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Abstract: Carbonaceous materials have gained significant attention in recent years for their various
applications in the field of medicine and biotechnology. This comprehensive review explores the synthesis and
characterization of carbon-based materials and their potentials in various medical applications. The paper
delves into the methods of fabrication of carbon-based nanoparticles, such as carbon nanotubes, biochar, and
graphene, while highlighting their unique properties. Characterization techniques, such as microscopy,
spectroscopy, and surface analysis, are discussed to provide insights into the chemical and structural properties
of these materials. Furthermore, the review examined their wide-ranging medical applications, encompassing
tissue engineering, drug delivery, biosensing, and imaging, showcasing the versatility and promising
contributions of carbonaceous materials in the healthcare industry. The review outlines the current challenges
and prospects in the field, emphasizing the growing significance of carbon-based materials as valuable tools in
advancing medical science and technology, as well as public health.

Keywords: Carbonaceous material; magnetic nanocomposite; nanoparticle; tissue engineering;
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1. Introduction

In recent times, the realm of material science has witnessed a burgeoning interest in
carbonaceous materials for their unique properties and diverse applications. Carbon as an elemental
building block of life[1], and among the most abundant element on the earth’s surface[2], has gained
huge attention for its versatility and adaptability. In the field of medicine, the emergence of
carbonaceous materials has revolutionized the landscape of diagnostics, drug delivery, bio-marking,
and tissue engineering. Carbonaceous materials, encompassing a broad array of structures such as
carbon nanotubes, carbon dots, graphene, etc., have been harnessed for their exceptional properties
which include biocompatibility, high surface area, and unique optical and electronic
characteristics.[3-5] The integration of carbonaceous materials in medical technologies opens up new
frontier for precision medicine, enabling the development of innovative approaches that promise to
enhance patient outcomes and the quality of healthcare. As a result of this, many researchers have
been attracted to this interesting subject area.

Chella et al., synthesized a composite carbonaceous material called MnFe2Os-graphene via
solvothermal method for the investigation of its adsorption and antimicrobial properties. The results
showed that the combination of graphene carbonaceous material and MnFe204 has a good adsorption
efficiency for toxic heavy metal ions and high antimicrobial effects.[6] In a related work involving a

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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catalyzed reaction under visible light; Feng et al., synthesized an activated carbon through a simple
calcination technique and used it to make a composite with g-CsNs in the form of “activated carbon/g-
CsNy4”. Their result showed that the composite showed higher catalytic performance compare to g-
CsNs without carbonaceous material incorporated in it, indicating that the activated carbon material
is responsible for the enhanced catalytic activity of the synthesized material.[7] Magnetic biochar was
equally found effective for toxic heavy metal removal as synthesized by Reddy and Lee.[8]

The purpose of this review is to provide a comprehensive overview of the synthesis and
characterization of carbonaceous materials with a specific focus on their application in the field of
medicine. This review aims to throw light into the various synthesis techniques, such as chemical
vapor deposition (CVD) and chemical reduction methods, in addition to characterization techniques
employed to assess the structural, morphological, and surface properties of the materials.
Additionally, it explores the critical aspect of biocompatibility and safety evaluation, shedding light
on the intricate balance between harnessing the unique properties of carbonaceous materials and
ensuring their safe application in medical field. This has a vital importance since the significance of
this review lies in its ability to offer insights into the past, present, and future of carbonaceous
materials in medicine. It equally explores their historical development, current medical applications,
and emerging trends. Furthermore, we will discuss the challenges and limitations that researchers
and medical practitioners face when working with carbonaceous materials, providing a foundation
for the development and future directions in the use of different carbonaceous materials in the field
of medicine.

1.1. The History of Carbonaceous Materials (CMs)

Carbon has been widely researched since the 19th century. The development of carbonaceous
materials to date is shown in Figure 1. In the year 1773, Car Wilhelm, a Pomerania Chemist from
Baltic coast of Europe under Swedish control, first recognized the absorptive power of carbon-
derived materials from different sources[9], this led to commercial production of activated carbon
under the trade name Eponit by Fanto in Austria[10]. About 1948, Ruess and Vogt[11] successfully
detected a few layers of graphite via transmission electron microscopy (TEM). In 1957, Hummers and
Offeman[12] developed a new, safe and efficient method of preparing graphite oxide when he
synthesized the compound via the usual poisonous experiment[13]. The idea of a single layer
graphite sheet as described by Boehm[14] in 1962 and by some theoretical physicists[15], having a
massless Dirac equation in 1984 was considered incredible in that era. As carbon materials evolve,
the fullerene having a typical football-shape was discovered by Smally[16] in 1985, which was a
laudable breakthrough in the scientific world, this fetched him a Nobel Prize award in 1996. This was
the first carbon allotropy which inspired scientists around the world in exploiting carbon materials.
The word “graphene’” was introduced in 1987 by Mouras[17] to represent single sheets of graphite. By
the turn of 1911, another carbon allotropy called carbon nanotubes (CNTs) was later discovered by
Lijima[18]. More than a decade later, a monolayer graphene was developed in 2004 by Geim and
Novoslov[19] in the Manchester University using a Scotch tape technique. Their work paved way to
many exciting scientific research into the two dimensional material, which could offer many novel
applications. A Nobel Prize was awarded to Geim and Novoslov in 2010 for their experimental work
on graphene. To date, the different graphitic forms, such as 0D fullerene, 1D carbon nanotubes, 2D
graphene and 3D graphite, magnetic carbonaceous materials (MCs), N-doped graphite (NGt), N-
doped graphene (NG), and N-doped carbon nanotube (NCNT)[20] had successfully been discovered.

do0i:10.20944/preprints202406.1811.v1
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Figure 1. Carbonaceous Materials Development Trend; Authors’ figure; copyright permission not
required.

