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Abstract: The development of new scaffolds and materials for tissue engineering is a wide and
open realm of material science. Among solutions, the use of biopolymers represents a particularly
interesting area of study due to their great chemical complexity that enables creation of specific
molecular architectures. However, biopolymers do not exhibit the properties required for direct
application in tissue repair—such as mechanical and electrical properties—but they do show very
attractive chemical functionalities which are difficult to produce through in vitro synthesis. The
combination of biopolymers with nanostructured carbon fillers could represent a robust solution to
enhance composite properties, producing composites with new and unique features, particularly
relating to electronic conduction. In this paper, we provide a review of the field of carbonaceous
nanostructure-containing biopolymer composites, limiting our investigation to tissue-engineering

applications, and providing a complete overview of the recent and most outstanding achievements.

Keywords: graphene; carbon nanotubes; biopolymers; scaffolds; tissue engineering

1. Introduction

Complex chemical architectures represent a challenge for material science and syn-
thetic chemistry. Several approaches can be used to achieve the complexity that naturally
occurs in living organisms during anabolic metabolism. The level of complexity shown by
biopolymers is astonishing and represents an opportunity to apply ready-to- use complex
building blocks for the production of new materials [1]. This is particularly interesting
for all those applications that require replicable polymeric matrixes with morphology
and chemical functionalities that are hard to synthesize in vitro. Among possible appli-
cations, tissue repair and engineering is one of the most challenging [2], requiring high
biocompatibility and an ability to mimic the original tissue texture. Biopolymers could
be successfully used for this application to achieve remarkable results [3-5]. Nonetheless,
native biopolymers do not exhibit suitable mechanical properties and electrical conduc-
tivity, excluding their use for both structural and neuronal/nerve tissue treatments. An
elegant solution is represented by mixing neat biopolymers with fillers that are able to
improve their mechanical and electrical features [6]. Good candidates for this task are
nanostructured carbonaceous materials [7]. Nanostructured carbon is a wide family that
comprises several species, from carbon black to the most cutting-edge materials, such as
carbon nanotubes (CNTs) and graphene-related materials. These last two are the most
remarkable with regard to both electrical and mechanical properties, as described in the
recent literature [8,9], though their production is expensive and their dispersion into poly-
mers is still rather challenging and costly. Nevertheless, the great challenge represented
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by the use of biopolymers in tissue engineering requires solutions beyond the state of
the art—coupling with nanostructured carbon is the most promising route to fulfill this
task [10-12]. In this work, we review the use of both CNTs and graphene-related materials
as fillers for biopolymers used in tissue engineering. We lay out a clear picture of the latest
achievements in the field, providing an introduction to the main topic before presenting
more in-depth discussion. We consider biopolymer composites in two main categories:
protein-derived and polysaccharide-based.

2. A Brief Overview on the Use of Polymers in Tissue Engineering

Tissue engineering is one of the most cutting-edge applications of polymer science,
aiming to repair and replace damaged biological tissues using polymers and polymer
composites by means of several production routes, as illustrated in Figure 1.
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Figure 1. Multiple polymer- and polymer-composite-based routes to tissue engineering, highlighting
the main morphologies used. Reprint with permission from Nikolova et al. [13] under CC BY license.

Over the last two decades, the realm of tissue engineering underwent rapid develop-
ments and several experimental routes for the reparation and regeneration of organs, tissues
and cells were developed [2]. Furthermore, the use of the tissue-engineering approach has
proved a promising alternative response to pathologies when traditional chemotherapy
has failed [14]. Such a promising tool has inspired researchers to invest effort in quickly
reaching the highest technological readiness level achievable. Nonetheless, this frontier
is still far away due to the complexity of biological systems and their interaction with
chemicals. Accordingly, the first experimental efforts were focused on cell implantation or
replacement, creating artificial replacements for damaged tissues [15]. Cell-based tissue
engineering remains quite complex, whereas the use of biopolymer-formulated scaffolds is
cheaper and more tunable. Generally, a polymeric scaffold is defined as an intrinsic porous
three-dimensional solid that interacts with cell lines and can be used to repair damage
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by merging with native tissue. Biopolymers play a crucial role due to their biocompat-
ibility with biological matrixes, promoting the transport of solutions and gases and the
proliferation of cell lines [5]. Biopolymer scaffolds are generally biodegradable, are able
to match the same rate of regeneration of the native tissue, and enable its replacement
with new undamaged tissues without releasing harmful species [16]. The first report of
such materials was a 1975 study by Yannas et al. [17] based on the use of native collagen
functionalized with glycosaminoglucans, followed by a systematic investigation of its use
as a skin repair agent [18]. Biopolymers are also used as suitable replacements for damaged
tissues, such as in the use of ocular, bone, vascular and dental implants [19].

