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Desirable carbon allotropes such as graphene oxide (GO) have entered the field with several biomedical

applications, owing to their exceptional physicochemical and biological features, including extreme strength, found

to be 200 times stronger than steel; remarkable light weight; large surface-to-volume ratio; chemical stability;

unparalleled thermal and electrical conductivity; and enhanced cell adhesion, proliferation, and differentiation

properties. 
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1. Introduction

Trauma, aging, and disease cause damage to tissue, which can result in loss of function. In the early stages, self-

healing can be effective, but with substantial injury, the organ cannot restore itself sufficiently; thus, organ repair or

replacement (autograft or allograft) is recommended, albeit with some challenges. The most critical challenges

facing organ replacements are organ shortages, grafts, transplant rejection, high cost, inflammation, infection, and

also death in some cases . Alternatively, tissue engineering has attracted considerable attention due to its

significant potential for tissue restoration. Tissue engineering is a combination of active molecules, cells, and also a

scaffold that accurately mimics the extracellular matrix . An optimal scaffold should be nontoxic, porous, provide

mechanical strength and proper cell attachment, and, consequently, induce cell proliferation and differentiation .

Carbon-based nanomaterials have recently boomed in biomaterial applications. Graphene is an important new

addition to these carbon family materials due to its unique properties. Researchers in tissue engineering have

already extensively investigated graphene-containing structures, specifically for bone, neuronal, cardiac, skin,

cartilage, and dental tissue regeneration, as highlighted in graphical abstract. Carbon-based nanomaterials have

recently boomed in biomaterial applications. Graphene is an important new addition to these carbon family

materials due to its unique properties. Researchers in tissue engineering have already extensively investigated

graphene-containing structures, specifically for bone, neuronal, cardiac, skin, cartilage, and dental tissue

regeneration, as highlighted in Figure 1.
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Figure 1. Schematic of graphene oxide nanomaterials and their application in tissue engineering, particularly in

nerve, muscle, heart, skin, cartilage, dental, and other tissues.

In this review, graphene oxide (GO), reduced graphene oxide (rGO), and functionalized GO (FGO) are noted

among the various allotropic forms of carbons due to their significant surface area, strength, light weight, chemical

stability, enhanced cell adhesion, proliferation, differentiation, and application in the repair of tissue . The basic

structure of all carbon allotropes is graphene; it is a single sheet of sp -hybridized carbon atoms arranged in a

hexagonal lattice-like honeycomb. Valuable research has completely described the synthesis method, but in brief,

the synthesis approach was divided into top-down and bottom-up strategies. In the top-down approach, graphite is

treated by exfoliation (mechanical or electrochemical). The bottom-up approach is a developed approach, which

contains epitaxial growth, chemical vapor deposition, and the dry ice method for graphene material production 

 (Figure 2).
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Figure 2. Graphene, graphene oxide, and reduced graphene oxide synthesis methods .

Two-dimensional (2D) graphene lattice structures have some shortcomings, such as an unstable chemical

structure and limited active sites for interacting with other molecules or nanomaterials; hence, it has some

incompatibility. The chemical modification of graphene and the production of GO resolves some of these problems.

GO maintains graphene’s atomic configuration and only has carboxyl groups (-OOH) on the edge of its structure,

as well as epoxy (-O) and hydroxyl (-OH) groups on the basal plane. By reducing the amount of oxygen in GO

through thermal, chemical, or UV exposure processes, rGO is produced. Most often, the reduction of GO does not

complete, and some oxygen groups remain because not all sp  bonds could return to the sp  structure . rGO

promotes the cell differentiation and mechanical properties of scaffolds, although there is no apparent effect on

scaffold hydrophilicity . Thus, the repair and replacement of organs using tissue engineering strategies have

focused on GO, FGO, and rGO more than graphene. The aim of this research was to highlight the physicochemical

and biological properties of GO-based materials (GOBMs) and critically review the literature over the last three

years on the applications of these materials in the repair and development of human organs.