1.1.1. Development of Carbonaceous Materials in Medicine

The historical development of carbonaceous materials in medicine is a fascinating journey that
has evolved over several decades. While the use of carbon-based materials in medicine dates to
ancient times, the deliberate exploration and development for medical applications gained
momentum in the 20t century. One of the simplest and earliest forms of carbonaceous materials
engaged for medicinal purposes for centuries is charcoal[21]. It was utilized for its adsorptive
properties, often to treat digestive tract ailments by adsorbing toxins and gases. This practice date
back to ancient times as far back as ancient Greeks and Egypts[22]. In the writings of the ancient
Greek physician Hippocrates, often referred to as the father of modern medicine, he described the
use of charcoal as a remedy for odors, wounds, and ulcers[23]. Another ancient reference to the use
of charcoal dated back to around 1500 BC found in the Ebers Paryrus, an ancient Egyptian medical
text, where the use of charcoal to treat a variety of medical conditions, including infections and other
gastrointestinal ailments was reported[21]. The late 19th century marked the discovery and synthesis
of novel carbon-based materials, such as carbon nanotubes and fullerenes (buckyballs). These
materials exhibited remarkable properties, including high surface area, electrical conductivity, and
biocompatibility[24]. Researchers began exploring the potential of carbon nanotubes in drug delivery
systems, scaffolds for tissue engineering, and as sensing devices. Early to mid-20th century saw the
initial applications of activated carbon for medical purposes. Activated carbon was employed to
address poisonings and overdoses by adsorbing toxins in the digestive system[25][26] .The
development of activated carbon filters for gas masks during World War I marked a significant
milestone in protecting soldiers from chemical/gas weapons [27,28]. Activated carbon was first used
in medicine in the 1930s and 1940s to treat poisoning and drug overdoses [25,26]. This was possible
because of the high porosity of activated carbon e.g. sugarcane bagasse-based activated
carbon(SCBAC) as presented in the SEM image[29] in Figure 2. Another landmark development
recorded in the 20 century was the development of carbon-based implants for use in orthopedic
surgery. These implants composed of materials such as carbon-carbon. Composite and carbon-fiber
reinforced polymer, have been effectively used to repair injured bones or joints[30].
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Figure 2. SEM image of SCBAC at different magnifications with (a) 70x, and (b) 200x showing high

porosity of activated carbon. Reproduced with permission from Mohamed et al. [29] Copyright © 2015
A&WMA.

The late twentieth and early twenty-first century saw a surge in research on carbonaceous
materials in medicine, particularly in the field of nanomedicine. This led to the emergence of
Graphene, another carbon allotrope with unique properties for various applications. Also discovered
are Carbon quantum dots and Nanodots which gained attention as fluorescent imaging agents in
medical diagnostics[31,32]. Carbonaceous materials played a significant role in the development of
biosensors for detecting biomolecules and pathogens with high sensitivity and specificity[33,34]. The
concept of theranostics (combination of therapy and diagnostics) using multifunctional
nanoparticles, became a reality with the integration of carbonaceous materials[35]. The current and
future prospects of carbonaceous materials, such as carbon nanotubes, nanodiamonds and graphene,
are in their being explored for targeted drug delivery, personalized medicine, and the development
of novel cancer therapies[36-38]. Carbon-based materials are integral to the development of wearable
and implantable medical devices, offering enhanced biocompatibility and improved
performance[39]. The historical evolution of carbonaceous materials in medicine shows a remarkable
move from conventional uses of charcoal to the cutting-edge applications of carbon nanotubes and
graphene in nanomedicine. As our comprehension of these materials continues to expand, so does
their potential to transform the field of medicine by enabling precise diagnostics, innovative
therapies, and improved patient care. Ongoing research and development in this area hold the
promise of addressing some of the most challenging medical issues prevalent today.

1.2. Synthesis and Characterization of Carbonaceous Materials for Medical Applications

Carbonaceous materials encompass a wide range of carbon-based materials exhibiting various
structures, each with unique properties and characteristics. Understanding the synthesis, properties
and characteristics of these carbonaceous materials is fundamental to their integration into medical
applications. These materials have a wide range of properties and applications resulting from the
diversity of carbon allotropes and the ability to form complex molecular structures[40].
Understanding the different types of CMs and how they differ from each other, as well as their
various structures would further enhance their specialized applications in the field of medicine[41].

1.3. Various Synthesis Approach of Carbonaceous Materials

1.3.1. Chemical Vapor Deposition (CVD)

Chemical Vapor Deposition (CVD) is a versatile approach for producing a wide range of carbon-
based materials, including carbon nanotubes (CNTs), graphene, carbon fibers, and other carbon
nanostructures. Figure 3 showed a schematic illustration of CVD method. This approach involves the
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deposition of carbon atoms on the surface of a substrate from a gaseous precursor. It allows for precise
control over material structure, composition, and morphology. This usually occurs at high
temperature in the presence of a catalyst. CVD is widely used for the controlled growth of carbon
nanotubes (CNTs) and graphene[42]. Precursor selection CVD produces carbonaceous materials by
decomposing gaseous precursors onto a substrate. These precursors can be hydrocarbons like
methane, ethylene, or acetylene, as well as other carbon-containing gases like carbon monoxide. The
properties of the resulting carbon material are determined by the precursor used[43]. The principles
of CVD for carbonaceous materials synthesis largely hinges on substrate choice. The substrate on
which the carbonaceous material grows has a significant impact on the structure and qualities of the
resulting material. Silicon, quartz, metals, and different carbon substrates are examples of common
substrates[44]. Reaction conditions such as controlling temperature, pressure, gas flow rates, and
other parameters are critical to obtaining the appropriate development of carbonaceous materials.
Different reaction circumstances can cause differences in the structure, shape, and characteristics of
synthesized materials[45,46].

Gas precursor inlet

Pressure guage |

Heating zone

= Exhaust

Reaction Chember

Figure 3. Schematic illustration of CVD method. Authors’ figure: copyright permission not required.

