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Graphene is the most outstanding material among the new nanostructured carbonaceous species discovered and
produced. Graphene’s astonishing properties (i.e., electronic conductivity, mechanical robustness, large surface area)
have led to a deep change in the material science field.
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| 1. Introduction

In recent years, nanoscale technologies have become the last frontier in material science and pharmaceutical
development . A primary role has been played in this by nanostructured carbonaceous materials &8 such as carbon
nanotubes and graphene (GF) due to their intrinsic properties and easy functionalization 4.

Nowadays, graphene and related materials represent the most advanced frontier in high-performance carbon materials &
as witnessed by the European Union research council enforcing a strong action hamed EU Graphene Flagship . This
plan aimed to promote basic investigation on graphene and its related derivatives in order to establish the European
Community as a world leader in the field . This was consequent to the top properties of this allotropic one-atom-thick
planar sheet of carbon tightly packed into a hexagonal cell structure . Graphene and its related materials’ features can
be exploited in a wide range of applications to improve the mechanical robustness and electronic properties of composite
materials BRI poth plastics L1112 and metals 1311141 even at a very limited amount However, its price is not negligible,
hindering its way through to the market with respect to cheaper solutions IL8IATILSI19N2021)[22][23] pye their high cost,

graphene and related materials cannot be used in cheap, large-scale production. However, they can be employed in high-
added-cost applications such as those represented by frontier medicine 241,

This field has been boosted up by vicious diseases and the increased concern for human healthiness. Pharmaceutical
companies and academic institutions have deeply committed themselves to drive to unreached levels newly designed
drugs and procedures 221281 Despite the wide numbers of available established protocols, new routes 27128l gre explored
to develop new and innovative materials for drug delivery 24, regenerative medicine B9, theragnostic treatment 21, and
tissue repairing 22,

| 2. Graphene and Graphene-Related Materials for Biological Applications

In the following section, we report some of the recent advancements in the use of graphene and related materials for drug
delivery, tissue engineering, and regenerative medicine.

2.1. Interaction between Graphene and Related Materials and Biological Systems

Graphene-like materials’ viability for biological applications is strongly related to the interactions between graphene and
cellular and tissue structures.

Despite the astonishing properties, the use of graphene flakes and rGO as drug carriers without any modification is quite
challenging in biological environments due to their high hydrophobicity 23!, The use of GO overcomes this issue due to its

high hydrophilicity. This property leads to a cellular uptake through both endocytotic and macro-pinocytotic mechanisms
[341135],

Nonetheless, the use of graphene flakes and rGO in biological environments could be exploited by performing covalent
and non-covalent modifications 8. These less invasive and controlled modifications preserve the high conductivity of
graphene flakes and rGO allowing their use in neuronal repairing 4, in vivo cellular imaging &, and stimuli-mediated
drug delivery 221149



The extended sp? system of graphene and rGO represents a strong advantage with respect to other platforms used in the
biological environment such as inorganic nanoparticles 44 due to their facile modifications through cycloadditions 42,
e.g., 1,3-dipolar cycloadditions 48], nitrene addition 24!, and amide condensation 2. The intrinsic reactivity of graphene
and related materials allows to easily build up compound libraries filled with plenty of materials with the basic properties of
graphene and tuned biological activity.

2.2. Graphene and Related Materials as Drug Delivery Platforms

The most investigated biological application of graphene and related materials’ still remains drug delivery 48, The ability
of materials to drag and drop chemicals in the human body environment is well exploited by graphene and graphene-
related materials (474,

Zhang et al. 48 described the interactions between graphene and proteins elucidating the ability of graphene-based
materials to trigger several protein complexes on the cellular membrane to facilitate uptake. This was due to both electron
transfer and residual functionalities on graphene-like materials’ surface. Wang et al. 42 deeply explored the relationship
between graphene’s surface topological defects and its ability of drug delivery, proving a strong effect of topology. The
authors described the folding ability of these materials in several shapes ranging from nanoscrolls to polyhedral ones.
This protean ability allows different interactions with different folding agents such as membrane proteins or nucleic acids.
A further study by Mohammed et al. 29 theoretically clarified the loading ability of pristine and metal-decorated graphene
materials. Among them, hydrogel and foam are the most attracting solutions because drug release could be triggered by
both chemical and thermal modifications 1,

Ezzati et al. 52 produced a biocompatible graphene foam surface tailored with alanine, cysteine, and glycine for cisplatin
drug and release. The authors tested the material with a high load of cisplatin on MCF-7 and HepG2 human cancer cell
lines with good results. Additionally, the graphene-based carrier underwent biodegradation inside the body according to
the mechanism reported in Figure 1.
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Figure 1. Biodegradation of cisplatin-loaded graphene foams as reported by Ezzati et al. (32,

Graphene and related materials also represent a very promising platform for drug release upon biological stimuli, as
reported by Trusek et al. B3 in the case of doxorubicin.

