the fabrication

of strong and lightweight scaffolds [29, 30]. In addition,

these are known to biomimetic collagen’s mechanical

functions [31]. NFC can be derived from cotton, rice,

bananas, wood pulp, corn, palm, soya beans, etc. via

ultracentrifugation, ultrasonication, acid hydrolysis, and

bleaching processes, etc. Nasri-Nasrabadi et al. used a

chemo-mechanical method to extract NFC from rice with a

length of 4–5 cm, which was then modified by starch via a

coalescence of film casting, salt leaching and freeze-drying

process for engineering cartilage. Cellulose and starch are

connected by a rigid hydrogen network that generates the

transfer of stress from matrix to nanofibers. The scaffold is

attached to the chondrocyte cells via the formation of

filopodia and the cells cover the entire scaffold in 7 days by

incorporating nanocellulose into the starch matrix. There-

fore, cell attachment and proliferation are improved [32].

Zhang et al. modified bacterial cellulose nanofiber

(BCN) with lecithin as Acetobacter xylinum X-2 bacteria

using immersion and subsequent proanthocyanidin (PA)

cross-linking. Acetobacter xylinum X-2 bacteria are cul-

tured in media containing 5 wt% sucrose and 0.3 wt%

green tea powder for a week at pH 4.5. BCN is rinsed in an
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alcohol solution containing different concentrations of

lecithin (1–2 wt%) with stirring with the help of an orbital

shaking incubator for a day. After that, the cross-linking

process is initiated by rinsing the synthesized sample in a

0.05 wt% PA solution. PA cross-linking can stop the

detachment of lecithin from BCN. Pristine BC has a semi-

transparent white color that turns yellow with increasing

lecithin concentration in alcohol and 2 wt% lecithin layers

completely wrapped around BCN by weak physical

adsorption. Lecithin causes a decrease in hydrophilicity,

storage modulus, and thermal stability until BC/LECs are

preferable over other natural polymer scaffolds. MDA-

MB-231 cells are well-spread and adhered to the scaffold

after 7 days, suggesting favorable cell proliferation [33]. A

promising alternative for NFC is carboxymethyl cellulose

(CMC), a structural analogue that has a chemical resem-

blance to NFC through interfacial adhesion and thus could

add strength, robustness and flexibility to the printed tissue

scaffold [14, 34]. Multi-step chemical cross-linking meth-

ods have been demonstrated to improve the mechanical

strength and stability of bioscaffolds [35].

For human tissue differentiation and regeneration, sev-

eral scaffolds have emerged with the potential to mimic

ECM [14, 15]. For the synthesis and functionalization of

NMs, scaffolds and hydrogels, a range of techniques are

available that involve: (1) the electrospinning method, (2)

3D/4D printing, (3) direct ink writing (DIW), (4) freeze-

drying, (5) injection molding, (6) spray pyrolysis, (7)

blending, (8) in situ, (9) coating, (10) co-precipitation, etc.

[14, 36]. A major challenge associated with these tech-

niques is the fabrication of scaffolds with optimized

porosity, morphology, and interconnectivity. However, 3D

printing is starting to overcome this limitation by fabri-

cating customized scaffolds with high design flexibility and

structural complexity for soft tissue such as cartilage and

hard tissue such as bone [15, 37, 38]. Due to its effec-

tiveness in scaffold fabrication, 3D printing and DIW have

received much interest [14, 15]. Various nanomaterials and

nanostructured scaffolds are classified based on the afore-

mentioned synthesis methods as in Table 1. A few of the

previously mentioned functionalization methods are high-

lighted in the following subsection.

3.1 Direct ink writing method

Hydrogels are ejected via an outlet to construct scaffolds

having complex and exquisite features. Scaffolds require

spatial resolution and a meshwork of macropores

(200–400 lm) and micropores (40–100 lm) to facilitate

tissue ingrowth and cell adhesion, respectively [38, 87].

However, the amalgamation of macropores and micropores

is challenging and cannot be achieved by DIW alone.

Therefore, to circumvent this shortcoming, 3D printing is

employed for the initiation of spatially resolved macrop-

ores and using the freeze-drying method [88] for networked

micropores [14, 89, 90]. Such scaffolds can be fabricated

with several biomaterials, but cytocompatibility, avail-

ability, solubility in aqueous solutions and dispersibility

have led to increased utilization of polysaccharides as

synthetic biomaterials [91].

3.2 Electrospinning method

It is a hydrodynamic process that involves four consecutive

steps: (1) electrification of the liquid jet and the formation

of a Taylor cone, (2) whipping motions, (3) electric

bending instability, and (4) solidification of the jet to obtain

a solid fibre (Fig. 2). In this process, fibres are generated by

the stretching and elongation of a jet, produced by the

electrification of a liquid drop. Electrification is followed

by Taylor cone formation through the deformation of the

droplet of the same sign as a consequence of electrostatic

repulsion between surface charges. The jet undergoes

whipping motions after extending into a straight line. The

solid fibres get deposited onto the grounded collector when

stretched into finer diameters [92].

Modified cellulose (MC) is fabricated with PVA nano-

fiber via an electrospinning method for bone TE by Chahal

et al. Startingly, the blend solutions of different wt% PVA/

MC are synthesized using water as the solvent to func-

tionalize nanofibers. For electrospun, the PVA/MC poly-

mer solution is filled into a plastic syringe with a

hypodermic needle. This needle is connected to the high

voltage power supply’s positive electrode with the help of

copper wires, while the negative electrode is connected to a

foil of aluminium that works as a collector. The electro-

spun nanofibers are collected through the aluminium foil

collector. The nanofibers’ crystallinity decreases with a

decrease in PVA percentage for the blend’s solution. The

nanofibers’ low crystallinity is preferrable for bone TE as it

improves the scaffold mechanical properties [43].

3.3 Spray pyrolysis method

This method involves the use of metal–organic precursors

in organic solvents to obtain a homogenous, non-cracked

deposition (Fig. 3). The deposition parameters are: nozzle

distance to substrate, deposition temperature, flow rate of

solution, concentration of precursor and carrier gas flow

rate. In the procedure, the precursor solution is atomized

into droplets. These droplets are then carried by carrier gas

into a thermolysis chamber and then to the calcination

furnace. The droplets are dried after being evaporated and

precipitated. Thermolysis reactors decompose the dried

particles into microporous particles that are sintered into
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Table 1 Classification of NMs and nanostructured scaffolds based on their fabrication methods

Synthesis method NMs/nanostructured scaffolds References

Freeze-drying method NFC [29, 30, 39, 40]

CS/GO-Au scaffolds

CNT/PVA

Cross-linking method BCN [20, 33, 35, 41, 42]

CMC

Au/photo-curable gelatin hydrogel

Electrospinning method MC/PVA [43–50]

MoS2/rGO/SF nanofibers

PPy/SF nanofibers

Poly(L, D-lactide) fibers/collagen I hydrogel

GO/CS/PVP

GO/CS/HA containing osteogenesis inducing drug SV

CNT/PBAT fibers

GO-PLGA/Col hybrid fiber sheets

Polymerization method CNT/polyaniline [20, 51–57]

PEDOT/PSS

Au NP/1,3,5-benzene tricarboxylic acid/Fe3? ion

Flu-loaded nanoporous PPy

Cellulose/pyrrole monomer

CSH/PAA/Dch-PPy

CS-Gel/nZnO scaffolds

MoSe2-NIPAM hydrogels

CVD method Pristine MWCNT/PPy [58–60]

CNT/HA

3D GF

EDC/NHS method HA-DA/rGO hydrogels [4, 61–63]

fGO/DNAVEGF/GelMA

HA-DA/rGO hydrogel dressing

GO-PEG/Que/Col scaffold

Robocasting method PCL scaffolds/GNPs [64]

Improved Hummer’s method GO/CS/DA [20, 65]

Hydrolysis method TiO2/PEGylated CS [20, 66]

Electrospraying method GO/alginate microgels [67]

rGO/alginate microgels

IBAD/IME method TiN microelectrode arrays [68–75]

Ionic modification and ultrasonic treatment MWCNTs/PCL scaffold [76, 77]

Covalent attachment Mesoporous silica/PAMAM [76]

Coating method Au/immobilized silica spheres [4, 9, 76, 78, 79]

BP nanosheets/GelMA nanocomposite

BP/natural polymers

GO-BP scaffold

Centrifugal spinning/micro-cutting method M.SF/alginate hydrogels [80]

Sonication and thermal curbing PEG-GO/PPF [4, 81]

In situ crystallization GO/CS/nHAP [4, 82]

Dry mechanochemical method GO/PMMA/PLC/FA [83]

Pulverization method CNT/3D Collagen scaffold/b-tricalcium phosphate [84]

Photo-immobilization method CNT/surface-modified PCL/PLA scaffold/insulin-like GF I [85]

Facile mixing method CS-g-PA/PEG-co-PGS [20, 86]
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the calcination furnace. This method produces high-purity

NPs with homogenous chemical compositions [93].

