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Abstract: Carbon nanomaterials have garnered significant interest from researchers acROSs various disciplines, primarily due to their 
high specific surface area, versatile surface chemical modifications, and exceptional optical properties. Notable carbon nanomaterials 
include graphene, carbon nanotubes, and carbon quantum dots, each exhibiting distinct potential applications within the biomedical 
domain. Extensive research over the years has positioned these diverse carbon nanoparticles as promising candidates for drug delivery, 
cancer diagnosis and therapy, tissue engineering, and biosensing, among other applications. Nonetheless, the issue of toxicity 
associated with carbon nanomaterials presents a pressing challenge that necessitates resolution. Empirical studies indicate that the 
size, aggregation state, and surface functionalization of carbon nanotubes can influence the biotoxicity and immunotoxicity of carbon 
nanoparticles within biological systems, thereby impacting their clinical translation and application. To advance the application and 
clinical translation of carbon nanomaterials within the biomedical field, this review will focus on carbon quantum dots, carbon 
nanotubes, graphene nanoparticles, and other carbon-based nanomaterials. It will provide a comprehensive summary of their 
application progress in the biomedical sector, as well as an analysis of their biotoxicity and immunotoxic responses. This synthesis 
aims to facilitate the clinical translation and application of carbon nanomaterials. 
Keywords: biomedical applications, biotoxicity, biocompatibility, carbon nanomaterials, immunotoxicity

Introduction
With the growing demand for nanotechnology acROSs various sectors, including medicine,1 agriculture,2 and industry,3 

the field has experienced rapid advancements. Among these developments, carbon nanomaterials have garnered sig
nificant attention due to their exceptional physical and chemical properties4–6 This expanding family of nanomaterials 
includes carbon nanotubes,7 graphene,8 fullerenes,9 and carbon dots,10 all of which are composed of sp2hybridized 
carbon atoms arranged in a hexagonal lattice. This unique structure endows carbon nanomaterials with distinctive optical, 
electrical, and biological characteristics11–13 As a result, they find applications in diverse fields, particularly in biome
dicine, where they are extensively utilized for biological imaging14–16 fluorescence sensing17–19 controlled drug 
release20–22 and tumor diagnosis and treatment23–25 Their excellent biocompatibility and low cytotoxicity underscore 
their promising potential for future applications26–33 (Figure 1).

In addition to synthetic carbon-based nanomaterials, naturally occurring carbon nanoparticles, such as those ranging 
from 1 to 100 nanometers in size, can be generated through the combustion of fuels like methane34 and propane.35 These 
environmentally exposed carbon nanoparticles have been demonstrated to facilitate the production of oxygen free 
radicals36,37 induce cellular damage38,39 and trigger inflammatory responses.40 Consequently, numerous researchers 
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have recognized that prolonged exposure to synthetic carbon nanomaterials may similarly harm the human body, akin to 
natural nanoparticles. Furthermore, synthetic carbon nanomaterials may exhibit greater toxicity than their natural 
counterparts. This increased toxicity is attributed to the complex processes, such as surface functional modification, 
frequently employed during the artificial synthesis of carbon nanomaterials to enhance their performance or biological 
activity.41

During these processes, chemical reagents may persist within carbon nanomaterials and subsequently enter the 
organism’s peripheral circulation. Consequently, conducting comprehensive and systematic research on the biological 
toxicity of carbon nanomaterials is essential to enhance their application pROSpects in the biomedical field42–44 The 
immune system plays a crucial role in maintaining homeostasis within the body by performing several essential 
functions, including the surveillance, identification, and elimination of foreign pathogens, as well as the removal of 

Figure 1 Application of carbon nanomaterials in the biomedical field.
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aging or damaged cells and organelles, and cancerous tissue cells. This system is particularly significant in peripheral 
blood, tissues, and mucous membranes45,46 When carbon nanomaterials are introduced into a biological context, they 
inevitably interact with the immune system. These nanomaterials can exert a substantial impact on immune function, 
occasionally triggering inflammatory responses and heightened immune activity.47 If nanomaterials exhibit high immu
nogenicity but insufficient immunoreactivity, they may provoke the aggregation of immune cells, such as B cells, T cells, 
macrophages, and neutrophils, around the nanomaterials, potentially resulting in the formation of granulomatous 
lesions.48 Consequently, it is imperative to assess the immunotoxicity of nanomaterials through in vivo testing.49–51

In this paper, the author provides a comprehensive overview of the applications of carbon nanomaterials, including 
zero-dimensional carbon dots52,53 one-dimensional carbon nanotubes54,55 and two-dimensional graphene56–58 within the 
field of biomedicine. The discussion encompasses their utilization in biological imaging, fluorescence sensing, drug 
delivery, tissue engineering, and tumor diagnosis and treatment, among other areas. Notably, three-dimensional carbon 
nanomaterials have been less extensively studied due to their unique structural characteristics and uncertain biological 
properties. Despite the promising potential of carbon nanomaterials in biomedicine, their application is constrained by 
several limitations, including biological toxicity, immunotoxicity, and biodegradability concerns. These challenges 
currently restrict the use of carbon nanomaterials to the laboratory stage, with limited translation into clinical practice. 
Consequently, this paper also reviews the existing knowledge on the biological toxicity of carbon nanomaterials, 
providing a theoretical foundation for future research in this domain.

Application of Different Carbon Nanomaterials in the Biomedical Field
Carbon nanomaterials are frequently categorized based on their dimensionality and the geometric configuration of carbon 
atoms. Currently, these materials can be broadly classified into four categories: zero-dimensional carbon dots, fullerenes, 
and nanodiamond particles; one-dimensional carbon nanotubes and carbon nanofibers; two-dimensional graphene; and 
three-dimensional structures such as fullerene and diamond nanocrystalline films.59 Despite being composed solely of 
carbon atoms, each type exhibits distinct molecular architectures. For instance, graphene typically manifests as a single- 
layer sheet, whereas fullerenes are often spherical or ellipsoidal. These structural variations significantly influence the 
functional properties of carbon nanomaterials60,61 As research in this field advances, it has been discovered that carbon 
nanomaterials exhibit varying proportions of sp2 and sp3 hybridized carbon bonds, depending on the method of carbon 
hybridization. This variability endows carbon nanomaterials with enhanced crystallinity and versatile modification 
potential, enabling both covalent and non-covalent modifications with other atoms or groups. Such characteristics 
underpin the diverse biological activities associated with carbon nanomaterials.62–64

Application of Carbon Quantum Dots in Biomedicine
Carbon quantum dots (CQDs) are a kind of zero-dimensional carbon nano-material, which has attracted the attention of 
researchers in many fields because of their good physical and chemical properties. At first, carbon dots were accidentally 
discovered by Xu et al65 when purifying single-walled carbon nanotubes by arc discharge. Later, carbon dots were 
synthesized by soot from candle burning, and carbon dots were separated and purified by polyacrylamide gel electro
phoresis. However, the yield of carbon dots obtained by this method is not high. To solve this problem, researchers have 
developed other advanced synthesis methods and purification and characterization methods to improve the yield and 
quality of carbon dots (as shown in Table 1).66–72

