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Carbon materials and their hybrid metal composites have garnered significant attention in biomedical
applications due to their exceptional biocompatibility. This biocompatibility arises from their inherent
chemical stability and low toxicity within biological systems. This review offers a comprehensive overview
of carbon nanomaterials and their metal composites, emphasizing their biocompatibility-focused appli-
cations, including drug delivery, bioimaging, biosensing, and tissue engineering. The paper outlines
advancements in surface modifications, coatings, and functionalization techniques designed to enhance
the biocompatibility of carbon materials, ensuring minimal adverse effects in biological systems. A com-
prehensive investigation into hybrid composites integrating carbon nanomaterials is conducted, categor-
izing them as fullerenes, carbon quantum dots, carbon nanotubes, carbon nanofibers, graphene, and
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diamond-like carbon. The concluding section addresses regulatory considerations and challenges associ-
ated with integrating carbon materials into medical devices. This review culminates by providing insights
into current achievements, challenges, and future directions, underscoring the pivotal role of carbon
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1. Introduction

The medical device industry has rapidly expanded globally,
propelled by an increasing prevalence of accidental injuries,
vehicle accidents, diseases, and related fatalities. This growth
underscores the integral role that medical devices play in
healthcare systems.'™ According to the World Health
Organization (WHO), more than 2 million distinct medical
devices are used worldwide, encompassing equipment,
machinery, implants, software, and materials.*® The global
biomedical applications market is projected to reach USD$32
billion by 2031, experiencing a compound annual growth rate
of 11%.”

Various materials have been commercialized for medical
applications, including stainless steel and titanium for
implants, polymers such as polyethylene and polypropylene
for prosthetics, and ceramics like alumina and zirconia for
specific orthopedic uses. These advancements aim to save
millions of lives and extend life expectancy.®'® However, these
materials still have certain limitations arising from the
inherent properties of materials. Metals can corrode and wear
over time, risking implant failure. Polymers may degrade
mechanically and have limited biocompatibility. Ceramics can
be brittle and fracture under stress. These issues underscore

Department of Chemistry, Inha University, Incheon 22212, Republic of Korea.
E-mail: sjpark@inha.ac.kr, leesy1019@inha.ac.kr

This journal is © The Royal Society of Chemistry 2024

nanomaterials and their metal composites in advancing biocompatible applications.

the need for advanced materials with enhanced performance
and longevity in biomedical applications.’**

Biocompatibility remains a cornerstone in both the medical
and biomaterials fields, revolving around a material’s ability to
interact seamlessly with biological systems, particularly when
in contact with living tissue or organisms."*™"” This fundamen-
tal consideration is crucial for ensuring the safety and efficacy
of materials used in diverse biological environments.

A thorough evaluation of biocompatibility encompasses
assessing factors such as non-toxicity, minimal inflammatory
response, absence of allergenicity, and appropriate mechani-
cal properties."®° The primary objective is to achieve the
safe integration of materials into biological systems, thus
ensuring their effectiveness. However, issues related to pro-
cessability, morphological stability, and chemical stability
can lead to adverse reactions.”’>* Overcoming these chal-
lenges requires a detailed approach that includes material
selection, design, testing, and development across various
research phases.

Carbonaceous nanomaterials are becoming increasingly
valuable in biomedical applications owing to their inherent
biocompatibility, making them ideal candidates for drug deliv-
ery, bioimaging, and biosensing.>**® Their unique character-
istics, such as extensive surface area and high electrical con-
ductivity, also enable versatile functions in diagnostics, thera-
peutics, tissue engineering. These materials are particularly
beneficial in applications such as neural interfaces and bio-
sensors, where their lower tendency to provoke immune
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responses is crucial for long-term biological interactions,
especially in implantable organ devices.

The adaptability of carbon materials is further enhanced by
their ability to be modified with diverse functional groups and
biomolecules, which improves their interactions with biologi-
cal systems.?”? This flexibility allows for the customization of
surface properties to interact with living organisms and elicit
specific cellular responses. Carbonaceous nanomaterials, avail-
able in various forms like particles, tubes, aerogels, and thin
films, can be tailored for specific biomedical applications,
ranging from drug delivery carriers to tissue engineering
scaffolds.?*?*

The structural diversity of carbonaceous nanomaterials,
including zero-dimensional (0D) to three-dimensional (3D),
possess unique properties that make them suitable for various
medical applications. Carbon quantum dots (CQDs), with
their 0D nanoscale particle structure, exhibit unique optical
(visible to Ultra-violet) and electronic properties for use in
drug delivery, bioimaging, and sensing.***® Carbon nanotubes
(CNTs), which are 1D cylindrical formations from rolled gra-
phene sheets, exhibit excellent mechanical strength (Young’s
modulus up to 320-1470 GPa for Single-walled CNTs) and elec-
trical conductivity (10°~10> S m™"), with potential applications
as drug carriers, imaging agents, and tissue engineering
scaffolds.?”*® Carbon nanofibers (CNFs) are composed of sp*-
based 1D filaments arranged in a crystalline formation, exhibit
high mechanical strength and lightweight properties with
exceptional tensile strength (2-3 GPa), making them stronger
than steel while being significantly lighter.>**° Graphene,
characterized by its two-dimensional (2D) hexagonal lattice of
carbon atoms, is noted for its superior mechanical (Young’s
modulus up to 1000 GPa), thermal (~5000 W m~* K™ %), and
electrical properties (~10° S m™"), and explored for appli-
cations such as drug delivery, biosensors, and imaging due to
its large surface area and ease of functionalization.*"*?
Diamond-like carbon (DLC), a 3D carbon material with a struc-
ture similar to diamond, is known for its exceptional hardness,
biocompatibility, and wear resistance, leading to applications
in medical coatings, implants, and protective coatings.****

Despite the excellent properties of carbon materials, their
long-term biocompatibility in biomedical applications can be
problematic due to potential cytotoxicity and inflammatory
responses. Additionally, the variability in the purity and con-
sistency of carbon materials can lead to unpredictable biologi-
cal interactions. To overcome these biocompatibility issues,
rigorous purification processes can be implemented to ensure
the consistency and quality of carbon materials. Surface
functionalization with biocompatible coatings can reduce cyto-
toxicity and minimize inflammatory responses.*>*®

Over the past two decades, extensive research has been con-
ducted to enhance the physicochemical properties of carbon-
aceous materials through various functionalization strategies,
such as heteroatom doping or metal coating.”””*® These
studies primarily focus on hybrid composites that incorporate
heteroatoms such as nitrogen (N), sulfur (S), phosphorus (P),
boron (B), and fluorine (F), as well as metals like zinc (Zn),
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magnesium (Mg), gold (Au), silver (Ag), copper (Cu), and
gallium (Ga). Particular emphasis is placed on metals such as
Ag, Au, and Ga due to their lower toxicity and environmental
friendliness compared to other metals.**° These studies aim
to improve key properties such as biocompatibility, anti-
microbial activity, mechanical strength, and electrical conduc-
tivity. The development of these hybrid composites is expected
to drive innovation in the biomedical field, leading to more
effective and safer therapeutic approaches.

Despite numerous reviews on metal-doped carbon
materials, a comprehensive analysis of the advantages of
different types of carbon materials for functionalization in the
biomedical field remains lacking. This gap highlights the need
for a thorough examination of the benefits of various carbon
materials and their hybrid metal composites in biomedical
applications.