Saipriya Sahu et al, 2024, synthesized and investigated hydrogen storage capacity of carbon
nano-onion by thermal CVD for the purpose of energy storage[47]. Li and co-workers [48] engaged
direct growth on metal surfaces approach to grow graphene directly on metal surfaces like copper or
nickel. This method typically involves the decomposition of hydrocarbons such as methane or
ethylene at high temperatures. However, catalysed-assissted growth method used by Renal et. al
2008, which involves using catalysts such as transition metals to facilitate graphene growth, lead to
controlled growth and higher quality graphene[49]. Researchers have explored methods to grow
graphene in patterned regions, allowing for precise control over the material's spatial
distribution[50]. One of the earliest CVD methods for CNT synthesis involves arc discharge between
two graphite electrodes in an inert atmosphere, this method can produce multi-walled carbon
nanotubes[51]. Recent Advances in CVD Synthesis of Carbonaceous Materials are works done by
Gao, L. et al; 2010[52], they created an ambient pressure chemical vapor deposition (CVD) system for
the rapid synthesis of high-quality graphene sheets on Cu foils. This CVD method allows for the
affordable and high-throughput creation of high-quality graphene sheets, for the need of large-area
graphene growth which is required for the development and production of electronic devices Li et
al.[53] demonstrated successfully the growing of large-area graphene or few-layer graphene films on
metal substrate such as Ni and Cu. However, despite significant progress, challenges remain in
achieving large-scale production, enhancing the uniformity, and controlling the properties of
carbonaceous materials synthesized through CVD. Future research directions include exploring new
precursors, creating advanced catalysts, and optimizing growth conditions to enhance the scalability,
efficiency, and quality of carbonaceous materials synthesized via CVD method.

1.3.2. Chemical Reduction Methods
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Carbonaceous materials can be synthesized via a variety of chemical reduction methods,
including hydrothermal synthesis, solvothermal synthesis, and chemical vapor deposition (CVD) as
shown in Figure 4. It is a popular technique in research labs for synthesizing nanoparticles [54] [55]
[56].Because of its affordability, simplicity of usage, and capacity to regulate the nanoparticles'
structural characteristics, this approach is recommended. To regulate the synthesis process, several
elements are used, including solvents, reducing agents, stabilizers, and metal precursors. The final
properties of the nanoparticles can be modified by varying the synthesis conditions and techniques.
Hydrothermal synthesis is the reaction of precursors in a high-pressure, aqueous environment at high

temperatures.
Step6: Cooling and Decomgms:on-Aﬂer the deslred
reaction time, cool the autoc| to roomt:
~— and y rel the to ic
Step1 F_MEMM Dissolve a conditions. This step allows the carbonaceous
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ng
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=t = solid carbonaceous materials from the solution. Wash
mﬂ,-Depemﬁnq on the desired pmne!hps owm the obtained solid materials with water or other
carbonaceous material solvents to remove any residual impurities.
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Carbonization
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the formation of carbonaceous materials.
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addmves in composite materials.

Figure 4. Schematic representation of the hydrothermal canonization (HTC) process in steps. Authors’
figure: copyright permission not required.

This technology allows for the creation of a variety of carbonaceous materials with precise
morphology and characteristics. Temperature, pressure, and reaction time are all important factors
in determining the properties of the final product[57-59]. For a cleaner hydrothermal process, Bressi
and co-workers [57] demonstrated green synthesis and formation mechanism of Carbon Dots CDs
from biomass, focusing on innovative one-pot hydrothermal and microwave processes. The reaction
mechanisms hydrothermal carbonization HTC includes hydrolysis, dehydration, decarboxylation,
aromatization, and re-condensation, which are simultaneous and cooperative steps. Similar to
pyrolysis, raw materials, residence time, and reaction temperature all have a significant impact on
the characteristics of hydrochar produced by the HTC process[60].

On the other hand, Solvothermal synthesis involves the use of organic solvents instead of water,
enabling the controlled synthesis of carbonaceous compounds at specific pressure and temperature
levels as shown in Figure 5. Benefits of this approach include more control over the kinetics of the
reaction and the capacity to modify the final materials' qualities[61].
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Solvothermal Synthesis of Carbonaceous
Materials in Steps

Step 1: Precursor Selection- Choose a suitable carbon precursor
for the synthesis. Commeon precursors include sugars, polymers,
or small molecules containing carbon.

Step8: Cooling and Depressurization-After the reaction is
i complete, allow the autociave to cool down gradually to room
temperature. Release the pressure inside the autoclave siowly
and carefully to prevent sudden decompression and ensure safety.

Step 3: Additives Incorporation (Optional)-Add any necessary
additives such as catalysts, surfactants, or templates to control the
morphology or properties of the resulting carbonaceous material.

Step4: Preparation of Reaction Mixture- Dissolve the carbon
precursor in mesdec‘ladsomﬂs) mformahomogmeous
solution.

Step 10: Drying and Post-treatment-Dry the washed carbonaceous
material under vacuum or at elevated temperatures to remove
any remaining sclvent and moisture. Post-treatment steps such
as annealing, activation, or functionalization to further modify the
properties of the synthesized carbon material.

Step5: Autoclave Loading-Transfer the reaction mixture into a
suitable reaction vessel, typically a high-pressure autoclave
capable of withstanding the elevated temperature and pressure
conditions required for solvethermal synthesis.

Step6: Sealing and Pressurization-Seal the autoclave to ensure
airtightness and prevent the escape of reactants or products.
Apply pressure to the autoclave using a suitable pressure
source, such as a hydraulic press or a gas cylinder, to achieve
the desired reaction pressure.

Step 12: Application-Utilize the synthesized carbonaceous material
for various applications such as energy storage, catalysis, adsorption,
sensing, or as areinforcement in composite materials.

Figure 5. Schematic representation of solvothermal synthesis of carbonaceous materials in steps.
Authors’ figure: copyright permission not required.