As research on carbon dots continues to advance, scholars have identified several notable characteristics, including 
excellent optical properties72,73 low cytotoxicity,74 high biocompatibility,75 and favorable biological interactions.76 

Consequently, carbon dots are increasingly being utilized in the biomedical field. Their potential is particularly promising 
in fluorescence sensing applications. For instance, Zhu et al77 synthesized nitrogen-doped carbon dots (N-CDs) using 
polyaminophenylhydrazine as a precursor via the hydrothermal method. These carbon dots can aggregate within HeLa 
cells and exhibit a red fluorescence in response to pH changes, thereby enabling the detection of intracellular pH 
variations. Simultaneously, researchers like Raveendran and Kizhakayil78 synthesized fluorescent carbon dots for HeLa 
cells using L-glutamic acid and dopamine as precursors through high-temperature heating. However, these carbon dots 
exhibit green fluorescence upon excitation, responding to changes in cellular pH, which constrains their applicability in 
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the biomedical field. This limitation arises because the inherent blue fluorescence of biological tissues may interfere with 
the excitation of green fluorescence. Additionally, the similarity in wavelengths between blue light and green fluores
cence further complicates the fluorescence sensing process.

In their pursuit of novel anti-tumor strategies, Bai et al,79 including researchers from Yulong Bai’s team, utilized 
lysine, o-phenylenediamine, and sulfuric acid as precursors to synthesize sulfur and nitrogen co-doped carbon dots (S, 
N-CDs) with red-shifted absorption properties via the hydrothermal method. When excited by near-infrared (NIR) light, 
these carbon dots exhibit pH-responsive fluorescence specific to lysosomes and tumor tissues. Concurrently, the 
fluorescent probe demonstrates the ability to target and eradicate tumors through photodynamic therapy while performing 
sensing functions. Experimental investigations revealed that the oxygen production efficiency is 27%, and the photo
thermal conversion efficiency reaches 34.4%, surpassing the performance of conventional single nitrogen atom-doped 
carbon dots.

Due to their excellent biocompatibility, carbon dots are frequently employed by researchers as drug delivery systems 
in vivo for the treatment of tumors and infectious diseases, in addition to their roles in biological imaging and 
fluorescence sensing80–82 Pseudomonas aeruginosa, a normal flora on the human body surface, exhibits resistance to 
most commonly used antibiotics as a result of its prolonged symbiosis with the human host. However, it can proliferate 
and cause severe infections when the immune system is compromised or nutritional status is poor, making it 
a challenging nosocomial pathogen. In a study by Jian et al.83 A nanocomposite (Arg-CQDs/pCur) was synthesized by 
polymerizing carbon dots derived from arginine (Arg) and curcumin (pCur). The targeted drug delivery platform 
demonstrates a specific therapeutic effect against Pseudomonas aeruginosa, exhibiting superior efficacy compared to 
curcumin alone. Concurrently, the incorporation of curcumin significantly enhances the biocompatibility of the compo
site, primarily due to curcumin’s pharmacological properties, including anti-inflammatory and antioxidant effects.84

In a related study, Zavareh et al85 synthesized a 5-fluorouracil chitosan carbon dots aptamer (5-FU-CS-CQD-Apt) 
system. This drug delivery system encapsulates the chemotherapeutic agent 5-fluorouracil within chitosan-carbon dots 
for the targeted treatment of breast cancer, addressing the challenge of multidrug resistance, which is exacerbated by the 
prolonged heterogeneous evolution of malignant tumors. The findings indicated a reduction in the Bcl-2/Bax ratio in 
MCF-7 cells, suggesting that the proliferation of breast cancer cells was inhibited following treatment with 5-FU-CS- 
CQD-Apt. This composite drug delivery system thus demonstrates potential anti-tumor activity81 (Figure 2).

In conclusion, carbon quantum dots, a category of nanomaterials characterized by a broad array of raw materials and 
straightforward synthesis and modification techniques, have garnered significant attention due to their exceptional optical 
properties, favorable biocompatibility, and minimal biotoxicity. The synthesis methodologies are primarily categorized 
into top-down and bottom-up approaches, encompassing techniques such as electrochemical oxidation, laser ablation, 
pyrolysis, microwave-assisted, and hydrothermal methods. The variety of synthesis and modification techniques expands 
the potential applications of carbon quantum dots. For instance, the hydrothermal synthesis method allows for the 
production of carbon quantum dots doped with various heteroatoms through the reaction of different compounds with 

Table 1 Common Synthesis Methods of Carbon Quantum Dots

Precursor Synthetic Method Application Advantages Disadvantages Ref.

Resols Irradiation for 15 min photocatalysis 28 14.9% 
resols template pyrolysis by functionalized silica 
colloid spheres

Bioimaging Uniform particle size 
and excellent water 
dispersibility

Too complex 
preparation 
process

[66]

L-ascorbic acid Electrochemical oxidation Antibacterial – – [67]

Selenocystine Hydrothermal treatment Free radical scavenging Simple; safe and efficient – [68]

Curcumin Reflux at 180 °C for10 hz Tumor theranostic Superior bioavailability 
and permeability

– [69]

EDTA-2Na PEI Hydrothermal treatment Wound healing – – [70]

Thioureapenetrated ZIF Pyrolysis Fluorescence sensing – – [71]

Screen-printed carbon 
electrodes

Electrochemical oxidation Cell bioimaging and solid- 
state 
electrochemiluminescence

– – [72]

https://doi.org/10.2147/IJN.S552319                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 14710

Hou et al                                                                                                                                                                             

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



citric acid, among others. These carbon quantum dots exhibit diverse residue modifications and charge distributions, 
influencing their biomedical applications. The diversity of these synthesis approaches not only impacts the physico
chemical properties of carbon quantum dots but also determines their potential applications in biomedical fields. For 
example, nitrogen-doped carbon quantum dots demonstrate remarkable selectivity and sensitivity in cell imaging and iron 
ion detection.