The great advantage of biopolymers compared with synthetic polymers is associated
with the complexity of their molecular architectures and their reproducibility resulting from
biological pathways. The great potential for the application of biologically synthesized
polymers, together with the role of purification procedures, is evidenced by considering
cellulose as a case study. The structure of cellulose was determined by Staudinger in the
early years of the 20th century [20], but only in 2001 was it fully synthesized in vitro [21].
Even now, more complex biopolymers, such as chitin or lignin, cannot be feasibly produced
using chemical synthesis. Different considerations apply to protein synthesis, where a solid-
state automatized synthetic approach provides new means for the in vitro production of
peptides and proteins [22]. Biopolymer use has extended to several fields of the biomedical
sciences, from drug delivery {Catania, 2021 #10529} to wound dressing [23].

Nevertheless, several biological applications—ranging from scaffolding to
prosthetics—require superior conductive and mechanical properties. Neat biopolymers
do not perform well enough to be used without mixing them with fillers. Nanostructured
fillers, such as graphene derivatives [24] and CNTs [25], have found several applications as
fillers for the production of scaffolds and prosthetics. Nevertheless, the interaction between
the cellular structure and both CNTs and graphene-like materials is a very complex topic,
as shown in Figure 2 [26]. All the interaction mechanisms shown are of major importance
for the design of carbon-based biocompatible/bioactive composites [12] and are discussed
in the next sections.
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Figure 2. Schematic route of the cellular uptake of both neat CNTs and graphene-related materials.
Reprinted with permission from Bussy et al. [27] (Copyright 2012 American Chemical Society).
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3. Nanostructured Carbon Materials
3.1. Graphene and Graphene-Like Materials

Graphene, graphene oxide (GO) and reduced GO (rGO) are briefly illustrated in
Figure 3.
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Figure 3. Methodologies for the production of graphene and related material structures through the
oxidation of graphite. Reprinted from Jimenez-Cervantes et al. [28] under CC BY license.

In its ideal form, graphene is a two-dimensional crystal of carbon atoms bound in a
honeycomb lattice and can be thought as a single plane of graphite. In each elementary
cell of graphene, each carbon atom is linked by three in-plane ¢ bonds to its neighboring
atoms with sp? hybridization, while the p orbitals perpendicular to the sp? plane do
not participate in the bonding, hosting the conduction electrons. As a consequence, the
electrons in the 7 bond are delocalized over the entire lattice structure and are able to
move freely in the graphene plane [29-31], enabling high electrical conductivity despite
the monolayer nature of the material [4]. The peculiar structure of graphene gives rise to
unique electronic properties, including low-energy electrons behaving as massless Dirac
fermions, ultra-high carrier mobilities up to ~ 10° cm? V! s71, room-temperature ballistic
transport and half-integer quantum Hall effects [32]. These features have made graphene
extremely appealing for high-frequency electronics and optoelectronics, while its ultrahigh
tensile strength and flexibility make it very well suited for being incorporated in flexible
devices [33].

The astonishing properties exhibited by ideal graphene are counterbalanced by its poor
compatibility with established technological pipelines, as well as its scarce availability [34].
Indeed, the term graphene is often used in the literature to refer to other related carbon
allotropes, including few-layer graphene and nanographite [33,35-37]. Several different
materials have been proposed as alternatives that are able to overcome the issues associated
with the use of “real” graphene. A first alternative is GO (graphene oxide), which is an
oxidized graphene compound rich in oxygen functionalities [38]. Among these, epoxide
and hydroxyl residual groups are predominant on the GO basal plane, whereas carbonyl
and carboxylic groups are mostly localized along the edges. However, while the structure
of pure graphene is relatively robust against different production methods, the structure of
GO is deeply affected by its production process.

Due to this sensitivity to the production path, several structures have been proposed
for GO in different studies, such as the Hofmann, Ruess, Scholz-Boehm, Nakajima-Matsuo,
Lerf-Klinowski, and Szabo models [39,40].
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Among these, the Lerf-Klinowski model is usually considered to represent the most
realistic description of actual GO [16], attributing the presence of defects in the final
material—such as holes, wrinkles, and cracks—mostly to the oxidation process.

GO is not the only graphene-derived material currently under extensive scientific
investigation. Another very promising graphene-based material is reduced graphene oxide
(rGO), which is obtained through a reduction process of GO by means of several reducing
agents [41]. This process is necessary to eliminate the oxygenated functional groups of
GO, which improve its handleability, but also result in an almost complete suppression
of the high conductivity of neat graphene. The different production paths of GO result in
different profiles of oxygen-containing functionalities and deeply alter the final properties
of rGO [42]. High electrical conductivities are usually achieved in rGO, which is usually
formed with oxygen amounts of between 1.5 and 0.4 wt.% [43].