2. Graphene and Its Physicochemical Properties

The distinctive properties of graphene are derived from its particular crystal lattice structure. Within this, the

bonding between each carbon atom is hybridized sp  with the addition of π orbitals. In each unit cell of graphene,

two π orbitals exist that are dispersed to form two π bonds, both of which could be known as bonding and

antibonding . This arranged lattice is a fundamental building block for all graphitic materials in various

dimensions, namely (1) zero-dimensional (0D), e.g., carbon dot, fullerenes and nanodiamonds; (2) rolled one-

dimensional (1D), e.g., carbon nanotubes; (3) two-dimensional (2D), e.g., graphene and GO; and (4) stacked

three-dimensional (3D), e.g., graphite . The graphene family structure also results in an exceptional surface-to-

volume ratio, high intrinsic mobility, unparalleled thermal conductivity, and excellent electrical, optoelectronic, and

mechanical properties that have paved the way due to being attractive technological tools . Graphene is

renowned as one of the most robust materials known to humans, and it is found to be 200 times stronger than steel
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. In GO, hydrogen bonding forms between hydroxyl and epoxy groups and weak interactions with other groups.

The existence of the carboxylic acid group offers a negative surface charge (hydrophilic section); therefore, GO

has stability in different polar solutions (particularly water), while graphene is inclined to aggregation. Moreover,

owing to free surface π electrons from unmodified graphene (hydrophobic section), GO has an amphiphilic

structure that could act as a surfactant. Graphene is hydrophobic, and GO, in comparison with graphene, could be

hydrophilic or hydrophobic depending on the chemical and functionalization of the surface chemistry. These

characteristics make GO the most important derivative of graphene, which possesses an easy process and a high

affinity to accommodate biomolecules. The enhancement of chemical reactivity and graphene stability in solution is

intertwined with the presence of reactive oxygen functional groups. Disrupted sp  reduces its mechanical,

electrical, and thermal properties . Although rGO has less oxygen content, hydrophilic functional groups, or

surface charge, through the modification of noncovalent interactions (e.g., van der Waals interactions and π–π

stacking), the physical adsorption of both polymers and small biomolecules onto its basal plane is enhanced

remarkably .

3. Graphene Oxide and Its Biological Properties

It has been proven that most GO and derivatives are cytocompatible in vitro and in vivo. However, the

physicochemical properties of 2D materials, such as structure, shape, size, surface functionality, concentration,

and aggregation state have an essential impact on cellular behavior. Graphene, with its sharp edge properties, has

the potential to cause cell damage during the penetration of cell membranes. Its aggregation can also lead to

cytotoxicity. Graphene at the nanoscale, when <100 nm, results in cytotoxicity, inflammation, and even genotoxicity

(due to facing less steric hindrance). In contrast, graphene with functionalized groups (i.e., GO, FGO such as the

amine group, and rGO) is easily internalized by cells (especially in nano sizes), in addition to causing more

irregular cell membrane perturbation . GO and its derivatives have been ascertained to have specific

antibacterial properties, which are also emphasized in tissue engineering applications . The antibacterial activity

of GO is related to various mechanisms, including membrane stress, oxidative stress, entrapment, the basal plane,

and the photothermal effect. GO has sharp edges that damage the cell membrane, meaning it could, in turn, lead

to bacterial cell mortality via the membrane stress mechanism. The structure of GO allows it to act as an electron

acceptor; thus, in the vicinity of bacteria, the abstraction of electrons within the membrane occurs, compromising

membrane integrity and killing bacterial cells (particularly P. aeruginosa and S. aureus). GO and rGO, owing to the

existence of functionalized groups, can alter the partial pressure of intracellular oxygen, which results in oxidative

damage that destroys the bacterial cell internal composition, particularly E. coli, through the deactivation of their

proteins and lipids, which eventually leads to cell death. GO has illustrated synergistic effects with laser energy;

hence, it has been used for photothermal therapy, directly enhancing its antibacterial activity . Another

fascinating property that GOBMs possess is antioxidant activity, and sp  carbons play an essential role in

scavenging radicals by radical adduct formation and electron transfer. Because of this characteristic, these

biomaterials can effectively scavenge radicals and protect cells from high levels of oxidative stress . Graphene,

being nonbiodegradable (except FGO), presents serious concerns for potential toxicity, immune response, and

environmental hazards . It is reported that GO is susceptible to biodegradation by oxidative attack through
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hydrogen peroxide and horseradish peroxidase. Therefore, many attempts, such as the fabrication of

nanocomposites, have been carried out to accelerate GO biodegradation, as the degradation rate of biomaterials

(i.e., scaffold) must be compatible with the rate of tissues and organs .
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