With the continued advancement of carbon quantum dot nanomaterials, numerous researchers have initiated the 
synthesis of biomass-derived carbon quantum dots utilizing the active constituents of natural pharmaceuticals as carbon 
sources. Biomass-derived carbon quantum dots have emerged as a focal point of research, primarily due to their 
environmentally friendly synthesis processes and cost-effectiveness. These carbon quantum dots, derived from biomass, 
are highly promising for applications in bioimaging and drug delivery. Furthermore, the methods of synthesis and surface 
modification of carbon quantum dots significantly influence their utility in cancer therapy. Through functionalization and 

Figure 2 LAAM GSH-CQDs for DOX delivery. (a) Fluorescence imaging acquired from the DOX biodistribution in Kunming mice bearing HeLa tumors of major organs and tumor at 
7 h post injection of DOX or DOX/LAAM GSH-CQDs. (b) Fluorescence intensity determined from the DOX biodistribution in Kunming mice bearing HeLa tumors of major organs 
and tumor at 7 h post injection of DOX or DOX/LAAM GSHCQDs. Data are expressed as mean ± SD (n = 3 mice). Statistical analysis was performed using two-tailed unpaired 
Student’s t-tests. (c) Representative photos of A549-tumor-bearing nude mice after receiving the DOX, Doxil or DOX/LAAM GSHCQDs at a dose equivalent to 6 mg kg−1 DOX, 
DOX/LAAM GSH-CQDs at a dose equivalent to 2 mg kg−1 DOX treatments, saline, and LAAM GSH-CQDs. (d) Changes in tumor volume over time of A549-tumor-bearing nude 
mice after receiving the DOX, Doxil or DOX/LAAM GSH-CQDs at a dose equivalent to 6 mg kg−1 DOX, DOX/ LAAM GSH-CQDs at a dose equivalent to 2 mg kg−1 DOX 
treatments, saline, and LAAM GSH-CQDs. Data are expressed as mean ± SD (n = 3 mice). Statistical analysis was performed using two-tailed unpaired Student’s t-tests. (e) Histological 
evaluation of tumor and major organs from A549-tumor-bearing nude mice after different treatments. The scale bars represent 50 μm. Reprinted with permission from ref 86. 
Copyright 2025 Nature.
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doping, carbon quantum dots can facilitate targeted drug delivery and enhance anti-tumor therapeutic efficacy. For 
instance, the modification of folic acid molecules on a carbon quantum dot nano-delivery platform significantly enhances 
the accumulation and targeting capabilities of carbon quantum dots in proximity to tumors. Furthermore, the integration 
of carbon quantum dots with other noble metal nanoparticles, such as gold nanoparticles, exploits the nano-enzyme 
activity inherent in nanomaterials to facilitate the decomposition of peroxides and the generation of oxygen within the 
tumor-induced microenvironment. This approach aims to mitigate the inadequate photodynamic therapeutic efficacy 
resulting from the hypoxic conditions characteristic of the tumor microenvironment. The diverse synthesis and modifica
tion techniques available for carbon quantum dots provide a robust foundation for their extensive application in the field 
of biomedicine. Future research should investigate the impact of various synthesis strategies on the properties of carbon 
quantum dots to develop nanomaterials with enhanced functionality and broader application potential.

Applications of Carbon Nanotubes in Biomedicine
Carbon nanotubes, encompassing single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes 
(MWCNTs), represent some of the pioneering forms of carbon nanomaterials. As early as 1994, the synthesis of carbon 
nanotubes via the arc discharge method was documented.86 Nevertheless, this technique is inadequate for the large-scale 
industrial production of carbon nanotubes.87 Consequently, alternative synthesis methods, such as laser ablation and 
chemical vapor deposition, have been developed. These methods facilitate large-scale production and yield carbon 
nanotubes with enhanced functional properties compared to those produced by the arc discharge method88,89 Extensive 
research on synthesized carbon nanotubes has revealed their exceptional mechanical flexibility and electrical conductiv
ity, rendering them suitable for application in numerous critical industries and technologies. In comparison to zero- 
dimensional carbon nanomaterials, such as carbon quantum dots, carbon nanotubes exhibit superior potential for 
industrialization and commercialization.90–92

With the progression of modern physics, molecular electronics has experienced significant development and matura
tion. Molecular electronic devices, characterized by their high sensitivity, rapid response, and low detection thresholds, 
have been utilized acROSs various research domains.93 Long-term investigations have revealed that single-walled carbon 
nanotubes (SWCNTs) do not undergo significant photobleaching in the near-infrared region when dispersed in aqueous 
solvents. Furthermore, they do not exhibit increased scattering, absorption, or autofluorescence.94 These findings indicate 
that SWCNTs possess superior optical imaging and sensing capabilities within the near-infrared spectrum. Moreover, the 
selection of excitation light from the near-infrared region effectively mitigates the phototoxicity commonly associated 
with visible light fluorescence excitation. Consequently, carbon nanotubes exhibit a level of biocompatibility that is often 
absent in other fluorescent sensing materials, rendering them an excellent candidate for applications in fluorescent 
sensing and biological imaging95–97 Subsequent studies have demonstrated that the integration of carbon nanotubes into 
molecular electronic devices significantly reduces overpotential and enhances sensitivity.98

Based on these findings, carbon nanotube composite devices have been utilized for the detection of biomolecules, 
including proteins,99 DNA,100 RNA, and cytokines.101 For instance, Huang et al102 synthesized magnetized carbon 
nanotubes using Fe3O4 and multi-walled carbon nanotubes (MWCNTs) as raw materials. Concurrently, they immobilized 
the antibody for carbohydrate antigen CA19-9 onto the magnetized carbon nanotubes. This composite detection system 
was subsequently integrated with a flow-measuring biosensor to detect CA19-9 protein in blood samples. The results of 
the study demonstrated that the detection threshold of the magnetized carbon nanotube system for CA19-9 was 30 U/mL, 
which is below the established cutoff value of 37 U/mL for CA19-9. This indicates that carbon nanotubes exhibit 
significant efficacy in the detection of bioactive substances. Monitoring the content of CA19-9 in the body will help to 
prompt the occurrence of cancer in the digestive system of the body, because after the atypical proliferation of some cells, 
especially gastrointestinal cells, Dedifferentiation will occur, and the expression of CA19-9 will increase obviously, so it 
is quite necessary to develop a new biosensor with higher sensitivity for CA19−9.103

Furthermore, beyond their applications in molecular electronics, carbon nanotubes present significant potential in the field of 
tissue engineering. Tissue engineering, a subset of regenerative medicine, aims to construct biocompatible cell scaffolds that 
promote the rapid integration of extracellular matrix components, such as collagen, fibronectin, and proteoglycans, during 
cellular tissue regeneration, thereby establishing a cellular framework104–106 Tissue engineering has attracted considerable 
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attention and anticipation from researchers as an emerging field due to its potential to create nanoscale structures that emulate 
natural tissues, thereby addressing specific intrinsic fissure injuries within the body.107 For instance, Assali et al.108 Employed 
polyethylene glycol as a molecular linker to noncovalently modify carbon nanotubes and pyrene groups, resulting in the 
formation of functionalized carbon nanotubes (f-CNTs). These f-CNTs were applied to damaged areas of the body, significantly 
enhancing the conductivity of collagen-based constructs in 3T3 cells. This finding suggests that the noncovalently modified 
carbon nanotube material holds substantial promise for applications in cytoskeleton and tissue regeneration. Similarly, 
researchers such as Xifeng Liu109 utilized ultrasonic treatment to synthesize water-soluble single-stranded deoxyribonucleic 
acid (ssDNA) and carbon nanotube composites (ssDNA@CNT). These synthesized nanocomposites were then coated onto 
aminated poly(propylene fumarate) (PPF) scaffolds for potential use in bone injury and regeneration. The carbon nanotube 
coating on the scaffold can not only provide more adhesion sites for osteoblasts to promote cell proliferation, but also promote 
cell proliferation, alkaline phosphatase (ALP) and bone bridge by using the good conductivity of carbon nanotubes110 (Figure 3).

