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Abstract Nanoscale biomaterials have garnered immense interest in the scientific community in the recent decade. This

review specifically focuses on the application of three nanomaterials, i.e., graphene and its derivatives (graphene oxide,

reduced graphene oxide), carbon nanotubes (CNTs) and nanocellulose (cellulose nanocrystals or CNCs and cellulose

nanofibers or CNFs), in regenerating different types of tissues, including skin, cartilage, nerve, muscle and bone. Their

excellent inherent (and tunable) physical, chemical, mechanical, electrical, thermal and optical properties make them

suitable for a wide range of biomedical applications, including but not limited to diagnostics, therapeutics, biosensing,

bioimaging, drug and gene delivery, tissue engineering and regenerative medicine. A state-of-the-art literature review of

composite tissue scaffolds fabricated using these nanomaterials is provided, including the unique physicochemical prop-

erties and mechanisms that induce cell adhesion, growth, and differentiation into specific tissues. In addition, in vitro and

in vivo cytotoxic effects and biodegradation behavior of these nanomaterials are presented. We also discuss challenges and

gaps that still exist and need to be addressed in future research before clinical translation of these promising nanomaterials

can be realized in a safe, efficacious, and economical manner.
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1 Introduction

The concept of tissue engineering was developed in the

early 1960s when the field of biomaterials was still nascent.

As biomaterials research expanded to encompass all bio-

compatible materials specifically designed for use in the

body, there came a need to integrate cells and biologically

active molecules into these systems for them to become

seamless working tissues. To achieve this level of sophis-

tication and mimic native tissue archetypes, scaffolds need

to be fabricated by interweaving biomaterials, cells, and

biologically active molecules in the matrix, thus promoting

cell attachment, growth, differentiation, and even migra-

tion as needed. The overarching goal of tissue engineering

is the creation of biocomposites that can restore damaged

tissues by (a) providing structural support to facilitate cell

adhesion and new cellular growth, and (b) maintaining cell

physiology and intercellular molecular signaling to facili-

tate new cellular growth. Restoring large sections of tissues

may also lead to salvation of a complete organ. Scaffolds

must provide a microenvironment suitable for adsorption

of proteins and adhesion of cells. Based on the target tissue

in concern, scaffold microstructures must be designed to

have specific physicochemical properties, such as

mechanical strength, surface chemistry and roughness,

wettability, etc. to promote (a) adsorption of adhesive

proteins released by surrounding cells before they attach,

and (b) sustained release of a multitude of biomolecules

(e.g., growth factors) incorporated into the matrix to pro-

mote cell growth and differentiation; for example, attach-

ment of osteoblasts, followed by cellular growth and

formation of new bone structures [1, 2].

Among the different materials that have potential for use

in tissue engineering and regenerative medicine, significant

advances have been made in the development of scaffolds

using nanomaterials, such as graphene (graphene foam,

graphene oxide (GO) ad reduced graphene oxide (rGO)),

carbon nanotubes (CNTs), fullerenes, carbon dots, nan-

odiamonds, and cellulose nanoparticles (cellulose

nanocrystals (CNCs) and cellulose nanofibers (CNFs))

[3–5]. However, there still are major challenges that need

to be addressed before successful clinical translation of

these promising nanomaterials can be realized. To achieve

full potential, an engineered scaffold must efficiently

mimic in vivo characteristics of the target tissue with

respect to cellular, morphological, and physiological

organizations [6–9]. Tissue microenvironments comprise

unique variations of cell–cell and cell–extracellular matrix

(ECM) interactions as well as soluble macromolecules and

defined chemical and physical cues. Scaffolds must be 3D

porous, bioabsorbable, bioactive, and biocompatible

structures with mechanical properties that match those of

native tissues and degradation properties that match the

rate of synthesis of new ECM [10]. A well-designed tissue

engineering scaffold is one that dynamically interacts with

living cells for an effective repair of damaged tissue. The

more common approach to fabricating scaffolds is through

the bottom-up approach of material development, in which

matrix surfaces are modified with specific bioactive pep-

tides to actively elicit desired cellular responses [10, 11].

The most important factor that impacts cellular response to

a scaffold is how proteins adsorb at the interface between

the material and the growth medium during in vitro studies,

or blood or tissue fluid during in vivo testing [10]. Several

factors, including but not limited to, surface interfacial free

energy, wettability, hydrophobicity/hydrophilicity, chemi-

cal functionality, surface charge, topography, and rough-

ness, impact the mechanism and extent of protein

adsorption and cell adhesion and proliferation. When

designing scaffolds, aiming for mechanical, structural, and

functional characteristics like those of native tissues is a

mandatory prerequisite to preventing failure after implan-

tation [10, 11]. Different tissues throughout the body are

exposed to different stimuli and microenvironments, and

thus require specific materials with customized physico-

chemical properties for successful cell growth and differ-

entiation leading to tissue restoration [12–16]. As an

example, the heart’s function is to act as a pump driving the

flow of blood throughout the body. Therefore, for a cardiac

tissue scaffold to be practically useful and not fail in vivo, it

must mimic the electrical and mechanical properties of the

cardiac muscle. It must be conductive enough to facilitate

electrical signal transduction from cell to cell while

maintaining sufficient mechanical strength to withstand the

continuous cyclic contractions of the heart for the

remainder of the individual’s life or until the tissue has

been completely restored and the scaffold dissolved or

otherwise removed. If the scaffolding materials have poor

electrical integration, it can lead to arrhythmia and other

secondary complications [17, 18].

Since their discovery, carbon-based nanomaterials such

as fullerenes (1985), carbon nanotubes (1991), and gra-

phene sheets (2004) have sparked significant interest in

research fields spanning many different disciplines

[19–21]. Cellulose nanocrystals, on the other hand, were

discovered long ago (1949); however, their use in tissue

engineering wasn’t investigated until late 1990s and early

2000s. The reason behind the explosion of scientific

interest in these nanomaterials lies within the unique

physicochemical properties (nanoscale morphology, tun-

able surface chemistry, exceptional mechanical strength,

and electrical conductivity) and high biocompatibility they

display. These properties make them highly desirable for a

variety of biomedical applications, positioning these

materials as excellent candidates for cancer therapy,
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photothermal treatment, drug and gene delivery, imaging

of cells and tissues, biosensing, and last but not least tissue

engineering and regenerative medicine [22–27]. Incorpo-

rating nanomaterials into polymer matrices to produce

composite scaffolds provides spatial and temporal control

over various physiological processes involved in tissue

regeneration with a high degree of precision [19]. In this

review, we discuss three nanomaterials, i.e., graphene,

CNTs and nanocellulose, in the context of tissue engi-

neering with a focus on how composite scaffolds contain-

ing these nanomaterials enhance cell attachment, growth,

and differentiation; in addition, cytotoxicity concerns and

in vivo biodegradation behavior is also discussed (Fig. 1).

Suggestions on how existing challenges and bottlenecks

can be addressed, to realize the tremendous clinical

potential of these nanoscale materials for tissue engineer-

ing applications, is presented in the summary and future

perspectives section.

2 Graphene

Single layer graphene is an one atom thick two-dimen-

sional (2D) material consisting of sp2 hybridized carbon

atoms arranged in a honeycomb lattice structure. Few-layer

graphene, on the other hand, consists of a few atomic layers

(i.e., 2–10 layers) held together by van der Waals forces

[28]. It has been shown that[ 10 layers of graphene begin

to act chemically as graphite [29], indicating that the

intermolecular interactions between graphene sheets

determine the physical characteristics observed in bulk.

Graphene is one of the most important crystalline allo-

tropes of carbon, where each carbon atom in a single layer

is covalently bound to neighboring carbon atoms via three

r-bonds and one out-of-plane p-bond [30, 31]. The strong

in-plane carbon–carbon bonding and the presence of free p
electrons (two in every hexagon) and reactive sites for

chemical modifications make graphene a unique material

with exceptional electrical, mechanical, thermal, optical,

and physicochemical properties, for example, Young’s

Fig. 1 Depiction of three

nanomaterials, i.e., graphene,

carbon nanotubes, and

nanocellulose, and their roles in

tissue engineering. In this

review, we discuss how 2D/3D

scaffolds and/or organic/

inorganic nanocomposites

fabricated with these

nanomaterials have been used to

improve cell attachment,

proliferation, and differentiation

into specific tissues, as well as

their biocompatibility and

biodegradability behaviors

(adapted with permission from

[5])
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Modulus of 1 TPa, electrical conductivity of 104 S/cm,

thermal conductivity of 5000 W/mK, optical transmittance

of 97.7%, and large surface area (2630 m2/g) [30, 32].