Despite their astonishing properties, graphene-related materials can damage cellular
structures, promoting oxidative degradation, apoptosis and cell-membrane disruption [27],
mainly mediated by oxidation induced by peroxidase [44]. Modelling and tuning the
interactions between graphene-like materials and cells is a challenging task and requires
very good knowledge of the graphene-like flake sizes and thicknesses [45] as well as their
functionalities [46].

The use of graphene and related materials for biological applications can exploit
several interesting features [47,48]. The addition of GO or rGO to several polymeric ma-
trixes has been reported to be effective for the replacement of damaged tissues through
surface interactions [49]. The immobilization of graphene-related materials inside a poly-
meric host avoids the immunogenic [50] and inflammatory [51] effects they promote after
cellular uptake.

As reported by Bahrami et al. [52], graphene flakes dispersed into polyurethane
promote the growth of fibroblasts and endothelial cells on membranes containing graphene
flakes. The findings were particularly interesting regarding endothelial cells. These could
be grown on the inner surface of tubular scaffolds by mimicking the native blood vessel
structure. The authors of the study demonstrated the ability of graphene-based composites
to support the attachment, spreading and proliferation of cell lines. A similar approach
was used by Pant et al. [53] for the production of coated stents using graphene oxide mixed
with polyurethane.

3.2. Carbon Nanotubes

CNTs are another carbon allotrope based on the honeycomb lattice of sp?-hybridized
carbon atoms and can be thought of as cylindrical graphite sheets rolled up in a tubular

structure. Different types of folding are possible for CNTs according to the so-called chiral
= - - e . - =
vector C =n a1+ m ay, where n and m are the positive integer chiral indexes, and a1, a»

are the graphene in-plane lattice vectors. As shown in Figure 4, the chiral indexes enable
identification of three different orientations of the longitudinal axis of the nanotube with
respect to the hexagonal lattice of graphene, resulting in three different CNT types termed
zig-zag (m = 0), armchair (m = n), and chiral (n # m # 0). Chiral indexes have also
been shown to enable prediction of whether the electronic properties of CNTs are metallic
or semiconducting [54]; specifically, if [n —m| = 3q with n # m (where g is a positive
integer) the CNT is metallic, otherwise it is semiconducting. Armchair CNTs always
show metallic behavior, whereas chiral CNTs exhibit the same geometric properties as
enantiomeric molecules.
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Figure 4. Theoretical folding of a perfect graphene sheet according to different linear combinations
of the chiral vectors, leading to the three main CNT structures, named armchair, zig-zag and chiral.
Reprinted with permission from Sanginario et al. [55] under CC BY license.

Furthermore, CNT models can be obtained by folding both single-layer and multi-
layer graphene sheets, resulting in single-walled CNTs (SWCNTs) and multi-walled CNTs
(MWCNTs), respectively, even if real CNT structure is more complex [56]. This choice affects
the structural properties of CNTs, with SWCNTs exhibiting diameters ranging between
3 A and 1 nm [57], whereas the diameter of MWCNTSs can exceed 100 nm [58,59]. The CNT
length, on the other hand, is highly dependent on the production process for both types and
can range from a few nanometers up to a few tens of cm [60-62]. The extremities of CNTs
can either be open or closed with fullerene-type caps [30] and variously functionalized [63].
Similar to graphene, the sp?>-hybridized honeycomb carbon lattice endows CNTs with
excellent electrical [64,65], mechanical [66] and thermal [67,68] properties.

Similarly to graphene-like materials, CNTs are harmful for tissues and cells due to
intrinsic defects [69,70] and metallic catalyst impurities [70,71], slowing down their use
for neuronal tissue repair where their electric conductivity could otherwise enable game-
changing approaches. The cytotoxicity and harmful effects of CNTs may be explained by
the “pathogenic fiber paradigm” model which states that thin, long and persistent fibrous
structures promote both inflammation and carcinogenesis [72]. Nevertheless, the real effects
of CNT radical activity is still controversial, as shown by the scavenging effect reported
by Fenoglio et al. [73]. After incorporation into a polymeric matrix, CNT toxicity can be
minimized, as already reported for graphene-related materials [74,75]. This has enabled
their use for the production of membranes with low filler loading (up to 0.5 wt.%) for
neuronal tissue repair [76]. Furthermore, CNT-filled scaffolds can be used effectively for
electrical stimulation to promote neurite overgrowth [77].
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4. Carbon-Containing Biopolymer Composites for Biomedical Applications: An Overview
4.1. Nanostructured Carbon-Containing Proteinaceous Composites
4.1.1. Collagen

Collagen is a fibrous protein exhibiting strong hydrophilic behavior, which is insoluble
in the majority of organic solvents, and represents the most abundant component of
connective tissue. Remarkably, collagen accounts for more than 30 wt.% of total animal
proteins, representing the main component of the extracellular matrix in animals. Collagen
shows very interesting biological activities, such as the inhibition of tissue damage induced
by stretching stress [78], preserving the structure of cartilage, bones and blood vessels.