Applications of Graphene in Biomedicine
Graphene nanomaterials represent one of the most fundamental structures among carbon nanomaterials and are currently 
the thinnest known nanomaterials. This is primarily attributed to graphene’s planar, sheet-like architecture, which is 
composed of single-atom-thick, sp2-bonded carbon atoms. This distinctive atomic configuration imparts graphene with 
exceptional optoelectronic properties, high thermal conductivity, and remarkable hydrophobicity111–114 These singular 
physical and chemical characteristics have facilitated the utilization of graphene in diverse fields, including optoelec
tronic materials, energy chemistry, biomedical applications, and tissue engineering. Nevertheless, the structural attributes 
of graphene also pose certain challenges, such as its limited ability to form strong bonds with other materials due to the 
small size of its surface functional groups, and its propensity to aggregate rather than disperse, which is a consequence of 
its unique π-electron system.115 In comparison to other carbon nanomaterials, graphene demonstrates lower cellular 
permeability and drug-loading capacity relative to smaller-sized carbon quantum dots, which possess higher specific 
surface areas. Additionally, graphene exhibits reduced adhesion at cellular sites when contrasted with carbon nanotubes.

Nevertheless, graphene materials offer superior application potential and conversion performance compared to both carbon 
quantum dots and carbon nanotubes. The inherent limitations of graphene can be addressed through surface functionalization 
modifications116–118 For instance, graphene-peptide nanocomposites have been employed as biosensors for detecting biomar
kers or chemical markers within the body. Researchers, including Kikuo Komori,119 have immobilized heme peptides on the 
surface of a graphene-carbon nanotube composite (CNTs/G), creating CNTs/G@HP for the amperometric sensing of hydrogen 
peroxide. The findings revealed that the micro-pores within the CNTs/G film facilitate the diffusion of hydrogen peroxide to 
the modified HP, thereby enhancing the catalytic cathodic current. Additionally, the catalytic current for the reduction of 
hydrogen peroxide on the CNTs/G@HP electrode is positively correlated with the surface coverage of HP.

The increasing incidence and mortality rates of oncological diseases, attributed to heightened life stress and an 
accelerated pace of life, pose a significant threat to public health.120 Graphene materials, with their inherent photothermal 
properties, offer potential for tumor treatment through photothermal effects. For example, Yu et al121 have developed 
a nanocomposite by immobilizing antiarrhythmic peptide 10 (AAP10) on polydopamine-functionalized reduced graphene 
oxide, resulting in AAP10-pDA/rGO. This nanocomposite facilitates photothermal damage in MCF-7 tumor-bearing 
mice when stimulated by near-infrared light, thereby aiming to provide targeted therapy for breast cancer81 (Figure 4).

Current Status and Difficulties of Preclinical Research on Carbon 
Nanomaterials
Following extensive exploration by researchers acROSs various disciplines, numerous application pathways and meth
odologies for carbon nanomaterials within the biomedical field have been progressively developed. This advancement not 
only significantly broadens the application pROSpects and potential of carbon nanomaterials but also infuses new vitality 
into the field of biomedicine.122 As an emerging class of biological nanomaterials, carbon dots have garnered consider
able attention due to their favorable biocompatibility and exceptional optical properties. A substantial number of 
preclinical studies have been conducted by researchers to investigate the translational applications of carbon quantum 
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Figure 3 Pretargeted doxorubicin delivery in vitro. (a) Flowchart depicting TZ@SWCNTs pretargeting and subsequential tDOX treatment. (b) Cytotoxicity of DOX, prodrug tDOX 
and pretargeted strategy on MDA-MB-231 andSK-BR-3 breast cancer cells (n=3; error bars represent the STD). Blue and yellow lines indicate cells treated with DOX or tDOX of 
different concentration for 72 h. For Orange lines, cells were pretreated with TZ@SWCNTs (20 μM) for 6 h before replacing the media to complete medium with various 
concentration of tDOX for another 72 h. (c) Calculated EC50 (half-maximal effective concentration) values for DOX, prodrug tDOX and pretargeted strategy against MDA-MB-231 
and SK-BR-3 breast cancer cells. (d) Cytotoxicity of the vehicle (TZ@SWCNTs, black bar) and pretargeted strategy (grey bar) on MDA-MB-231 and SK-BR-3 breast cancer cells (n=3; 
error bars represent the STD). Reprinted with permission from ref 111. Copyright 2020 John Wiley and Sons.
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dots in biomedicine. In these preclinical studies, the diverse synthesis methods of carbon quantum dots and the 
optimization of synthesis conditions are critical factors that directly influence their biomedical applications.123 It has 
been demonstrated that carbon quantum dots synthesized via the hydrothermal method can self-assemble into carbon 
nanofilms at the air-liquid interface, facilitated by a metal catalyst. The electrochemical characteristics of the films were 
assessed using linear cyclic voltammetry and constant current charge-discharge tests, demonstrating superior electrical 
properties. Consequently, these films hold promise as potential materials for neurological applications aimed at mitigat
ing the incidence and adverse outcomes of abnormal bioelectrophysiological conditions. This development suggests new 
opportunities for the utilization of carbon nanomaterials in biomedical fields.124,125

Figure 4 Schematic diagram of the preparation procedure and antitumor mechanism of HD/CNTs-SS-ICG@DOX DDS. A drug delivery system (HD/CNTs-SS-ICG 
@DOX) was developed by conjugating ICG-NH2 on the surface of CNTs through S-S, loading chemotherapy drug DOX inside the lumen, and finally coating the surface 
with targeting agent HD. Reprinted with permission from ref 123. Copyright 2024 MDPI.
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Similar to carbon quantum dots, carbon nanotubes have been extensively utilized in drug delivery and bioimaging 
applications due to their distinctive physicochemical properties. Nonetheless, the pharmacokinetic characteristics of 
carbon nanotubes can be significantly enhanced through modifications with biocompatible agents such as liposomes, 
exosomes, and polyethylene glycol, thereby improving their applicability in the biomedical domain.126 For instance, they 
have demonstrated successful application in preclinical research, particularly in tumor therapy and vaccination. These 
preclinical outcomes indicate the potential of modified CNTs as innovative multifunctional nanodrug delivery 
platforms.127 However, current preclinical investigations reveal that the detection and tracking of CNTs within the 
circulatory system remain a significant challenge. Despite recent advancements in the in vivo detection technology of 
single-walled carbon nanotubes, numerous technical issues persist.128 These challenges primarily encompass enhancing 
detection sensitivity and specificity, as well as achieving effective tracking within complex biological environments. 
Addressing these issues is essential for advancing the application of carbon nanotubes in the medical field.