Graphene can take many forms, from graphene oxide

(GO) and reduced GO (rGO) to graphene foams (GFs),

differing in surface chemistry (i.e., type and amount of

chemical modification), purity, lateral dimensions, defect

density, and composition, ultimately impacting its proper-

ties and suitability for specific applications [32, 33]. All

forms of graphene have been found useful for tissue

engineering; however, GO has proven to be the most

valuable platform due to its dispersibility in water, col-

loidal stability, hydrophilicity, and ability to interface with

chemical and biological molecules through surface reac-

tions and H-bonding [32, 33]. On the other hand, graphene

and rGO have a greater tendency to aggregate and cause

cytotoxicity. Graphene’s large surface area, highly modi-

fiable surface chemistry, and its ability to interact and

interface with cells and tissues can be exploited for

biomedical applications, including drug/gene delivery,

bioimaging, biosensing, theranostics, tissue engineering

and regenerative medicine (Fig. 2) [9, 34]. Here, we dis-

cuss the latest literature on how graphene is being used to

enhance the robustness and biocompatibility of tissue

engineering scaffolds for improved cell attachment and

differentiation.

2.1 Tissue scaffolds

Graphene and its derivatives can either be used as 2D

coating materials on the surface of substrates such as glass,

PDMS, and SiO2/Si, or as additives in three-dimensional

(3D) polymeric scaffolds where graphene is either coated

on the surface or incorporated into a matrix to match the

properties of the scaffold with those of target tissue being

reconstructed [32–34]. For instance, mesenchymal stem

cells (MSCs) are highly sensitive to scaffold elasticity and

modulating scaffold stiffness with the use of appropriate

nanomaterials can direct MSCs to differentiate into specific

lineages. Soft matrices (E * 0.1–1 kPa) that mimic brain

are neurogenic, stiffer matrices (E * 8–17 kPa) that

mimic muscle are myogenic, and comparatively rigid

matrices (E * 25–40 kPa) that mimic collagenous bone

are osteogenic [35]. Due to their favorable mechanical and

electrical properties, GFs, i.e., 3D derivatives of graphene,

have proven compatible scaffolds for neural [36], muscle

[37], and cartilage [38] tissue engineering. Compared to 2D

graphene films, 3D-GF scaffolds can support the growth of

neural stem cells (NSCs) in vitro and maintaining them in

an active proliferation state via upregulation of Ki67

expression. 3D-GFs also enhanced NSC differentiation into

astrocytes and neurons and proved to be an efficient con-

ductive platform to mediate electrical stimulation of dif-

ferentiated NSCs [36]. Other studies have demonstrated

that 3D-GF bioscaffolds facilitate the growth and differ-

entiation of C2C12 myoblasts into functional myotubes

[37], and maintain the viability of ATDC5 chondrocyte

progenitor cells [38]. Graphene foam-based hydrogel

scaffolds were shown to be an attractive therapy for

treatment of DPNI (diabetic peripheral nerve injury) due to

their excellent mechanical strength, porous network,

superior electrical conductivity, good biocompatibility, and

ability to deliver adipose derived stem cells (ADSCs) [39].

in vitro results revealed that these scaffolds accelerated the

proliferation of Schwann cells and in vivo experiments

demonstrated that ADSC-loaded GF/hydrogel scaffolds

promoted revascularization of target muscles and inhibited

the atrophy of muscle fibers (Fig. 3). Functionalized

Fig. 2 Schematic illustrating

graphene’s unique

physicochemical properties,

along with its highly modifiable

surface chemistry and large

surface areas, which make it a

versatile material for

engineering a variety of tissues,

ranging from cardiac muscle

and bones to skin and cartilage

(adapted with permission from

[9])
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graphene derivatives can also be used as an additive to

synthetic polymers, such as polycaprolactone (PCL),

poly(vinyl alcohol) (PVA), and poly(lactic-co-glycolic

acid) (PLGA), as well as naturally occurring polymers such

as chitosan, cellulose, hydroxyapatite, silk, collagen, and

gelatin to improve their mechanical properties. When GO

was incorporated into PVA hydrogels, the resulting com-

posite showed increased tensile and compression strengths

without impacting biocompatibility [40]. A hierarchically

porous hydroxyapatite hybrid scaffold containing rGO was

found suitable for bone repair as it resulted in regenerated

bone with enhanced volume (more than twice) and

Fig. 3 A–F Treatment of

diabetic peripheral nerve injury

using graphene foam scaffolds,

with and without encapsulated

ADSCs and their comparisons

with ADSC-alone treatment for

tissue regeneration potential by

quantifying morphology

changes and revascularization

of targeted muscles (adapted

with permission from [39]):

(A) Images of gastrocnemius

muscles, (B) quantitative
analysis of the relative wet

weight of gastrocnemius

muscles, (C) Masson staining of

muscles (scale bar = 50 lm),

(D) quantitative analysis of the

average diameter of fibers,

(E) CD31 staining of

gastrocnemius muscles (scale

bar = 50 lm), and

(F) quantitative analysis of

microvessel density of

gastrocnemius muscles. G–I
Enhanced cardiac repair and

cardiac function restoration by

implantation of MSC–rGO

hybrid spheroids (adapted with

permission from [48]):

(G) Capillary density in the

periinfarct border zone assessed

by immunostaining for vWF

(green) (scale bar = 100 lm),

(H) cardiac fibrosis indicated by

Masson’s trichrome staining

(blue) and quantification of the

fibrotic area, and (I) Expression
of Cx43 (red) examined by

immunohistochemical staining

in the infarct border zone (scale

bar = 100 lm). Infarcted hearts

were treated through the

injection of PBS, rGO flakes,

MSC spheroids (Sph-0), or

MSC–rGO hybrid spheroids

(Sph-5)

Tissue Eng Regen Med (2023) 20(3):411–433 415

123



mechanical properties (more than sevenfold) [41]. Another

study established the superiority of graphene mesh sup-

ported double-network hydrogel scaffolds loaded with

netrin 1 over autologous grafts for peripheral nerve

regeneration. These hydrogels had an acceptable Young’s

Modulus of 725 ± 46.52 kPa, matching with peripheral

nerves, as well as a satisfactory electrical conductivity of

6.8 ± 0.85 S/m and promoted the proliferation of Schwann

cells and guided their alignment [42]. GO-alginate micro-

gels with antioxidant activity, containing encapsulated

mesenchymal stem cells (MSCs) and fabricated using

electrospraying, were found to be an effective platform for

repair of cardiac tissue post myocardial infarction [43]. The

authors found that antioxidants co-encapsulated in gra-

phene-alginate microgels improved stem cell survival and

therapeutic efficacy, resulting in a significant decrease in

infarction area, higher viability of cardiomyocytes and an

improvement of cardiac function. Poly(citric acid-octane-

diol-polyethylene glycol) (PCE) is a citric acid based

biodegradable polymer. To make its physicochemical

properties and degradation behavior suitable for skeletal

muscle tissue regeneration, nanocomposites of PCE and

graphene (PCEG) were developed, where PCE provided

the biomimetic elastomeric behavior and rGO contributed

to mechanical strength and conductivity [44]. These com-

posite scaffolds significantly enhanced muscle fiber and

blood vessel formation in vivo in a rat model of skeletal

muscle lesion, thus showing potential for myogenic dif-

ferentiation. Integration of GO into PLGA also improved

its surface (hydrophilicity) and mechanical (storage and

loss moduli) properties, resulting in improved biocompat-

ibility with neuronal cells [45].

A highly porous, hydrophilic, and mechanically strong

aerogel of type I collagen, containing 0.1% GO, was found

suitable for bone regeneration, where in vitro experiments

exhibited better biomineralization rate and in vivo testing

showed better bone repair effect in rat cranial defect

models [46]. A decellularized bone scaffold decorated with

magnesium nanoparticle enriched GO nanoscrolls

(MgNPs@GNS) was shown to achieve vascularized bone

regeneration in a rat cranial bone defect model.

MgNPs@GNS induced an orchestrated inflammatory

response, thus stimulating in vitro angiogenesis and

osteogenesis through chemotactic, mitogenic and mor-

phogenic actions [47]. By incorporating rGO flakes into

MSC spheroids, their myocardial repair efficacy in

infarcted hearts was improved (Fig. 3) [48]. Reduced GO

shows high affinity towards ECM proteins, such as fibro-

nectin, and has high electrical conductivity; these attributes

resulted in enhanced cell-ECM interactions and enhanced

expression of paracrine factors (angiogenic growth factors)

and Cx43 (a gap junction protein) [48]. A photo-cross-

linked gelatin hydrogel, reinforced with gelatin-rGO

(GOG), showed rapid bone repair capability of calvarial

defects in vivo as it provided a porous microenvironment

and the essential bioactive signals for bi-directional dif-

ferentiation of bone marrow stromal cells (BMSCs),

including angiogenesis and osteogenesis [49].