The medical use of collagen started between the end of the 19th and the beginning of
the 20th century with the development of biodegradable sutures for intestine surgery [79].
Neat collagen is widely used as a replacement for repairing corneal tissue due to its high
bioadhesivity, biocompatibility with reduced immunogenicity, and acceptable mechanical
properties [80]. Additionally, collagen fibrils can pass through epithelial tissue of the cornea
stacking themselves onto native collagen [81]. In addition, collagen promotes the cellular
adhesion, proliferation and differentiation of multiple cellular lines, promoting enhanced
regeneration of several tissues [82].

The complex mechanisms of collagen degradation are central issues in the use of
neat collagen associated with its high hydrophilicity that induces denaturation pathways
and swelling in in vivo experiments [83]. Agarwal et al. [84] surmounted this issue by
entrapping graphene sheets into a highly crosslinked collagen cryogel. The graphene-
related composite was studied using X-ray tomography, showing improvement in both
porosity and the porous connections of collagen cryogels induced by graphene flakes,
together with thermal stability [85]. Nonetheless, the most used filler among the graphene-
like materials for the production of composites remains GO, which is able to drive the
self-assembly of hydrogels using a loading of up to 4 wt.% [86].

A cryogel based on mixed rGO flakes and collagen has found a promising application
in bone restoration, as reported by Bahrami et al. [87]. The authors demonstrated that
the mechanical strength of rGO-coated collagen cryogel was enhanced by three times
compared with the uncoated cryogel. Furthermore, the immobilized rGO flakes promoted
total biocompatibility of the collagen-based scaffold, enhancing mesenchymal stem cell pro-
liferation. The authors also showed the ability of this scaffold to promote bone regeneration
in a rabbit animal model.

A simple sol-gel production route is also effective for GO-containing collagen com-
posites, as demonstrated by Liu et al. [88]. The authors produced a hydrophilic scaffold
with good bone mineralization by adding 0.1 wt/v% GO to type I collagen during in vitro
experiments. The osteogenesis promoted by the GO-based collagen scaffold could be
boosted by adding inorganics, such as strontium, to the mixture [89], activating a protein
complex responsible for bone-cell proliferation and differentiation. GO-based collagen
composites can also be coupled with hydroxyapatite, as reported by Zhou et al. [90]. The
authors crafted a multi-layer mineralized composite able to upregulate genes involved
in osteogenesis, providing a comfortable microenvironment for hosting the cells of bone
tissues. Similar results were obtained using bone apatite [91] due to the ability of the
carboxylic residues on GO edges to provide a gripping point for inducing mineralization.
These materials may also be used for cartilage repair, as reported by Lyu et al. [92]. The
authors demonstrated the ability of GO-based collagen composites to induce the growth of
chondrocytes, forming a cartilage matrix through the upregulation of metalloproteinases or
their inhibitors. This double regulation enhanced the formation of homogenous cartilage
tissue with regular distribution and porosity. A very advanced application of graphene-
derivative-based collagen materials is related to the regeneration of neuronal tissue and
damaged nerves. As reported by Guo and co-workers [93], rGO-based collagen scaffolds
were able to enhance neuronal differentiation due to high conductivity. Agarwal et al. [94]
followed similar protocols using amine-tailored graphene flakes dispersed into collagen
to match both the electrical conductivity of 3 S/m and the Young’s modulus of around
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350 kPa of spinal cord tissue. The authors successfully suppressed the inflammatory
response in rats, showing a remarkable ability of the scaffold to avoid macrophage prolifer-
ation. A more traditional use of GO-containing collagen composites is represented by using
them as a coating for inorganic biocompatible alloys [95], inducing useful antifibrotic [96]
and antibacterial [97] effects.

Interestingly, CNTs containing collagen scaffolds are more effective as substrates for
the proliferation and differentiation of stem cells [98-100] and could be internalized into
the cells without inducing disruption of the cellular membrane [101]. CNT-based collagen
scaffolds have been used for applications that require very high electrical conductivity
together with enhanced stiffness [102,103].