Graphene nanomaterials hold significant potential for application in preclinical research; however, they also encounter 
numerous challenges. The distinctive chemical structure, biological effects, and photoelectric properties of graphene and 
its derivatives have garnered considerable attention from researchers acROSs various disciplines, establishing them as 
a crucial component in the study of biological nanomaterials.129 Leveraging these properties, graphene nanomaterials are 
particularly advantageous in the development and implementation of biosensors capable of efficiently detecting biomar
kers and other target molecules, thereby facilitating the rapid diagnosis of diverse diseases. In preclinical investigations, 
graphene-based materials have been extensively utilized for pathogen detection and disease diagnosis, owing to their 
high sensitivity and versatility. Nonetheless, substantial obstacles remain to be addressed to advance the clinical 
translation of graphene nanomaterials. A significant challenge in contemporary research involves simplifying and 
standardizing the synthesis process while reducing costs, all without compromising the sensitivity and specificity of 
the materials. To facilitate extensive clinical applications, it remains essential to address issues related to reproducibility, 
stability, and biocompatibility within complex biological environments. Overcoming these challenges will advance the 
translation of graphene nanomaterials from laboratory research to clinical applications.130,131

In conclusion, while carbon nanomaterials have demonstrated promising applications in preclinical studies, they 
continue to encounter significant challenges in practical applications. Primarily, it is imperative to maintain stringent 
control over reaction conditions during the preparation process to ensure the uniformity and stability of the material. 
Additionally, the metabolic pathways and potential toxicity of carbon nanomaterials in vivo require further investigation. 
Future research should prioritize the optimization of the preparation process and the comprehensive exploration of their 
biological effects to facilitate a breakthrough in the application of carbon nanomaterials within the medical field. To 
advance the clinical translation of carbon nanomaterials, the subsequent section will provide a summary of their 
biotoxicity and inflammatory responses, thereby fostering progress in related research within the biomedical domain.

Biotoxicity of Carbon Nanomaterials
Owing to their distinctive physical and chemical properties, carbon nanomaterials present substantial potential for 
research and development acROSs various disciplines. Nonetheless, the growing demand for carbon nanomaterials in 
diverse sectors has resulted in an escalation of their industrial production, thereby broadening their applicability but also 
heightening the risk of human exposure through inhalation or dermal contact. Such exposures may pose potential risks to 
human health. Although no significant adverse effects have been documented thus far, this lack of evidence may be 
attributed to the limited application of carbon nanomaterials in fields that involve direct interaction with the human body, 
such as biomedicine, cosmetics, and the food industry132–134 Carbon nanomaterials possess significant potential for 
application acROSs various domains. In the biomedical field, they can function as signal amplifiers in clinical detection 
techniques, such as electrocardiograms and electroencephalograms, serve as biosensors for the detection of diverse 
micro-substances within the body, and act as biological scaffolds in tissue engineering and regenerative medicine135–137 

Additionally, fullerenes and other carbon nanomaterials are frequently incorporated into cosmetic products, including 
moisturizers and shampoos,138 and are utilized as preservatives and antimicrobial agents within the food industry.139 

These diverse applications suggest an increasing likelihood of human exposure to carbon nanomaterials in the future. 
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Consequently, to enhance the optimization and development of their potential applications, it is imperative to undertake 
long-term and systematic investigations into their biological toxicity.140–142

Cell Toxicity of Carbon Nanomaterials
As previously discussed, the biosafety and toxicity of carbon nanomaterials significantly influence their clinical transla
tion and application. To advance the clinical translation and application of these materials and invigorate clinical 
diagnostics and therapeutics, it is imperative to assess their safety and toxicity. Consequently, Good Laboratory 
Practice (GLP) safety evaluation of carbon nanomaterials constitutes a critical research focus within the field of 
nanotechnology. Owing to their distinctive physicochemical properties and extensive application potential, carbon 
nanomaterials have emerged as a prominent research area. Nonetheless, their potential toxicity and implications for 
human health have also elicited considerable concern. Carbon nanomaterials demonstrate superior biocompatibility 
relative to most other nanomaterial types, resulting in reduced cellular and tissue damage as well as a diminished 
inflammatory response. Consequently, they are frequently employed as biomaterials in biomedical applications143–145 

However, the intrinsic functionality of carbon nanomaterials is often inadequate, necessitating functional modifications to 
achieve the desired biological effects. Minor variations during the processing and functional modification of carbon 
nanomaterials can significantly alter their properties. Factors such as localized and total charge, catalyst residues 
(commonly Fe, Co, and Ni), and slight variations in individual nanotube length are critical determinants influencing 
the biological functions and cytotoxicity of functionalized carbon nanotubes.146,147

Researchers, including Singh et al148 have demonstrated that the type and density of charge on the surface of 
functionalized carbon nanotubes significantly influence the interaction effects between intracellular DNA and carbon 
nanotubes. Empirical evidence indicates that catalysts such as Fe, Co, and Ni, which are employed during the synthesis 
of carbon nanotubes, frequently remain embedded within the nanotubes and are subsequently introduced into the body. 
These residual catalysts facilitate the generation of oxygen free radicals from phospholipids, steroids, and DNA, thereby 
inducing oxidative stress and cellular damage. Notably, carbon nanotubes containing residual Co exhibit the highest level 
of cytotoxicity, causing pronounced chromosomal damage at a concentration of 4 μg/mL.149

In addition to carbon nanotubes, graphene nanomaterials have been shown to induce cellular damage, primarily 
through biological toxicity affecting the cell membrane.150 It is well-established that cell membranes and organelle 
membranes predominantly comprise a phospholipid bilayer, characterized by hydrophilic phosphate heads and hydro
phobic fatty acid tails, which facilitate the exchange of materials between intracellular fluids and the external environ
ment. Beyond the phospholipid bilayer, cellular membranes also incorporate cholesterol, which plays a crucial role in 
maintaining membrane fluidity. Unmodified oxidized graphene materials can interact with cell membranes by extracting 
or removing cholesterol through hydrophobic interactions. This interaction results in decreased membrane fluidity and an 
increased likelihood of membrane rupture under the mechanical influence of oxidized graphene.151,152

Researchers Duan et al151 demonstrated that graphene oxide is capable of extracting cholesterol from human alveolar 
epithelial cells (A549) and mouse macrophage cells (Raw264.7). The depletion or absence of cholesterol in the cell 
membrane results in a marked reduction in cell fluidity, thereby increasing the susceptibility of the cells to pore formation 
and ultimately leading to cell death. In a related study, Li et al.153 Synthesized hydrated graphene oxide and hydroxylated 
graphene, subsequently examining their interactions with phospholipid membranes. Their research revealed that hydrated 
graphene oxide can induce oxidative stress processes, such as lipid peroxidation, within cell membranes, culminating in 
cellular damage or death. This phenomenon is attributed to the presence of superoxide radicals on the surface of hydrated 
graphene oxide, which instigate lipid peroxidation of unsaturated fatty acids in the cell membrane. In order to further 
promote the clinical translation of carbon materials, research on the mechanisms of toxicity of carbon materials has 
gradually emerged. The study demonstrates that graphene elicits reactive oxygen species (ROS) activation and induces 
cellular apoptosis in a manner dependent on MAPK and TGF-β signaling pathways.154 Convergent evidence has 
established oxidative stress as a pivotal mechanism mediating carbon nanotube (CNT)-elicited cytotoxicity. 
Specifically, exposure to single-walled carbon nanotubes (SWCNTs) provokes oxidative stress in human epidermal 
keratinocytes, subsequently inducing cytotoxicity.155 The incubation process triggers substantial ROS generation, culmi
nating in cell death induction coupled with activation of the NF-κB and p38 signaling pathways. Lysosomal dysfunction 
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may likewise constitute a pivotal mechanism underpinning carbon nanomaterial-induced cytotoxicity.156 Wan et al157 