In a recent study, a hybrid dental implant consisting of

graphene–chitosan (GC) nanocomposites coated onto tita-

nium was found to promote osteoblast proliferation while

reducing biofilm formation and bacterial activity [50]. 1%

GO was found optimal for modulation of the implant’s

surface properties, such as wettability and surface rough-

ness, to see this effect. Injectable gelatin methacrylate

(GelMA) hydrogels were impregnated with poly-

ethyleneimine-functionalized GO nanosheets (fGO) to

achieve local delivery pro-angiogenic genes for myocardial

infarction repair and vasculogenesis [51]. In this study,

fGO nanosheets were functionalized with vascular

endothelial growth factor (VEGF) DNA to achieve sus-

tained local delivery of the pro-angiogenic gene. Charac-

terizations in vitro and in vivo using rat models of

myocardial infarction showed increased vascularity from

GelMA containing fGO-DNAVEGF compared to both

GelMA containing DNAVEGF and fGO each. These studies

collectively indicate graphene (particularly GO) has the

potential to be used as an additive in a variety of synthetic

and natural polymers, providing essential chemical and

physical cues, generating a suitable micro-environment,

retaining and/or enhancing mechanical properties of the

composite, and improving cellular response for effective

regeneration of functional tissues. Detailed information

about the regeneration of different tissues, according to the

type of graphene derivatives used in the scaffold, is listed

in Table 1.

2.2 Cell adhesion and differentiation

Graphene and its derivatives have been found valuable

nanomaterials for stem cell research, due to their remark-

able electro-conductivity, stiffness, and nanoscale topog-

raphy [33]. These properties enable graphene to promote

proliferation and differentiation of a variety of stem cells,

including embryonic, mesenchymal, neural, and adipose

stem cells as well as induced pluripotent stem cells

(iPSCs), into different lineages for tissue engineering,

regenerative medicine, and cell therapy applications

[33, 52–55]. Graphene and GO coated glass surfaces were

found useful platforms for iPSC culture, where surface

properties dictated the degree of cell adhesion and prolif-

eration rate as well as the type of lineage (i.e., ectodermal,

mesodermal, endodermal) that iPSCs differentiated into

[52]. Graphene coated SiO2/Si substrates was shown to

stimulate the adherence and growth of both human osteo-

blasts and mesenchymal stem cells (hMSCs) [53]. The
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acceleration in differentiation of hMSCs into osteogenic

lineage caused by graphene can be explained by its strong

non-covalent binding capabilities (i.e., p–p stacking,

hydrogen bonding, and electrostatic interactions) with

growth factors and osteogenic inducers typically added to

the medium [54] (Table 2).

Another study used composite scaffolds of poly(3,4-

ethylenedioxythiophene) (PEDOT) and GO nanosheets to

study differentiation of neural stem cells (NSCs) [56].

Carboxylic acid functional groups provided by GO were

used to covalently crosslink with biomolecules to promote

targeted differentiation. The surfaces modified with inter-

feron-c (IFN-c) supported a larger population of neurons

and those modified with platelet-derived growth factor

Table 1 Tissue engineering scaffolds of graphene

Type Modification Characteristics Applications References

Graphene PolyGelMA (gelatin methacrylate)

loaded with netrin-1

Nickel mesh tube hydrogel scaffolds

with enhanced mechanical property

Hydrogel conduit for peripheral

nerve regeneration

[42]

Graphene foam/hydrogel scaffolds Metal bar dependent scaffold diameter Peripheral regeneration in

diabetic mouse model

[39]

GO Injectable GelMA hydrogels,

reinforced with GO

Enhanced modulus to inject hydrogel Intramyocardial injection for

regeneration of infarct rat heart

[51]

Collagen composite aerogel Enhanced stiffness and water retention Rat cranial bone regeneration [46]

Magnesium nanoparticles (MgNPs)

decoration

Scrolled structure Rat cranial bone regeneration and

vascularization

[47]

rGO Incorporation with hydroxyapatite Hierarchically porous scaffolds with

enhanced porosity and degradability

Induced rat bone regeneration

with HA/rGO-6/0.3

[41]

MSCs encapsulation with alginate

microgels

Changed color and ID/IG ratios

according to the reduction time

Regeneration of infarcted hearts

through antioxidant activity

[43]

Poly (citric acid-octanediol-

polyethylene glycol)(PCE)

nanocomposites

Enhanced mechanical properties and

stability

Rat skeletal muscle injury repair [44]

MSC hybrid spheroid Enhanced spheroid viability Treatment of mouse infarct

region

[48]

Gelatin hydrogel Winkled and curled fabric structure Rapid rat bone regeneration [49]

Table 2 Tissue engineering scaffolds of CNTs

Type Modification Characteristics Applications References

SWNTs Dispersion of SWNTs in hyaluronic

acid solution

Enhanced mechanical properties and

hydrophilicity

Guided rat calvaria bone

regeneration

[96]

SWNT-reinforced electrospun

chitosan–gelatin scaffolds

–COOH functionalized SWNTs, fiber

length\ 100 nm and diameter 1 nm

Cartilage tissue engineering [97]

MWNTs CNT coated bacterial cellulose

scaffolds

CNTs modified with an amphiphilic comb-

like polymer

Regeneration of bone defects in

mouse model

[93]

MWNT-reinforced electrospun PCL-

collagen fibers

Length of 8–12 lm and diameter of

10–12 nm, enhanced conductivity and

mechanical properties

Directional regeneration of

peripheral nerves

[95]

Injectable composite scaffolds of

CNTs and methacrylate-grafted

elastin and gelatin

High conductivity and flexibility led to

synchronous contractions, cardiac

function restoration

Repair of heart muscle post

myocardial infarction in rats

and minipigs

[94]

MWNT-reinforced PLA/PCL

nanofiber mats

–COOH functionalized, fiber length

0.5–2 lm and diameter\ 8 nm

Fibrocartilage regeneration in

rabbit temporomandibular joint

disc defects

[98]

CNT yarns inserted in silicon tubes Tube length 300 lm and diameter 10 nm,

aligned fibrous structures inside the

silicon tube

Axonal regeneration in

peripheral nerve defect

[99]
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(PDGF) supported a larger population of oligodendrocytes

[56]. Not only molecular surface modifications, but

nanoscale topography of the substrate can also heavily

influence cell growth. For example, glass coated with GO

films showed stronger affinity for hASCs and enhanced

differentiation into specific cell types via osteogenesis,

adipogenesis, and epithelial genesis [57]. Factors influ-

encing graphene-induced differentiation can be summa-

rized as follows: (a) biomolecule interaction, (b) cell

membrane interaction, (c) surface topography and stiffness,

and (d) electrical properties [58]. Biomolecules and cell

membranes interact with graphene through electrostatic

interactions, p–p bonds, and hydrogen bonding, thus pro-

moting intracellular cascades and modulating cell response

via cell signaling pathway. Moreover, the nanoscale topo-

graphical cues of graphene improve cell anchorage and

induce mechanosensitive pathways and cytoskeletal chan-

ges in the cells that promote differentiation.

2.3 Cytotoxicity

Graphene: The cytotoxicity of graphene is well investi-

gated and its effects on a variety of cell types, ranging from

macrophages and kidney cells to lung epithelial cells and

fibroblasts, have been found dose-dependent [59–63].

Many studies indicate that the cytotoxicity of graphene is

mainly influenced by its concentration, surface chemistry,

and morphology. Appropriate surface modifications, e.g.,

functionalization with carboxyl groups, can alleviate con-

cerns of graphene cytotoxicity [60]. The adverse effects of

graphene are attributed to the reactive oxygen species

(ROS) formed when graphene is introduced to the system.

Accumulation of graphene can cause significant rise in the

levels of ROS in both intra- and extracellular environ-

ments, which further inhibits the nutrient uptake of cells.