Chi et al. [104] reported the possibility of using CNT-based collagen composites for the
stimulation of fibroblasts by simply preparing an electrospun mate. Considering its high
customizability, the authors proposed the use of such produced materials for the treatment
of dysfunctional fibroblasts associated with cartilaginous disorders. The conductivity
of CNT-based collagen composites has been exploited in the production of advanced
procedures for the treatment of neural degeneration [105], efficiently promoting neuronal
growth and achieving remarkable results in nerve regeneration. The high conductivity of
CNT-containing collagen also represents a tool for the production of electrically responsive
cardiac patches, though the mechanism of action is still debated [106].

4.1.2. Keratin

Keratin is a protein in which cysteine reaches up to 13 wt.%; it is the major constituent
of structures such as feathers and horns. The use of keratin as a biological scaffold is quite
complex and requires multistep chemical modification of the native keratin structure.

The first step of this process is the extraction of keratin performed in strong chemical
conditions using thermochemical or microbial approaches [107]. When the extracted keratin
is ready to be processed, it forms stable transparent films that show high biocompatibility
and biostability, and that are able to induce cell adhesion in living rabbits [108]. Never-
theless, keratin cytocompatibility is debated as the role of keratin in hemostasis processes
is not totally clear [109]. The most accepted hemostatic effect of keratin hydrogel is the
formation of a wound seal by reticulated coagulated keratin that induces the formation of
granulose tissue upon it.

Nonetheless, keratin hydrogels have been used as effective hemostatic solutions
in rabbits affected by lethal liver injury [110]. In addition, several commercial keratin-
based hemostatic products are available, including HemCon® (Portland, OR, USA) and
QuickClot® (Morrisville, NC, USA).

Keratin and keratin hydrogels have also been used for the regeneration of peripheral
nerves, as reported by Sierpinski et al. [111] using mice models. The authors used human
keratin extracted from hair, improving Schwann cell proliferation, together with upregula-
tion of their gene expression, improving neuronal functionality. Furthermore, the authors
described enhanced axon regeneration in damaged tibial nerves. Similarly, Apel et al. [112]
induced the acceleration of nerve regeneration using keratin hydrogels, improving axon
density. Neat keratin and keratin hydrogels have been shown to induce neovascularization
and inflammation with reduction in soft tissue adhesion on polymeric scaffolds [113]. The
addition of nanostructured carbon improved the interfacial properties and magnified the
mechanical and electrical performance [114].

Song et al. [115] used an electrospinning technique to produce a composite based
on rGO, keratin and poly(caprolactone)(PCL) for the treatment of damaged wounds that
intrinsically show poor self-healing capacity. The material produced was composed of
fibers with an average diameter of 240 nm, which was able to enhance cell adhesion
and proliferation, accelerating wound re-epithelialization. Interestingly, the formulation
increased the potential of mitochondrial membranes, improving cell viability. Additionally,
the authors observed an increase in moisture absorption and the permeability of the
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rGO scaffold, supporting the use of graphene-based keratin scaffolds for the treatment of
skin wounds.

Considering the number of studies reported in the literature, graphene-containing
keratin materials represent a new and not-entirely-mature technology, whereas the combina-
tion of fibrous keratin with CNT has been more extensively studied. Mahmoodi et al. [116]
followed a protocol close to the one previous described for the production of a PCL-keratin
matrix through electrospinning using carboxylated MWCNTs. The composites produced
showed very thin fibers with an average diameter of up to 50 nm, with both the tensile
strength and tensile modulus increased by up to 260% compared to neat PCL-keratin mate-
rial. The CNT-based composite induced relevant enhancement of osteogenic differentiation
in mesenchymal stem cells with significant mineralization on the scaffold surface.

Similarly, Asl et al. [117] replaced PCL with poly(hydroxybutyrate), reporting over-
expression of alkaline phosphatase with a related increase in mineralization rate. The
combination of keratin with nanostructured carbon appears to be a reliable route for the
reduction of an inflammatory response to CNTs, neat keratin and graphene-like materials,
together with improving both interfacial properties and bone tissue healing.

4.1.3. Silk and Fibroin

Silk is a biopolymer composed mainly of two proteins, fibroin and sericin. Fibroin is a
structural protein responsible for the strength and stiffness of silk, while sericin is a jelly
protein that promotes adhesion of fibroin fibers together [118].

Fibroin is structured in long parallel 3-sheet fibers interacting through hydrogen bonds.
Fibroin is a hydrophobic amino-acid-rich material; its ordered folding process underlies the
impressive mechanical properties of silk residues, which enable the protein to self-assemble
into a stable, ordered structure [119]. As discussed by Salehi et al. [120], silk is highly
biocompatible and its use in tissue repair is related to its morphology. Accordingly, thin
silk fibers are currently used as surgical sutures, while porous silk represents a promising
template for the production of scaffolds able to tune the conformation of silk [121].