elucidated the underlying mechanism through which carbon nanomaterials induce cytotoxicity. Utilizing transmission 
electron micROScopy, pEGFP-LC3 transfection assays, and immunoblotting to monitor autophagosome formation, the 
investigators revealed a significant attenuation of autophagic degradation. As is often observed in autophagic dysfunc
tion, lysosomal impairment emerged concomitantly. Correspondingly, FITC-dextran staining experiments confirmed 
substantial lysosomal compromise in murine peritoneal macrophages following exposure to single-walled carbon 
nanotubes (SWCNTs) and graphene oxide. Single-walled carbon nanotubes (SWCNTs) provoke dose-dependent apop
totic cascades in Raw264.7 macrophages through mitochondrial homeostatic collapse, concurrently suppressing adeno
sine triphosphate (ATP) biogenesis while amplifying reactive oxygen species (ROS) flux concomitant with upregulation 
of apoptosis-autophagy regulatory protein networks.158

Furthermore, the epoxy groups present on graphene oxide have the potential to generate radicals, thereby contributing 
to its inherent cytotoxicity. In addition to inducing cell death through interactions with membrane components such as 
cholesterol on the cell surface, research conducted by Pelin et al159 has demonstrated that graphene materials, owing to 
their diminutive size and sharp edges, can readily penetrate the cell membrane. This penetration results in mechanical 
damage and subsequent leakage of cytoplasmic contents, ultimately culminating in cell death. Once internalized, 
graphene nanomaterials can disrupt mitochondrial function by diminishing the Mitochondrial Membrane Potential 
(MMP) and facilitating the release of Lactate Dehydrogenase (LDH), which ultimately leads to cell membrane damage. 
Similarly, studies have reported that graphene materials can compromise the integrity of cell or organelle membranes 
through the generation of reactive oxygen species, both extracellularly and within the cytoplasm. Notably, even at 
reduced concentrations, graphene materials can still inflict time-dependent cellular damage160–163 (Figure 5).

In conclusion, this review addresses the safety evaluation and biotoxicity of carbon nanomaterials. The assessment of 
their toxicity is a multifaceted process influenced by various factors. Research indicates that the toxicity of carbon 
nanomaterials is intricately linked to their size, shape, surface functionalization, and other characteristics. For instance, 
zero-dimensional carbon quantum dots and one-dimensional carbon nanotubes, due to their large specific surface area 
and small size, can more readily penetrate the nucleus, leading to DNA damage, oxidative stress, protein stress, and other 
toxic reactions, thereby causing significant cellular damage163,164 (Figure 6). These findings underscore the necessity of 
considering the structural and physicochemical properties of carbon nanomaterials in toxicity evaluations. Furthermore, 
the use of carbon nanomaterials in nanomedicine has raised safety concerns. Despite their promising potential in drug 
delivery and other applications, comprehensive safety data regarding their impact on human health remain inadequate.165 

Research has indicated that the inherent high reactivity and propensity for aggregation of carbon nanomaterials may 

Figure 5 Schematic diagram of biological toxicity of carbon nanomaterials and inflammatory response to multiple tissues. Reprinted with permission from ref 165. Copyright 
2024 Elsevier.
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result in genotoxicity, thereby posing significant challenges to their safety in medical applications.166 Consequently, it is 
imperative to conduct a thorough evaluation of the safety of carbon nanomaterials in the development of safe and 
effective nanomedicine technologies. Strategies aimed at mitigating the toxicity of carbon nanomaterials have garnered 
considerable attention. By employing surface chemical modifications, the biocompatibility of carbon nanomaterials can 
be enhanced, thereby reducing their toxicity.167 Furthermore, this approach offers valuable directions for future research 
in the domain of carbon nanomaterials, such as the establishment of standardized toxicity testing protocols and 
theoretical models to elucidate the mechanisms underlying the toxicity of carbon nanomaterials. Such research endeavors 
will provide crucial theoretical insights and practical guidance for the development of carbon nanomaterials with reduced 
toxicity and enhanced safety168–170 To date, regulatory bodies such as the United States Food and Drug Administration 
(FDA) have finalized policies and regulations pertaining to the application of nanomaterials in cosmetics, food, and feed. 
The establishment of these official guidelines has undoubtedly facilitated advancements in the field of carbon nanoma
terials and related areas171,172 However, a definitive FDA standard for the application of nanomaterials in biomedicine 
has yet to be established. Within the realm of nanomedicine, carbon nanomaterials have been extensively investigated for 
applications in drug delivery and tissue engineering, owing to their distinctive physicochemical properties. Nonetheless, 
there remains a paucity of information regarding the safety of these materials, which is crucial for the development of 
safe and effective nanomedical technologies. Consequently, it is imperative for the FDA to consider the biodistribution 
and potential toxicological effects of these materials when formulating relevant policies.

Immunotoxicity of Carbon Nanomaterials
The immune system is a complex biological network composed of highly specialized cells and tissues, developed through 
extensive evolutionary processes and environmental adaptation. It primarily encompasses immune defense mechanisms 
designed to combat foreign pathogenic microorganisms, including bacteria,173 viruses174 and parasites.175 Additionally, 
the immune system possesses a self-stabilization function that facilitates the clearance of senescent and damaged cells 
and organelles, thereby maintaining homeostasis. Furthermore, its surveillance function is critical for the identification 
and elimination of cells and tissues that have undergone malignant transformation, collectively supporting the main
tenance of physiological equilibrium176–178 Specialized cells that mediate immune responses are predominantly located 

Figure 6 Possible mechanisms of cytotoxicity caused by carbon nanomaterials: ROS-activated MAPKs pathway; TLRs; NF-Κb; Apoptosis; Pyroptosis; Autophage.
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in peripheral blood and mucosal tissues, rendering it inevitable for carbon nanomaterials present within or on the body to 
interact with the immune system.