1.3.3. Sol-Gel Processes

The sol-gel method is a versatile and frequently used approach for synthesizing a variety of
materials, including carbonaceous ones. In the context of carbonaceous materials, the sol-gel process
entails converting a precursor solution (sol) into a gel and then into a carbon-containing solid. This
process provides exact control over the composition, structure, and characteristics of the resultant
carbon material[62].The sol-gel process is considered to be an excellent way to change substrate
surfaces. The most significant advantage of the sol-gel technology is the ability to produce large
surface areas and stable surfaces[63]. A Sol-Gel process involves sol preparation, gel formation,
drying, carbonization, and post treatment (optional). In the sol-gel synthesis of carbonaceous
materials, the initial step is to prepare a solution containing the carbon precursors. These precursors
can include organic chemicals like formaldehyde, resorcinol, and other carbon-containing substances.
[64] examined the use of biomass-derived lignin as a renewable precursor for the sol-gel synthesis of
carbon compounds, establishing the viability of lignin-based precursors for sustainable carbon
material production. Once prepared, the sol polymerizes or cross-links the precursor molecules to
form a gel. This gelation phase results in the production of a three-dimensional network structure,
which acts as the foundation for the next carbonization stage[65]. Recent research has focused on
understanding the gelation kinetics and mechanisms to customize the gel structure to the required
material qualities. Konuk and workers [66] examined how many factors, including pH and solvent
content, affected the gelation process during the carbon aerogel sol-gel synthesis, offering insights
into how to best optimize gel formation for improved material performance.

After gel formation, the solvent is removed from the gel by drying. Various drying processes,
such as freeze-drying, air drying, or supercritical drying, can be used to modify the pore structure
and surface properties of the final carbon material[67]. Xu, Y.ef al. (2019)[68] studied the influence of
various drying methods on the porosity and electrochemical properties of carbon aerogels
synthesized using the sol-gel process, emphasizing the importance of drying factors in enhancing
material performance. The dried gel is then exposed to a controlled high-temperature treatment in
an inert atmosphere to transform the organic components into carbon. This is the carbonization
process, breakdown and removal of volatile species takes place resulting in the formation of a
carbonaceous structure with desired properties[69]. The influence of carbonization temperature and
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duration on the structural evolution and electrochemical properties of carbon materials synthesized
via sol-gel method, have provided useful insights into the relationship between carbonization
conditions and material performance[70]. In some cases, post-treatment steps such as activation,
functionalization, or doping may be carried out to further modify the properties of the carbon
material according to requirement(s). demonstrated the post-synthesis alteration of carbonaceous
materials synthesized using the sol-gel process through nitrogen doping and surface
functionalization, resulting in increased catalytic activity for oxygen reduction reactions in fuel cells
[71].

1.3.4. Arc Discharge

The arc discharge is mostly utilized to produce carbon nanotubes (CNT) as shown in Figure 6.
It involves creating a high-current electric arc across graphite electrodes in an inert environment,
which results in the creation of carbon nanotubes[72].The principle of arc discharge technique is of
the fact that when a high-current electric arc is formed between two graphite electrodes in an inert
gas (usually argon or helium),the arc's extreme heat and pressure evaporates the graphite electrodes,
causing the carbon atoms to condense as carbon nanotubes[72]. It is well established that parameters
such as arc voltage, arc current, electrode separation, gas pressure, and duration of the arc discharge
significantly determine the vyield, quality, and morphology of the synthesized carbon
nanotubes[73,74]. Catalysts (such as transition metals like iron, cobalt, or nickel) on the electrode
surface can catalyze the growth of carbon nanotubes, manipulating their chirality, diameter, and
alignment [75]. Post-synthesis treatments such as annealing, acid purification, and functionalization
are finally engaged to remove impurities, improve the purity, and tailor the properties of the
synthesized carbon nanotubes to the specific requirement. [76] hypothesize that purification of the
crystalline structure of dry-spun carbon nanotube yarns increase the electron carrier density by
doping.

Grlass window

(ras Outlet

Closed Chamber

m Power Supply
Solet

Figure 6. Schematic Diagram of arc discharge apparatus for fullerene and nanotube production.
Source reproduced with permission from Arora and Sharma, Copyright 2014, Elsevier B.V.[77].

1.3.5. Pyrolysis

Pyrolysis (Figure 7) is a well-established process of producing carbonaceous materials by
heating organic precursors to high temperatures in the absence of oxygen. It is a thermochemical
reaction that degrades organic molecules by splitting up their chemical bonds. Over the years,
research in this field has concentrated on optimizing process parameters, investigating new precursor


https://doi.org/10.20944/preprints202406.1811.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 June 2024 d0i:10.20944/preprints202406.1811.v1

materials, and understanding the underlying principles of pyrolysis[78,79]. For the optimization of
process parameters, research has been focused on the heating rate, residence time, pyrolysis
temperature and precursor materials. For example, studies have examined the effect of temperature
scaling profiles on creating carbon nanomaterials with regulated structures[80].In the bid for
alternative precursors, including biomass, polymers and waste materials. The studies aim to develop
cost-effective and sustainable routes for carbon material synthesis. This has paved way for the
exploration of novel precursors for synthesis of carbonaceous materials for various applications. For
example, Predeanu, G. ef al. [81] recycled certain lignocellulosic waste (walnut shells, kernels of
peach, apricot, and olive) to design advanced carbon material precursors to be used for obtaining
nano-powders with high applicative potential in pollution abatement. In the recent time, researchers
are focusing on tailoring the characteristics of carbonaceous materials generated through pyrolysis
for specific purposes such as environmental remediation, energy storage and catalysis. Strategies
being utilized includes nano structuring, doping, and surface functionalization[82].