This review aims to explore various strategies for enhancing
the biocompatibility of carbon nanomaterials, with a focus on
surface functionalization and hybridization with metals for
nanocomposites. It emphasizes recent advancements in car-
bonaceous materials and their metal composites for bio-
medical applications, categorized by their dimensions; fuller-
enes, CQD, CNT, CNFs, graphene, and DLC. By providing
insights into improving the seamless integration of carbon
nanomaterials in biomedical applications, this review seeks to
highlight their potential to drive innovation in medical techno-
logies and therapies. Fig. 1 illustrates the main components
discussed in this study of carbon nanomaterials and their rele-
vance to biocompatibility in the human body.

Fig. 1 Biomedical characteristics and applications of carbonaceous
nanomaterials and their hybrid composites discussed in this review.

This journal is © The Royal Society of Chemistry 2024
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2. Carbon materials and their metal
composites for biomedical
applications

Fig. 2 illustrates the number of publications in the biomedical
field focusing on carbon-based materials, metal-based
materials, and their hybrid carbon/metal composites over the
past decade. It highlights a significant upward trend, reflecting
the growing interest and expanding research efforts in utilizing
these materials for various biomedical applications. The
increase in publications suggests advancements in under-
standing the unique properties of carbon-based materials as
well as metals, such as their biocompatibility, mechanical
strength, and functional versatility. This rising trajectory also
indicates a broader acceptance and recognition of carbon-
based materials in developing innovative solutions for medical
devices, drug delivery systems, tissue engineering, and other
therapeutic areas.

This section reviews the various applications of different
types of carbonaceous materials and their metal composites,
detailing strategies such as metal doping, surface treatment,
and functionalization used to enhance these materials.
Emphasis is placed on the unique properties of carbon-based
nanomaterials, both individually and in combination with
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Fig. 2 (a) Number of publications in the biomedical field based on
carbon-based materials and (b) number of publications in the bio-
medical field based on metal-based materials; (c) number of publi-
cations and citations in the biomedical field with carbon materials and
their metal composites; (d) the most widely used carbon-based
materials in the biomedical field. (All publication and citation data were
from the Web of Science, 2010-2024).
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metals, highlighting their contributions to a wide range of
various biomedical applications.

2.1. Fullerenes and their metal composites

Fullerenes are a class of carbon allotropes in which carbon
atoms are bonded together to form a spherical structure of
varying widths. They are composed entirely of carbon, taking
the form of a cage-like fused-ring structure consisting of hexa-
gons and pentagons, offering attractive optical, electro-
chemical, and physical properties for various medical fields,
such as drug delivery to specific target cells or tissues.”® Their
insolubility in nature has increased interest in biological appli-
cations.”” Fullerenes possess chemically and structurally stable
structures, making them suitable for photodynamic therapy.
They act as targeted vectors for mineralized bone and photo-
sensitizers, effectively generating reactive oxygen species with
specific wavelengths of light to selectively destroy cancer
cells.”®* For instance, Cs, has been characterized as an
human immunodeficiency virus (HIV) inhibitor,>® magnetic
resonance imaging (MRI) contrast agent,”” antioxidant,”® and
antibacterial agent.>®

Anusha et al. developed an electrochemical sensor using a
C60 and bimetallic (Cu-Ni) nanoparticle (NPs) nanocomposite
film-modified glassy carbon electrode (GCE) to enhance the
oxidation of vitamin D; and measure its concentration in
blood samples.®® The sensor was fabricated by drop-casting
Ceo onto the GCE, followed by electrochemical deposition of
CuNPs and NiNPs onto the fullerene-modified GCE (Fig. 3a).
The resulting sample showed a well-defined oxidation peak for
detecting vitamin D3, with a dynamic concentration range of
1.25-475 uM and a detection limit of 0.0025 uM (Fig. 3b). The
platform demonstrated superior analytical performance with a
low detection limit, a wide working range, high sensitivity,
excellent reproducibility, and stability.

Endohedral metallofullerenes (EMFs) are exceptional car-
riers for rare earth element (REE) ions in biomedical appli-
cations due to their ability to prevent the release of toxic metal
ions.® A study introduced the concept of metallobuckytrio
(MBT), a threebuckyball system, as a platform to develop struc-
turally defined water-soluble EMF derivatives with customiz-
able polymer ligands, ensuring superb biocompatibility.> The
safety of water-soluble MBTs is confirmed by inductively
coupled plasma mass spectrometry (ICP-MS) to verify the EMF
cage confinement of metal ions, and cytotoxicity studies on
different cell lines, where MBTs were found to be generally
non-toxic (Fig. 3(c and d)). The Lu MBTs, a type of MBT,
demonstrate superior T; relaxivity compared to typical Gd
complexes, potentially surpassing current clinical MRI contrast
agents in safety and efficiency. Additionally, Lu MBTs generate
reactive oxygen species upon light irradiation, showing
promise as photosensitizers in biomedical applications.

The EMF and trimetallic nitride endohedral fullerenes
(TNT-EMF) have been also recognized for their multifunctional
capabilities, particularly in combating oxidative stress and
inflammation. Li et al. developed carboxyl-Gd;N@Cgy, a
specific type of functionalized fullerene, which exhibits robust
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Fig. 3 (a) Illustration of electrochemical sensor fabrication procedure
for Cu—Ni NPs@Cgo nanocomposite film; (b) nanocomposite at CuNPs-
NiNPs@reduced-fullerene-Cgo/GCE with different concentrations of
vitamin Ds: 1.25, 2.5, 5, 10, 20, 25, 75, 125, 175, 225, 275, 325, 375, 425
and 475 pM (a-o) (inset: calibration plot between peak current and
vitamin Dz concentration). Reproduced with permission from ref. 60
Copyright © 2020 Elsevier; (c) MR imaging of Gd MBT solutions on a 1.0
T scanner. The measured r; values at 1.4 T are written in parentheses
under each compound, in the unit of mM~* s7%; (d) cell viability tests of
MBTs 8b, 8b’ and 8c at concentrations of 2—32 pM against NIH-3T3 and
iPSC-NSC cell lines (error bars indicate standard deviation of individual
cell viability data set) Reproduced with permission from ref. 62
Copyright © 2022 WILEY-VCH Verlag GmbH & Co. (e) Carboxyl-
Gd3N@Cgo dose-dependently attenuates LPS-induced excess ROS; (f)
representative fluorescence images of intracellular ROS illustrated
robust ROS-scavenging activity of carboxyl-GdsNCgo. Image taken at
X200 magnification. Scale bar represented 100 um. *p < 0.05 vs. non-
LPS control, #p < 0.05 vs. LPS-treated groups. Reproduced with per-
mission from ref. 63 Copyright © 2017 ACS.
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radical scavenging properties and can suppress lipopolysac-
charide (LPS)-induced reactive oxygen species (ROS) in macro-
phages, indicating its potential in combating oxidative stress
(Fig. 3(e and f)).*> The sample has also demonstrated anti-
inflammatory effects by attenuating the expression of pro-
inflammatory markers like iNOS and TNF-a, while increasing
the expression of antioxidative enzymes like HO™" and Nrf2,
possibly through ERK signaling pathways. These results have
shown that fullerenes act as powerful antioxidants due to their
ability to react with free radicals, making them effective in
various biomedical applications. Further, encapsulating metal
nanoparticles within the fullerene structure merges the struc-
tural stability of fullerenes with the functional properties of
metals. This approach protects the metal nanoparticles, lever-
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aging their long-term stability and efficient drug delivery
in vivo, thereby maximizing therapeutic efficacy.