Izyan et al. [122] evaluated the properties of graphene flakes dispersed into silk films,
reporting an increase in (3-sheet conformation, increasing both the crystallinity and the
elongation at failure compared with neat silk materials. The modulation of the properties
of silk can also be performed by directly acting on the feed of silk worms, as reported by
Qu et al. [123]. The authors fed silkworms with mulberry leaves coated with 2 wt.% of
GO, showing an increase in the elongation of recovered silk of up to 60% due to increase in
a-helical regions. Furthermore, the authors reported that a reduction in the GO amount
down to 1 wt.% promoted a selective increase in the Young’s modulus. Similar results were
achieved by adding up to 1 wt.% of rGO [124]. The graphene-based silk composite can also
be used as a template for the production of biocompatible, size-controlled pore hydrogels
with good cell viability [125]. Wang et al. [126] also demonstrated that the direction of
channels could be organized in the presence of GO-based silk materials.

There are three main production routes for graphene-like materials containing silk com-
posites: the sol-gel approach [127], reverse phase casting [128] and electrospinning [129].
Reverse phase casting is used for the production of homogeneous hydrogel layers, while
electrospinning enables creation of a proper fibrous mate. The sol-gel approach is used for
the production of injectable and conformable silk scaffolds. Together with the flexibility in
production routes, graphene-like-containing silk composites show remarkable biocompati-
bility and cell viability [124]. The use of such composites has found many applications in
the production of biomaterials [130-132]. Pathmanapan and coworkers [133] dispersed GO
into fibroin hydrogel as scaffolds for bone repair, showing enhanced levels of alkaline phos-
phatase activity. This approach can be boosted by adding hydroxyapatite to the mixture,
promoting mesenchymal stem cell adhesion and proliferation with more effective bone
repair [134]. Similar results were obtained by mixing GO-containing silk composites with
poly(l-lactic-co-glycolic acid) up to 10 wt.%.
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Furthermore, Eivazzadeh-Keihan et al. [135] tested GO-based silk composites mixed
with alginate, demonstrating their compatibility with blood, reporting a hemolytic effect
below 6% for a concentration of up to 1 mg/mL. Li et al. [136] moved a step forward
by modifying GO-containing silk composites with tannic acid and strontium cations,
eliminating any inflammatory response mediated by both cytokines and reactive oxygen
species, for the treatment of osteoarthritis. Furthermore, the GO-based scaffolds promoted
the formation of cartilage tissue in injured rat knees. However, the exploitation of the
electrical conductivity of graphene and rGO has found a main application in the treatment
of neuronal and nerve tissues. Magaz et al. [137] were able to regulate the neuronal cell
response by using GO mixed with an rGO-containing silk microcomposite. The prepared
material had a conductivity of up to 3 uS/m after hydration and was able to mimic the
arrangement of the extracellular matrix. The authors used a neuronal cell line, reporting
the extension of neurites by up to 250 um after 5 days. Similar results were achieved
using graphene flakes dispersed into spun silk [129,138], mat [139] or gel [140], though the
dispersibility of graphene flakes remained challenging.

Colloidal composites based on GO and silk were used to repair myocardial tissue after
infarction by mixing with growth factors [141].

CNTs can also be mixed with silk using electrospinning for the production of biocom-
patible composites with high electronic conductivity and improved mechanical proper-
ties [142], showing that, even when using a high loading of MWCNT5, the effect on silk fiber
morphology remained negligible. Shrestha et al. [143] dispersed functionalized MWCNTs
into silk mixed with poly(urethane) producing a highly conductive scaffold in which CNTs
were aligned. The authors reported the proliferation of Schwann cells, together with the
spontaneous outgrowth of neurites along the fiber direction. Additionally, injectable shape
memory CNT-based silk composites were used to treat ischemic stroke, promoting the
customized growth of new neuronal tissue [144].

4.2. Nanostructured Carbon-Containing Polysaccharide Composites
4.2.1. Chitosan

Chitin is a functionalized polysaccharide containing units of 3-(1,4)-N-acetyl-d-glucosamine
produced as crystalline ordered microfibrils and is a crucial component in the formation of
the cell walls of fungi, yeast and arthropod exoskeletons. Chitin has been widely used as
an electrospun fiber mat by improving its mechanical properties by functionalization and
coupling with polymers [145]. The as-produced chitin-derived fibers were shown to be
biocompatible and able to promote both cell adhesion and proliferation without appreciable
cytotoxicity.