3.4 Injection modelling method

This method is known to include three stages: (1) filling,

(2) injection and (3) holding. First of all, the screw moves

the material in a forward direction at a certain speed. With

the shallowing of the screw groove, the compact material is

conveyed forward. During the injection process, the

injection machine fills the material into the mold with an

increase in back pressure. To ensure the safe molding of

the injected material, the temperature is decreased in order

to reduce pressure in the mold cavity. Finally, the injection

mold is opened to eject the material without being dam-

aged [94].

3.5 Freeze drying method

A polymeric solution of the desired polymer is prepared in

a solvent and kept for polymerization (Fig. 4). To separate

the solvent from the solution, the temperature and pressure

are kept low. The solvent is sublimed to give a solid

scaffold structure. By varying the pH and freezing rate, the

porosity of the structure is monitored. Time consumption

and relatively smaller pore sizes are added limitations to

this method [95].

3.6 3D/4D printing

Several research areas utilize next-generation fabrication

strategies like 3D and 4D printing. 3D printing permits the

synthesis of highly precise and complex materials. It is a

manufacturing technique in which different layers are

overlapped over one another to form 3D components.

Figure 5 demonstrates the biofabrication of bioinks using

cells, bioactive fillers, and polymers. The composite bioink

is then passed through the dispensor, resulting in the layer-

by-layer construction of the desired polymer composite

[96]. Whereas, 4D printing takes 3D printing as a starting

point and adds a new dimension of revolution. It enables

excellent materials to modulate their properties, such as

shape or color, to become bioactive by forming dynamic

3D structures and to perform desired functions in response

to external stimuli or environmental factors such as tem-

perature, humidity and light [97]. Therefore, they have

been widely explored for the invention of bioscaffolds

[98, 99].

3.7 In situ polymerization method

For the synthesis of conductive hydrogels, the introduction

of a conductive component into a non-conductive hydrogel

by polymerization can be achieved using an in situ growth

mechanism. In situ preparation of polymer composites and

CNTs distributed throughout the hydrogel enabled them to

Fig. 2 Schematic illustration of the synthesis of the NM-based

polymer composites via electrospinning method

Fig. 3 Schematic illustration of the synthesis of the NM-based

polymer composites via spray pyrolysis method
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possess homogenous conductivity, better reliability, and

amplifies the strength of conductive hydrogels. Yang et al.

used a plasma technique and in situ polymerization to

functionalize conductive CNTs with polyaniline. CNTs are

dissolved in deionized water by sonication. After that,

aniline and HCl solution are added under continuous stir-

ring followed by dropwise addition of an aqueous solution

of ammonium peroxydisulfate. The reaction is monitored

for about 2 h or till the deep green product is obtained [51].

Kim et al. prepared a PEG-based hydrogel using sequential

two-step polymerization by in situ polymerization of

poly(3,4-ethylenedioxythiophene) (PEDOT) within poly(4-

styrenesulfonic acid) (PSS) for the generation of a cardiac

scaffold. The solution of the hydrogel precursor is prepared

by dissolving 50% w/w PEG-diacrylate in water. The

prepared solution is mixed with 5% v/v 2-hydroxy-2-

methylpropiophenone and 25% v/v PSS, followed by

pouring onto a silica mold. Further, the above solution is

dipped in 3,4-ethylenedioxythiophene (EDOT) monomer

under UV irradiation. The polymerization of EDOT is

initiated after the completion of EDOT loading in the

hydrogel. This can be done by dissolving it in an ethanol

solution containing 5% v/v H2SO4 and Fe-tosylate at room

temperature and finally getting a highly conductive

hydrogel. A small amount of sulfuric acid was added to the

hydrogel to enhance polymerization and conductivity. The

conductive hydrogel is non-adhesive towards myocyte

H9C2 cells and proteins, and therefore, RGD peptides were

attached covalently via a 5-azidonitrobenzoyloxy-NHS

linker that was fixed photochemically to the hydrogel

surface [52].

3.8 Chemical vapor deposition method

For the development of conductive hydrogels, techniques

such as the growth of metal NPs in bulk hydrogels

[14, 100], polymerization of conductive polymers

[20, 101], and CNT deposition via chemical vapor depo-

sition (CVD) [20] have been used. Pristine MWCNTs have

been synthesized in homemade CVD using acetylene gas at

a temperature of 700 �C and further coated with PPy

monomers via in situ chemical polymerization by Gupta

et al. The polymerization of PPy is done by drop casting of

a mixture of ammonium persulphate (0.1 M) and 35% HCl.

The amorphous nature of PPy remains constant after

coating onto MWCNTs. The composite of PPy and

MWCNTs forms a core shell structure, with MWCNT and

Fig. 4 Schematic illustration of

the synthesis of NM-based

polymer composites via spray

pyrolysis method

Fig. 5 Schematic illustration of

3D bioprinting for personalized

implants and tissue scaffolds.

Reprinted with permission,

[96] Copyrights � 2020 The

Authors. Published by Elsevier

Ltd on behalf of Acta Materialia

Inc
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PPy forming the inner core and outer shell, respectively

[58].

3.9 Other methods

Coating the surface of a hydrogel could easily provide

conductivity with suitable physico-mechanical properties.

The surface coating can be achieved by several methods,

like reversible split chain transfer, spinner vision, and click

chemistry onto the hydrogel surface [20]. An electrode-

posited Au NPs conductive hydrogel was created by cross-

linking 1,3,5-benzene tricarboxylic acid (ligand) and an

Fe3? ion [20, 41]. Conductive coating has several advan-

tages in drug delivery and bioactive agents. There are

certain limitations associated with it, such as peeling off

due to low elasticity and differences in mechanical

strengths, as the hydrogel and coating material act inde-

pendently [20, 102]. Luo et al. developed a sponge-like

conductive polymer (CP) PPy film. Fluorescein (Flu)-loa-

ded nanoporous PPy film is made up of template-derived

PPy on a fine protective layer. The nanoporous film is made

more hydrophilic by immersing the modified PPy electrode

in water and ethanol. Subsequently, 0.5 lL of Flu (0.01 M)

is added dropwise onto the surface of the electrode to dry it

naturally in the air. Flu is able to permeate the hydrophilic

PPy films. A thin PPy film is electropolymerized on the top

surface of a hydrophilic PPy film to prevent the leakage of

stored drugs [53].

HA-DA/rGO hydrogels are formed by Liang et al. for

wound dressing. Dopamine (DA) was linked to hyaluronic

acid (HA) by the standard 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC)/N-hydroxysuccin-

imide (NHS) method. Then, they were crosslinked with

rGO@PDA by oxidative coupling between them through

H2O2/horseradish peroxidase (HRP), resulting in hydrogel

formation. Self-healing capability can thus arrest leakage

of fluid along with bacterial penetration and infection after

adhering to the wound site due to hydrogel deformation or

fracture [61]. Deliormanli investigated PCL scaffolds

having a grid-like arrangement and periodic lattice that

were synthesized via the robocasting method using gra-

phene nanoplatelets (GNPs) for cartilage TE. The PCL was

dissolved in anhydrous acetone to make a 20 wt% PCL

solution. The different concentrations of GNPs were

Fig. 6 Schematic

representation of various

applications of tissue

engineering such as bone-,

nerve-, cardiac-, and skin-

associated tissues
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immersed in the prepared PCL solution, resulting in the

formation of printing ink. The Cartesian robot was used to

construct PCL scaffolds containing periodic lattices. The

needle of a device containing printing ink was immersed in

a 90% ethanol bath and scaffolds were printed on petri

plates inside the ethanol bath. In vitro, there was no toxicity

for up to 21 days when mouse bone marrow mesenchymal

stem cells (mBMSC) were seeded onto a polymer surface.

According to the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) and cell viability

assay, cells spread on the surface of scaffold proliferate

well. Also, mBMSC-seeded scaffolds were used for carti-

lage TE [64].

4 Tissue engineering applications

It’s a domain of study that deals with the development of

biomimics to repair, restore, maintain and amplify or

strengthen several biological functions at the level of tissue

and organ [1]. Several attempts have been made in the past

decades to develop NM-based scaffolds for their applica-

tion in TE (Fig. 6) and we have culminated and briefly

described the recent advances in the subsequent sections.

