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Introduction 
Many problems related to bone tissue repair can be better addressed through a multidisciplinary 

approach to correcting bone defects. As a result, bone tissue bioengineering has become a reality in our 

time. 

Tissue engineering is an interdisciplinary field that combines principles of biology, medicine, engineering, 

and materials science to develop biological substitutes that restore, maintain, or improve the function of 

damaged tissues and organs. This innovative field aims not only to replace damaged parts of the body but 

also to stimulate the body to regenerate its own tissues through biocompatible scaffolds, stem cells, and 

biochemical signals that mimic the natural environment of the tissues. Tissue engineering offers a 

promising prospect for treating various diseases and conditions, ranging from skin regeneration to burns, 

cartilage and bone reconstruction, and even entire organs [1]. 
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The development of new strategies for bone regeneration remains a challenge for professionals such as 

dentists, orthopedic, and craniofacial surgeons, as they still encounter difficulties, for example, in 

obtaining autogenous bone for the reconstruction of large bone defects and in the acceptance of 

heterologous grafts in the body due to immunomodulatory factors, which vary from one organism to 

another. It is important to emphasize that the process of bone tissue regeneration/repair occurs through 

the sequential stages of inflammation, repair, and remodeling, involving multiple signaling pathways that 

act in coordination within the bone. Furthermore, for successful regeneration to occur, the processes of 

osteoinduction and osteoconduction must take place at the site of the bone defect to enable its repair. 

[4]. 

In this context, bone tissue engineering has gained momentum in the development of bones for various 

pathologies, as it involves the use of cells combined with different types of biomaterials that promote 

bone tissue regeneration [5]. 

The association of mesenchymal stem cells (mesenchymal stromal cells) with organic or inorganic 

biomaterials has been widely described in the literature and may lead to bone tissue regeneration in 

different degrees depending on the type of biomaterial (scaffold) selected for use in bone tissue 

engineering [6]. 

This opens a door for the use of graphene in the composition of the scaffold, which is considered 

revolutionary, since it has anti-inflammatory properties, is able to eliminate reactive oxygen species (ROS) 

and has high synergistic potential of conductivity [7]. Being able, then, to create an excellent platform for 

antimicrobial behavior and improvement related to the biocompatibility of the material and organism 

relationship. In addition to enabling the creation of two- or three-dimensional structures with varying 

porosities, electrical conductivity, surface area, surface defects, functionalization/degree of oxidation, 

and mechanical strength, capable of mimicking and supporting cellular growth and differentiation 

processes. 

It is important to note that the accelerated osteogenesis of hMSCs in the presence of graphene was 

achieved without the addition of extra growth factors, and the rate of acceleration was comparable to 

that achieved with typical growth factors. This finding is significant because the physical characteristics of 

graphene and silicon dioxide that regulate the osteogenesis of hMSCs, such as stiffness, roughness, and 

topography, do not differ substantially [8]. 

It is essential to understand the chemical properties of graphene, so its cellular interaction with 

mesenchymal stem cells is better understood. To unravel the molecular basis underlying the accelerated 

differentiation of MSCs, we investigated the binding interactions between substrates and chemical 

inducers. It was then established the possibility of graphene to serve as a pre-concentration platform for 

various growth factors and differentiation chemicals through its unique ability to bind π - π non-covalent. 

The interaction π - π is a particular type of scattering force of van der Waals forces, established between 

polycyclic unsaturated molecules. Graphene along with carbon nanotubes have the same hexatomic ring 

of carbon atoms and therefore can be spontaneously stacked by these chemical interactions. In this case, 
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stable solutions of CNT/graphene would be formed in addition to each other, from which hybrid materials 

CNT/graphene could be prepared [9]. 

Certain osteogenic-inducing serum proteins were observed to accumulate favorably in the graphene and 

consequently improve adhesion, proliferation and osteogenic differentiation of stem cells. The adipogenic 

differentiation of hMSCs was significantly suppressed as insulin, an important regulator in fatty acid 

synthesis, denatured in graphene due to its strong interactions π - π with graphene [9]. 

It is important to note that the gold standard for bone grafting is the autogenous graft, which, despite its 

efficacy, has significant limitations, such as donor site morbidity and limited availability, thereby 

restricting its application in clinical practice depending on the size of the defect to be regenerated [6]. 