2.2. CQDs and their metal composites

Carbon quantum dots (CQDs) have garnered significant atten-
tion in the biomedical field due to their high sensitivity to
local environmental changes.®*®® While traditional quantum
dots (QDs) are known for their stable fluorescence, their high
toxicity due to heavy metal content makes them less
desirable.®”°® CQDs, on the other hand, present a promising
alternative, offering high biocompatibility, cost-effectiveness,
and chemical inertness, making them suitable for clinical fluo-
rescent applications. The strong and tunable fluorescence pro-
perties of CQDs make them vital imaging agents for live cell
imaging and monitoring cellular processes.’®”® Furthermore,
CQDs exhibit photothermal conversion properties, where
absorbed light is converted into thermal energy. This charac-
teristic is strategically utilized in photothermal therapy,
enabling controlled heat release upon laser irradiation to
selectively target cancer cells.

Nafchi et al. synthesized hybrid nanocomposites of Fe;0,
nanoparticles doped with glutaric acid-functionalized CQDs.®°
The Fe;0,/CQD nanocomposites exhibited high efficiency in
doxorubicin (DOX) loading, effectively attaching the positively
charged DOX to the negatively charged Fe;0,/CQDs through
an electrostatic absorption mechanism. The loading efficiency
and capacity of Fe;0,/CQD were determined to be 94% and
37.2 mg DOX g~ of magnetic nanoparticles (MNPs), respect-
ively. Fluorescence imaging confirmed the ability of Fe;0,/
CQD to target MCF-7 and HFF cells, as shown in Fig. 4(a), and
T,-weighted magnetic resonance imaging (MRI) scans of
Fe;0,/CQD in aqueous solution showed a high r, relaxivity
(86.6 mM™' s7!). These results indicate that this nano-
composite is a promising candidate for highly efficient T, con-
trast agents in MRI. Furthermore, MTT cell viability assays
revealed that DOX-loaded Fe;0,/CQD exhibited high biocom-
patibility with HFF cells (95% viability) and significant cyto-
toxicity towards MCF-7 cancer cells (45% viability) (Fig. 4(b)).
This demonstrated the efficacy and selectivity of the drug deliv-
ery system, highlighting the potential of Fe;O,/CQD for tar-
geted diagnosis and therapy. As a result, the synthesized
Fe;0,/CQD nanocomposite possesses superparamagnetic and
fluorescent properties suitable for medical applications such
as MRI, targeted drug delivery, and cancer cell labelling and
tracking.

Sarkar et al. prepared Fe;0, NPs-doped CQD (CQD@Fe;0,)
using a wet chemical co-precipitation method.”* Cytotoxicity
assays on RAW 264.7 cells at various concentrations (15.6,
31.5, 62.5, 125, and 250 pg m ') demonstrated significantly
improved biocompatibility of CQD@Fe;0, compared to bare
Fe;0,, as shown in Fig. 4(c). In detail, at 250 pg ml™", Fe;0,
maintained only 69% cell viability, whereas CQD@Fe;0,
exhibited an enhanced cell viability of 87%. At lower concen-
trations (15.6 and 31.5 pg ml™"), bare Fe;0, and CQD@Fe;0,4
showed cell viability of 84 and 96%, respectively. Side scatter-
ing cell (SSC) uptake studies revealed that cell granularity

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Fluorescence microscopy images of MCF-7 cancer cells (left)
and normal HFF cells (right), both untreated and treated with FezO4/
CQDs at 100 pm and 50 pm (excitation at 488 nm), alongside results
from the MTT assay; (b) viability of HFF and MCF-7 cells in contact with
DOX-loaded FezO4/CQD nanocomposites at different drug concen-
trations for 24 h, both with and without an applied magnetic field.
Statistical significance indicated by *p < 0.05 and **p < 0.01 compared
to control. Reproduced with permission from ref. 69 Copyright © 2022
ACS. (c) Cytotoxicity assay for FezO4 NPs and CQD@FesO4 NPs at con-
centrations ranging from 15.6 pg ml™* to 250 pg ml™*. Reproduced with
permission from ref. 71 Copyright © 2020 IOP science. (d) In vivo fluor-
escence imaging of Mn/CQD/SiO,@naproxen. (e) MTT assay: HEK-293
cell treatment with Mn/CQD/SiO,@naproxen for 24 h. Reproduced with
permission from ref. 72 Copyright © 2021 Elsevier.

remained unchanged even at a significantly high CQD concen-
tration of 1600 pg ml™", indicating that CQD@Fe;0, did not
adversely affect cell morphology. Vitamin D, detection using
differential pulse voltammetry also achieved a sensitivity of
0.069 pA ng”' ml em~? and a detection limit of 2.46 ng ml™,
demonstrating the potential of CQDs for sensitive and selec-
tive electrochemical biosensing.

Ardestani et al. developed a biocompatible nano-carrier of
Mn/CQD/SiO,, which integrates magnetic carbon quantum
dots (CQDs) modified with mesoporous silica for enhanced
drug delivery and tracking (Fig. 4(d and e)).”* The silica modifi-
cation improved biocompatibility and minimized cytotoxicity.
The conjugation of naproxen to the nanoprobe, forming Mn/
CQD/SiO,@naproxen, allowed for detailed biodistribution
studies. The fluorescence imaging provided insight into the
biodistribution of naproxen, which was corroborated by COX
gene expression levels indicating increased accumulation in
the liver and decreased COX production (Fig. 4d). In addition,
MTT assays on HEK-293 cells indicated no adverse effects from
Mn/CQD/SiO,@naproxen (Fig. 4e). These results highlight the
unique properties of Mn/CQD/SiO,, including excellent bio-
compatibility, minimal toxicity, and magnetic and fluorescent

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

properties, underscoring the pivotal role of CQDs in enhancing
the nanocarrier’s potential for biomedical applications.

Overall, CQDs offer significant advantages in biomedical
applications due to their exceptional reducing capabilities,
making them highly effective for generating metal-doped
carbon dots in situ.”>’* These CQDs serve as both reducing
agents and stabilizers for metal nanoparticles, and their inte-
gration with magnetic nanoparticles enables the creation of
multimodal imaging platforms that combine optical and mag-
netic resonance imaging. CQDs are effective in multimodal,
image-guided, near-infrared-responsive chemo-phototherapy,
and exhibit superior properties in enhanced antimicrobial
activity and the development of advanced imaging and thera-
peutic platforms.”>’® Their ability to generate light-induced
reactive oxygen species (ROS) is enhanced by upconversion
photoluminescence and efficient photon-induced electron
transfer, improving their photocatalytic antibacterial pro-
perties. These properties contribute to preventing the recombi-
nation of photo-induced electron-hole pairs, thereby enhan-
cing the photocatalytic antibacterial properties of CQDs.””

2.3. CNTs and their metal composites

CNTs have emerged as a versatile and promising material in
biomedical applications due to their unique structural,
mechanical, and electrical properties. In particular, extensive
research is highlighting the potential of CNTs, emphasizing
their ability to improve functionality and durability in orthope-
dic applications. Additionally, the biocompatibility of CNTs
makes them a promising biomaterial for various medical and
healthcare applications, facilitating the improvement of pros-
thetic devices and the development of functional matrices for
targeted anatomical treatments. Their versatility, manifested
in forms such as films, fibers and 3D structure, allows for
adaptable biomaterial design tailored to specific medical
needs. In addition, their tubular structure allows encapsula-
tion of drugs, facilitating controlled and targeted release in
medical treatments.