4.1 Cardiac tissue engineering applications

Engineering of myocardial cells and tissues takes place

using a variety of NMs functionalized or intercalated with

several types of biomaterials such as chitosan (CS), silk

fibroin (SF), etc. Different applications of NMs in cardiac

TE are briefly discussed and summarized in Table 2

(Fig. 7). Figure 8 illustrates several strategies for electri-

cally conductive engineered scaffolds utilizing different

NMs for regeneration of cardiac tissue [103].

A widely suitable NM is GO because it possesses

mechanical and electrical conductivity similar to natural

heart tissue [4, 108]. Paul et al. have developed a bio-

compatible and injectable fGO/DNAVEGF/GelMA

(methacrylated gelatin) hydrogel for cardiac repair and

vasculogenesis. Hydrogel can effectively transfect

myocardial tissues, thus influencing preferable therapeutic

effects and eliminating cytotoxicity. A rat model was used

to justify the result with acute myocardial infarction and

the hydrogel was injected into the periinfarct zone. The

injected hydrogel manifested favorable effects on revas-

cularization at the infarction site and enhanced contractile

function [4, 62]. Cardiovascular diseases, including

myocardial infarction and heart attack, happen due to

severe loss of myocardial cells, causing abnormal electrical

function. Cardiac muscles have limited regenerative capa-

bility as compared to other tissues, and when they are

Table 2 Cardiac tissue engineering applications

Nanocomposite Synthesis method Highlights References

fGO/DNAVEGF/

GelMA

EDC/NHS coupling Cardiac repair and vasculogenesis [4, 62]

GO/CS/DA Improved Hummer’s method Enhance viability and proliferation of myocardial stem

cells

[20, 65]

Possess self-healing properties

TiO2/PEGylated CS Hydrolysis method and mixed with a matrix Enhance cell retention and adhesion of myocardial

cells

[20, 66]

Show excellent cell-hydrogel matrix interactions

MoS2/rGO/SF

nanofibers

Electrospinning method—modified Hummer’s

method

Induce cardiac differentiation [44]

Control self-renewal potency

CS/GO-Au scaffolds Freeze-drying method Improves cardiac contractility [39]

Increase electrical conductivity

Restores ventricular function

GO/alginate microgels Electrospraying Enhanced cell viability [67]

Improve cardiac function

Decrease infarction

Exhibit anti-oxidant activity

PPy/SF nanofibers Electrospinning Mimic myocardium fibrils [45]

Exhibit contraction synchrony

Showed significant electrical conductivity
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damaged, scar tissue is formed, with permanent loss of

myocardial tissue [20, 109, 110].

A CS/DA/GO hydrogel has been developed by oxidizing

and showing improved myocardial stem cell viability and

proliferation. An amide bond was formed between CS and

GO in the hydrogel. The high mechanical strength of the

hydrogel was due to the nanofibrillar structure of the

hydrogel that easily transfers load upon stress. Nanofibrils

behave as bridges that facilitate self-healing capability.

Due to aggregation formed by GO layer, which induced

oxidative stress, high GO loading to hydrogel affected cell

adhesion and viability, resulting in significant influences on

biological and toxicological adherent cell responses

[20, 65]. Fabrication of PEGylated CS hydrogel has been

developed and, when dispersed with TiO2 NPs, showed

improved retention and adhesion of myocardial cells by the

meshwork of NPs. In hydrogels, PEG and CS are con-

nected by H-bonding and electrostatic interaction. The

aldehyde group of PEG was chemically cross-linked by the

incorporation of TiO2 NPs onto PEG/CS [20, 66].

Nazri et al. fabricated a SF nanofiber using MoS2 and

reduced GO (rGO) and then incorporated them into SF

nanofibers via an electrospinning process. These nanofibers

have been shown to trigger cardiac differentiation and

guide self-renewal potential. In the SF/rGO hydrogel, the

cells are extensively dispersed and lengthened while the

cells are networked in SF/MoS2 and form aligned bundles.

Fabrication of MoS2 and rGO in SF reinforces cardiac

differentiation but doesn’t affect proliferation and self-re-

newal capability. The density, elongation and arrangement

of cells on rGO and MoS2 incorporated SF scaffolds sur-

pass those of SF nanofibers [44]. Choe et al. developed a

Fig. 7 Schematic overview of cardiac tissue engineering paradigms

and commonly used bioengineering approaches, including 3D print-

ing, 3D cast construct (reconstructed from [104]), electrospinning,

organ-on-a-chip methods, micropatterning and stamping and decel-

lularized tissues [106]
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microgel composite of rGO and alginate via electro-

spraying, encapsulating mesenchymal stem cells (MSCs).

Further, they have enhanced cardiac maturation signifi-

cantly due to ROS scavenging by the microgels. Also

showed a decrease in infarction area and cardiac function

improvement by the use of rGO/alginate microgels [67].

Saravanan et al. have fabricated a GO/Au nanosheet and

incorporated it into a CS scaffold via the freeze-drying

method. Their results demonstrate improved cardiac con-

tractility and ventricular function restored upon implanting

the novel scaffold in the infarcted heart. It also enhances

cell growth and attachment without any cytotoxicity effect.

In a rat model with an isolated heart, there was an

enhancement in QRS interval accompanied by increased

conduction velocity and infarct region contractibility due to

an enhancement in connexin level after 5 weeks of

implantation of the scaffold. In the synthesis of the scaf-

fold, Au NPs were attached to GO sheets via electrostatic

interaction while an amide bond was formed between the

Fig. 8 Different categories of

nanomaterials utilized for the

production of electrically

conductive cardiac tissue

engineering scaffolds. Reprinted

with permission,

[103] Copyrights � 2019

Elsevier B.V. All rights

reserved
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carboxylic groups of GO/Au and the amide group of CS

[39].

Liang et al. have demonstrated in a recent investigation

employing PPy enclosing nanofibers of SF protein that was

prepared using an electrospinning method for enhancing

synthetic cardiac tissue functionality. Their results

demonstrate that the formed scaffold has a better ability to

mimic myocardium fibrils. Further, they showed that a

PPy/SF ratio of 30:70 demonstrated contraction synchrony

that could be further enhanced by external stimulation.

Therefore, they proposed that PPy/SF nanofibers could

potentially be used to enhance the functionality of engi-

neered myocardium [45].

Table 3 Nerve tissue engineering applications

Nanocomposite Synthesis method Highlights References

TiN microelectrode arrays IBAD/IME process Mimic nerve tissue [68–75]

Enhance the longevity of implants

Cellulose/pyrrole monomer In situ vapor phase polymerization Improved adhesion and proliferation of PC12 cells [20, 54]

MWCNTs/PCL scaffold Ionic modification followed by ultrasonic

treatment

Neurite growth [76, 77]

Axonal elongation

Neuron growth

Mesoporous silica/PAMAM Covalent attachment Transfection efficiency [76]

Cellular uptake

Au/immobilized silica spheres Coating method Enhance neurite adhesion [76]

Poly(L,D-lactide)

fibers/collagen I hydrogel

Single layer-by-layer process via

electrospinning method

Directed cell growth and extension of neurites [46]

Mimic cell guiding cure in CNS

Enable a culture of hPSC-derived neuronal cells for

a longer duration

M.SF/alginate hydrogels Centrifugal spinning/micro-cutting

method

Injectable, minimal invasive [80]

Effective nerve injury repair

Fig. 9 Structured hydrogels in

central nervous system models

and therapy such as for drug

delivery applications

(Reconstructed from [115]), as

carriers supporting cell

transplantation (Reconstructed

from [116]), as aligned

hydrogels that guide axon

growth and neurite orientation

(Reconstructed from [117]), as

bridging scaffolds facilitating

neuronal growth across

damaged tissues (Reconstructed

from [118]), layered hydrogels

to compartmentalize neurons

thereby replicating in vivo

tissue structure (Reconstructed

from [119]), and instrumental in

the generation of neuroepithelial

cysts and organoids used as

in vitro developmental models

(Reconstructed from [120])
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4.2 Nerve tissue engineering applications

As of today, a major challenge is the regeneration of nerve

tissues. In addition, there are other issues associated with

nerve injuries, such as degeneration of nerves, the forma-

tion of scar tissue, and disrupted communication between

cells and neurons [76]. Flecked tissues can be established at

cut ends in repairing peripheral nerve injuries due to glia

and hyperplasia that avert recovery of renewal nerve fibers.