Consequently, the field of bone tissue engineering is gaining traction in the search for new biomaterials 

to associate with mesenchymal stem cells, drawing significant global research interest [7]. This field has 

the potential to overcome the disadvantages associated with the use of bone banks, further expanding 

the possibilities for regenerative medicine, particularly with the integration of graphene, and enhancing 

our understanding of the basic biology and pathogenesis of bone diseases [8,9]. 

The Relevance of Stem Cells 
Over the last decade, scientists have turned their attention to new forms of treatment and tissue 

regeneration, welcoming tissue engineering as a method for seeking better conditions for patient 

recovery and also for performing clinical practice. Thus, tissue engineering, by advocating the 

regeneration of target tissue that has been damaged, associate’s biomaterials with cell types that can 

adapt to the needs of the host. 

Mesenchymal stem cells or stromal stem cells can be obtained from a variety of tissues, such as umbilical 

cord blood, menstrual blood, bone marrow, adipose tissue, tooth pulp cells and liposuction tissue, among 

others [8,10]. 

In bone tissue engineering, the use of MSCs derived from facial tissues, such as dental pulp, palatal 

periosteum, orbicularis oris muscle, and levator veli palatini muscle, is extremely promising. These cells 

originate from the neural crest, exhibit unlimited proliferative potential, and possess superior osteogenic 

differentiation capabilities [11]. In addition, they can differentiate into different cell types, such as 

osteoblasts, chondroblasts, adipocytes and myoblasts, besides being able to modulate the immune 

response, facilitating the adaptation of the organism [12]. 

Even though MSCs can be predisposed to differentiate into various tissues, their association with a 

biomaterial (scaffold) that provides the necessary characteristics for the development of bone tissue 

remains a challenge. In this context, the combination of MSCs with graphene has garnered global 

attention, as graphene possesses a specific surface area and the ability to control pore size during scaffold 

development, allowing MSC penetration and promoting osteoconduction. Moreover, graphene exhibits 

chemical and biological flexibility, which are crucial for cellular functionality [13] (Figure 1). 
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Despite the global enthusiasm surrounding the discovery of graphene, there remain significant challenges, 

as some authors have reported the potential toxicity of graphene to cells and tissues, which has yet to be 

fully elucidated by the scientific community. However, most scientific studies highlight positive attributes 

of graphene for use in bone tissue engineering and drug development. These studies indicate that 

graphene exhibits high biocompatibility, potential for drug biodistribution, and the ability to control its 

biodegradation, thereby opening new avenues for the use of this biomaterial in scaffold fabrication [14]. 

While the combination of graphene with mesenchymal stem cells offers numerous advantages for MSC 

adaptation to target tissues, further studies are needed to fully ensure the safety of its application in 

human bone tissue engineering [14,15]. 

Recent Advances 
Due to the fact that scientific research is always continuous, new windows of opportunity for the use of 

new drugs and methods are increasingly opening up for the resolution of bone problems affecting 

thousands of lives [10].  In light of this, the development of stem cell research, particularly in relation to 

its association with graphene, is being conducted with future expectations in regenerative medicine in 

mind. 

Following this path, advances such as reepithelialization, angiogenesis and collagen maturation for skin 

healing were described by Zhao et al. Furthermore, it was demonstrated through morphological and 

molecular analysis that the differentiation of MSC through graphene oxide (GO) increases the absorption 

of serum proteins and induces adhesion and proliferation [16,17]. 

In order to prove the efficiency of graphene in promoting mesenchymal stem cell adhesion, a study 

conducted in 2019 by Niknam et al. compared the differentiation of stem cells into osteoblasts during 0, 

7 and 14 days, demonstrating that in polycaprolactone (PCL) polymer scaffolds are able to induce the 
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activity of alkaline phosphatase (ALP) which is an early osteoblastic differentiation marker, indicating that 

graphene can induce osteogenic differentiation [18]. 

It is common knowledge that results achieved in the laboratory can often not be directly translated into 

the clinic, however, the graphene scaffolds for proliferation of MSCs have brought new emerging 

application potential, revolutionizing regenerative medicine and the field of tissue engineering. 

In 2022, our research group conducted a scoping review on the use of graphene for bone tissue 

engineering, including articles published over the last 12 years (from 2010 to 2022) that utilized graphene 

and its derivatives (graphene oxide and reduced graphene) in preclinical studies for bone tissue 

regeneration. Following the search protocol and the application of inclusion criteria, 77 studies were 

selected and evaluated by five blind researchers. Most of the selected studies involved composite 

materials associated with graphene and its derivatives, combined with natural and synthetic polymers, 

bioglass, and other substances. Although a variety of graphene materials were analyzed in these studies, 

all concluded that graphene, its derivatives, and their composites enhance bone repair processes, 

increasing osteoconductivity, osteoinductivity, new bone formation, and angiogenesis, thereby opening 

new opportunities for the development of innovative strategies in bone tissue engineering using graphene 

[19]. 