Abazari et al. synthesized magnesium oxide (MgO) NPs-
loaded CNTs for the reinforcement of Mg-3Zn-1Mn alloy
(zm31 alloy) using a semi-powder metallurgy approach, fol-
lowed by hot extrusion.”® The MTT assay revealed higher cell
viability in ZM31/CNTs and ZM31/MgO-CNTs composite
extracts compared to Mg alloy extracts, with increased cell
activity over time (Fig. 5(a)). This indicates that CNTs signifi-
cantly enhance the biocompatibility of Mg-based composites.
CNTs stimulate cell functions by adsorbing proteins with
specific characteristics, thereby promoting cell growth. The
improved cellular compatibility of the ZM31/CNTs composite
is attributed to the rough nano-scaled surface topography pro-
vided by CNTs. ALP staining demonstrated that MG-63 cells
cultured on ZM31/MgO-CNTs composites exhibited more
intense ALP activity, indicating enhanced early cell differen-
tiation compared to those on Mg alloy and ZM31/CNTs compo-
sites (Fig. 5(b)). Fluorescence imaging confirmed normal
osteoblast growth on all composites, with a significant
increase in cell population on ZM31/MgO-CNTs (Fig. 5(c)).

Nanoscale, 2024, 16, 16313-16328 | 16317
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Fig. 5 (a) Cell viability and (b) ALP activity of MG-63 cells cultured for
various durations on ZM31 alloys, ZM31/CNTs, and MgO-ZM31/CNTs
nanocomposites, (c) MG-6 cells and fluorescent DAPI staining of these
cells grown on: ZM31 alloy, ZM31/CNTs, and ZM31/MgO-CNTs nano-
composites for 3 days (*p < 0.05 and **p < 0.01). Reproduced with per-
mission from ref. 78 Copyright © 2022 Elsevier. (d) MTT cell viability
assay results for SiHa and WRL68 cells incubated with SWNTs-TiO2/Ag.
Reproduced with permission from ref. 79 Copyright © 2019 Springer. (e)
Cell viability of MG63 cells cultured over varying durations on MZ, MC1,
MC2, and MC3 biocomposites. Reproduced with permission from ref.
80 Copyright © 2022 MDPI.

This improved cell response is due to the lower corrosion rate,
slower ion release, and maintained pH balance. These findings
highlight the critical role of CNTs in enhancing the biocom-
patibility and cell attachment of Mg-based composites.

Ahmed et al. synthesized conjugates comprising single-wall
nanotubes (SWNTs) and multi-wall nanotubes (MWNTS) inte-
grated with silver-doped titanium dioxide (TiO,/Ag), exhibiting
antimicrobial and cytotoxic properties.”” The study com-
menced with the chemical treatment of crude SWNTs and
MWNTs using sulphuric acid and nitric acid, resulting in func-
tionalized SWNTs (F-SWNTs) and MWNTs (F-MWNTs) sur-
faces. TiO,/Ag NPs were then loaded onto these functionalized
surfaces using an in situ sol-gel technique. Dispersion studies
indicated that untreated SWNTs (R-SWNTs) and MWNTs
(R-MWNTs) exhibited limited bactericidal activity against
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus).
In contrast, SWNTs-TiO,/Ag and MWNTs-TiO,/Ag conjugates
exhibited significant inhibitory effects on these bacterial
strains after 24 h of incubation. Furthermore, the cytotoxicity
of these conjugates was assessed against uterine cancer (SiHa)
and normal (WRL68) cell lines, revealing selective cytotoxicity
towards tumor cells (~60% to 40%) while minimally impacting
normal cells (~10%) (Fig. 5(d)).

Zhao et al. investigated the microstructural, mechanical,
anticorrosive, and antibacterial characteristics of Mg-2.5Zn-
0.5Zr/xCNT (x = 0, 0.3, 0.6, 0.9) composites.®’ In MTT assay,
MG63 cells incubated in the nanocomposites for 3 and 7 days
resulted in the number of viable cells being proportional to
the amount absorbed (Fig. 5(e)). In particular, the number of
viable cells in the nanocomposites gradually increased with
the duration of incubation, but the increase in CNT content
may lead to destruction by galvanic corrosion and increased
toxicity.®* These composites were meticulously fabricated
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through mechanical alloying and semi-powder metallurgy
(SPM) processes, culminating in spark plasma sintering (SPS).
Microstructural analysis demonstrated a nearly uniform distri-
bution of CNTs within the Mg matrix. The findings high-
lighted significant enhancements in the hardness and ulti-
mate compressive strength (UCS) of the composites compared
to a pure Mg matrix. Additionally, introducing small amounts
of CNTs led to an approximate 50% reduction in the degra-
dation rate of the Mg composites when immersed in Kokubo-
simulated body fluid (SBF). The antibacterial evaluation also
demonstrated a preventive effect against the growth of E. coli
and S. aureus with the inclusion of CNTs in the Mg matrix.
These results endorse the potential of CNTs as an effective
reinforcement for Mg-2.5Zn—0.5Zr/CNTs biocomposites,
leading to notable improvements in mechanical, degradation,
and antibacterial performance.

The unique characteristicc CNTs make them advantageous
for enhancing metal-based nanocomposites in biomedical
applications. Their integration not only improves mechanical
and electrical properties but also confers significant biocom-
patibility benefits. This synergy capitalizes on the mechanical
robustness of metals combined with the unique attributes of
CNTs, facilitating the tailoring of biocompatible properties in
metal-based nanocomposites. Consequently, these materials
demonstrate superior mechanical strength, meeting specific
requirements of biomedical applications. The seamless fusion
of CNTs and metals provides versatile solutions for medical
devices, implants, and components, catering to diverse bio-
compatibility needs.

2.4. CNFs and their metal composites

Carbon nanofibers (CNFs) are a form of carbon nanomaterial
characterized by their high aspect ratio and unique structure,
where carbon atoms are arranged in a graphitic layered con-
figuration, forming cylindrical shapes. This arrangement
results in sp” hybridization, which provides CNFs with excep-
tional mechanical strength and electrical conductivity.*®%*%3
The structural integrity and versatility of CNFs make them
highly applicable in various biomedical fields, such as
scaffolds for tissue engineering due to their large specific
surface area and porosity and biocompatibility.**®
Additionally, their capacity for ease functionalization with
various chemical groups enhances their interaction with bio-
logical molecules. These properties can be used to create
highly sensitive and selective sensors for the detection of bio-
molecules, which is crucial for the early diagnosis and moni-
toring of diseases. In particular, CNFs can be coated with bio-
compatible polymers to improve their dispersibility in biologi-
cal fluids, making them effective carriers for targeted drug
delivery.®®