Graphene-induced ROS-activated apoptosis occurs through

the MAPK and TGF-b signaling pathways [59]. Graphene

Oxide: GO causes dose-dependent oxidative stress; it is not

blatantly toxic at low concentrations but induces ROS-

mediated cell death at higher concentrations [61]. In human

fibroblast cells, GO was not cytotoxic at\ 20 lg/mL and

had obvious cytotoxic effects, including cell apoptosis,

at[ 50 lg/mL [63]. In mice, low (0.1 mg) and middle

(0.25 mg) doses were not cytotoxic, but high doses

(0.4 mg) cannot be cleaned by the kidney and exhibit

chronic toxicity, including lung granuloma formation [63].

Both graphene and SWNTs induce concentration- and

shape-dependent cytotoxic effects [62]. Lactate dehydro-

genase levels were found to be significantly higher for

SWNTs compared to graphene. Moreover, ROS were

generated in a concentration- and time-dependent manner

after exposure to graphene (indicating an oxidative stress

mechanism) and exposure to 10 lg/mL graphene resulted

in caspase 3 activation (indicating apoptosis). Another

study revealed that at equivalent dosage/concentration and

equivalent surface chemistry, the cytotoxic effects of

nanographite (or solvent-exfoliated graphene) on murine

macrophages were higher than those induced by CNTs and

carbon black [64]. Reduced Graphene Oxide: The cyto-

toxicity of rGO was shown to be triggered by reduction

condition; the cytotoxicity of ferrous iron-reduced GO was

lower than the cytotoxicity of light-reduced GO. Due to

reduction-induced aggregation of ferrous iron, the cellular

uptake was significantly declined [65]. Domı́nguez et al.

compared the cytotoxicity of GO and rGO using human

intestinal Caco-2 cell line and revealed that both GO and

rGO caused cellular internalization and oxidative stress.

Interestingly, cytotoxicity was only observed for rGO, not

for GO at the concentrations tested [66]. Ezzati et al.

developed amino acids-functionalized three-dimensional

graphene foam and found its cytotoxicity to be time-de-

pendent; alanine-anchored graphene foam had the lowest

cytotoxicity [67]. Use of graphene in tissue engineering

applications must take into careful consideration toxico-

logical effects depending on its concentration, size, shape,

surface chemistry and degree of oxidation (for example,

lower oxidation degree causes higher oxidative damage to

cells) [68]. If designed properly at the molecular level,

graphene can advance the safety and efficacy of carbon-

based nanomaterial scaffolds in biomedicine (Table 3).

2.4 Biodegradation

Besides toxicity, the rate at which graphene degrades

in vivo is of paramount importance. Given the widespread

presence of H2O2, a strong oxidizing agent, in the body and

environment, the rate of degradation of graphene was

found to depend on H2O2 concentration [69]. In addition,

holes or defect sites were first generated by random attack

of H2O2, followed by a progressive destruction of carbon–

carbon bonds of graphene around the initial defect sites.

Kotchey et al. revealed that horseradish peroxidase (HRP),

in the presence of low concentrations of H2O2 (* 40 lM),

can cause the biodegradation of GO through enzymatic

oxidation by inducing formation of holes on its basal plane

[70]; the diameter of hole increases as time goes on. Unlike

GO, HRP failed to degrade chemically reduced GO (RGO)

because the heme active sites of GO have more affinity to

HRP than those of rGO.

3 Carbon nanotubes

Carbon nanotubes are formed when carbon atoms, held

together by sp2 bonds in a 2D structure, alternatively

labeled graphene, are rolled up to form a 3D tubular
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structure (Fig. 4). This simple 3D structure lends CNTs

unique properties, such as exceptional mechanical strength

(Young’s modulus ranging between 0.27 and 1.34 TPa,

tensile strength ranging between 11 and 200 GPa), as well

as electrical and thermal conductivity (104 S/cm2 and 5000

Wm-1 K, respectively); in addition, their tailorable phys-

ical and chemical properties make them useful additives in

polymer composites [71] and a valuable platform for use

within the biological system (Fig. 4) [72–75]. When these

cylindrical nanostructures are composed of a single layer of

graphene, they represent single-walled carbon nanotubes

(SWNTs) whose diameter ranges between 1 and 2 nm, and

when multiple layers of graphene are rolled about the

lumen, they make up multi-walled carbon nanotubes

(MWNTs) whose diameter ranges between 10 and 100 nm

[5].

CNTs’ tunable surface properties (via covalent or non-

covalent functionalization) and high aspect ratio ([ 1000,

as lengths typically range between 50 nm and 1 cm), are

highly desirable for enhanced interaction with biomole-

cules and cells per unit surface area. Their favorable

physical dimensions and modifiable surface chemistry are

attributes that allow adsorption of a wide variety of ther-

apeutic biological molecules for drug/gene delivery and

cancer therapy [76]. In the biomedical field, functionalized

SWNTs are valuable tools for biosensing [77] and

bioimaging, for example, photoacoustic and photothermal

detection of circulating tumor cells [78–81]. MWNTs, on

the other hand, are typically preferred as additives in

polymeric scaffold materials for tissue engineering appli-

cations due to their higher mechanical strength [19, 82, 83].

Chemical functionalization can alter the physical and bio-

logical properties of CNTs. While non-covalent modifica-

tions better preserve the sp2 bonding structure of CNTs and

their electronic characteristics, other modifications can be

used to make the structure more biocompatible; for

example, coating SWNTs with dextran sulfate to avoid

opsonization and phagocytosis [84–86]. Biological tissues

are transparent to NIR radiation, making the NIR photo-

luminescence property of CNTs useful for minimally

invasive or non-invasive therapeutic and diagnostic appli-

cations, collectively termed theranostics [87–91]. Here, we

discuss how CNTs are being used to advance the field of

tissue engineering by offering possibilities for fabrication

of robust polymeric scaffolds that increase cell adhesion,

growth, and differentiation.

3.1 Tissue scaffolds

Composite scaffolds are meant to host many different cell

types, while allowing for the natural biochemical flux to

occur unhindered, such that nascent cells can grow and

Table 3 Tissue engineering scaffolds of nanocellulose

Type Modification Characteristics Applications References

CNCs Reinforcing filler in PCL/chitosan

scaffold

Strength (* 40 MPa) and stiffness

(* 500–600 MPa) of scaffold matched

the properties of target tissue

Tendon and ligament tissue

engineering

[138]

Reinforcing filler in PLA scaffold Enhanced mechanical properties and

superior osteogenic potential

Bone regeneration [145]

3D printed and crosslinked alginate/

gelatin/CNC scaffold

Enhanced mineralization efficiency of

scaffold containing 1% CNC

Rapid bone regeneration in a rat

calvaria critical-sized defects

(CCD-1) model

[151]

Reinforcing agent in chitosan, alginate,

and hydroxyapatite scaffold

Enhanced porosity, swelling ratio and

compressive strength

Bone tissue engineering [152]

CNFs Regenerated CNFs and poly(globalide)

films formed via layer-by-layer

assembly

Supported keratinocyte attachment and

proliferation

Skin regeneration [144]

Carboxylated and phosphonated CNFs

as reinforcing fillers in gelatin

scaffold

Higher mineralization potential Bone regeneration [148]

Gelatin, reinforced with TEMPO-CNF

and HA nanoparticles, and crosslinked

by glutaraldehyde

Enhanced Calvarial osteoblast cell

proliferation and differentiation

Bone tissue engineering [149]

Chitosan and CNF composite hydrogels Suitable rheological properties for disc

restoration

Intervertebral disc tissue

regeneration in pig and rabbit

spine models

[150]

CNF reinforced gelatin/chitosan

composites

Tunable compression modulus (ranging

between 10 kPa and 1 MPa), favorable for

soft tissue regeneration

Cartilage tissue engineering [154]
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differentiate into mature tissue that mimics the native organ

tissue. It is important that engineered scaffolds maintain at

least the level of stiffness and mechanical strength that the

native tissues have. If these minimum strength require-

ments are not met, then catastrophic breakdown of the

scaffold in vivo can occur, resulting in the failure of

regeneration. This is especially true in areas such as bone

and cardiac tissues, where mechanical and tensile strength

is paramount to the success of the scaffold. While bone

scaffolds need to be able to match the stiffness of sur-

rounding tissues, cardiac scaffolds must also survive the

constant cyclic contractions of the adjacent tissue and the

developing tissue that it is supporting. Synthetic polymers,

such as PCL, PVA, and PLGA, as well as natural polymers

like chitosan, gelatin, hyaluronic acid, etc., have been

shown to be promising scaffold materials; however, their

mechanical properties are inferior. Recent research has

shown that the addition of CNTs to polymeric scaffolds

results in drastic improvement of their mechanical prop-

erties [19, 83]. However, CNTs are vastly underutilized for

tissue scaffolds and there is much room to realize their full

potential.