Among chitin derivatives, chitosan is the most used and is produced by the sim-
ple partial deacetylation of neat chitin through alkaline or enzymatic hydrolysis [146].
Chitosan can be combined with GO, producing films with a low inflammatory response,
advanced cicatrization, and good resorption in subdermal rat tissue [147]. As reported by
Yilmaz et al. [148], chitosan combined with GO and hydroxyapatite showed a sponge-like
morphology, together with both high cell viability and mechanical compressive strength,
suggesting possible use as a bone replacement. This is supported also by research con-
ducted by Depan et al. [149] in which GO-containing chitosan composites stimulated
osteoblast growth. The authors suggested that osteoblast proliferation was due to both
high water resorption and porous connection reducing their enzymatic degradation. Fur-
thermore, the osteoblasts established intercellular connection mimicking real bone tissue.
Liu et al. [150] demonstrated that GO-based chitosan composites with a lamellar confor-
mation were able to promote the ordered growth of bone cell line MC3T3-E1 along the
longitudinal direction. GO-based chitosan composites can simultaneously host toughening
agents, such as hydroxyapatite [151] or another macrobiomolecule [152,153], to enhance
its performance as a bone scaffold, without producing collateral reactions. Similar ma-
terials have been used for both cartilage [154,155] and dentary pulp [156] replacements.
As reported by Fenge et al. [157], the unique weak and hydrogen-bond-type interactions
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occurring in GO-based chitosan composites presented a perfect case study of the real-
ization of innovative wound dressing. The authors demonstrated that the reversible
breakage-reformation of non-covalent interactions inside the composite allowed their
adhesiveness to changing tissues, such as in the case of healing wounds. Additionally,
GO-containing chitosan was shown to be able to stimulate nerve growth up to 20% more
than neat chitosan scaffolds.

Similarly, Gupta et al. [158] dispersed both graphene nanoflakes and MWCNTs inside a
chitosan matrix, promoting neurite outgrowth due to improved neural cell adhesion on the
scaffold. CNT addition to a chitosan matrix modified the properties of chitosan hydrogels,
improving the adhesion of several cell lines, as reported by Garnica-Palafox et al. [159].
CNT-based chitosan materials have also been used in bone tissue engineering due to
improved cellular adhesion, together with high modulus and compressive strength, as
reported by many authors [160-162], even without hydroxyapatite addition [163,164].
The superior mechanical properties of CNT-based chitosan represents a sound choice for
cartilage replacement due to the high stress that this tissue can be exposed to. As reported
by Mirmusavi et al. [165], PCL blended with chitosan and filled with 0.5 wt.% MWCNTs
achieved a tensile strength of 34 MPa with high porosity and good compatibility with
chondrocytes, enabling use in in vitro tests with good results.

4.2.2. Hyaluronic Acid

Hyaluronic acid is a biopolymer composed of disaccharide units based on N-acetyl-
D-glucosamine and glucuronic acid dimers with a molecular weight up to MDa; it can be
found in the majority of biological tissues.

Hyaluronic acid use has been explored in viscosurgery for tissue protection during
ophthalmological medical procedures, such as lens implantations or cataract surgery, and
as a humor vitreous replacement [166].

Outside of surgical applications, hyaluronic acid can be used as a protective agent
for wounds due to the moisturizing effect that accelerates tissue healing. Edmonds and
coworkers [167] described the positive role of hyaluronic acid in the treatment of both
wound infections and ulcers, preventing the formation of large scars [168].

Additionally, neat hyaluronic acid was used as a synovial fluid replacement and as an
additive in cosmetic surgical treatments, inducing increase in the inter-tissue space with a
filling effect, as reported by several studies [169,170].

Neat hyaluronic acid can promote the proliferation of chondrocytes, slowing down
cartilage degradation and related ageing problems [171].

Furthermore, neat hyaluronic acid is able to reduce the inflammatory response by
modulating cytokine metabolism, with a massive reduction in reactive oxygen species [172].
Neat hyaluronic acid carboxylic residues have been used for the production of quite stable
hydrogels for the delivery of several types of active molecule, such as drugs, nucleic
acids and antibodies [173]. Several authors [174,175] have described GO-based hyaluronic
composites for osteogenic differentiation and drug release without causing degradative
processes in relevant tissues [176].

Accordingly, Umar et al. [177] combined GO-based hyaluronic acid composite with
bacterial cellulose for the production of a tough bone scaffold. The authors successfully
produced a highly interconnected porous material able to inhibit bacterial growth and to
promote osteocyte proliferation.