To better understand the interaction between graphene and MSCs, the following table lists exemplifies 

graphene-based nanomaterials (GBNs) used as scaffolds, along with the different cell types and their 

corresponding reactions (Table 1). 

Author GBNs Types of cells 
or tissue 

Effect Reference 

Shie M, et 
al (2017) 

CS/graphene 
composite 

Stem cells 
from human 
bone marrow 

Cell-friendly and higher levels of 
graphene were more favourable to cell 
proliferation 

22 

 Wu D, et 
al. (2017) 

Starch 
nanofibres  
incorporated 
into GO 

Osteoblast 
cells (MG 63) 

Promoted minealization of calcium and 
phosphorus 

23 

Shanmuga 
s, et al. 
(2019) 

 
Functionalized 
chitosan 
nanoparticle 
GO 

 
Osteosarcoma 
cells (Saos-2 
and MG-63) 

Cells of the osteosarcoma loaded by 
composite nanoparticle were relerased 
in the controlled way at acid PH. 

24 

 

Challenges and Considerations 
The use of graphene for scaffold construction represents a promising advance in tissue engineering, 

opening new possibilities for the development of innovative treatments. Although there are still 

discussions around ethical and regulatory considerations, such as safety and efficacy, these challenges 

have been addressed in the literature to ensure that graphene can be used safely and effectively in future 

dental and medical applications. 
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Thus, as described by Tiwari et al. (2019), despite the promising potential of combining graphene-derived 

nanomaterials with mesenchymal stem cells (MSCs) for bone tissue engineering, there are still critical 

challenges to be overcome. One of the main bottlenecks involves a detailed understanding of how these 

nanomaterials interact with MSCs at the microscopic level [3]. This interaction demands improvement in 

terms of fixation properties, controlled release of bioactive factors and compatibility with cell membranes, 

which are essential to ensure the effectiveness of treatment. In addition, balancing the regenerative 

potential with the minimization of cytotoxicity remains a substantial challenge, which requires continuous 

investigations to optimize the biocompatibility of materials and maximize the clinical safety of therapeutic 

applications [19,20]. 

 Although there are inherent challenges in the use of graphene and its derivatives in association with 

mesenchymal stem cells (MSCs) for bone tissue engineering, scientific evidence highlights the significant 

potential of this material in the biomedical field. 

The unique two-dimensional structure of graphene, which initially generated concerns due to its specific 

chemical and physical properties, has been extensively studied, revealing substantial advantages for bone 

regeneration. Graphene and its derivatives, such as graphene oxide, have demonstrated exceptional 

capabilities to promote cell adhesion, proliferation and osteogenic differentiation of MSCs, which can be 

attributed to their high surface area and ease of chemical functionalization [21]. 

Although concerns about biodegradability and potential toxic effects have been raised, recent studies 

have addressed these challenges, showing that the functionalization of graphene can improve its 

biocompatibility and minimize cytotoxicity. In addition, the toxicity observed in macrophages and lung 

models can be modulated by changes in the graphene surface, which allow a more controlled interaction 

with biological systems. Thus, rather than limiting its use, these characteristics encourage the 

development of new strategies that take advantage of the unique properties of graphene, while ensuring 

the safety and effectiveness of the material [19,21]. 

These advances, coupled with the growing body of scientific evidence supporting the use of graphene in 

bone regeneration, reinforce its role as an innovative and promising component in tissue engineering, 

especially when associated with MSCs [22-24]. 

Future Perspectives 
The use of graphene in scaffolds for MSC association holds significant promise, offering new perspectives 

for bone tissue engineering by reducing patient risks associated with heterologous grafts and eliminating 

donor site morbidity in autologous grafts. 

Current clinical practice demands more effective therapeutic approaches, benefiting both patients and 

healthcare professionals, including dentists focused on alveolar tissue regeneration and orthopedic 

surgeons aiming for the reintegration of fractured bone structures. 

Given the technological and scientific advancements, it is crucial to foster integrated collaboration 

between scientists, researchers, and biotechnological drug and material production industries. Such 
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collaboration is vital for advancing regenerative medicine, paving the way for innovative treatments that 

can enhance patient quality of life and optimize clinical practices for healthcare professionals. 
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