I FEEDSTOCK FEEDING SYSTEM I INERT GAS SYSTEM
4. Feedstock introduction 5. Inert gas atmosphere

10. Monitoring parameters

1. Pyrolysis reaction 6. Gas byproduct
9. Safety Features l 11. Heat los prevention \'
HEATING SYSTEM CONTROL AND GAS
SAFETY SYSTEM s, INSULATION couEcrion | 8 Product recovery
INSTRUMENT SYSTEM
3. emperature regulation l
2. Heat transfer 7. Gas separation
TEMPERATURE \ PRODUCT
CONTROL RECOVERY
SYSTEM SYSTEM

Figure 7. Schematic representation of pyrolysis process; Authors’ figure: copyright permission not
required.

1.3.6. Electrochemical Deposition

Electrochemical deposition, commonly known as electrodeposition, is an effective synthesis
technique that employs an electric field and a redox reaction. It can process a wide range of materials,
including polymers, metals, and ceramics[83].The advantages of electrochemical deposition include
reduced cost and enhanced interfacial bonding between the coating material and the substrate prior
to heat treatment or sintering[84]. This technique can be performed under galvanostatic (an electrode
is maintained at a constant current in an electrolyte) or potentiostatic (involves changing current
density while keeping the potential constant) circumstances. Recent research focused on utilizing
electrochemical deposition techniques to enhance the control and tunability of carbonaceous material
production. By adjusting parameters such as current density, electrolyte composition, voltage, and
deposition time, researchers have been able to tailor the properties of the resulting materials better
precision[85-87]. The patented work of Zhou and Chow [88] showed that the electrochemical
deposition conditions have a strong influence on the growth process of the carbon nanotubes.
Graphene nanosheet synthesized by electrochemical deposition lead to the enhancement in the
mechanical properties of the Ni matrix[89].Doping and functionalization are also achieved through
electrochemical deposition to enhance the materials' properties, such as conductivity, catalytic
activity, and surface chemistry, leading to improved performance in specific applications. One of the
recent works is the efficient uranium electrochemical deposition with a functional phytic acid-doped
polyaniline/graphite sheet electrode by adsorption-electrodeposition strategy[90]. The issue of scale-
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up and commercialization of electrochemical deposition process for carbonaceous material synthesis
to meet industrial production demands are also being exploited recently. Wang and authors [91]
demonstrated scalability through continuous preparation of high performance flexible asymmetric
supercapacitors based on carbon cloth by a quick, low-cost, simple and scalable one-
step electrochemical process within minutes without any other additives.

1.3.7. Template-Assisted Synthesis

Template-assisted synthesis of carbonaceous materials as shown in Figure 8 uses pre-existing
structures or templates to direct the generation and morphology of carbon-based materials. This
method provides fine control over the structural features and functions of the resultant materials,
making it an adaptable solution for a variety of applications[92]. Template-assisted synthesis method
was used by [93] to fabricate biomass-derived porous carbon with a controllable structure
using alginate as precursor. Templates-assisted approach though expensive, enables for the
fabrication of high surface area and porous carbon materials, which are useful for energy storage,
catalysis, and adsorption as demonstrated by [94] were reported as a facile way to prepare porous
carbons from metal-organic gel (MOG) template, an extended MOF structure. They surprisingly,
discovered that the carbon products inherited the very porous nature of MOF and combined it with
the gel's integrated character, resulting in hierarchical porous architectures with ultrahigh surface
areas and enormous pore volumes.

Template (e.g. The template used for the synthesis, which can be
silica gel, polymer silica gel. polyvmer beads. or other materials with a
beads) defined structure.

l

The template is subjected to high temperatures in an
inert atmosphere, leading to the conversion of the
template material into carbon.

Carbonization
(High Temperature)

|

Removal of ] The remowval of the template, which can be achieved

through etching or extraction methods, leaving

Template (Etching.
behind a porous carbon structure.

Extraction)

|

Porous Carbon
Miaterial

The final product. porous carbon material., which
retains the morphology of the original template but
with a carbonaceous composition, featuring a high
surface area and interconnected porosity.

Figure 8. Highlight of key steps in Template-Assisted Synthesis.

1.3.8. Microwave-Assisted Synthesis

Microwave-assisted synthesis (MAS) of carbonaceous materials is a technique in which
microwaves are utilized to begin and drive chemical processes in the manufacture of carbon-based
compounds[95]. MAS has been used in the production of nanoparticles because it combines the
advantages of speed and uniform heating of the precursor materials, leading to shorter reaction times
and higher energy efficiency compared to conventional heating methods[96,97]. Microwave
irradiation has a penetrating feature, which allows for the homogenous heating of the reaction
solution[98].In the study of Brazil and other author; a domestic microwave oven was adopted. With
no radiation leak, being a safe, simple, and fast method for activated carbon production. Activated
carbon samples from coffee grounds, olive stones, and Kraft lignin were produced by chemical
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activation (HsPOs as activating agent), resulting in surface areas of 550, 1125, and 1170 m?g! and
yields of 19, 21, and 23%, respectively[99]. Controlled morphology and properties of carbonaceous
materials by adjusting the reaction parameters such as microwave power, irradiation time, and
precursor composition have also been reported[97,100]. Microwave irradiation promotes rapid and
uniform reactions, leading to higher purity and yield of carbonaceous materials compared to
traditional methods, the reduced reaction time also minimizes side reactions and impurities, resulting
in higher product quality[101,102]. MAS of carbonaceous materials often employs renewable and
biomass-derived precursors, making it a sustainable and environmentally acceptable method[102].
Furthermore, the lower energy usage and quicker reaction times add to the green synthesis feature.