Conductive CNT/silk fibroin scaffolds, fabricated via

electrospinning, were found compatible with neonatal rat

cardiomyocytes, and enhanced the expression of cardiac

specific proteins and the formation of sarcomeres and gap

junctions. Control of nanofiber alignment in the scaffolds

guided the oriented organization of cardiomyocytes, thus

biomimicking the native myocardium and showing

potential for effective regeneration of functional cardiac

tissue [92]. In vivo testing in a mouse model showed that

the use of 3D composite scaffolds of bacterial cellulose

(BC) and CNTs, especially those containing modified

CNTs, showed excellent bone regeneration efficacy

(Fig. 5) [93]. Due to their high electrical conductivity,

CNTs have shown promise in cardiac regeneration too. For

example, injectable patches, consisting of methacrylated

elastin, gelatin and CNTs, with a hierarchical porous

structure and shape-memory behavior, were fabricated for

the repair of infarcted cardiac muscle in rat and porcine

models [94]. Interestingly, the flexible and conductive

scaffolds containing a high concentration of CNs (55%

w/w), provided a favorable microenvironment for the

functional repair of ligated left anterior descending coro-

nary artery in rats after 4 weeks, fractional shortening and

ejection fraction were increased, infracted area was

decreased, and functional recovery of infarcted hearts in

minipigs was observed as indicated by improved revascu-

larization. In another study, CNTs were used to achieve

guided peripheral nerve regeneration, without compro-

mising the biodegradability and biocompatibility of the

scaffold. Co-axially aligned electrospun scaffolds of PCL

and collagen, containing MWNTs, were found efficient in

healing injured sciatic nerves in rats within 30 days [95].

The anisotropic electrical conductivity of MWNT-rein-

forced fibrous scaffolds was 85% higher along the direction

of alignment, resulting in improved axonal regeneration

in vivo (Fig. 5).

Fig. 4 Schematic illustrating

carbon nanotubes (CNTs), both

single-walled CNTs (SWNTs)

and multi-walled CNTs

(MWNTs), and their unique

optical, mechanical, and

electrical properties, that make

them versatile materials for

diverse biomedical applications,

including, but not limited to,

medical imaging, drug delivery,

and tissue engineering (partly

adapted with permissions from

[72, 81, 175])
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ACNT-basedmembrane, formed by dispersing SWNTs in

hyaluronic acid, was used to cover experimental bone defects

made in rat calvaria [96]. 8 weeks after surgery, more

extensive bone formation occurred in membrane covered

defects compared with bone defects not covered by a mem-

brane. The adequate strength and surface characteristics of the

CNT-based composite resulted in cellular shielding properties

(preventing entry of non-osteogenic cells such as epithelial

cells and fibroblasts) and inducing osteogenesis (promoting

proliferation of osteoblasts) [96]. Electrospun nanocomposite

scaffolds of chitosan and gelatin, containing 1% of COOH-

functionalized SWNTs, were found to be biocompatible and

have suitable physicochemical properties for cartilage tissue

engineering applications [97]. Temporomandibular joint disc

(TMJD) has a complex microstructure and poor regenerative

capacity. Biomimetic properties of electrospun scaffolds of

PCL/PLA/COOH-functionalized MWNTs, attributed to their

regionally anisotropicmicrostructure and biconcave anatomy,

were found to result in guided TMJD regeneration and sub-

chondral bone protection [98]. The biocompatibility and

repair properties of these composite scaffolds were verified

in vivo in nude mice as well as rabbits. MWNT-based

Fig. 5 A–B Bone regeneration

efficacy of CNT-BC composite

scaffolds evaluated in mouse

calvarial defects for 8 weeks

(adapted with permission from

[93]). Collagen scaffolds loaded

with bone morphogenetic

protein-2 (BMP-2) (Col-BMP-

2), a clinically used bone graft,

served as a positive control.

Amphiphilic comb-like polymer

(APCLP) was used to

modify/coat CNTs: (A) Bone

regeneration evaluated by

micro-CT analyses and

quantification of the bone

regeneration area in defects and

(B) Goldner’s trichrome

staining of mouse calvarial

defect areas and quantification

of bone formation area and new

bone density in defects. CNT-

BC-Syn represents APCLP-

coated CNT-BC hybridization

and CNT-BC-Imm represents

scaffolds prepared by

immersing BC in APCLP-

coated CNT solution. Arrows

indicate the bone defect margin.

C MWCNT-reinforced, aligned

PCL-collagen (CPA) scaffolds

for directional peripheral nerve

regeneration (adapted with

permission from [95]). Higher

anisotropic conductivity of CPA

scaffolds led to more efficient

healing of injured sciatic nerves

in rats, as indicated by

immunohistostaining of S100,

MAP2, and GFAP proteins,

30 days after implantation
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scaffolds have been found effective for peripheral nerve

regeneration,where 2%CNTdensitywas themost effective in

repairing 15 mm sciatic nerve defects in rats, as measured by

both histological axonal regeneration andmotor function [99].

Because CNTs can improve the electrical conductivity and

mechanical properties of polymers, CNT-reinforced com-

posites have typically foundmore utility in cardiac, nerve and

bone tissue regeneration.

3.2 Cell adhesion and differentiation

A nanostructured CNT–chitosan hybrid layer provided a

biocompatible biointerface on metallic (i.e., Ti) implants,

lending them topological features useful for bone regen-

eration [100]. These hybrid composites were observed to

stimulate osteoblastic cell adhesion and growth via

increased expression of adhesive proteins and have sig-

nificantly enhanced protein adsorption rates due to elec-

trostatic interactions between the positively charged CNT–

chitosan surface and negatively charged proteins. CNT-

coated PCL nanofiber scaffolds were found to have surface

properties favorable for tissue healing and bone regenera-

tion as these were highly effective in reducing inflamma-

tion, promoting angiogenesis, and driving adhesion and

osteogenesis of MSCs in vitro [101]. A recent study

demonstrated the impact of unzipping or oxidizing

MWNTs using strong acid treatment on their biocompati-

bility and osteogenic potential. Compared to pure CNTs,

unzipped CNTs (u-CNTs) exhibited better viability of bone

marrow-derived MSCs because the presence of different

functional groups (e.g., hydroxyl and carboxyl groups) on

their surface generated lower amounts of ROS in cell

culture media [102]. The upregulation of osteogenic-asso-

ciated gene markers in the case of u-CNTs confirmed their

superior mineralization and bone regeneration potential.

Another study evaluated different types of functional-

ized carbon nanotubes (i.e., COOH-SWNTs, COOH-

MWNTs, and PEG-SWNTs) for their impact on the rate of

proliferation of canine MSCs and the propensity of MSCs

to differentiate into osteogenic, chondrogenic, and neuro-

genic lineages [103]. Detailed analyses showed that MSCs

spread out better on all CNT films than on the control, but

their rate of proliferation on all CNT films was slightly

lower than those on the control. More importantly, while

chondrogenesis was promoted by COOH-SWNTs, neu-

ronal differentiation was promoted by both SWNTs and

MWNTs. Overall, the less toxic environment (fewer

apoptotic and necrotic cells) provided by COOH-func-

tionalized CNTs, as well as their selective differentiation

potential, indicated their promise for use as scaffold com-

ponents in stem-cell based regenerative medicine. When

the underlying processes, by which CNTs lead to cell

attachment and spreading, were evaluated using different

cell types, including fibroblasts and neural-like cells, the

mechanism was found to be the same for SWNTs and

MWNTs [104]. Cell attachment and spreading onto indi-

vidual SWNTs and MWNTs were integrin-dependent and

facilitated by the adsorption of serum and cell-secreted

adhesive ECM proteins to the nanotubes. With our

increasing understanding of how cells interact with scaf-

fold surfaces, conjoined with ever-increasing studies on

chemical functionalization of CNTs for successful incor-

poration into polymeric scaffolds, the true impact of these

nanostructures in the field of tissue engineering is begin-

ning to look very promising. CNT’s inherent electrical

conductivity, which is especially important for regenera-

tion of muscle and nerve tissues, and other physicochem-

ical properties, which can be tuned by suitable surface

modifications, enable CNTs to support cell growth and

differentiation through increased intercellular signaling.