Jeong et al. proposed the use of Au NPs-loaded CNF (Au-S-
CNF) as functional additives that are capable of reinforcing
polycaprolactone (PCL) cardiovascular scaffolds and facilitat-
ing controlled drug delivery.®” The study demonstrates that the
inclusion of 0.5 wt% of Au-S-CNF, uniformly dispersed within
the PCL matrix, significantly improves the scaffold’s mechani-
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cal properties, with an elastic modulus of 169 MPa and tough-
ness of 334 ] cm™*, compared to bare PCL scaffolds. The appli-
cation of these reinforced PCL composites in the fabrication of
patient-specific cardiovascular drug-eluting scaffolds (CDECS)
using a three-dimensional (3D) printing technique, as illus-
trated in Fig. 6(a). The fabricated cardiovascular scaffolds
based on bare and 0.5 wt% functional additive reinforced PCL
showed that the struts had a well-faceted and uniform shape
and size (Fig. 6(b)). The feasibility of the proposed CDECS is
validated through real-time X-ray imaging, which confirms the
scaffold’s visibility in a mouse thoracic cavity (Fig. 6(c)).
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Fig. 6 (a) Prototype model of the custom-made 3D printing machine
that has been used for the fabrication of functional additives reinforced
PCL scaffold; (b) FESEM images of the bare and 0.5 wt% functional addi-
tives reinforced cardiovascular scaffolds, and optical images of the bare
and 0.5 wt% functional additives reinforced PCL cardiovascular scaffold
strut thickness and width. Inset shows the cross-sectional view of the
strut thickness and width; (c) fluorescent images of the proposed
cardiovascular scaffold at 30 min time points after the administration of
DOX-coated functional additives reinforced scaffold and NIR irradiation
(NIR: 808 nm wavelength and power of 3 W cm™2 for 10 min) and their
quantitative plots of change of area and photon flux. FA and CVS in
figures represents functional additives and cardiovascular scaffold,
respectively; cytotoxicity analysis of the fabricated bare and functional
additives reinforced cardiovascular scaffolds. Relative cell viability of
human umbilical vein endothelial cells (HUVECs) (d) vascular smooth
muscle cells (VSMCs) (e) after 1, 3, 7 day incubation with the bare and
0.5 wt% functional additives reinforced PCL cardiovascular scaffold with
and without NIR irradiation, respectively. n = 4 (for each cell type).
Reproduced with permission from ref. 87 Copyright © 2023 Elsevier. (f)
Cell proliferation by LDH proliferation assay. Reproduced with per-
mission from ref. 88 Copyright © 2023 Elsevier. (g) Au NP decoration by
electrochemical deposition; SEM image of Au NP decoration on the CF
surface and magnified Au NP images (HADDF) on the CF surface with
EDS analysis; (h) DA detection for electrochemical biosensors; SEM
images of CF encapsulated by biocompatible PEBAX and Au NP depo-
sition on the exposed CF cross-section. Scale bar: 10 pm.
Immunofluorescent images of 3T3 cultured around the CF/Au NP hybrid
structure in the same well (green: live, red: dead cells); after 48 h (left)
and 72 h (right). Reproduced with permission from ref. 89 Copyright ©
2022 ACS.
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Moreover, the study illustrates the dual functionality of these
scaffolds, which can be used as both a standard drug-eluting
cardiovascular scaffold (DECS) and an on-demand CDECS,
activated by a near-infrared (NIR) light source (Fig. 6(d and e)).

Nekounam et al. studied the effects of ZnO NPs on various
structural and non-structural properties of CNF meshes.*® The
study found that higher concentrations of ZnO NPs reduced
conductivity but improved surface wettability by approximately
19-33%. Additionally, both direct and indirect cytotoxicity
assays confirmed the excellent biocompatibility of the ZnO
NP-CNF composites. MG-63 cells showed strong attachment
and spreading across the surfaces of all tested nanocomposites
(Fig. 6(f)).

Lim et al. developed a hybrid Au NPs-loaded lyocell-based
carbon fiber composite (LCF/Au NP).** The LCF exhibited
impressive mechanical properties with a tensile strength of 3
GPa and a Young’s modulus of 28 GPa. Au NPs were electro-
chemically deposited onto the LCF surface from a biocompati-
ble aqueous solution, significantly reducing impedance and
increasing capacitive density due to the enhanced surface area.
The deposition process confined nanoscale cracks to the
surface of the LCFs, which did not adversely affect their
mechanical properties (Fig. 6(g)). The biocompatibility of the
LCF/Au NP hybrid was confirmed, highlighting its potential
for electrochemical biosensors. Specifically, the researchers
fabricated a carbon fiber-based dopamine (DA) monitoring
tool, where Au NPs on the LCF surface enhanced electro-
chemical performance (Fig. 6(f)). This structure successfully
detected DA with high sensitivity (0.320 pA pM™") and a limit
of detection (LOD) of 25 nM. Additionally, the structure
demonstrated appropriate selectivity under brain fluid
conditions.

Overall, the synergistic effect of CNFs and their metal com-
posites combines the mechanical robustness of metals with
the unique properties of CNFs, allowing for tailored biocom-
patibility in metal-based nanocomposites. These hybrid
materials exhibit superior mechanical strength and flexibility,
meeting specific requirements for various biomedical appli-
cations. The high surface area and porosity of CNFs promote
cell attachment and growth, making them ideal for tissue
engineering scaffolds. Additionally, the excellent electrical con-
ductivity of CNFs enhances the performance of biosensors,
enabling more sensitive and accurate detection of bio-
molecules, which is critical for early disease diagnosis and
monitoring. The functionalization can be used to develop drug
delivery systems that efficiently target specific cells or tissues,
thereby reducing side effects and improving therapeutic
outcomes.

2.5. Graphene and their metal composites

Metal composites play a pivotal role as critical elements in bio-
medical applications, going beyond mere structural support.
Their inherent properties, including biocompatibility and
durability, can be precisely tailored to meet specific require-
ments. Titanium (Ti) and hydroxyapatite (HAP) are widely used
in this field, with Ti being a preferred choice for medical
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implants due to its excellent strength, corrosion resistance and
natural bone bonding ability. A biocompatible ceramic, HAP
effectively mimics the mineral component of bone. Composites
of Ti and HAP are widely used in orthopedic implants, such as
hip and knee replacements, to improve the long-term stability
and integration of the implant into the human body. In addition,
graphene, recognized for its biocompatibility, is emerging as an
important reinforcing material in metal matrix composites. These
composites, especially those reinforced with graphene, are essen-
tial to improving the durability and integration of implants in
orthopedic applications.”>**

Graphene, a nanomaterial obtained by isolating a single
layer of graphite, is central to both fundamental and applied
research. The ideal graphene has a C-C bond length of ~0.14 nm
and a thickness of ~0.35 nm. Its structure consists of hexagonally
arranged carbon atoms forming a honeycomb lattice with = elec-
tron clouds and sp® hybridization.”>®* The importance of gra-
phene stems from its high surface area, exceptional electrical and
thermal conductivity, and superior chemical and mechanical pro-
perties. This versatility extends to various forms, including pure
graphene, graphene quantum dot (GQD), graphene oxide, and
reduced graphene oxide, each of which offers unique advantages
based on tunable surface chemistry and morphology.”®*° In par-
ticular, GQDs, with their sub-30 nm size and functional groups
such as hydrogen and oxygen, are utilized in free radical scaven-
ging, biomedical imaging, drug delivery, and photoelectric
applications.'®* In biomedical sensors, graphene is an integral
part of field-effect transistors (FETs) for chemical and biological
sensing.105-108 Graphene oxide is also used in gene therapy and
delivery, protecting vectors and DNA during transport.'®°® Also,
graphene coatings on biomedical implants improve surface pro-
perties, mechanical strength, durability, and biocompatibility.

Munir et al. developed Mg metal matrix composites
(MMCs) reinforced with graphene nanoplatelets (GNPs) using
a powder metallurgy (PM) approach. This study involved dis-
persing GNPs in different concentrations (0.1, 0.2, and
0.3 wt%), layer thicknesses (5 nm and 9 nm), and particle
sizes (15 pm and 5 pm) into Mg powder using high-energy ball
milling processes.'”” They evaluated corrosion resistance
through electrochemical tests and hydrogen evolution
measurements and conducted cytotoxicity studies using osteo-
blast-like SaOS, cells. The research highlighted the effective-
ness of GNPs as reinforcements in Mg matrices, particularly
for the fabrication of biodegradable Mg-based composite
implants. The incorporation of GNPs improved the mechanical
properties of Mg through synergistic strengthening mecha-
nisms. In addition, maintaining the structural integrity of
GNPs during the manufacturing process improved the duct-
ility, compressive strength, and corrosion resistance of the
composites. Importantly, cytotoxicity evaluations indicated no
significant toxicity from GNPs in Mg matrices.