Doxorubicin is a widely diffused anticancer drug acting on the S phase of the cellular metabolic pathway 4. Several
studies reveal the efficacy of graphene-based materials as carriers for doxorubicin as reported by Shen et al. 55 Contrary
to polymer-based formulations, graphene and graphene-like materials could act not merely as delivery systems but also
as smart platforms to target and release doxorubicin upon several stimuli on a large time window and to monitor the cell
vitality B8, Furthermore, graphene-like materials could be also coupled with polymers to enhance classical formulation
effects. The authors proved the effectiveness of chitosan-tailored graphene materials as carriers through molecular
dynamic calculation. Doxorubicin interacts with both the 1t orbital system of graphene and the polar functionalities of the
chitosan. After reaching the target, doxorubicin interacts with protein amine and carboxylic residues losing the chitosan
interactions. In this case, the weak interactions with the graphene surface are not sufficient, and it was efficiently released.

This effect was magnified considering that the base of the drug delivery systems is the pH release mechanism &2,

GO-based systems were also used for the delivery of ketamine 28, ibuprofen 2, and medicine for hormone therapy [€9.
In all cases, the high control on drug release prevented the sudden increment of drugs, leading to a time-prolonged
release.



2.3. Graphene and Related Materials as Tool for Regenerative Medicine and Tissue Repair

The combination of graphene and graphene derivatives with plenty of different matrices has represented a game
changing event in the production of biomaterials 8182, Fixing or replacing both tissues and organs has been boosted by
the graphene-based composites by combining biocompatible scaffolds due to a variety of surface interactions €31,

Tissue engineering is one of the frontiers of medicine, aiming to overcome the drawbacks of the classical transplant
procedure through the production of hybrid materials able to perform the same activity as the tissues replaced €4,
Graphene and its related materials have shown very attractive results related to the production of polymeric composites
with great mechanical performances together with high biocompatibility for several applications ranging from bone to soft
tissue repair (621,

Bahrami et al. €8 combined polyurethane with graphene for the production of conducting-polymer-based-material tissue
regeneration. The authors aimed to grow L929 fibroblast and blood vessel endothelial cells on a membrane containing
graphene flakes. This was particularly interesting in the case of endothelial cells. Indeed, they could be grown on the inner
surface of tubular scaffolds by mimicking the native blood vessel structure €. The authors proved the ability of
composites to support the attachment, spreading, and proliferation of cell lines. A very close approach was used by Pant
et al. 88 for the production of coated stents by using graphene oxide mixed with polyurethane.

As shown in Figure 2, graphene-oxide-based composites create a stable coating on the surface of the stent without any

tearing or ablation phenomenon.
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Figure 2. Caption of polyurethane and graphene-oxide-based polyurethane (GO/PU) membrane before and after the
coated stent durability test, as reported by Pant et al. [68] |

The modification of interphase properties due to the presence of graphene clearly increased the durability of the stent due
to the radical-scavenging effect, which preserves the polymeric matrix from degradation promoted by extracellular fluids.

Similar results could be achieved by using titanium-based materials €9, which however show the critical drawback of
cellular morphology alteration.

Regenerative medicine is another field where graphene-based materials have released their full potential ZAZ4, The
adherence of a cell on graphene is a critical property as shown by Morcimen et al. /2. By studying the adherence and
proliferation of the SH-SY5Y neuron cell line on graphene foams, authors proved the viability of this approach in more
complex procedures.

Feng et al. [l produced an iron-oxide-based, magnetic, electrospun, short nanofibre-wrapped GO for a guiding cellular
behaviour as shown in Figure 3.
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Figure 3. Cellular guidance induced by magnetic GO fibres as described by Feng et al. [2],



As shown in Figure 3, the authors produced short GO magnetic fibres by electrospinning techniques achieving materials
with diameters of up to 300 nm and a length of up to 80 um and a magnetization saturation of up to 50.33 emu/g. These
fibres were able to induce an extremely tight adhesion with cells due to the functionalized GO. The observations were
particularly promising for tissues manipulation by using external magnetic fields to selectively move specific cellular
groups by tailoring the GO surface. Furthermore, the creation of controlled cellular aggregates could be a step forward in
specific site repairing.