As a result, it is critical to use conducting hydrogels as

transverse to prevent excessive connective tissue growth at

lesions [111]. In order to overcome these limitations, sev-

eral NMs-based approaches have been invented as

promising methods for applications of neuroengineering

due to their suitable physicochemical properties and bio-

compatibility [76, 112, 113]. Different applications of NMs

in nerve tissue architecture are briefly discussed and sum-

marized in Table 3.

A recent study associated with the engineering of central

nervous system (CNS) tissue and the commonly used

hydrogels has been briefly described (Fig. 9). Further,

Fig. 10 Different sources of polymer used in hydrogel preparations

for central nervous system applications. ECM, extracellular matrix;

HA, hyaluronic acid; PEG, poly(ethylene glycol); RGD, Arg-Gly-

Asp; IKVAV, Ile-Lys-Val-Ala-Val; MMP, matrix metalloproteinases.

Reprinted with permission, [114] Copyrights � 1969, Elsevier

Fig. 11 Schematic

representation of Au NPs-

coated PEI for nerve

regeneration by altering

electrical stimulation [122]

Reconstructed from [Park JS,

Park K, Moon HT, Woo DG,

Yang HN, Park K-H. Electrical

pulsed stimulation of surfaces

homogeneously coated with

gold nanoparticles to induce

neurite outgrowth of PC12 cells.

Langmuir. 2009;25:451–7]
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Fig. 10 illustrates many kinds of polymer-based materials

that have been utilized for CNS tissue architecture [114].

Several other novel therapeutic approaches have mate-

rialized in the past decade. To mention a few, they are the

use of graphene, nanotube-based on carbon NMs and var-

ious imaging and biosensing methods with potential action

of antioxidants, ability to cross the blood–brain barriers,

intrinsic photoluminescence, etc. [7]. The high-throughput

screening of chemicals and neurotoxicity has been per-

formed effectively by d’Amora and Giordani using zebra

fish as a model due to its transparency, cost-effectiveness

and smaller size and has led to the emergence of zebra fish

animal models as a powerful tool [7, 121].

Directed delivery of nerve growth factor (NGF) and

genes can be facilitated by conjugating biomolecules onto

metallic NP surfaces like Ag and Au. Au NPs interact with

peptide that further binds to amyloid b protein (Ab)
aggregates, subsequently dissolving aggregates due to the

application of local heat of Au NPs. For Alzheimer’s

prognosis, Au NP-based optical biosensors have been

developed. Adsorption of Au NPs on positively charged

cover glass with poly(ethylene)imine (PEI) resulted in

better adhesion to neurites (Fig. 11). Au NPs enhance

neurite outgrowth of pheochromocytoma (PC12) cells and

alternating electrical stimulation that was estimated by cell

viability establishment via RT-PCR and b-tubulin. 90% of

cells survived in an altered electrical stimulation state,

while 70% of cells survived with constant electrical stim-

ulation. This is due to the generation of oxygen by the

decomposition of hydrogen and water in the case of con-

stant electrical stimulation [76, 122].

Another method is the covalent attachment of

poly(amidoamine) (PAMAM) onto a mesoporous silica

nanostructured surface stacked with plasmid DNA. This

showed good biocompatibility, gene transfection effi-

ciency, and cellular uptake for Chinese hamster ovarian

(CHO) cells, neural glia (astrocytes) and human cervical

cancer (HeLa). Due to mesoporous structure of silica

nanosphere, impermeable constituents such as fluorescent

dyes and pharmaceutical drugs were allowed to be envel-

oped in the silica channel [76]. For differentiation of stem

cell-derived neuronal cells and to deliver siRNA to them,

core–shell ZnFe2O4@Au magnetic NPs have been

employed [76, 123]. The CNTs interact with the brain,

which helps in the development of CNT-based devices.

Because of their unique electrical properties, CNTs are

viable for recording neuronal activity and stimulation.

Because of electrical coupling among somatic and den-

dritic neuronal parts by CNTs, an increment of electrical

activity in neurons. Results in MWCNTs with modified

neuron growth [76, 77].

Nerve tissue lesions have been studied using several

approaches and the most commercialized approach for the

treatment of nerve disorders is to implant autografts,

xenografts or allografts to lesions, but this can induce a

host immune-rejection reaction. In order to overcome this,

the development of hydrogels can be used for nerve tissue

regeneration by providing an adequate conductive envi-

ronment for electrical signal exchange and conductive

characteristics that promote neuronal differentiation and

promotion [20].

A nanoporous cellulose gel (NCG)-PPy conductive

hydrogel has been developed via in situ vapor phase

polymerization of monomeric pyrrole (Py) with NCG in

aqueous alkali solution and demonstrated a conductivity of

80 mS/cm. In NCG-PPy, an H-bond was formed between

the -OH groups of cellulose and the -NH groups of the

Py rings. NCG-PPy also showed improved or enhanced

PC12 cell adhesion and proliferation, inducing neurite

outgrowth, and improved biocompatibility. Under electri-

cal stimulation, the nerve conduits have a function similar

to the myelin sheath and stimulate nerve outgrowth and

axon regeneration that leads to the repairment of nerve

injuries [20, 54]. The fabrication of magnetic NPs along

with GFs to support nerve tissue regeneration has been

assessed by Pinkernelle et al. The authors functionalized

iron oxide NPs, PEI-coated along with NGF, both cova-

lently and non-covalently. Covalently bonded NGF and

PEI-NPs are not able to distinguish PC12 cells that lack the

biofunctionality of NGF. Non-covalent binding of NGF

with PEI-NPs distinguishes PC12 cells to neuronal-like

cells, hence manifesting the biofunctionality of NGF

[7, 124]. Also, they assessed GF functionality using con-

gruous or apt animal or biological models.

Graphene is the most widely used carbon-based NM. Its

potential use in the regeneration of nerve tissue has been

elaborated by Convertino et al. Researchers deposited

epitaxial graphene on silicon carbide (SiC) via a thermal

decomposition process. In analysis with PC12 cells, no cell

differentiation occurred in the absence of NGF, while a

significant neurite outgrow occurred in the presence of

NGF treatment on day 5. When compared to controls at

differentiation of day 5, cells outgrowth graphene with an

increased neurite length. Also, dorsal root ganglion neurons

survive until day 17 on graphene with a dense axon net-

work. Graphene is used as an active substrate for nerve

guidance in conduit devices. Allow electrical signals to be

transmitted among neurons that make external stimulation

feasible to increase regeneration of axon [7, 125].

A c-aminobutyric acid (GABA) microarray probe has

been developed by Hossain et al., which consists of two

biosensors constructed by glutamate (Glu) oxidase and

GABASE enzymes used in the detection of Glu and

GABA, respectively. They have successfully shown that

the invention of the GABA probe could be a novel

approach and could be implemented in brain disorder
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studies amalgamating the involvement of GABA and Glu

signaling. The key benefits were that the location of the

microelectrode array along with the shank at numerous

depths in the brain allows GABA and Glu sensing. It

concurrently senses neurochemicals and field potentials.

That’s impossible with the latest neurochemical strategies

[7, 68, 126, 127].

Recent studies reveal that intracortical microelectrodes

(IME) can be utilized to enhance and mimic biological

tissue, especially nervous tissue and have been extensively

studied. Nano-architectural approaches examine the sur-

face of the implants and several approaches have been

discussed by Kim et al. to improve IME biocompatibility

and improve the quality and longevity of the implant

[68–71]. A possible substitute to the titanium nitride (TiN)

deposition approach has been invented by Ryynänen et al.

where they have implemented a process based on ion beam

assisted e-beam deposition (IBAD) for TiN microelectrode

arrays (MEAs) fabrication. The authors cultured human

pluripotent stem cell (hPSC)-acquired neurons in Brain-

Phys (BPH) and neural differentiation medium (NDM).

They support the genesis of MAP2 and b-tubulin-positive
neural networks with synaptophysin expression within

12 days. The neuronal networks in BPH were denser than

in NDM. The significant enhancement was found in the

active electrode percentage in the case of BPH as compared

Fig. 12 Schematic representation of personalized in vitro bioprinted

neural tissue models. A Derivation of neural cells through direct cell

reprogramming or induced pluripotent stem cells approach. B Bio-

printing with patient-specific neural cells to generate neural tissue

models. C Intended applications with bioprinted neural tissue models.

Reprinted with permission, [128] Copyrights � 2020 The Authors.

Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to NDM. Cells cultured in MEA types was unsuccessful as

neural networks started to disclaim and form clumps after

two weeks and experiment termination was initiated within

3 weeks of the experiment duration [72–75].