1.3.9. Laser Ablation

Laser ablation synthesis (LAS) of carbonaceous materials is a robust and promising method for
producing tailored carbon-based nanostructures. It involves using high-energy laser pulses to
vaporize a target substrate, usually graphite or a carbon-containing compound, in a controlled
setting. The resulting plume of vaporized material undergoes fast cooling and condensation,
resulting in the creation of carbon nanoparticles or thin films[103,104].Use of LAS was first reported
in 1995 by Guo, T. et. al when they engaged direct laser vaporization of transition-metal/graphite
composite rods to produce single-walled carbon nanotubes (SWT) in the condensing vapor in a
heated flow tube[105]. Synthesis of reduced graphite oxide (rGO) nanosheets which constituted,
approximately, 73% of the nanostructures in the sample through Laser ablation has also been
reported[106]. Notable advantage of LAS is production of high purity carbonaceous materials, as it
involves minimal contamination from catalysts or other impurities, it is simple and clean[107]. It also
offers precise control over the morphology, size, and crystallization of the synthesized carbon
nanostructures, allowing for tailored properties suited for various applications[106,108-110]. Despite
these advantages, the current production rate of this technique remains limited, with typical rates in
the milligram per hour range, recent research is focusing on scalability for commercial
production[111].

2. Characterization of Carbonaceous Materials for Medical Applications

The Materials and Methods should be described with sufficient details to allow others to
replicate and build on the published results. To improve its overall performance and fully realize the
medical applications of carbonaceous materials, accurate information about the microstructure and
chemical behavior must be known.[112] Material characterization provides information regarding
the microstructure and functional groups characteristic of a particular product, thus; confirming its
formation and reaction mechanisms[113,114]. The structural and chemical nature of carbonaceous
materials such as carbon nanotubes, graphene, activated carbon and biochar can be elucidated via
characterization using analytical methods which include; X-ray diffraction (XRD), Fourier Transfer
Infrared (FT-IR), scanning electron microscopy (SEM), elemental analyses, optical microscopy, field
emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM)high
performance liquid chromatography (HPLC) and inverse gas chromatography (IGC).

2.1. X-Ray Diffraction (XRD) Analysis of Carbonaceous Materials

XRD defines the crystal structure, providing information on the different planes. If the sample
is amorphous it displays a mere broad peak which contains no crystal structure information[115].
However, crystalline samples can be indexed using XRD analysis and the result of the peaks
compared or matched with the standard peaks of the compound as contained in the JCPDS data card.
For instance, the XRD pattern of manganese ferrite-graphene (MnFe2Os-G) was characterized by
Chella et al. showing the diffraction peaks at 26 values of 18.03°, 30.18°, 35.46°, 43.02°, 53.81°, 56.89°,
62.55°, 70.20° and 73.34° which correspond to (11 1), (220), (311),(400),(422),(333),(440),53
3) and (6 2 2) crystal planes of MnFe20s-G in accordance with the standard JCPDS no. 74-2403 with
which the data was matched[6]. The absence of 11.08° confirms the reduction of graphene oxide to
graphene nanosheets as reported by the authors. Shao et al. demonstrated the characterization of a
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composite of MnFe:Os/activated carbon in the ratio of 1:1 used for the removal of tetracycline
antibiotic[116]. The results shows that the composite displayed XRD crystalline peaks at 20 = 18.1°,
30.2°,35.1°, 43.0°, 53.5°, 56.8° and 62.5° which were indexed to the crystal plane of spinel ferrite (111),
(220), (311), (400), (422), (511),and (440), respectively. Thus, the composite XRD pattern follows the
cubic spinel of manganese ferrite (MnFe204) which matched with the JCPDS data base as shown in
Figure 9. This analysis shows the presence of MnFe2Osin the composite with no evidence of activated
carbon. Similar effects were observed in the XRD pattern of activated carbon/CoFe:0s composites
prepared by Ai et al. no characteristic peaks of impurities are detected in the XRD pattern, mostly the
spinel phase is identified.[117] Therefore, care should be taken in characterizing such composites in
XRD, as further analysis would be needed to define the carbon component of the system because
there is no difference between the XRD pattern of the composite and the pure manganese ferrite (see

Figure 9).
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Figure 9. Powder XRD spectra for manganese ferrite (MnFe204) and 1:1 MnFe2Os/activated carbon
composite. Source reproduced with permission from Shao et al.[116] Copyright 2012, Elsevier B.V.

2.2. Fourier-Transform infrared (FTIR) Analysis of Carbonaceous Materials

Fourier-transform infrared spectroscopy (FTIR) is a good follow-up to XRD techniques
especially for carbonaceous materials. This technique is used to obtain an infrared spectrum for
the absorption or emission of different materials which maybe solid, liquid, or gas. Thus, this method
is very good for the characterization of carbonaceous products. An FTIR spectrometer simultaneously
collects high-resolution spectral data over a wide spectral range. The principle of FTIR technique is
to measure how much light a sample absorbs at each wavelength characteristic of the functional
groups of the material being measured. Several researchers have utilized FTIR for the
characterization of different carbonaceous materials. Reddy and Lee characterized the functional
groups of pine bark powder (PBP) and magnetic biochar composite (MBC) via FTIR[8] the spectra is
shown in Figure 10. There is a clear difference in the peaks of the two materials via FTIR
characterization. The functional groups related to carbon materials are available as expected at bands
around 3400 cm™, 2928 cm™ and 1631 cm for stretching vibrations of OH, CH2 and CO,
respectively[118]. Similar characterization for other carbonaceous material such as graphene oxide
(GO) nanosheets and activated carbon were studied by Muniyalakshmiet al.[119] and Feng et al.[7]
respectively, in which related functional groups were found characterizing the presence of the two
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carbon materials however, intensities and broadening of the peaks are different due to concentrations
and impurities[120].
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Figure 10. FTIR spectral data for PBP and MBC. Source Reproduced with permission from Reddy et
al.[8] Copyright 2014, Elsevier B.V.