Previous research has demonstrated that carbon nanomaterials are predominantly non-biodegradable within the 
human body, resulting in their prolonged presence in peripheral circulation or tissues.179 During this period, carbon 
nanomaterials can interact with various biomolecules, thereby participating in physiological or pathological processes. 
Notably, these interactions often involve adaptive immune cells, such as macrophages and neutrophils, which may lead to 
the release of cytokines. This cytokine release has the potential to mediate cytokine storms. Consequently, the organism 
may experience either an enhanced or suppressed immune response, contingent upon the balance between pro- 
inflammatory and anti-inflammatory factors.180–182

As previously discussed, carbon nanotubes represent some of the earliest forms of carbon nanomaterials, with 
investigations into their immunotoxicity commencing as early as 2006 to assess their biocompatibility and potential 
immunotoxic effects. For example, research conducted by Dumortier et al183 utilized a 1,3-dipolar cycloaddition reaction 
to functionalize carbon nanotubes and subsequently evaluated the immunotoxicity of these modified nanotubes on 
primary T cells and B cells derived from mice. The findings from this study demonstrated that the modified carbon 
nanotubes did not exhibit significant toxicity to primary lymphocytes from mice. Following this, several studies have 
reported that carbon nanotubes modified with polyethylene glycol, amidation, and phospholipids similarly showed no 
significant immunotoxicity to lymphocytes. Nonetheless, these studies possess notable limitations. As foreign entities and 
non-biological materials, carbon nanotubes are primarily subject to immune recognition and clearance by macrophages 
and neutrophils upon entering the body. Consequently, evaluating the toxicity of carbon nanotubes based solely on their 
impact on lymphocytes is insufficiently persuasive.

Elkodous et al.184 Conducted a study on the interaction between pristine carbon nanotubes and macrophages, 
uncovering that carbon nanotubes can facilitate the release of various inflammatory cytokines by activating pathways 
associated with oxidative stress and caspases. This activation can lead to cytokine storms and inflammatory cascades 
within the body184,185 Subsequently, numerous researchers have concentrated on the interaction effects between carbon 
nanotubes and adaptive immune cells. Their findings indicate that unfunctionalized carbon nanotubes can induce 
inflammation and promote apoptosis through toll-like receptor (TLR) pathways, as well as pathways involving IL-6, 
dendritic cell maturation, TNF, NF-κB, and CXCR3, CCR5 ligands186,187 To mitigate the immunotoxicity of carbon 
nanotubes, surface functionalization modifications such as phosphorylation, carboxylation, and polyethylene glycol 
modification can be employed. Long-term studies have demonstrated that anionic functionalization significantly reduces 
the immunotoxicity of carbon nanotubes and enhances their biocompatibility, whereas cationic functionalization 
increases cytokine concentrations in the body, leading to more severe inflammatory responses and potentially promoting 
fibROSis188–190

In addition to concerns surrounding carbon nanotubes, the immunotoxicity and biocompatibility of graphene 
nanomaterials remain significant areas of investigation for researchers. A study by Sasidharan et al191 examined the 
interactions between pristine and functionalized graphene nanomaterials with human macrophages, as well as their 
compatibility with the blood system. The study’s findings suggest that functionalized graphene nanomaterials can 
substantially mitigate the immunotoxicity associated with pristine graphene, while both forms of graphene demonstrate 
excellent compatibility with blood. Further research indicates that the immunotoxicity of oxidized graphene is markedly 
lower than that of pure graphene materials. This reduction is attributed to the ability of oxidized graphene to inhibit 
complement production, thereby diminishing the recognition and chemotactic activity of the complement system against 
oxidized graphene and subsequently reducing the production of pro-inflammatory cytokines in the body.192 The 
investigation into the modification of graphene material sizes aimed to assess their impact on immune function. The 
study’s findings indicated that larger graphene flakes (1–10 μm) are more readily recognized, engulfed, and cleared by 
macrophages, whereas smaller graphene nanomaterials persistently stimulate immune cells to secrete cytokines.193 This 
discovery challenges previous foundational understandings. Consequently, through extensive longitudinal studies, 
researchers have identified that small graphene particles can influence the expression of cytokines such as TBX21 and 
CD80, activate leukocyte chemotactic pathways, and induce the expression of genes associated with CXCL10 ligands and 
CXCR3 receptors, thereby enhancing immune function and promoting apoptosis.194
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Conclusion
Carbon nanomaterials, as an emerging class of biological nanomaterials, have garnered significant attention within the 
scientific community. This interest is attributed to their diverse forms, facile structural modification capabilities, 
expansive specific surface area, exceptional optical properties, and superior biocompatibility. These attributes endow 
carbon nanomaterials with substantial potential for applications in biomedicine, demonstrating remarkable versatility. 
Specific types of carbon nanomaterials, including carbon quantum dots, carbon nanotubes, and graphene nanoparticles, 
exhibit considerable promise in drug delivery, bioimaging, biosensing, and cancer diagnosis and treatment, owing to their 
distinctive physicochemical properties. For instance, carbon quantum dots are extensively utilized in bioimaging and 
drug delivery, benefiting from their favorable biocompatibility and low toxicity. Similarly, graphene and its derivatives 
excel in biosensing and bioimaging applications, with their high surface area and excellent electrical conductivity 
rendering them highly suitable for a broad spectrum of uses in these domains.Carbon nanomaterials have found 
applications acROSs various disciplines due to their exceptional biocompatibility, high specific surface area, and ease 
of synthesis. Certain applications have already been incorporated into industrial production processes. However, within 
the biomedical sector-specifically in contexts where carbon nanomaterials are administered into the peripheral blood
stream through intravenous injection or similar methods-comprehensive regulatory approval has not yet been secured. 
Nonetheless, the potential applications of carbon nanomaterials in areas such as bioimaging and fluorescence sensing 
continue to be substantial.195–197

Nevertheless, the biotoxicity associated with carbon nanomaterials warrants careful consideration. Empirical evidence 
indicates that the toxicity of carbon nanotubes is intricately linked to factors such as their size, shape, surface chemistry, 
exposure route, and purity. Furthermore, the primary mechanism underlying the toxicity of carbon nanotubes and 
graphene predominantly involves the induction of oxidative stress, which can precipitate cellular damage and provoke 
inflammatory responses. Consequently, researchers are actively investigating strategies, such as surface functionalization, 
to mitigate the toxicity of these materials. In the context of biomedical applications, the functionalization of carbon 
nanomaterials is a critical step in enhancing their biocompatibility and minimizing their toxicological impact. 
Functionalization not only improves the solubility and biocompatibility of carbon nanomaterials, thereby reducing 
their cytotoxicity, but also augments their drug loading capacity and targeted delivery capabilities. This enhancement 
results in increased efficacy and reduced adverse effects in drug delivery systems.

In conclusion, this paper presents a comprehensive review of the applications of carbon nanomaterials in the field of 
biomedicine, encompassing areas such as bio-fluorescent sensing, targeted drug delivery, tumor-specific diagnosis and 
therapy, and tissue regeneration engineering. The existing body of research demonstrates the extensive potential of 
carbon nanomaterials in biomedical applications. However, certain limitations, particularly concerning their biological 
toxicity and biocompatibility, warrant further investigation. These challenges underscore the need for future research 
directions in the domain of carbon nanomaterials. Furthermore, it is imperative to differentiate carbon nanomaterials 
from other biomedical materials by summarizing their unique advantages over other nanomaterials, thereby providing 
a compelling rationale for their clinical application. The author posits that, through sustained research and innovation by 
the scientific community, carbon nanomaterials will ultimately transition from laboratory research to clinical application, 
offering innovative solutions for biochemical detection, cancer treatment, and tissue rehabilitation.