The addition of CNTs has created the possibility of producing hyaluronic composites
enriched with pluripotent stem cells able to induce neurogenesis together with upregulation
of calcium channels. CNT-containing hyaluronic fibers have been used for neural engi-
neering [178]. The authors of this study investigated the stimulation of cultured neurons,
showing that CNT-based composite stimulation prolonged growth, without suggesting a
mechanism for this phenomenon.
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4.2.3. Cellulose

Cellulose is the most abundant polysaccharide and is composed of linear chains of
glucose units connected to each other through a 3 1-4 glycosidic chemical bond. Cellulose is
a highly tunable template and can be shaped from nanocrystals to microfibrils based on an
isolation methodology involving rearrangement of its hydrogen bond network. However,
neat cellulose is not a good biological scaffold due to issues related to cellular interaction.
Human cells are unable to adhere and to proliferate on neat cellulose films due to the
hydrophilicity of the cellulose surface. This issue has been tackled by tailoring the cellulose
hydroxyl residues by inserting species through simple chemical tailoring [179]. Cellulose
tailoring is an easy and useful process able to produce a wide range of functionalized
cellulose derivatives [180] used as biological scaffolds [181]. The most used tailoring
processes are focused on the production of alkyl (i.e., methyl-, ethyl cellulose) or acetate
derivatives [182].

Alternatively, neat cellulose can be blended with other polymers, as reported by
Mao et al. [183]. The authors mixed neat cellulose with (poly)lactic acid filled with hydrox-
yapatite, demonstrating its effectiveness as a bone-repairing solution.

The main feature of nanostructured carbon-based cellulose composites is represented
by the strong interaction between cellulose hydroxyl groups and the residual functionalities
of carbon materials that tune cell adhesion, growth and proliferation [184].

Graphene and GO flakes dispersed into cellulose matrixes resulted in interesting
properties, such as stimulation of osteogenesis [185,186], neural stem cell proliferation [187]
and wound healing [188,189].

Similar results have been achieved using functionalized MCNTs, as reported by Khalid
and co-workers [190].

5. Nanostructured Carbonaceous Materials and Related Biopolymer Composites for
Tissue Engineering Applications: Weakness and Strengths

Nanostructured carbonaceous materials and related biopolymers represent an ad-
vanced means of addressing the many issues related to their use as neat materials. CNTs
and graphene-related materials are the best candidates to improve both the mechanical
and electrical properties of composites. However, several other solutions exist based on
nanostructured carbon particles, which are particularly attractive for biomedical applica-
tions, such as carbon nano-onions [191]. This particular class of compounds can be used
to produce drug delivery systems [192], and reinforce bulk [193] or film [194] materials,
but the magnitude of improvement is still far from that achieved by adding CNTs or
graphene-related materials. Opposite considerations apply when considering the use of
the same nanostructured fillers combined with synthetic polymers, that show superior
performance, such as ultra-high density poly(ethylene) (UHMWPE), as reported by Diabb
Zavala et al. [195]. Here, the authors reported an increase in yield strength of up 65% of
CNT-based UHMWPE composites, reaching a value beyond any biopolymer-based ma-
terial. Nevertheless, UHMWPE and other olefins have issues related to their degradative
routes due to friction and biological degradation [196,197], while biopolymers show higher
biocompatibility with the production of less harmful degradation species [198,199].

A further important point to be considered is biopolymer isolation, that can represent
a cost-determining step in biopolymer production. Similar considerations apply to the
production of both CNTs and graphene materials that are still far from being large-scale
and sufficiently standardized to meet biomedical industry requirements [200-202].

Nevertheless, the great economical value of biomedical solutions represents a driving
force for rapidly achieving significant advancements in the large-scale industrial production
of biopolymers, nanostructured carbon species and their composites.

This can lead to a new generation of multiresponsive materials useful for applica-
tions at the neural interface due to both their chemical and electrical properties [203,204].
Furthermore, new hybrid materials can open the way to the development of theranostic
platforms based on electrical signal monitoring [205].
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6. Conclusions

The use of biopolymers represents one of the most interesting frontiers in tissue engi-
neering due to the great potential of biopolymer architectures naturally produced by the
molecular engines of biological systems. Their combination with nanostructured carbon
represents an additional step towards the production of complex and resilient species
with enhanced electrical conductivity and mechanical properties, which will enable the
creation of multifunctional composites for many applications in biological fields, such
as regenerative medicine, scaffolds, and prosthesis production. Nonetheless, several is-
sues remain unsolved, such as the high cost of biopolymers, CNTs and graphene and
related materials, together with their difficult purification, processing, and standardization.
Additionally, the degradative pathways of biopolymers are a key point to be considered
for in vivo applications, particularly for prosthetic implants where they could represent
a considerable advancement compared with the degradative pathways occurring with
synthetic-polymer-based composites. Nevertheless, the full exploitation of nanostructured
carbon-based biopolymer composites will surely lead to discoveries in many fields, such as
regenerative medicine and neuronal implantation.
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