Another method developed for use in neuroengineering

is the single layer-by-layer electrospinning of poly(L,

D-lactide) fibers with collagen I hydrogel. The results using

this method have shown directed growth and extension of

neurites. Also, this hydrogel nanocomposite mimics the

cell guiding cues in the CNS and enables the culturing of

hPSC-derived neuronal cells for a longer duration [46].

Recently, Qiu et al. have demonstrated the emerging role of

bioprinting for the development of 3D neuronal models.

Figure 12 illustrates the bioprinted model for a 3D neu-

ronal in vitro model for neuronal tissue architectural

application and biomedical intervention [128]. In a recent

investigation conducted by Ghaderinejad et al., magnetic

PCL and superparamagnetic iron oxide NPs (SPIONs)

were spun centrifugally to form magnetic short nanofibers

(M.SF) via a micro-cutting approach. Eventually, these

M.SFs were incorporated into alginate hydrogels. Further,

the hydrogel with oriented M.SF was encapsulated into

olfactory ecto-mesenchymal stem cells (OE-MSCs) and

exhibited viability of cells even after 7 days. Furthermore,

it was shown to increase neural differentiation after 14-day

induction. Altogether, they proposed that

injectable M.SF@alginate hydrogels could be a potential

and less invasive strategy for neural tissue regeneration

[80].

4.3 Bone tissue engineering applications

Engineering of hard (bone) tissues takes place using a

variety of NMs functionalized or intercalated with several

Table 4 Bone tissue engineering applications

Nanocomposite Synthesis method Highlights References

PEG-GO/PPF Sonication and thermal curbing No toxicity for human dermal

fibroblasts

[4, 81]

GO/CS/nHAP In situ crystallization Endogenous bone repair [4, 82]

BP nanosheets/GelMA nanocomposite Coating method Bone regeneration [4, 9]

Release of calcium-free phosphate

Promote mineralization

BP/natural polymers Coating method Bone regeneration [4, 78]

Au/photo-curable gelatin hydrogel UV-induced crosslinking Bone regeneration [20, 42]

Promote osteogenic differentiation

of MSCs

GO-BP scaffold 3D printing, ammonolysis, coating Enhance bone mineralization and

differentiation

[4, 79]

Bone regeneration

GO/CS/PVP Electrospinning method—modified

Hummer’s method

Possess good mechanical strength [47]

The efficient wound closure rate

GO/PMMA/PLC/FA Dry mechanochemical process followed by

mixing

Mimic osteoblast cells [83]

Act as bone fillers in orthopedic

surgeries

GO/CS/HA containing osteogenesis

inducing drug SV

Electrospinning method—modified

Hummer’s method

Increase in osteogenesis and

mineralization

[48]

Exhibit good biocompatibility

CNT/HA CVD and sol–gel method Mimic osteoblastic and fibroblast

cells

[59]

CNT/PVA Freeze-drying method Mimic osteoblast cells [40]

CNT/3D collagen scaffold/b-tricalcium
phosphate

Pulverization followed by incorporation in a

collagen scaffold

Mimic fibroblast cells [84]

CNT/PBAT fibers Electrospinning method Mimic MG63 osteoblast-like cells [49]

CNT/surface-modified PCL/PLA scaffold/

insulin-like GF I

Photo-immobilization technique Mimic rBMSCs [85]

Low toxicity in vivo studies

Exhibit anti-senescence

functionality
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types of biomaterials. Different applications of NMs in

bone TE are briefly discussed and summarized in Table 4.

Stem cells are an important factor for potential imple-

mentation in bone tissue architecture and regeneration

(Fig. 13) [129].

GO could be used as a potential NM as it has less

cytotoxicity and high biocompatibility. Similarly, thermal

curing and sonication have been used to create nanocom-

posites such as poly(propylene fumarate) (PPF) with

PEGylated GO (PEG-GO). In PEG-GO, the hydroxyl and

carboxylic groups of GO formed an H-bond with the -OH

group of PEG. Results showed an increase in GO con-

centration could increase surface roughness, thermal sta-

bility, uptake of water and hydrophilicity. Also showed no

toxicity to human dermal fibroblasts. The results revealed

that the bio-acidic effect was stronger for Gram-positive

(Staphylococcus aureus and Staphylococcus epidermidis)

than Gram-negative (Pseudomonas aeruginosa and

Escherichia coli) microorganisms. GO nanosheets form

hydroxyl radicals that attack bacterial cell wall peptide

linkage and cellular component (proteins, DNA and lipids)

destruction that results in the destruction of bacteria [4, 81].

Zhao et al. fabricated a GO/CS/nanohydroxyapatite

(nHAP) structural scaffold via a one-step in situ bionic

technique (Fig. 14). In scaffold, the carboxyl radical of GO

electrostatically interacts with the amine group of CS to

prevent the material from collapsing quickly in physio-

logical fluid. Scaffolds were ideal for nutrient exchange,

metabolic by-products, and cell growth and cohesion due to

their rough surface, porous structure, high stability, and

low positive potential value. The stability of scaffolds was

enhanced by GO and that resulted in the neonatal tissue

merging completely with the damaged area. The defects

were filled with newly born tissue that revealed an inte-

grated structure with endemic bone in scaffold groups. This

is due to the synthesized method of scaffold, which

increases the biocompatibility and interfacial bioactivity

between the scaffold and endemic tissue that is embedded

in vivo. 0.09% GO/CS/nHAP scaffolds showed exceptional

bone renewal potential. Scaffolds were produced by

Fig. 13 Stem cell-based bone tissue engineering. Reprinted with permission, [129] Copyrights � 2006, IOP Publishing, Ltd
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Fig. 14 Fabrication of GO/CS/nHAP scaffold and process of endogenous bone repair. Reprinted with permission, [82] Copyrights � 2019

Elsevier B.V. All rights reserved

Fig. 15 Bone regeneration

using black phosphorous-based

hydrogel. A 3D hydrogel

platform follows a new strategy

that encapsulates black

phosphorous nanosheets can

capture calcium ions to

accelerate biomineralization in

a bone defect and enhance bone

regeneration. Reprinted with

permission, [9] Copyright �
2019, American Chemical

Society
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endogenous stem cells in situ for damaged areas and eased

proliferation and differentiation, promoting endogenous

bone renewal [4, 82].

Materials for bone TE must possess high mechanical

strength [20, 130]. So, in order to mimic bone tissue, the

mechanical strength of hydrogels must be improved as they

currently possess low mechanical strength. For bone tissue

regeneration, the most promising material is Au NPs as

they promote mesenchymal stem cell (MSC) osteogenic

differentiation [20, 42]. A biodegradable hydrogel using

Fig. 16 A Schematic representation of the fabrication process of 3D

printed scaffolds functionalized with 2D graphene oxide and black

phosphorous nanosheets. B Graphene oxide nanosheets enhance cell

adhesion to the surface of the scaffolds. C Black phosphorous

nanosheets release phosphate groups as they degrade, which enhance

the proliferation of pre-osteoblasts. D Phosphate groups released from

black phosphorous nanosheets also enhance scaffold mineralization

and cellular differentiation, making this approach an attractive option.

E Schematic demonstration of 2D materials functionlaized 3D

scaffolds for bone tissue engineering applications. Reprinted with

permission, [79] Copyright � 2019, American Chemical Society
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Au NPs through UV-induced chemical cross-linking has

been developed and showed regeneration of bone tissue.

Au NP hydrogel exhibits significant enhancement in bone

proliferation, activity, and formation [20].

Bone regeneration is facilitated by the proliferation and

differentiation of osteogenic cells, which can be achieved

by amalgamating black phosphorous (BP) nanosheet with

hydrogel scaffolds leading to better mechanical properties

and also cause the release of calcium-free phosphorous

(Fig. 15). The BP nanosheets photo-responsively degraded

into phosphate ions and trap calcium ions to fast-track

biomineralization in bone defect in vitro that leads to

enhance the regeneration of bone. After the implantation of

hydrogel in rabbit, medullary cavities and vessels appeared

in newly formed tissue after 8 weeks that shows the for-

mation of bone. Mature bone with successive structure

distinguished in group with hydrogels within 12 weeks that

indicating the complete healing of defect after addition of

BP nanosheets as extra phosphorus [4, 9].