2.3. Raman Spectroscopy of Carbonaceous Materials

Raman spectroscopy is a closely related characterization to FTIR and can be used solely or as a
complementary analysis. Raman spectroscopy is a spectroscopic technique typically used to
determine vibrational modes of molecules, although rotational and other low-frequency interactions
maybe observed. Raman spectroscopy is commonly used in chemistry to provide a structural
fingerprint by which molecules can be identified. This technique relies on inelastic scattering of
photons, known as Raman scatter. For Raman spectroscopy, laser is used as the light source which
interacts with molecular vibrations causing a shift in the energy of the incident ray. The shift in
energy gives information about the vibrational modes in the system thus characterizing them[121].
Thus Infrared spectroscopy typically yields similar and yet complementary information. Several
researchers have utilized this technique in characterizing new carbonaceous materials. Zhang et al.
demonstrated the use of Raman spectroscopy to differentiate pristine graphite from graphene oxide
and reduced graphene oxide both formed from it[120]. According to Figure 11, the strong band found
around 1582 cm is known as the G-band, its intensity increases with the increasing numbers of layers
and a second band around 1350 cm called the D-band which is correlated to defect. It appears as a
strong band when the number of graphene layers in a sample is large[122]. The ratio of the intensities
of the G and D bands, IG/ID is related to the in-plane crystallite size of GO and RGO samples whereas
the intensities of the 2D and G bands is sensitive to hole or electron doping. In-plane vibration is
another property detectable by Raman spectroscopy for characterization of carbonaceous materials.
In a related study Maria M. Titiriciet al. discussed a typical in-plane vibrations as a good characteristic
of activated amorphous carbons[123]. Similar result was recorded by other authors on GO.[119]. For
in-depth analysis other characterization methods are usually added.
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Figure 11. Raman spectra of pristine graphite, GO and RGO. Source Reproduced with permission
from Zhang et al.[120] Copyright 2014, Elsevier B.V.

2.4. Scanning Electron Microscopy (SEM) of Carbonaceous Materials

Scanning Electron Microscopy and other characterizations via imaging are highly useful for the
characterization of carbonaceous materials[124]. Scanning electron microscopy (SEM) is a versatile
method for the investigation of surface morphology of various materials[125]. Depending on its
electron source, SEM can be classified into thermal and field emission type. In both cases, images are
obtained by scanning with a very narrow beam of electrons through a sample, at different
magnifications. The electrons interact with the atoms of the material, producing various signals that
contain information about the surface topography and composition of such sample. When a high
electron absorption capacity or nonconducting materials are investigated, sputtering or covering the
samples with thin films of metals such as gold or platinum is done to achieve high quality
resolutions[126]. This technique enables the surfaces and pore structures of materials to be
characterized. Figure 12 shows the SEM micrographs of different synthesized materials with a clear
contrast in their morphology, see characteristic spherical shape for MnFe2Os (Figure 12a), cylindrical
shape for g-C3N4 (Figure 12b), layered structure for GO-nanosheet (Figure 12c) and bulk massive
nature of MBC (Figure 12d) as studied by different authors characterizing the various
nanostructures.[6—8,119]. In addition to imaging, colour mapping and elemental analyses can equally
be carried out in the presence of EDX detector coupled to SEM instruments which helps to deepen
the analyses with detailed information[6,127].

2.5. X-Ray Photoelectron Spectroscopy (XPS) of Carbonaceous Materials

X-ray photoelectron spectroscopy (XPS) is yet another surface-sensitive qualitative and
quantitative spectroscopic technique that works with the principle of photoelectric effect. It is used
for identification and quantification of the elemental composition within a material or coated surface,
as well as their chemical state, bond nature and overall electronic structure. This technique can be
used to profile the cross-sectional elemental composition when paired with ion-beam etching. All
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elements can be detected via XPS except hydrogen and helium. The detection limit goes in parts per
thousand range, but parts per million (ppm) are equally achievable with long collection times and
concentration. Because the energy of an X-ray with particular wavelength is known and the kinetic
energies of the emitted electrons are measured, the binding energy of each of the emitted electrons
can thus be determined[128]. XPS is routinely used to analyze inorganic compounds such
as ceramics, metal alloys, polymers,
catalysts, glasses, paints, papers, inks, woods, teeth, bones, medical implants, bio-
materials, coatings, and many other materials. The different carbon environments can be identified.
For instance, Maria M. Titiriciet al characterized Carbonaceous material using XPS[123].

2.6. Other Imaging and Related Techniques for Carbonaceous Materials

Other imaging techniques such as optical microscopy, atomic force microscopy and transmission
electron microscopy are utilized in the characterization of carbonaceous material. Optical
microscope, also referred to as light microscope, is a type of analytical instrument that mainly
uses visible light and a system of lenses to produce magnified images of a small object. A range
of objective lenses with different magnifications are usually provided, mounted on a turret, allowing
them to be rotated into place and providing an ability to zoom in or out. The maximum magnification
power of optical microscopes is typically limited to around 1000x because of the limited resolving
power of visible light. However, the use of optical microscope in the characterization of carbonaceous
material is well known.[129,130]. Atomic force microscopy (AFM) is another type of scanning probe
microscopy (SPM), with demonstrated resolution in the order of fractions of a nanometer, more than
1000 times better than the optical diffraction limit. The characterization is achieved by moving the
mechanical probe to feel or touch the surface. Piezoelectric elements that facilitate tiny but accurate
and precise movements on command enable precise scanning which can provide information on
topography, surface roughness and film thickness[131] Several studies has employed AFM for
characterizing a number of carbonaceous materials. In the case of layered carbon material such as
graphene and graphene oxide the focus is on probing the thickness. This approach was utilized to
characterize and provide information on the number of graphene layers present in a sample. By
differential height measurements carried out at the folded edge, they obtained a graphene layer of 4
A, which is close to the thickness of a monolayer (3.4 A) thus confirming that the graphene is a single
layer[132].
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Figure 12. SEM images comparing the morphologies of (a) MnFe204-G, (b) g-C3N4 (c) GO-
nanosheet and (d) MBC, Source Reproduced with permission from Chella et al.[6] Copyright 2014,
Elsevier B.V., Feng et al.[7] Copyright 2023, Elsevier B.V., Muniyalakshmi ef al.[119] Copyright 2019,
Elsevier Ltd., Reddy et al.[8] Copyright 2014, Elsevier B.V.