Sharma et al. fabricated AZ31 (an alloy containing 3 wt% Al
and 1 wt% Zn) reinforced with various weight percentages of
graphene nanoplatelets (GNPs).'*® The reinforcement with 0.5,
1.5 and 3 wt% GNPs was carried out by powder metallurgy
(PM) followed by sintering and hot extrusion. The objective of
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this study was to evaluate the effect of GNP content on the
mechanical properties, microstructure, and wear resistance of
AZ31 with a particular focus on biomedical applications. In
particular, a significant increase in porosity was observed at
3 wt% GNP, indicating agglomeration and dispersion of GNPs
within the metal matrix composite (MMC). Among the three
samples, the lowest elongation was observed at 3 wt% GNP,
indicating improved mechanical properties of the MMC. The
research also revealed that toxicity increased with higher levels
of GNP in AZ31. This research provided insight into the bio-
medical potential of the material through a series of tests,
including tensile, microhardness, compression and wear tests.

Shahin et al synthesized magnesium-based nano-
composites (MNCs) with matrices of Mg, sZr and Mg sZr,Zn
(x = 1-5 wt%) reinforced with various concentrations
(0.1-0.5 wt%) of GNPs.'® Employing PM, they thoroughly
assessed the nanocomposites’ mechanical and corrosion
characteristics. Their findings revealed trends linked to GNP
concentration in Mgy sZr matrices. Specifically, increasing
GNP content from 0.2 wt% to 0.5 wt% in Mg, sZr matrices
decreased compressive yield strength and corrosion resistance
in Hanks’ balanced salt solution (HBSS). Conversely, adding
4-5 wt% Zn to Mgy 5Zr, 1GNP improved ductility but reduced
compressive yield strength. The optimal results were achieved
with 0.1 wt% GNPs in Mg, sZr;Zn matrices, exhibiting com-
pressive strength (387 MPa) and yield strength (219 MPa).
Notably, Mg, sZr,Zn, GNP and Mg, sZr;Zn, ;GNP nano-
composites showed experimental yield strengths approxi-
mately 29% and 34% higher, respectively, than the theoretical
yield strength of Mg, sZr, GNP, attributable to synergistic
strengthening mechanisms, including differences in thermal
expansion, elastic modulus, particle geometry, grain refine-
ment, load transfer, and the precipitation of GNPs within the
Mg matrices. They also investigated corrosion rates in
Mg, 5Z11Zn, 1GNP, Mg, sZr;Zn, ;GNP, Mg, sZr,Zn, GNP, and
Mg, 5Z1r5Zn, 1GNP, using potential dynamic polarization, with
rates ranging from 4.1 mm per year to 8.0 mm year. These
results highlight the potential of GNPs in enhancing both
mechanical properties and corrosion resistance of Mg-Zr-Zn
matrices for biomedical applications.

The incorporation of graphene coatings into metal compo-
sites for biomedical applications represents a promising
avenue for advancing the field. The synergistic combination of
graphene’s unique properties with the mechanical strength of
metals offers comprehensive improvements in surface pro-
perties, mechanical robustness, durability, and biocompatibil-
ity for biomedical implants. This amalgamation holds signifi-
cant potential for developing next-generation medical devices,
implants, and components capable of addressing various chal-
lenges and requirements in the biomedical field.

2.6 DLC and their metal composites

DLC has gained widespread recognition across various aca-
demic and industrial sectors due to its exceptional stability,
inert nature, and superior tribological and mechanical pro-
perties. Its inherent hardness and wear resistance make DLC

This journal is © The Royal Society of Chemistry 2024
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an ideal choice for dental and orthopedic implants.''®*"?
Additionally, its excellent biocompatibility renders it invalu-
able in biomedical applications. Structural analysis indicates
that DLC possesses an amorphous structure characterized by
varying ratios of sp” and sp® bonded carbon atoms, often
incorporating hydrogen.""*>"* The amorphous matrix predo-
minantly features sp® nodules within an sp*bonded matrix. In
contrast, graphite exhibits predominantly sp> bonding in a
planar configuration, where each carbon atom forms a double
bond and two single bonds, mostly with other carbon atoms.
sp® bonded carbon atoms adopt a tetrahedral arrangement,
forming three single bonds. The diverse combinations of
carbon bonding types endow DLC coatings with unique pro-
perties, the application of which depends on the concentration
and arrangement of these elements."*>""” The intermediate
properties of DLC, lying between diamond and graphite,
include higher hardness, lower friction coefficient, exceptional
tribological properties, and reduced wear rate."**"*° The role
of DLC in biomedicine is particularly important, offering
hemocompatibility, anticancer potential, antithrombogenic
properties, and antibacterial effects.

DLC coatings on metal composites have achieved signifi-
cant recognition for enhancing the mechanical, tribological,
electrical, optical, and biomedical characteristics of materials
in biomedical engineering."'>'*""'**> Their application in the
medical sector is particularly noteworthy due to their combi-
nation of high hardness, low friction coefficient, minimal wear
rates, and proven biocompatibility.">***> Thus, DLC coatings
present a compelling option for various artificial implants,
including hip and knee joints, bone plates, heart valves, heart
diaphragms, stents, and splints.'>*™>°

However, pure DLC coatings lack inherent in vivo anti-
inflammatory properties. To overcome this limitation, they are
often augmented with elements like silver (Ag), Titanium (Ti)
tungsten (W), copper (Cu), platinum (Pt), zinc (Zn), and other
metal ions, recognized for their biocompatibility, genotoxicity,
antimicrobial properties, hemocompatibility, and ability to
inhibit bacterial and tumor growth."*°***> However, excessive
metal content has been found to be cytotoxic to human cells,
making systematic cytotoxic profiling of metal/DLC composites
an important area of research.

Zhang et al. conducted a study on a series of Ti/Ti-DLC
films carefully deposited onto monocrystalline Si substrates
through a dual-magnetron sputtering process (Fig. 7(a-d))."*?
The research aimed to investigate the influence of Ti content on
the properties of these films and their suitability for various
medical applications. They observed that when the Ti content
reached 4.43 atom%, the introduction of Ti into the DLC matrix
triggered the formation of a TiC phase. This transition was
accompanied by a gradual increase in surface roughness as the
Ti content increased. Remarkably, Ti-DLC films containing
17.13 atom% Ti exhibited significant improvements in adhesion
strength and surface hardness, indicating enhanced mechanical
properties. Importantly, the study revealed that the optical den-
sities (ODs) of the various Ti-DLC films remained comparable,
indicating that these films retained biocompatibility regardless
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Fig. 7 (a) Cross-sectional SEM morphologies of Ti/Ti-DLC films pre-
pared with varying Ti contents; (b) hardness and elastic modulus of Ti-
DLC films as a function of Ti content; (c and d) cell proliferation on Ti-
DLC films with different Ti contents. The data represent mean values
with SD indicated. The "*" above the bar indicates statistical significance
compared to the control group (P < 0.05). Reproduced with permission
from ref. 133 Copyright © 2020 ACS. (e and f) Stress and hardness of the
DLC film and Ag-DLC films with different Ag concentrations; (g) friction
coefficients of the DLC film and Ag-DLC films with various Ag concen-
trations; (h) indentation morphologies of the DLC and Ag-DLC films as-
deposited and after 300 days of immersion in PBS. Reproduced with
permission from ref. 134 Copyright © 2021 Elsevier. (i and j)
Biocompatibility of pure DLC, pure Ag, and Ag/DLC extracts obtained
following 72 h and 168 h of leaching in undiluted (100%) DMEM and
50% diluted DMEM culture media, assessed on L929 mouse fibroblasts
after 72 h of incubation, and (k) corresponding ion release concen-
trations measured with ICP-OES. Negative controls included Blank
DMEM, Ti, and Glass extracts, while positive controls included Cu
extracts and 10% DMSO. Reproduced with permission from ref. 112
Copyright © 2023 Elsevier.

of their Ti content. This pivotal finding underscores the
promise of Ti-doped DLC films for medical applications, as they
offer a favorable balance of enhanced mechanical properties, as
indicated by the elastic modulus, hardness, adhesion strength,
and surface roughness while maintaining the essential attribute
of biocompatibility.