Another approach is to enhance osteogenic potential by

altering the surface of the scaffold through GO and BP

coating (Fig. 16). Cell adhesion and protein adsorption are

improved by the addition of GO, which leads to an

enhanced surface area of scaffolds, while the addition of

BP leads to a continuous release of phosphate as material is

degraded, which results in stretching of cell shape and

Fig. 17 Therapeutic hydrogel

fabrication via black

phosphorous nanosheets and

natural polymer precursor [78]

Reconstructed from [Miao Y,

Shi X, Li Q, Hao L, Liu L, Liu

X, et al. Engineering natural

matrices with black phosphorus

nanosheets to generate multi-

functional therapeutic

nanocomposite hydrogels. Bio-

mater Sci. 2019;7:4046–59]

Fig. 18 Schematic representation of formation of PMMA/PCL/FA/GO based bone cement. Reprinted with permission, [83] Copyrights � 2018

Elsevier Ltd. All rights reserved
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cellular filament formation around edges. It also releases

phosphate as an osteoblast differentiation facilitator that

induces cell osteogenesis. Hence, proliferation, cell

attachment, and differentiation were attained on BP-GO

fabricated scaffolds [4, 79].

Miao et al. developed a composite hydrogel (BP-Gel)

and showed bone regeneration in vitro and in vivo

(Fig. 17). The BP nanosheet is degraded when it interacts

with water and oxygen, which leads to the release of PO4
3-

ions. The released PO4
3- ions are bound with Ca2? ions

obtained from osseous tissues, which results in the gener-

ation of a bone-like Ca2?–PO4
3- matrix that is favorable

for osteointegration and bone renewal. Also, hydrogel

prevents wound infection (treatment of osteosarcoma) and

shows performance in NIR photothermal to eliminate

bacteria and cancer cells. It also enhances cell growth and

supports osteogenic differentiation in vitro of hMSCs

without osteo-inductive factors and enhances the regener-

ation of bone in vivo [4, 78].

Another strategy is the fabrication of GO using a mod-

ified Hummer’s method and incorporating it into a nano-

fiber composite of CS and polyvinyl pyrrolidone (PVP) via

electrospinning. The results showed enhanced mechanical

strength and an effective wound closure rate. When com-

pared to a control, 1.5% GO membrane resulted in a faster

wound closer rate in vivo (in rat) [47]. Pahlevanzadeh et al.

developed a novel casting method for functionalizing GO

with poly(methyl methacrylate)-PCL (PMMA-PCL) poly-

mer and fluorapatite (FA) (Fig. 18). In this, graphene

formed a hydrogen bond with the polymer chains. The

Fig. 19 The microstructure and nanostructure of bone and the

nanostructured material used in bone regeneration. A At the

macroscopic level, bone consists of a dense shell of cortical bone

with porous cancellous bone at both ends. B Repeating osteon units

within cortical bone. In the osteons, 20–30 concentric layers of

collage fibers, called lamellae, are arranged at 90� surrounding the

central canal, which contain blood vessels and nerves. C Collagen

fibers (100–2000 nm) are composed of collagen fibrils. The tertiary

structure of collagen fibrils includes a 67 nm periodicity and 40 nm

gaps between collagen molecules and increase the rigidity of the

bone. Nanostructures with features of D nanopattern, E nanofibers,

F nanotubers, G nanopores, H nanospheres, and I nanocomposites

with structural components with a feature size in the nanoscale.

Reprinted with permission, [131] Copyright � 2015, The Author(s)
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elastic modulus and yield strength were enhanced with the

addition of FA to the polymer but reduced elongation,

while the addition of GO enhanced elongation, tensile

strength, cell viability, and proliferation after 7 days of

culture. Also, PMMA-PCL/FA/GO has been shown to

mimic osteoblast cells and in orthopaedic surgeries, they

act as bone fillers. The osteoblast cells adhered and out-

spread on the bio-ceramic surface, as apatite-like film

generation and Ca2? ion production from calcium phos-

phate improved cell adherence and proliferation [83].

Unnithan et al. have fabricated a GO/hyaluronic acid

(HA)/CS-based bioactive nanocomposite scaffold along

with simvastatin (SV) via a lyophilization technique, an

osteogenesis-inducing drug. In the nanocomposite, an

amide bond was formed between CS-HA and GO. The

carboxylic functional groups attached to GO enhance the

interaction of GO with CS and HA, which constructively

starts the widespread nucleation of HA within the scaf-

folds. The addition of GO exhibits significant enhancement

in osteogenesis and mineralization. Also, the presence of

GO has improved the mechanical strength and it possesses

excellent biocompatibility as a bone scaffold. The osteo-

genesis in both in vitro and Alizarin Red assay tests was

enhanced with 1% SV-loaded scaffolds. The bioactivity of

Fig. 20 Mesoporous silica-based nanomaterials as scaffold in bone tissue engineering applications. Reprinted with permission, [132] Copy-

rights � 2019 Elsevier B.V. All rights reserved

Fig. 21 Biomimetic spiral-

cylindrical scaffold based on

hybrid chitosan/cellulose/nano-

hydroxyapatite membrane.

Reprinted with permission,

[133] Copyright � 2016, The

Author(s)

948 Tissue Eng Regen Med (2022) 19(5):927–960

123



the scaffold and its capability to increase apatite layer

nucleation and enable integration of the scaffold into the

implant site [48].

The composition of bone mainly comprises of collagen

(organic) and hydroxyapatite (inorganic) with a hierarchi-

cal arrangement. Figure 19 illustrates the structure of bone

at macro-, micro- and nano-structural levels along with the

NMs used for bone regeneration [131]. Furthermore, silica

NMs have been widely explored due to their ability to

enhance bone cell growth and delivery of encapsulated

biologically active molecules in mesopores (Fig. 20) [132].

Li et al. have developed HAP composites by reinforcing

CNTs via a double in situ process, i.e., by combining CVD

for synthesizing CNTs in HAP powder and then using a

sol–gel method for further encapsulation of CNTs. Due to

excellent biocompatibility, this has shown to enhance

mechanical strength and exhibit significant improvement in

the proliferation of fibroblasts. This shows high potential in

bone TE applications. Ca2? ions through electrostatic

interaction adsorb onto the surface of CNTs followed by

reaction with PO4
3- ions that leads to the formation of

HAP on the CNT surface via electrostatic interaction,

which is responsible for the high flexural strength of the

scaffold [59].

Kaur et al. developed a nanocomposite scaffold

employing PVA and CNTs via the freeze-drying method.

They showed that the fabricated scaffold mimics osteoblast

cells and also increases the mechanical strength by many

folds due to varying concentrations of CNTs. Further, it’s a

favorable scaffold for amplifying bone tissue renewal. For

Fig. 22 A Preparation of SCHB2-thick and SCHB2-thin NFMs

through coaxial electrospinning and their influence on hMSCs. Re-

printed with permission, [134] Copyright � 2015, American Chem-

ical Society. B Tri-modal macro/micro/nano-porous scaffold loaded

with rhBMP-2 for accelerated bone regeneration. Reprinted with

permission, [135] Copyright � 2015 Acta Materialia Inc. Published

by Elsevier Ltd. All rights reserved
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proliferation and differentiation of osteoblast cells, 1 wt%

CNT in the scaffolds provided the best result, while 1.5

wt% CNT reduced the mechanical strength

and in vitro cell growth. The scaffold’s ability was to form

a bond with bone via bone-like apatite layer generation on

the surface upon implantation. The apatite layer was

formed by the deposition of Ca2? ions on carboxyl groups,

followed by PO4- ions. Also, carboxylic and hydroxyl

functional groups on the CNTs surface adsorb proteins by

electrostatic and van der Waals interactions [40]. A spiral-

cylindrical scaffold using a hybrid membrane of sodium

carboxymethyl cellulose was arranged in a concentric

manner for osteointegration and bone repair (Fig. 21).

Nanofibrous membrane (NFM) preparation has been

illustrated with BMP-2 as the core and silk fibroin/chi-

tosan/nano-hydroxyapatite (SF/CH/nHAP) as the shell via

electrospinning as an excellent bone scaffold (Fig. 22)

[133].

Miyaji et al. have developed a method using MWCNTs

and b-tricalcium phosphate (b-TCP) NPs and then a mix-

ture of MWCNTs/b-TCP NPs was incorporated into a

collagen scaffold and shown to mimic fibroblast cells [84].

Rodrigues et al. have fabricated MWCNT/poly(butylene

adipate-co-terephthalate) (PBAT) fibres via electrospinning

methods. They showed enhanced mechanical strength and

mimicked MG-63 cells’ osteogenic differentiation. There

were sequential cellular events that arise when cells attach

to the surface of biomaterials. Startingly, cells did attach-

ment and proliferation, followed by differentiation to

synthesize collagen and proteins, as well as their own

in vitro mineralization in specific medium. The best results

were obtained with 0.5 wt% CNT/PBAT [49]. Chen et al.

created surface-modified poly(caprolactone)-poly(lactic

acid) (PCL-PLA) scaffolds with CNTs and insulin-like

growth factor I via a photo-immobilized method, and

demonstrated low toxicity in vivo, amplify bone healing

and have anti-senescence functionality by downregulating

MSC protein associated with senescence and upregulating

protein associated with bone morphogenesis [85].