Agarwal et al. (/4] produced a highly elastic and electroconductive graphene/collagen cryogel for spinal cord regeneration.
Firstly, the authors tailored the graphene surface with amine residues promoting an efficient cross-linking with collagen
showing a conductivity of up to 3.8 £+ 0.2 mS/cm and a Young modulus of up to 347 kPa. The authors tested this
composite for stem cell transplantation and neural tissue regeneration through the cryogelation approach by using the
BM-MSCs cell line. They reported a good stem cell growth and expression enhancement of CD90 and CD73 gene upon
electric stimulation of up to 100 mV/mm without the loss of stemness. Additionally, the authors observed an ATP secretion
increment that could be helpful to favour neuronal regeneration and immunomodulation. Graphene-based cryogel
promoted the neuronal differentiation of BM-MSCs with enhanced expression of MAP-2 kinase and B-tubulin Ill. In vitro
observation proved a high indoleamine 2,3 dioxygenase activity under inflammatory conditions together with the
proliferation of macrophages, which could aid in tissue repair.

Techaniyom et al. /4 showed that osteoblast differentiation and gene expression could also be modulated by GO coating
of titanium materials due to an upregulation of the expression of the bone matrix protein genes during late-stage
osteoblast differentiation.

2.4. From Material to Supramolecular Cluster: Graphene Quantum Dots

Graphene and its related derivatives lack of some properties such as bandgap or optical properties. This reduces the
possible applications, and an engineered material could offset these limitations. In recent times, graphene quantum dots
(GQDs) have received great attention for their possible unique applications 2 as a solid alternative to classical graphene,
GO, and rGO.

Graphene quantum dots consist of graphene sheets, which could be single-sheet or multi-layered. They are nanopatrticles
with dimensions smaller than 100 nm, commonly under 20 nm, and their shapes are usually circular or elliptical. However,
other shapes are produced with different synthetic routes [Z8],

The synthesis methods to produce GQDs are both top—down and bottom—-up as summarized in Figure 4 by using different
precursors and synthetic strategies.
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Figure 4. Scheme of graphene quantum dots (GQDs) top—down and bottom—up approaches as reported by 7 (under CC
license).




The most common approach is the top—down one that usually consists of physical processes that reduce the dimensions
of carbon materials as carbon fibres [Z8 or coal 4, along with acid oxidation B and hydrothermal treatment [&1l,
Solvothermal route 82 microwave 831, and sonication [4 are also promising alternative approaches.

A top—down physical process is the acid exfoliation, followed by the oxidation of the nano-obtained product. Li et al. 2]
suggested an electrochemical synthesis route to produce a variety of GQDs, although the products differ in size, emission
colours, and other intrinsic properties. Hydrothermal synthesis can be done just on precise precursors, such as GO, with a
functionalization with oxidizing agents to introduce functional groups on the product surface 88!,

The bottom—up method provides for the generation of aromatic molecules as precursors and can lead to high yield. Li et
al. 7l developed a protocol to fabricate GQDs through direct pyrolysis on citric acid.

The synthesis routes mentioned above lead to a differentiation of the GQDs produced and their different physicochemical
properties which depend on procedure, precursors, defects, and functional groups [B889 The GQDs’ properties of interest
are absorbance, photoluminescence (PL), electrochemical photoluminescence among the optical ones and of course their
biocompatibility; all these properties make them great candidates for bioimaging and theragnostic applications.

The absorption characteristics of GQDs are shown in the short-wavelength region because of C=C bonds and around
270-390 nm they show peaks for the C=0 bonds. The passivation of the surface with a functional group can alter the
disposition of the peaks; it strongly depends on the type of dot.

The principal and most fascinating property of the carbon dots is their photoluminescence. The unclear
photoluminescence mechanism is one of the impediments to understand completely the physical mechanism behind
these promising materials. The tuneable property of photoluminescence is size-dependent since it is related to quantum
confinement. Moreover, other factors such as shape, defect, and doping also influence the effect. In detail, Zhu et al.
(99 reported that PL is related to the quantum confinement effect of the electrons in sp? carbons 2. Another structure-
dependent characteristic of GQDs is the electron transfer 22, Biocompatibility and almost absent toxicity make them
eligible for in vivo applications. In vitro studies have been made by Shang et al. 23], and they studied the GQDs’ effects on
the cellular life finding out how the nanomaterial did not affect either the viability or the reproduction capacity. In vivo
studies have been made on mice by exposing them to different nanomaterials. The results showed no abnormalities in
organs or habits and brought to awareness their excellent biocompatibility, raising interest in the possible bio-applications.

The possible bio-applications of GQDs are cellular imaging 24, real-time in vivo biosensing 21, and drug delivery [28],

The main advantages of GQDs upon traditional imaging solution is related to the extremely high biocompatibility together
with facile tailoring properties. Furthermore, the metabolic excretion after the procedure promotes a rapid removal of toxic
formulation elements, e.g., heavy metals such as gadolinium or europium used in imaging procedures [£71,
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