Jing et al. prepared silver (Ag)-doped diamond-like carbon
(Ag-DLC) films using a hybrid deposition technique that com-
bined high-power pulsed magnetron sputtering (HPPMS) and
high-power pulsed plasma-enhanced chemical vapor depo-
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sition (HPP-PECVD) (Fig. 7(e-h))."** These films were de-
posited on Si wafer and Co-Cr-Mo alloy substrates, with Ag
concentrations varying from 0.0 to 10.0 at%. Control of the Ag
concentration was achieved by adjusting the number of Ag
rods in the silver-graphite target mosaic. The study involved a
comprehensive analysis of the impact of Ag doping on the
microstructure, chemical bonding, mechanical properties, and
adhesion stability of the DLC films. Notable findings indicated
that Ag doping refined the columnar structure within the DLC
films, leading to changes in the shape and size of DLC surface
hillocks. With increasing Ag concentration, the residual stress
within the DLC films diminished, enhancing the adhesion to
the substrates. A significant outcome was that the proportion
of sp® bonds in the carbon structure decreased as Ag concen-
tration increased, resulting in reduced film hardness when Ag
exceeded 3.2 at%. However, Ag doping improved the wear per-
formance of DLC films, with the 3.2 at% Ag-DLC film demon-
strating exceptional wear resistance. Additionally, Ag-DLC
films exhibited superior adhesion stability in physiological
solutions compared to pure DLC films, a crucial factor for
their long-term performance in in vivo applications.

Zia et al. investigated Ag-enriched diamond-like carbon (Ag/
DLC) coatings for medical applications. The introduction of Ag
has been pivotal in enhancing the biocompatibility and anti-
microbial properties of DLC, with higher Ag concentrations
also improving hemocompatibility and inhibiting tumor
growth (Fig. 7(i-k))."** Their study employed a novel co-sputter
deposition to create Ag-enriched DLC coatings with Ag content
levels of 17, 40, and 65 at%. A key aspect of their research was
assessing the biocompatibility of Ag/DLC coatings, involving
analysis of Ag ion release rates in Dulbecco’s modified Eagle’s
medium over 72 and 168 h. The study utilized inductively
coupled plasma optical emission spectroscopy and correlated
the findings with biocompatibility profiles using the
L929 mouse fibroblast cell line. Electron Dispersive X-ray
(EDX) mapping revealed a uniform distribution of Ag within
the DLC matrix. XRD diffraction patterns showed amorphous-
like behavior for the 17 at% Ag/DLC coating, while the 40 and
65 at% Ag/DLC coatings displayed notable Ag crystallinity. A
critical observation was that the 65 at% Ag/DLC coating, with a
leached Ag ion concentration of 8 ppm, compromised biocom-
patibility. In contrast, the 17 at% Ag-enriched DLC coatings
are deemed safe for biomedical applications and remained
biocompatible even after prolonged ion leaching periods of
168 h and exhibited less significant mechanical property
degradation compared to the 40 and 65 at% Ag/DLC coatings,
which saw a decline of over 50%.

3. Figure-of-the merit of carbon
materials and their metal composites
for biomedical applications

Hybrid carbon/metal composites have garnered significant
attention in the biomedical field due to their combined pro-
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perties, which address the limitations of single-material
systems. The integration of carbon materials with metals
results in composites that are not only mechanically robust
but also electrically conductive and biocompatible.

The figure-of-merit (FOM) is crucial for selecting materials
to create hybrid carbon/metal composites for biomedical
applications. It provides a comprehensive evaluation of key
properties including mechanical strength, electrical conduc-
tivity, biocompatibility, functionalization potential, anti-
microbial properties, and thermal conductivity. This assess-
ment ensures the chosen materials meet specific application
requirements, optimizing performance and safety. By high-
lighting the strengths and weaknesses of each material, the
FOM plays a vital role in designing hybrid composites that
leverage the synergistic benefits of both carbon and metal
components, enhancing their performance and safety in
specific demands of biomedical applications.

Table 1 summarizes the FOM for various carbon and metal
materials in biomedical applications, highlighting key pro-
perties such as mechanical strength, electrical conductivity,
biocompatibility, functionalization potential, antimicrobial
properties, and thermal conductivity. These properties are
critical for evaluating material performance in applications
like biosensors, neural interfaces, and implants, and for
enhancing interactions with biological systems while prevent-
ing infections. For carbon materials, fullerene offers unique
antioxidant properties and potential for drug delivery, while
CQDs stand out for their fluorescent properties and ease of
functionalization, making them ideal for imaging and biosen-
sing applications. CNTs are known for their exceptional
mechanical strength and electrical conductivity, making them
perfect for reinforcing metal matrices. Their high surface area
and ability to be functionalized with bioactive molecules
enhance their suitability for biomedical applications. CNFs
offer high mechanical robustness and porosity, promoting cell
attachment and growth, which is particularly beneficial for
tissue engineering scaffolds. Graphene’s superior mechanical,
thermal, and electrical properties, combined with its large
surface area, make it an excellent candidate for various bio-
medical applications, including drug delivery and biosensing.
DLC, a 3D carbon material, provides high hardness and wear
resistance, enhancing the durability of implants and devices.
Its moderate biocompatibility and potential for surface
functionalization make it suitable for a range of biomedical
applications. Regarding metals, Au NPs are highly biocompati-
ble and stable, with strong antimicrobial properties, and are
easily functionalized, making them suitable for a wide range
of biomedical applications. Ag NPs also possess excellent anti-
microbial properties, crucial for preventing infections in
medical devices and implants; however, their cytotoxicity at
high concentrations requires careful control of their release
rates. Ti and TIO, are renowned for their mechanical strength,
corrosion resistance, and biocompatibility, ideal for orthope-
dic and dental implants, especially when integrated with
carbon materials for enhanced properties. Zn is notable for its
biodegradability and essential role in wound healing. Its high

This journal is © The Royal Society of Chemistry 2024
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Synergistic properties, enhanced

multifunctionality

High (8)

High (9)

High (10)

High (9) Excellent (9)

Superior (10)

Hybrid composites
(carbon-metal)

The numbers in parentheses indicate the degree of weakness (1) to strength (10).
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antimicrobial properties and moderate mechanical strength
make it suitable for temporary implants and devices benefiting
from controlled degradation. Hybrid composites combine the
advantageous properties of both carbon and metal materials,
resulting in enhanced mechanical strength, biocompatibility,
and multifunctionality. These composites can be tailored for
specific applications, such as tissue engineering scaffolds,
drug delivery systems, and biosensors, by selecting appropriate
carbon and metal components based on their FOM. For
instance, incorporating Au NPs into a carbon matrix like fuller-
ene or CQDs leverages their ability to control drug release
through pore structure and surface chemistry, along with their
antimicrobial properties, while mitigating cytotoxicity via con-
trolled release mechanisms—ideal for targeted therapy.
Combining CNTs with metals such as Ti significantly
enhances the composite’s mechanical properties and biocom-
patibility, providing robust scaffolds that support cell growth
and tissue regeneration, ensuring long-term performance and
safety in medical implants. Integrating graphene with Au or Ag
NPs improves both electrical and thermal conductivity, crucial
for biosensors and neural interfaces, thus enhancing sensi-
tivity and accuracy for early disease diagnosis and monitoring.
Additionally, hybrid composites can be functionalized with
bioactive molecules to improve cell adhesion and growth,
essential for tissue engineering and drug delivery applications.
The careful integration and functionalization of these
materials are key to maximizing their potential in advancing
biomedical technologies.