3.3 Cytotoxicity

It is imperative that short- and long-term toxicity of CNTs

is considered before their introduction into tissue scaffolds

for in vivo use. Fortunately, the toxicity of CNTs is quite

well-studied. The needle shaped structure of CNTs can

cause damage to cell membranes and mitochondria via

oxidative stress; high concentrations of CNTs have been

shown to cause increased ROS production and reduced

glutathione (GSH) levels [105]. In Nrf2 (nuclear factor

erythroid 2-related factor 2) knockout mice, exposure to

MWNTs by pharyngeal aspiration elicited rapid inflam-

matory and fibrotic responses in a dose and time dependent

manner, with peak responses recorded on day 7 post-ex-

posure to 40 lg MWNTs [106]. This study revealed that

Nrf2 plays an important role in suppressing the basal and

MWNT-induced oxidant production, inflammation, and

fibrosis in the lungs, thereby protecting against lung toxi-

city caused by MWNTs. Studies focused on SWNTs have

shown dose-dependent cytotoxicity of CNTs on a range of

cell types, including lung epithelial cells, keratinocytes,

macrophages, cardiac cells, and hMSCs [107–111]. Studies

focused on MWNTs have shown a similar phenomenon in

epithelial cells, lung tumor cells, keratinocytes, and murine

embryonic stem cells [112–116]. Depending on their sur-

face area, dimensions, functionalization, dispersion and/or

mode of introduction, the effects of MWNTs have been

observed to range from non-cytotoxic to mildly cytotoxic

[117]. A study investigated the toxicity of SWNTs and

MWNTs in vitro (MC4L2 cells) and in vivo (mice) and

found SWNTs to be more toxic, particularly at high

dosages [118]. On the other hand, MWNTs, even at low

dosages, had better therapeutic efficacy against breast

cancer cells as compared to both SWNTs and Doxorubicin

(a model anti-cancer drug).
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Also, affecting their degree of cytotoxicity is the

propensity of CNTs to aggregate due to strong electrostatic

interactions. It was shown that CNT aggregate concentra-

tions greater than or equal to 2.5 lg/mL induced cellular

death in murine macrophage cells [119]. However, these

adverse cytotoxic effects can be mitigated by carefully

choosing surface modifications that not only improve the

biocompatibility of CNTs but also enable homogeneous

and uniform dispersion in polymeric matrices. The aggre-

gation impediment can be reversed by means of chemical,

mechanical, or heat treatments. For example, COOH-

functionalized SWNTs and those obtained by a combina-

tion of ultrasonication and acid treatment, were biocom-

patible with hMSCs and led to osteogenic and/or

adipogenic differentiation [120, 121]. When comparing

several different types of covalently modified MWNTs,

induced pulmonary fibrosis in animal cells was found to be

lower for CNTs functionalized with –COOH groups [122].

These data support the hypothesis that surface charge plays

a crucial role in CNT-induced tissue damage. Finally, after

multiple studies aimed at unraveling the cytotoxicity of

both CNTs and graphene simultaneously, it has been

determined congruently that graphene, regardless of its

modification, presents a more toxic effect than CNTs. One

such study was conducted on murine peritoneal macro-

phages. These data show that graphene and graphene

derivatives are more potent in inducing cell death via

autophagosome accumulation and lysosome impairment of

macrophages, when compared to SWNTs at similar con-

centrations [123]. The cytotoxicity of CNTs in tissue

engineering can be managed by modulating their physic-

ochemical properties, including surface chemistry and size/

aspect ratio, and dosages.

3.4 Biodegradation

Modugno et al. studied the enzymatic biodegradability of

double- and multi-walled CNTs, of varying lengths,

degrees of oxidation and different functionalizations, using

HRP [124]. While all double-walled CNTs tested resisted

biodegradation; some MWNTs were partially degraded,

particularly those functionalized with amidation were

found to have significantly shorter length and a high

number of defects at the end of the treatment. Dispersibility

also affected biodegradation as low dispersibility resulted

in less interaction with HRP enzyme.

4 Nanocellulose

Cellulose accounts for approximately 1.5 9 1012 tons of

natural biomass production each year and is the most

abundant biopolymer on earth [125]. Cellulose is the

principal structural polysaccharide in plants and the main

component of natural fibers (e.g., cotton) as well as man-

made fibers (i.e., viscose) used in textiles. Its hierarchical

structure consists of individual microfibrils (1 lm diame-

ter) that can be broken down into elementary nanoscale

fibrillar and crystalline structures (Fig. 6) [126], whose

dimensions depend on the source of cellulose and extrac-

tion conditions [125–129]. Rod- or needle-shaped cellulose

nanocrystals (CNCs), with lengths ranging between 50 and

200 nm and widths ranging between 5 and 20 nm, and

cellulose nanofibers (CNFs), with widths ranging between

5 and 50 nm and lengths up to several microns, are

attractive materials for tissue engineering due to their

unique physicochemical properties such as high aspect

ratio, large surface area, reactive surface containing

hydroxyl groups and modifiable surface chemistry

[11, 130–132]. The extraordinary stiffness and strength

(i.e., 110–220 GPa axial elastic modulus (E) and 7.5–7.7

GPa tensile strength (r)) of CNCs are attributes that make

them comparable to other reinforcement nanomaterials

such as clay nanoparticles and carbon nanotubes [133].

Moreover, their biocompatibility, biodegradability, and

low or no cytotoxicity make them very well suited for a

variety of biomedical applications, including tissue engi-

neering, targeted drug delivery, and bioimaging

[130, 131, 134].

Bacterial cellulose (BC) is a highly crystalline form of

nanocellulose, synthesized by bacteria, with excellent

wettability, stiffness, and tensile strength; a comparison of

its properties with those of CNCs and CNFs is provided in

Fig. 6 [135]. The porous, fibrillar web-like structure of BC

lends it ECM mimicking properties and makes it a suit-

able material for scaffolds that promote cell adhesion and

growth [10]. A few previous review articles have already

discussed in detail the production and use of BC (pristine

as well chemically modified in situ or ex situ) in tissue

engineering, for example, vascular grafts, wound dressings,

and bone regeneration scaffolds [10, 136, 137]. In the

following sections, we highlight how the properties of

nanocellulose, whether it is derived from plant-based

sources, such as wood, cotton, etc., or bacteria, are

promising for tissue engineering, particularly for regener-

ation of structurally oriented tissues such as skeletal mus-

cle, tendons, ligaments, and nerves.

4.1 Tissue scaffolds

Cellulose nanocrystals have typically been used as rein-

forcing fillers to improve the mechanical strength of scaf-

folds made from synthetic polymers such as

polycaprolactone (PCL), polylactic acid (PLA), polyvinyl

alcohol (PVA), poly(ethylene oxide) (PEO), poly(ethylene

glycol) (PEG), PLGA, as well as natural polymers such as
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chitosan, gelatin, alginate, hydroxyapatite and hyaluronic

acid. These biocompatible polymers are suitable for tissue

engineering applications, but they often lack the mechan-

ical properties required to match those of native tissues that

serve as target implantation sites, especially in the case of

tissues such as skeletal muscle, tendons, and ligaments

with load bearing functions. Three-dimensional scaffold

structures containing cellulose nanocrystals or nanofibers

can be prepared using a variety of techniques; however,

electrospinning, a simple and scalable technique, is

extensively used for fabrication of nanocellulose-based

tissue engineering scaffolds because it is possible to pro-

cess a variety of polymers with tunable fiber diameter and

unique topographies using this method [138–141]. Incor-

poration of small amounts of CNCs (up to 3%) as rein-

forcing fillers into tendon-mimetic PCL-chitosan

nanofibers demonstrated remarkable improvement in their

mechanical properties (i.e., tensile strength and stiffness)

such that the composite scaffolds matched the properties of

tendons and ligaments (r, * 40 MPa and

E, * 500–600 MPa) (Fig. 7) [138]. The inherent property

of cellulose nanocrystals to align in the scaffold matrix,

particularly at high concentrations, helps induce alignment

of target cells, making CNCs favorable reinforcing fillers

for tendon and nerve regeneration. This was demonstrated

in a study where electrospun composite scaffolds, con-

sisting of uniaxially aligned CNFs and CNCs embedded in

the matrix, showed considerable orientation of CNCs along

the long axis, making them useful for regenerating tissues

such as blood vessels, tendons, and nerves where cell ori-

entation is crucial. By incorporating 20% (w/w) CNCs, the

tensile strength and elastic modulus of the scaffolds

showed substantial enhancement along the fiber alignment

direction, by 102 and 172%, respectively [142]. Moreover,

the scaffolds were non-cytotoxic to human fibroblasts and

the aligned composites exhibited a strong effect on

directing cellular organization of human dental follicle

cells (hDFCs).