Outlook
In recent years, the application of carbon-based nanomaterials in biomedical fields has attracted much attention. Carbon 
quantum dots and graphene nanomaterials and carbon nanotubes are widely used in bioimaging, drug delivery and cancer 
therapy due to their excellent optical and biocompatible properties. However, these materials still face some challenges in 
practical applications.

Firstly, despite the outstanding performance of carbon nanomaterials in drug delivery and bioimaging, their toxicity 
and biodistribution in different biological systems still need to be further investigated and optimized. So, To facilitate the 
transition of carbon nanomaterials from laboratory research to clinical trials and practice, it is imperative to thoroughly 
examine their biotoxicity and biocompatibility within the human body. As a result, numerous research groups have 
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concentrated on assessing the cytotoxicity and immunotoxicity of carbon nanomaterials. Studies have demonstrated that 
pristine carbon nanotubes, when recognized by macrophages, tend to aggregate intracellularly due to their intrinsic 
properties, leading to cellular damage and the induction of apoptosis. In vivo studies utilizing mouse models have shown 
that, following macrophage damage, carbon nanotubes can induce macrophage fusion, ultimately resulting in the 
formation of foreign-body granulomas. This indicates that the immunotoxicity of carbon nanotubes remains a critical 
concern, necessitating extensive surface and functional modifications for improvement. In terms of cytotoxicity, although 
functionalized carbon nanotubes exhibit reduced cytotoxicity, it is still affected by parameters such as length, size, and 
modification techniques198–200 Research on the cytotoxicity of graphene materials has been progressively refined by 
researchers and is beginning to meet expectations. However, before the advancement of graphene materials to Phase IV 
clinical trials, further optimization of administration methods and dosages is required.201,202

Secondly, graphene nanoparticles have shown versatility in cancer therapy, but there are still technical bottlenecks in 
their large-scale production and consistent control. In addition, despite the excellent performance of graphene nanopar
ticles in photothermal therapy and drug delivery, their stability and efficacy in different biological environments still need 
to be further verified. It is pointed out that the size, morphology, and degree of surface functionalization of graphene 
CQDs have a significant impact on their interaction properties with the immune system, which requires precise control 
during synthesis.In addition to the observable and quantifiable immunotoxic effects, there is a notable paucity of studies 
examining the impact of carbon nanomaterials on the proliferation and differentiation of various immune cell types. 
Given their resistance to degradation within the biological milieu, these materials are likely to persist for prolonged 
durations, during which the generation, differentiation, and eventual localization of new immune cells in lymphatic 
tissues and other immune-related organs are inevitable. Consequently, it is imperative to investigate the effects of carbon 
nanomaterial accumulation on newly developed immune cells203,204 Existing literature suggests that the morphology and 
dimensions of carbon nanomaterials can significantly affect the growth and differentiation of immune cells, thereby 
raising concerns regarding the potential compromise of immune system functionality in the context of infectious diseases 
or neoplastic conditions205,206 Conversely, carbon nanomaterials possess the potential for functionalization to modulate 
inflammatory responses, which could be harnessed for therapeutic applications in the management of refractory 
infections or malignant tumors. The deployment of functionalized carbon nanomaterials in proximity to infection or 
tumor sites has the potential to enhance immune cell chemotaxis and modulate the polarization of tumor-associated 
macrophages and neutrophils within the tumor immune microenvironment. This approach may effectively diminish 
tumor immune evasion and mitigate bacterial multidrug resistance.207–209

Finally, although carbon-based nanomaterials have shown great potential in biomedical applications, challenges in 
clinical translation remain. Further studies on the behavior of these materials in complex biological systems are needed to 
ensure their safety and efficacy.210 For example, the application of carbon nanomaterials in tumor immune microenvir
onment provides a new breakthrough direction for tumor therapy. Tumor microenvironment (TME) is a key factor 
affecting the occurrence, development and outcome of tumors. Tumor-associated macrophages (TAMs) play an important 
role in the occurrence, development, invasion and metastasis of tumors, and have immunosuppressive ability. Carbon- 
based composite nanomaterials formed with carbon nanomaterials as a platform and other small molecular compounds or 
nanoparticles are emerging members of the carbon material family, which become ideal candidates for targeting TAMs 
due to their excellent optical properties, such as near-infrared imaging, photostability, photoluminescence performance, 
and good immune reactivity.211 For example, copan-doped carbonitide nanocomposites (CNCu@HA) effectively elim
inate tumors and initiate robust immune responses by inducing apoptosis, copper death, and immunogenic cell death 
(ICD) when triggered by near-infrared light. This material enhances the synergistic effect of chemodynamic therapy 
(CDT) and photodynamic therapy (PDT) by photothermal ablation of tumor cells while acting as a dual Fenton-like 
catalyst and photosensitizing agent to generate excess reactive oxygen species (ROS) and deplete glutathione (GSH).212 

This multi-level synergistic effect not only enhances the immune response, but also reshapes the tumor immune 
microenvironment, demonstrating significant anti-tumor effects. The membrane-coated hollow MnN-carbon nanocom
posite (HMn-NC@M) reshaped the immunogenic tumor microenvironment through phototherapy and STING activation. 
The material is subjected to photothermal and photodynamic therapy under near-infrared light to induce immunogenic 
cell death (ICD), release tumor antigens and damp-associated molecular patterns (DAMPs), thereby triggering anti-tumor 
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immune responses and regulating the tumor microenvironment by decomposing hydrogen peroxide, alleviating hypoxia, 
depleting glutathione, and releasing Mn2+ ions.213 These studies indicate that carbon-based nanomaterials hold great 
promise in the application of tumor immune microenvironment.

But it’s worth noting,Our current comprehension of carbon nanomaterials and their interactions with biological 
molecules or tissue cells within organisms remains limited. Notably, different cell types exhibit distinct sensitivities to 
carbon nanomaterials; for example, primary cells and cultured tumor cells demonstrate varying levels of sensitivity. 
Consequently, before the application of carbon nanomaterials in tissue engineering, drug delivery, and fluorescent 
sensing, extensive long-term testing and analysis are imperative.214 In the context of biotoxicity and biocompatibility, 
it is crucial to address not only the mechanisms of cellular damage but also the processes of intercellular communication 
and information transfer during these interactions. The incorporation of three-dimensional models utilizing human 
primary cells is essential, as it helps to identify significant yet frequently overlooked mutual influences in cell 
communication.215–218

Although there are many challenges in clinical translation, remarkable progress has been made in the biomedical 
applications based on carbon nanomaterials. These breakthroughs originate from rigorous research and innovative 
practice. At the same time, with the recent rapid development of artificial intelligence technology heralding 
a transformative era, the existence of these artificial intelligence assistants may promote the generation of new synthesis 
methods or new structural patterns of carbon nanomaterials through big data simulation core simulation, In order to 
promote the development of carbon nanomaterials in the fields of intelligent responsive carbon nanomaterials, immune 
microenvironment regulation, precision medicine application and so on. The author believes that with the joint efforts of 
many researchers from different fields, sooner or later, carbon nanomaterials will make breakthrough research progress, 
promote their clinical application transformation, and bring new possibilities to the clinical diagnosis and treatment 
process.
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