4. Summary and outlook

Carbon-based metal nanocomposites surpass traditional
metallic biomaterials, offering integrated advantages such as
improved mechanical performance, enhanced biocompatibil-
ity, and facile surface modification for biomedical appli-
cations. These properties can be tailored to specific require-
ments. These advancements are categorized based on the
dimensions of carbon materials, including fullerene and their
metal nanocomposites, CQDs and their metal nano-
composites, CNFs and their metal nanocomposites, CNTs and
their metal nanocomposites, graphene and its metal nano-
composites, and DLC and its nanocomposites.

Among carbon-based materials, fullerenes are composed of
carbon atoms arranged in a hollow spherical or tubular struc-
ture. Due to their high electron affinity and exceptional chemi-
cal stability, fullerenes have emerged as promising materials
for a wide range of applications in nanotechnology and bio-
medical fields. In particular, fullerenes have shown potential
in drug delivery systems and photodynamic therapy. The
ability of fullerenes to cross cell membranes and localize to
specific cellular compartments enables targeted drug delivery
that enhances therapeutic efficacy while minimizing systemic
toxicity. The incorporation of fullerenes with metals to form
hybrid nanocomposites has demonstrated high conductivity
and catalytic activity, making them suitable for biomedical

Nanoscale, 2024, 16,16313-16328 | 16323


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr02059f

Open Access Article. Published on 07 August 2024. Downloaded on 3/12/2026 5:31:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

applications. However, fullerenes are inherently hydrophobic
and have a highly stable structure, which presents challenges
for biodegradation in biological systems. Therefore, extensive
research is required to elucidate the degradation pathways and
by-products of fullerenes in vivo, as well as their distribution
and excretion in biological environments.

CQDs, due to their nanoscale dimensions, offer significant
advantages, particularly their exceptional biocompatibility,
which facilitates seamless integration into biological systems
without adverse effects. The tunable optical properties of
CQDs, including photoluminescence, electrochemilumine-
scence, and varied electrochemical behaviors, combined with
the functionalities of metal nanoparticles, are extensively
applied in detecting biomacromolecules such as DNA, RNA,
proteins, and glucose. This synergy results in superior selecti-
vity and sensitivity, creating a versatile platform for bioimaging
and diagnostic applications.

Additionally, leveraging the substantial surface area and
impressive mechanical strength of CNTs, CNT-metal nano-
composites markedly improve biocompatibility and cellular
interactions. However, it is essential to recognize that certain
CNT types may cause inflammation. Nonetheless, their versa-
tile properties make them suitable for a wide range of bio-
medical devices, from imaging to tissue engineering.
Moreover, the integration of CNTs’ electrical conductivity with
metal complexation opens new avenues for exploring highly
sensitive biomolecule detection, paving the way for advanced
biosensors and diagnostic tools in biomedicine.

Functionalized CNFs offer significant advantages in bio-
compatibility and cellular interactions due to their high
surface area and exceptional mechanical strength. The electri-
cal conductivity of CNFs integrated with metallic elements
paves the way for highly sensitive biomolecule detection. In
addition, numerous studies have demonstrated the ability of
CNFs to enhance the efficacy and chemosensitization of anti-
cancer drugs against various types of tumors while minimizing
side effects. Although applications of CNFs in biomedical
fields are still more limited compared to other carbon-based
materials, there is an urgent need for further research and
exploration to fully elucidate and exploit the potential benefits
of CNFs.

Graphene-metal nanocomposites possess a unique set of
advantages attributed to graphene’s exceptionally high surface
area, electrical conductivity, mechanical strength, and distinc-
tive 2D structure, which promotes exceptional cellular activity.
The surface chemistry of these nanocomposites can be pre-
cisely customized, enhancing their interaction with biological
entities. This customizability is particularly beneficial in tar-
geted drug delivery for therapeutic applications. Moreover, GO
and its derivatives demonstrate biocompatibility in both
in vitro and in vivo environments and possess antibacterial pro-
perties, making them valuable in fields like tissue engineering.
In enhancing antibacterial activity, these nanocomposites are
utilized in photothermal therapy, where their synergy with
laser light significantly improves their efficacy against bacterial
agents.
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DLC-metal nanocomposites exhibit superior hardness and
wear resistance, enhancing the durability and longevity of bio-
medical devices. These properties make them particularly suit-
able for a variety of applications such as implants, artificial
joints, bone engineering, and scaffold reinforcement.
Additionally, DLC-metal nanocomposites are invaluable as
wear-resistant coatings for medical devices, including orthope-
dic and dental implants, ensuring their extended functionality
and reliability in clinical settings.

Despite their advantages, researchers recognize the critical
need for comprehensive, long-term stability studies to ensure
the reliability and safety of carbon nanomaterials in bio-
medical applications. Although substantial research has been
conducted, it is important to acknowledge that this field is
still nascent, with many biocompatibility studies being short-
term relative to the human lifespan. Therefore, it is crucial to
address the toxicity and side effects of carbon-based metal
nanocomposites by developing methods to modify functional-
ities. This necessitates conducting in-depth and extended
studies focusing on biocompatibility and cellular-level toxicity,
rather than solely on genetic interactions, to thoroughly assess
the safety and potential risks associated with their biomedical
use.

Carbon materials and their metal composites take advan-
tage of synergistic effects between the two components to
provide properties not achievable by either material alone.
Firstly, the integration of metals with carbon materials signifi-
cantly increases mechanical strength. Doping carbon materials
with metals strengthens the interfacial bond, improving
tensile strength and Young’s modulus. As a result, these
hybrid composites are ideal for load-bearing biomedical appli-
cations, such as bone scaffolds and dental implants, where
mechanical robustness is critical. Secondly, the electrical con-
ductivity of carbon materials can be significantly improved
through metal integration. The use of relatively non-toxic con-
ductive metals provides conductive pathways at the carbon-
metal interface, enhancing electrical properties. Improved
electrical conductivity ensures fast and precise signal trans-
mission, enhancing the performance and sensitivity of bio-
medical devices such as biosensors and neural interfaces.
Finally, the antimicrobial properties of metal components
combined with carbon materials open new avenues for infec-
tion prevention in biomedical applications. Integrating carbon
materials with metal nanoparticles, recognized for their potent
antimicrobial effects, results in composites that effectively
disrupt bacterial cell membranes and inhibit microbial DNA
replication. This provides a robust defense against infection.
In addition, these hybrid composites retain and even enhance
the inherent benefits of carbon materials, such as high surface
area, mechanical strength, and biocompatibility.

In summary, this review highlighted significant advance-
ments in the use of carbon nanomaterials in biomedicine, par-
ticularly in integrating metal nanoparticles and developing
hybrid composites for various applications. The synergistic
interaction between the unique properties of carbon nano-
materials and metals positions them as vital tools at the fore-
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front of biomedical applications. This combination extends its
influence across multiple domains, including diagnostics,
imaging, drug delivery, and tissue engineering. As detailed in
this article, the integration of carbon nanomaterials and
metals heralds a promising era in biomedical research, spur-
ring innovation and expanding possibilities for healthcare
technologies.
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