Incorporation of 7% w/w CNCs in PLGA, an FDA-ap-

proved biocompatible and biodegradable polymer, was

found optimum to fabricate nanofiber membranes with

mechanical properties matching those of human skin,

indicating the potential of PLGA/CNC composites for skin

regeneration [143]. Another study synthesized bilayer films

of regenerated CNFs and poly(globalide) via layer-by-layer

deposition and found it to be a suitable scaffold for skin

tissue engineering [144]. Produced from renewable plant-

based materials, PLA is the most widely used

Fig. 6 Top Hierarchical

structure of cellulose, showing

how macro-sized cellulose

fibrils are made up of bundles of

micron-sized individual

microfibrils, and each

microfibril can further be

broken down into nanoscale

fibrils and crystals (adapted with

permission from [130]). Bottom
A table comparing the structural

properties of CNCs, CNFs, and

bacterial cellulose [135]
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biodegradable and biocompatible polymer to fabricate

porous 3D structures that closely mimic ECM via elec-

trospinning and 3D printing. However, PLA scaffolds

suffer from poor mechanical properties and low

hydrophilicity. Various studies have found CNCs to be

excellent nanofillers in PLA for bone tissue engineering

applications as they lead to enhanced mechanical and

thermal properties, tunable biodegradation rate, and

improved biocompatibility of the composite scaffolds

[145–147]. For example, PLA/CNC composites had supe-

rior osteogenic potential than neat PLA, indicated by

enhanced viability of seeded human bone-marrow-derived

mesenchymal stem cells (BMSCs), higher expression of

osteogenic gene markers in the attached cells, and higher

mineralization on the surface of the scaffold [145]. This is

one of the few studies that tested the scaffold in vivo and

found the composite to have a higher bone regeneration

potential than the control, based on evaluation at the

3-week mark after transplantation in 2-month-old male

rats. Another study used carbodiimide-based crosslinking

to enrich gelatin scaffolds with two types of CNFs, i.e.,

carboxylated and phosphonated CNFs. The mineralization

and bone regeneration potential of composites containing

50% v/v functionalized CNFs was found to be higher,

evident from the higher and more uniform deposition of

calcium and hydroxyapatite type structures throughout the

matrix and enhanced growth of MSCs [148]. Mechanically

strong composite hydrogels of gelatin, TEMPO-oxidized

(negatively charged) BC nanofibers and hydroxyapatite

nanoparticles, crosslinked using glutaraldehyde, were

found suitable for calvarial osteoblast proliferation and

differentiation [149]. Non-cellularized injectable formula-

tions of chitosan (1.7–3.3% w/w) and CNFs (0.02–0.6%

w/w) were used as a minimally invasive approach to

Fig. 7 A Utility of anisotropically aligned, CNC-reinforced, PCL-

chitosan-CNC scaffolds for tendon tissue engineering (adapted with

permission from [138]). Confocal microscopy images of hTDCs

seeded on PCL/CHT and PCL/CHT/CNC3 scaffolds with random and

aligned topography, respectively. Organization of cytoskeletal actin

filaments after 10 days of culturing hTDCs (blue: nuclei stained with

DAPI; red: actin filaments stained with rhodamine-conjugated

phalloidin). B 3D printed CNC-reinforced alginate-gelatin hydrogel

scaffolds for bone tissue engineering (adapted with permission from

[151]): (top) Digital photograph of in vivo surgical experiments and

(bottom) lCT images showing the extent of bone regeneration in rat

calvaria defect model 3 weeks after transplantation. C 3D printed

nanocellulose-alginate scaffolds for cartilage tissue engineering

(adapted with permission from [158]): (a) 3D printed small grids

(7.2 9 7.2 mm2) after cross-linking, (b) the shape of the grid deforms

while squeezing, and (c) its restoration after squeezing. 3D printed

human ear (d) and sheep meniscus side view (e) and top view (f).
D Viability of human nasoseptal chondrocytes (hNCs) before and

after 3D bioprinting (adapted with permission from [158])
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regenerate damaged intervertebral discs [150]. The for-

mulations became hydrogels in situ after intradiscal gela-

tion and found to restore disc height and loss of mechanical

properties in pig and rabbit spine models.

3D printed alginate-gelatin hydrogel scaffolds, rein-

forced with 1% CNCs, were found to result in a signifi-

cantly enhanced expression of osteogenic-specific gene

markers compared to control scaffolds without CNCs

[151]. Moreover, in vivo testing revealed rapid bone

regeneration in a rat calvaria critical-sized defects (CCD-1)

model in the presence of the composite scaffold 3 weeks

after transplantation (Fig. 7). Another study investigating

the suitability of a composite of natural polymers, i.e.,

alginate, chitosan, and hydroxyapatite, for bone tissue

engineering found reinforcement with 1% CNCs to result

in better attachment and proliferation of MG63 osteoblasts

[152]. Composite scaffolds of polyhydroxybutyrate (PHB),

a bioderived and biodegradable polymer, and CNF are

superior candidates for bone tissue engineering than neat

PHB due to their improved physicochemical properties (for

example, crystallinity, water contact angle, degradation

rate, biomineralization, mechanical toughness) and better

human osteoblast MG63 cell viability [153]. CNCs and

CNFs can be used to fabricate composites for regeneration

of soft tissues too [154–157]. For example, adding 2%

acetylated CNFs to PCL/gelatin electrospun scaffolds

enhanced their hydrophilicity, degradation rate, tensile

strength (comparable with those of skin tissue) and bio-

compatibility with L929 fibroblast cells [157]. Chitosan/

gelatin composites, reinforced with CNFs, were found

suitable for cartilage regeneration due to their hierarchical

porous structure, suitable mechanical properties (com-

pression modulus of about 1 MPa in dry conditions at room

temperature, comparable with that of natural cartilaginous

tissue, and lowered modulus of 18–32 kPa in PBS at 37 �C,
favorable for soft tissue regeneration) and good compati-

bility with chondrocytes [154]. Another study was able to

produce stable biocompatible 3D-printed nanocellulose-

alginate scaffolds suitable for cartilage tissue engineering

[158]; live human nasoseptal chondrocytes (hNCs) encap-

sulated in these scaffolds showed up to 85% viability

7 days after culture (Fig. 7). While these examples high-

light the huge promise of CNC/CNF based composite

scaffolds for engineering a variety of tissue types, there is

still limited in vivo research.

4.2 Cell adhesion and differentiation

Nanocellulose, on its own, lacks the chemical cues to

interact with biomolecules and cells. Nanocellulose based

composites, however, have also shown promise for pro-

motion of cell adhesion, growth, and targeted differentia-

tion, with appropriate modification of the surface with

chemical groups and biological molecules. Hybrid fibers of

cellulose acetate (CA) and PCL, blended in different ratios,

were given post-electrospinning treatment with NaOH

(also called alkaline saponification) which transformed CA

into cellulose (CL), an otherwise barely spinnable polymer

[140]. Not only did this treatment improve mechanical

properties (Young’s Modulus by * 20–30-fold, tensile

strength by * 3–4-fold, and tensile stress by * 2–4-fold)

of the composite, the presence of functional groups (OH)

on its highly wettable surface enhanced its ability to

nucleate bioactive calcium phosphate crystals throughout

the matrix when exposed to simulated body fluid. The

nanofibrous composite membranes also supported MC3T3-

E1 cell (osteoblasts) proliferation [140]. Highly porous

composite scaffolds of poly-(butylene succinate) and CNCs

have successfully been fabricated with improved in vitro

degradation rate and excellent biocompatibility with 3T3

fibroblasts [141, 159]. Injectable hyaluronic acid (HA)-

based hydrogels are a class of promising materials for

tissue engineering and regenerative medicine applications.

A recent study fabricated a novel composite of chemically

modified HA, reinforced with aldehyde modified CNCs;

composite hydrogels were stiffer, had higher resistance to

degradation and exhibited pronounced proliferative activity

of human adipose derived stem cells (hASCs) [160].

Electrospun nanocomposite scaffolds fabricated using

maleic anhydride grafted PLA, reinforced with CNCs, were

found to support the proliferation of human adipose-

derived stem cells (hASCs) [146]. Another study used 5%

CNCs, grafted with PEG, to enhance the tensile strength of

PLA scaffolds and improve their biocompatibility with

human BMSCs [147]. Surface modification of nanocellu-

lose composites with specific peptides and growth factors

to make them more biomimetic has been tested in several

studies [161–163]. For example, incorporation of osteo-

genic growth peptides (OGPs) in nanocomposite scaffolds,

composed of BC, collagen, and apatite, were shown to

induce early development of osteoblastic phenotype [161].