4.4 Dental tissue engineering applications

Dental disorders and injuries, along with increased life

expectancy, have led to a significant demand for dental

tissue regeneration [136]. The self-regeneration ability of

dental issues is very limited or almost nil [136, 137]. The

complex architecture of dental tissues, that is, the presence

of a defined amount of HAP crystals and matrix proteins

such as lacunae, accounts for suitable replacement material

that must be biocompatible and wear-resistant. However,

there are already known indications for tooth formation and

regeneration that have been diligently studied and may

require further innovation in the future [137, 138]. Fig-

ure 23 demonstrates the complexity of a mature tooth that

consists of hard non-vascularized tissues and soft vascu-

larized dental pulp [137].

For regeneration of dental tissue, scaffolds and biomo-

lecules are crucial templates and act as attachment sites for

regenerative cells possessing the ability to differentiate. In

addition, the scaffold has application as a delivery

approach for drugs or GFs, which could improve the

potential for regeneration of dental tissue [137, 139–141].

To date, several stem cells (SCs) have been widely used,

such as embryonic stem cells (ESCs), bone marrow mes-

enchymal stem cells (BMSCs), and other tissue-specific

SCs. SCs have the potential to produce 3D tissue-like

Fig. 23 Tooth structure and

dental tissues with the

respective stem cell

populations. A The odontoblast

niche is bordering dental pulp

beneath the dentin with

odontoblast processes projecting

towards enamel. B Diverse cell

populations are found in dental

pulp, DPSCs, which can give

rise to odontoblasts.

C Cementocytes are residing in

the lacunae of cellular

cementum at the root apex with

their cellular processes

projecting towards the

periodontal ligament. Reprinted

with permission,

[137] Copyrights � 2016,

MDPI Journals
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organization with intercalation of cells and NMs. Current

findings reveal that periodontal tissues possess multi-potent

(or dental) stem cells that have the potential for TE

(Fig. 24) [142].

Xi et al. fabricated a biofilm using PCL-based vesicles,

demonstrating good biocompatibility and antibacterial

characteristics with a potential role in periodontitis therapy

(Fig. 25A) [143]. Another strategy was proposed by Bao

et al. as they have innovated a reactive oxygen species

(ROS) scavenger using polydopamine in periodontal tissue.

Their results demonstrate decreased inflammation and

increased performance as ROS scavengers (Fig. 25B)

[144]. A recent investigation conducted by Zhang et al.,

showed that they have innovated a bioscaffold using Au

nanocages, which can be activated by light and possess

antibacterial activity (Fig. 25C) [145].

4.5 Skin tissue engineering applications

A substitute for the conventional wound healing approach

is artificial skin regeneration. CP possesses antibacterial

properties [20, 146, 147] and supports the growth of ker-

atinocytes and fibroblasts [20, 148]. Different applications

of NMs in skin TE are briefly discussed and summarized in

Table 5.

Fabrication of conductive silicate hydrate (CSH)

hydrogel in the presence of FeCl3, by free radical poly-

merization of poly(acrylic acid) (PAA) and conductive,

i.e., PPy on decorated chitosan (Dch-PPy), mimics human

skin. The hydrogels have self-healing properties with 90%

efficiency of electrical recovery in 2 min and 30 s,

respectively. This is due to the dynamic ionic attraction of

ferric (Fe3?) ions and the -NH functional groups of PPy

with the carboxylic functional groups of PAA (Fig. 26).

Ionic interactions among the functional groups of PAA and

Fig. 24 Dental stem cell-based tissue engineering. in vitro 3D tissue-

engineered construct can be developed by combining dental stem

cells with proper 3D cell carrier and bioreactor culture system, and

can be applied to tissue engineering and regenerative medicine [142]

Reconstructed from [Kim B-C, Bae H, Kwon I-K, Lee E-J, Park J-H,

Khademhosseini A, et al. Osteoblastic/cementoblastic and neural

differentiation of dental stem cells and their applications to tissue

engineering and regenerative medicine. Tissue Eng Part B Rev.

2012;18:235–44]
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PPy may mediate self-healing, resulting in the migration of

Fe3? ions to the other side and the healing of the con-

ductive self-healing hydrogel. Subsequently, the self-heal-

ing could be improved due to the H-bonding of PAA and

CH. The mechanical strength of the conductive self-healing

hydrogel was enhanced due to the covalent cross-linking

between N, N0-methylenebis-acrylamide (MBAA) and

PAA. The hydrogel also showed excellent performance in

3D printing, pressure sensitivity and stretchability [20, 55].

Another hydrogel fabricated by simply mixing CS-g-PA

and PEG-co-poly(glycerol sebacate) (PGS) possesses bio-

compatible, antibacterial, electroactive, and free radical

scavenger properties. Upregulation of GF expression for

wound healing, full-thickness skin defect model, and

showed good in vivo clotting and collagen deposition using

hydrogel. The hydrogel also exhibits tunable gelation time,

adhesiveness, stiffness, conductivity, pore size, and swel-

ling ratio by modulating crosslinking density [20, 86]. Lee

et al. have fabricated a GO-poly(lactic-co-glycolic acid)

(PLGA) composite with collagen (Col) hybrid fibre sheets

via the dual electrospinning method and showed favorable

results in wound healing implementation. They also

showed increased proliferation of human dermal fibrob-

lasts. The addition of GO enhanced the growth and dif-

ferentiation of different SCs. Also, the presence of Col

permits biochemical interaction with cells that mimics

integrin-ECM attachment. The addition of GO and Col

increased the hydrophilicity of fibre sheets while the

decomposition temperature of fibre sheets was decreased

by the addition of Col [50].

Fig. 25 A Treatment of periodontitis with PCL-based vesicles.

Reprinted with permission, [143] Copyright � 2019, American

Chemical Society. B The synthesis of polydopamine nanomaterials

and their usage as efficient reactive oxygen speices scavengers in

periodontal disease. Reprinted with permission, [144] Copyright �
2018, American Chemical Society. C Schematic illustration of TC-

PCM@GNC-PND a combined platform for hyperthermia and antibi-

otics with an obvious synergistic antibacterial effect. TC Tetracycline,

PCM phase-change materials, GNC Au nanocage, PND poly(N-

isopropylacrylamide-co-diethylaminoethyl methylacryld). Reprinted

with permission, [145] Copyright � 2020, American Chemical

Society
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Rakhshaei et al. have fabricated a CS-gelatin (Gel) and

nZnO composite hydrogel scaffold using in situ fabrication

of ZnO NPs and thus enabled it to possess flexibility,

antibacterial and drug delivery characteristics. Its compat-

ibility was demonstrated by utilizing human dermal

fibroblast cells (HFF2). The cells were attached to the

hydrogel scaffold and they started to spread onto the

hydrogel after incubation for 2 days. Moreover, the

hydrogel showed an excellent swelling ratio, sustained

biodegradation and a highly porosity nature that was useful

in absorbing volumes of wound exudate [56]. Lei et al.

demonstrated the potential use of a MoSe2-(poly (N-iso-

propylacrylamide-co-IL) (PNIL) hydrogel in wound repair

and dual stimuli-responsive behavior by simultaneous

exfoliation and functionalizing it. In hydrogels, N-iso-

propyl acrylamide (NIPAM) co-monomers have thermo-

responsive characteristics. While MoSe2 nanosheets act as

photothermal means, they form a photo- and thermo-re-

sponsive hydrogel that can be administered remotely via

laser exposure or non-exposure (Fig. 27). This dual nature

was reversible and tunable by modulating the hydrophilic

and hydrophobic properties of PNIL. The hydrogel was

highly stable in water due to the formation of a non-co-

valent bond among MoSe2 nanosheets and PNIL through

attachment with 1-vinylimidazole rings that form a

crosslinking network [57].