These composites did not show any cytogenic, mutagenic,

or cytotoxic effects, and composites containing BC facili-

tated better cell growth, indicating the importance of this

component in the scaffold’s tissue regeneration potential.

In another study, fibroblast-derived adhesion proteins, such

as collagen and fibronectin, were immobilized on BC to

modify its surface and mimic soft ECM chemistry [162].

Most importantly, they activated integrin adhesion path-

ways that generate stronger cell adhesions. Also, higher

levels of mitochondrial activity and cell growth were

observed on modified-BC scaffolds compared to non-

modified controls. Biomimetic BC scaffolds, coated with

soluble collagen I, were found potent in stimulating further

collagen I production by MSCs seeded onto their surface,

leading to the formation of a highly ordered, long-lasting
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collagen network at the cell-material interface that sup-

ported multilayered growth and tight adherence of cells to

BC surface [163]. Moreover, these scaffolds stimulated

MSCs towards osteogenic differentiation.

4.3 Cytotoxicity

The cytotoxicity of CNCs and CNFs is very well studied

and summarized in a recent review article [164]; the main

takeaways are that (a) both CNCs and CNFs have a dose-

dependent effect on cells and (b) CNCs show higher

cytotoxicity than CNFs. Here we highlight a few studies

that have looked at the in vitro and in vivo cytotoxicity of

nanocellulose. A densified BC implant (containing 17%

cellulose), suitable for auricular cartilage reconstruction

due to similarity in mechanical strength, showed no cyto-

toxicity against L292 fibroblasts [165]. Another study

evaluated the safety and efficacy of a BC wound dressing

and no cytotoxic effects on L292 mouse fibroblast cells

were observed; in fact, it promoted cell migration as good

as the commercially available dressing material [166]. A

study confirmed the impact of particle length on the cyto-

toxicity of CNCs and CNFs using two cell types, i.e.,

macrophages and hepatocytes [167]. Interestingly, all CNC

groups caused cytotoxicity in Kupffer cells, and one CNC

group triggered cytotoxicity in hepatocytes. It was found

that CNCs induce mitochondrial ROS generation, apoptotic

cell death, lysosomal damage, and inflammation. On the

other hand, CNFs did not induce cytotoxicity to cells

because of the minimal cellular uptake. Another study

looked at the fate of individual CNC particles in different

cells. Cellular uptake of wood-derived CNCs by primary

human brain microvascular endothelial cells and flax-

derived CNCs in human HEK 293 and insect sf9 cell lines

was confirmed using fluorescent probes [168]. The mech-

anism of CNC interaction with the cell membrane majorly

depended on its surface charge and the type of functional

groups on the surface. For example, fluorescein-labeled

CNCs (negatively charged) were not taken up by the cells

and caused cell death via plasma membrane rupturing,

whereas rhodamine-labeled CNCs (positively charged)

underwent endocytosis and displayed no evidence of

cytotoxicity. A recent study assessed the toxicity profile of

wood-derived CNFs and found that a concentration of

50 lg/mL did not affect the cytotoxicity or metabolic

activity of fibroblasts and keratinocytes [169]. In an aero-

gel form, CNFs induced a reduction in the metabolic

activity of these cell types but no significant cell death.

In vivo biocompatibility testing of BC wound healing

membranes, implanted subcutaneously in a rat, showed no

macroscopic evidence of inflammation such as redness and

edema or exudates around the implanted region 3, 14 and

56 days after implantation [170]. However, oxidized BC

seemed to attract fewer inflammatory cells (neutrophils,

macrophages, lymphocytes and polymorphonuclear cells)

than the pristine material, which is generally considered

highly biocompatible, and on the other hand gave rise to a

thicker fibrosis compared to non-oxidized BC. Overall, BC

membranes were found well integrated with the rat con-

nective tissue, thus confirming minimal foreign body

reaction. Another study found the in vivo biocompatibility

index of a densified BC implant (containing 17% cellulose)

higher than that of autologous cartilage and lower than that

of Goret-Tex implant via assessment of inflammatory and

fibrotic reactions, necrosis, and fibrosis. Overall, the min-

imal foreign body response elicited by BC implants when

implanted in rabbits, combined with their excellent

mechanical properties, make it a suitable candidate for

auricular (nose and trachea) cartilage reconstruction [165].

When implanted subcutaneously in rats, a novel BC wound

dressing containing polyhexamethylene biguanide, an

antimicrobial agent, and sericin was found to evoke a lower

inflammatory response than the commercially available

wound dressing [166]. Not only was it safer for in vivo use,

but it also had higher clinical efficacy as demonstrated by

significantly smaller wound size and higher extent of col-

lagen formation. Like graphene and CNTs, the type and

severity of cytotoxic effects of CNCs have been found to

depend on its physicochemical properties such as size and

surface charge as well as the form in which it is adminis-

tered, i.e., ingestion of liquid or gel formulation or

inhalation of aerosolized particles. The toxicological

implications of nanocellulose, particularly CNFs, may not

be as severe as those of graphene and CNTs, more com-

prehensive in vivo studies are needed to fully realize the

clinical potential of nanocellulose-based tissue engineering

scaffolds.

4.4 Biodegradation

In vitro biodegradation of non-toxic and biocompatible

PLA/CNF scaffolds, evaluated over 8 weeks in a phos-

phate-buffered saline medium at 37 �C, demonstrated that

reinforcement with increased CNF content resisted the

biodegradation of the composites and accelerated their

wound healing potential [171]. An antibacterial nanocom-

posite of oxidized BC, chitosan and collagen, was found

superior to commercial oxidized regenerated cellulose

(ORC, also called Surgicel gauze) in its hemostatic capa-

bility and in vivo biodegradability, when tested in rat liver

injury model [172]. It degraded faster than ORC and

exhibited better procoagulant and blood clotting properties,

in other words, faster hemostasis. Another study compared

the degradation behavior of BC wound healing membranes

(BC alone, not a composite) with Surgicel and found that

both oxidized and non-oxidized versions of BC had
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significantly lower degradation rate (\ 10% vs[ 45%

after 60 days) than Surgicel [170]. Bacterial cellulose can

be used to engineer both hard (bone and dental) and soft

(nerve and skin) tissues. Crystallinity, molecular weight,

hydrophilicity, and the type of chemical modification of

BC-based materials are the four main factors that impact

the in vivo biodegradation, which occurs via four major

mechanisms, including hydrolysis, oxidation, enzymatic

and physical degradation [173]. A recent study used

enzyme (cellulase) encapsulation to control the in vitro/

in vivo degradation kinetics of 3D printed CNF/chitosan

hydrogel scaffolds [174].

5 Summary and future perspectives

Utilization of graphene, CNTs and nanocellulose for tissue

engineering applications has come a longway and has indeed

shown immense potential. These nanomaterials are partic-

ularly useful as reinforcing fillers or biocompatible coatings

that enhance the mechanical and electrical properties of

different natural and synthetic polymers, such that the

composite matrices can be applied as tissue engineering

scaffolds. However, there is still a long way to go before

clinical translation of these nanomaterials for tissue engi-

neering applications takes place. To do that, major limita-

tions that need to be overcome are as follows: (a) lack of

sufficient in vivo biodegradability data, (b) strategies to tune

the rate of scaffold degradation such that it matches the rate

of regeneration of the target tissue, (c) lack of sufficient

in vivo toxicological data, (d) evaluating if in vitro tissue

regeneration capabilities can be replicated in vivo, and

(e) strategies to reduce foreign body reaction to implanted

tissue engineering scaffolds containing these nanomaterials.

Based on the literature so far, cytotoxicity can be an

issue, particularly in the case of CNTs and graphene.

Cytotoxicity majorly depends on the physicochemical

properties of the nanomaterial such as size, shape, com-

position, surface charge, quantity of impurities it contains,

type of surface modification or functionalization (chemical

or biological molecules), and most importantly, the con-

centration of nanomaterial used in the scaffold. By tuning

these parameters, cytotoxicity of these nanomaterials can

be mitigated. Incorporating bioactive compounds, e.g.,

peptides and growth factors, and encapsulating stem cells,

in nanocomposite scaffolds to improve their tissue regen-

eration capability is an area that has only recently gained

traction. So far, these strategies have proven effective in

enhancing cell attachment and proliferation and achieving

targeted cell differentiation. More research needs to

be undertaken in this area to fully realize the commercial

potential of graphene, CNTs and nanocellulose in the field

of tissue engineering.
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