Li et al. functionalized 3D graphene foam (GF) with

BMSCs via the CVD method with Ni foams as a template

and showed their potential to promote wound healing and

also reduce scar generation owing to biochemical and

biomechanical signals from GFs. The GFs have excep-

tional biocompatibility and enhance MSC growth and

proliferation. Moreover, MSCs enhanced vascularization

and laid out a healthier neo-skin. The only GFs that

affected wound closure were GFs with MSCs that syner-

gized to assist wound closure [60]. Chu et al. developed a

PEGylated GO-modified quercetin-modified hybrid colla-

gen scaffold using ECD-catalyzed amide formation under

ultrasonication, and their results showed promising use in

diabetic wound healing, promoting collagen deposition,

and also amplifying attachment and proliferation of MSCs.

Moreover, hydrogels showed excellent stability and

adjustability of quercetin conduction capacity for stimu-

lating MSCs’ differentiation into adipocyte and osteoblast,

Table 5 Skin tissue engineering applications

Nanocomposite Synthesis method Highlights References

CSH/PAA/Dch-PPy Free-radical polymerization Mimic human skin [20, 55]

CS-g-PA/PEG-co-PGS The facile approach of mixing under

physiological conditions

Antibacterial properties [20, 86]

Wound healing

in vivo clotting

Collagen deposition

GO-PLGA/Col hybrid fiber

sheets

Dual electrospinning method Wound healing [50]

Increased proliferation of human dermal

fibroblasts (HDFs)

3D GF CVD with Ni foam as a template Wound healing [60]

Enhance growth and proliferation of MSCs

Reduce scar formation

Guides the wound healing process

HA-DA/rGO hydrogel

dressing

EDC/NHS coupling Wound healing [61]

Enhances vascularization

Improve granulation tissue thickness

Collagen deposition

GO-PEG/Que/Col scaffold ECD-catalyzed amide formation under

ultrasonication

Diabetic wound healing [63]

Promote collagen deposition

Angiogenesis in diabetic wound repair

Amplify attachment and proliferation of MSCs

MoSe2-NIPAM hydrogels Simultaneous exfoliation and functionalization Wound repair [57]

Tunable dual stimuli-responsive behavior

CS-Gel/nZnO scaffolds In situ synthesis of nZnO NPs Possess antibacterial and biodegradable

properties

[56]
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a biodegradable nanofiber interface, and controllable drug

release capability in vitro. In wound healing process, the

wound closure percentage treated with scaffolds showed a

faster gradual rate after 7 days of incubation of scaffolds.

After 14 days, hair follicles and mature vessels were

realized in dermis. No fur appeared and hypertrophic

scarring occurred around the diabetic wound after 21 days

[63].

Fig. 26 Schematically depicted

the mechanism of self-healing

after a cut that is mediated by

conductive self-healing

hydrogels. Reprinted with

permission, [55] Copyrights �
2016 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim

Fig. 27 Schematic

representation of reversible

swelling or shrinking motions of

the hydrogels with cooling or

heating stimulations. A PNIL

assisted non-covalent assembly

of functionalized MoS2
nanosheets to form a novel

nanocomposite that exhibit dual

behavior, i.e., photo- and

thermo-responsive nature and

results in shrinking or swelling.

Reprinted with permission,

[57] Copyrights � 2016

WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim
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Liang et al. fabricated a HA-graft-DA with rGO (HA-

DA/rGO) hydrogel dressing via oxidative coupling of

EDC/NHS and their results showed enhanced vascular-

ization, improved granulation tissue thickness, collagen

deposition, and their potential use in wound healing

applications. The hydrogels generated thicker granulation

tissue than Tegaderm films after 14 days of incubation,

which led to excellent wound healing effects. The hydro-

gels also revealed high swelling, tunable rheological

properties, degradability, and excellent mechanical features

for human skin [61].

5 Challenges and future perspectives

Despite many advancements, further innovation is required

to encounter many obstacles in the translation of theoretical

aspects into reality. One of the demerits is the inefficacy of

engineered biological mimics to substitute for character-

istics exhibited by natural tissues [1]. Their ability to

perform cellular functions and the accumulation of NPs

over time are major shortcomings that still need to be

looked into. Another important aspect is the accumulation

of the functionalized polymer over time. To overcome this

paradigm, scientists have adopted several strategies to

fabricate varied compositions of polymers for their possi-

ble application in clinical and biological settings.

Biodegradable polymers have grasped recent consideration

due to numerous characteristics such as structural preci-

sion, porosity, degradation and many more [19]. Also, the

verification or validation of in vitro studies using in vivo

experiments is scarce today and is crucial for their

accomplished use in biomedicine. Many applications

already exist in the literature, reinforcing the application of

NMs as a potential candidate for TE-associated strategies

and also with the involvement of stem cell-directed pro-

liferation and regeneration of tissues as a promising future.

A lot of research in TE has focused on experiments

using animals as models and is therefore inadequate for

implementation in human systems. Also, to achieve

Fig. 28 Future and challenges

of tissue engineering: clinical

translation, organ-on-a-chip and

disease modelling, biorobotics,

engineered meat and leather,

cryopreservation and fast

delivery [6] (Reconstructed

from [Khademhosseini A,

Langer RA. decade of progress

in tissue engineering. Nat

Protoc. 2016;11:1775–81])
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efficient NM-enabled biological tissue, factors such as

prolonged safety, toxicity, biodegradability and biocom-

patibility in the living system need to be considered thor-

oughly along with systemic research [4]. Furthermore,

certain future prospects and demerits that include organ-

on-a-chip, biorobotics, clinical translation and many more

have been illustrated (Fig. 28) [6].

A major challenge associated with techniques ranging

from electrospinning to injection molding is the fabrication

of scaffolds with optimized porosity, morphology and

interconnectivity. To circumvent this, DIW [37] and 3D

printing [15] (in peculiar) are being employed because of

their effectiveness [14, 38].

For applications in biomedical fields, the development

of a suitable composite hydrogel is crucial, which depends

on the conductive material along with suitable blending

strategies and manufacturing strategies [20]. Appropriate

use of NM with polymers has the potential to improve

electrical, mechanical and biological properties signifi-

cantly. Therefore, it could serve a diversity of functions as

per the applications. In addition to the aforementioned

properties, several NMs functionalized biocomposite

scaffolds have been shown to possess antibacterial prop-

erties and thus could protect the reconstructive tissue

against infection, sepsis and implant malfunctioning [1].

6 Conclusion

As of now, the use of NMs in TE is scarce. However,

recent literature suggests significant potential for medical

use, such as directed stem cell proliferation and differen-

tiation, the formation of tissue and organs, implantation,

and regenerative roles. The present review summarizes

current advancements in NPs that have speedily come to

the forefield of TE and their successful application in

cardiac, neural, bone, dental and skin tissues. Before

highlighting the aforementioned applications, we have

explored the generic fabrication methods for synthesizing

bioscaffolds and conductive hydrogels possessing the

ability to mimic the ECM using methods such as 3D

printing and DIW, which have grabbed immense attention

recently because of their effectiveness and design flexi-

bility. We have tabulated several nanocomposites and

highlighted their usage in different bioengineering areas.

With the invention of new approaches, certain challenges

remain to be dealt with for their propitious use in future

methodology and we have talked through a few of them,

followed by future perspectives. Furthermore, we have

accentuated the potential use of NPs for associated

methodologies. Along with their optimistic association

with directed stem cell proliferation and regenerative

medicine.
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able form of chitosan hydrogel for bone tissue engineering.

Biofabrication. 2017;9:035003.

131. Gong T, Xie J, Liao J, Zhang T, Lin S, Lin Y. Nanomaterials

and bone regeneration. Bone Res. 2015;3:15029.

132. Eivazzadeh-Keihan R, Chenab KK, Taheri-Ledari R, Mosafer J,

Hashemi SM, Mokhtarzadeh A, et al. Recent advances in the

application of mesoporous silica-based nanomaterials for bone

tissue engineering. Mater Sci Eng C Mater Biol Appl.

2020;107:110267.

133. Yi H, Rehman FU, Zhao C, Liu B, He N. Recent advances in

nano scaffolds for bone repair. Bone Res. 2016;4:16050.

134. Shalumon K, Lai GJ, Chen CH, Chen JP. Modulation of bone-

specific tissue regeneration by incorporating bone morpho-

genetic protein and controlling the shell thickness of silk

fibroin/chitosan/nanohydroxyapatite core–shell nanofibrous

membranes. ACS Appl Mater Interfaces. 2015;7:21170–81.

135. Tang W, Lin D, Yu Y, Niu H, Guo H, Yuan Y, et al. Bioinspired

trimodal macro/micro/nano-porous scaffolds loading rhBMP-2

for complete regeneration of critical size bone defect. Acta

Biomater. 2016;32:309–23.

136. Nazir MA. Prevalence of periodontal disease. Int J Health Sci.

2017;11:72.
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