Studies revealed that transmission electron microscope which has the higher resolution model
now available called high-resolution transmission electron microscope is an imaging-instrument that
allows for direct imaging of the atomic structure of samples usually used at the confirmatory stage
of the analysis. It is a powerful tool for the investigation of nanomaterials such as semiconductors,
nanoparticles, and carbonaceous materials on the atomic scale. At present, the highest point of
resolution realized with this instrument is around 0.5 angstroms (0.050 nm). At such small scales,
individual atoms of a crystal and defects can be resolved. Information such as shape, size, and
distribution of particles, including their crystal structure can be obtained. Detection of a layer of
carbonaceous material can be observed; for instance, a folded graphene sheet is locally parallel to
the electron beam of TEM and for single-layer graphene, a fold exhibits one dark line[133]. High-
resolution transmission electron microscope (HR-TEM) will give a very high atomic resolution of the
microstructural images of the synthesized products and thus is highly used in today’s study of
carbonaceous materials[134]. Additional analysis depending on the research focus include inverse
gas chromatography (IGC) which is a powerful and sensitive technique that can be used to
characterize the surface-physicochemical properties of carbonaceous materials[135]. The main
application of IGC is to measure the surface energy of solids such as fibers, particulates, and films.
Surface energy is the amount of energy required to create a unit area of a solid surface; this is similar
to surface tension of a liquid. It is possible to ascertain both the dispersive component of the surface
energy and acid-base properties via 1GC[136,137].Thermogravimetric or thermal gravimetric
analysis (TGA) is another very important way of characterizing carbon materials for medical and
other applications[138]. This method of thermal analysis focuses on the measurement of the sample’s
change in mass with time and temperature. This measurement provides information about physical
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phenomena, such as phase transitions, absorption, adsorption and desorption; as well as chemical
phenomena including chemisorptions, thermal decomposition, and solid-gas reactions. Other
methods such as Braun-Emmet-Teller (BET) analysis which utilizes the multilayer adsorption
framework helps to understand the adsorption pattern as well as particle size distribution. The
surface area of carbonaceous materials in critical to the adsorption potentials of the material. BET is
useful in the curation of surface area, pore volume and sizes of materials. In fact, it is essential to
understand the adsorption of guest molecules on carbon-based materials for both theoretical and
practical reasons.

3. Application of Carbonaceous Materials in Medical Sciences

3.1. Cancer Cell Amelioration (Hyperthermia)

Cancer is the leading cause of morbidity and mortality worldwide: about 8.8 million deaths in
2015 were cancer related; the most common types are lungs, liver, colorectal, stomach and breast
cancers[139]. The outset of cancer starts with the presence of foreign cells in the body that grow in
pseudo form, spreading to other area of the body, contaminating and degrading body elements at an
alarming rate. There is no defined cure for cancer; preventive and palliative medicines are used as
management procedures to manage cancer cases[140,141]. Hyperthermia is the application of heat to
denature tumor and cancer cells. It involves the application of an external alternating magnetic field
to magnetic nanoparticles to create a re-orientation of magnetic moment thus converting magnetic
energy to heat energy which is then applied to denature cancerous cells in the body[142,143].
Hyperthermia procedure takes advantage of the lower sensitivity of the body cell to heat compared
to the infectious cell; at temperatures within 41°C — 46°C cancer causing cells are easily
denatured[144]. Heating mechanism of magnetic materials is based on Brown relaxation (heat due to
friction arising from total particles oscillations), Neel relaxation (heat due to rotation of the magnetic
moment with each field oscillation) and hysteresis loss (heat loss in reversing the magnetization of
the material)[145,146] Specific absorption rate (SAR) and power loss are the primary quantifications
used to describe localized hyperthermia resulting from the application of an alternating magnetic
field and it’s determined analytically from the integration of the hysteresis loop[147]. Appreciable
SAR value is focal to the adaptation of magnetic materials in biological medium. High SAR value
would translate to lower concentration of material required to achieve optimum temperature range
for full therapeutic efficacy[148].

Hyperthermia have been applied to different types of cancer; such as melanoma[149], brain
cancer[150], prostate cancer[151], and breast cancer[152]. Moorthy and co-workers engineered a
magnetic multifunctional nanocomosite of primary silica coating and secondary coatings of amine-
polyglycidol and fluorescein isothiocynate (FTC) [153]. The fluorophore impacted bio-imaging
properties while the SiO: created biocompatibility for the organic moiety. The composite response
time to climax a temperature of 45 °C was 4.5 min while the specific absorption rate (SAR) was 112.8
Wgl. This was enough to kill the cancer cells. Cole et al. [154]compared the properties of cross-
linked aminated starch magnetic oxide composite;aminosilane based polyethylene glycol(PEG), and
starch-based polyethyleneglycol. They concluded that theaminosilane composite gave the highest
magnetization saturation (Ms) with value of 106.8emu/g. However, polyethylene glycol (PEG)
magnetic composite performed best showing sustained size stability in cell culture medium at 37 °C.
A mono-dispersed magnetic phosphorylated methoxy poly(ethleneglycol) (mPEG) synthesized via
solution phase thermal decomposition with high SAR value of 930 Wg! was reported by [155]. Khot
and co-workers compared influences of induction heating on bare and dextran coated MgFe:Ox
[156].1t was found that 5mgmL-! of dextran coated MgFe2Os degraded against mice fibroplast cell line
by 86%. ImgmL- of water soluble Lao7SrosMnOs(LSMO) magnetic nanoparticle coated with oleic
acid, showed 92% degradation of human negroid cervix epitheloid carcinoma after 48 h [157]. Iron
oxide (magnetite and maghemite) was functionalized in the presence of three carboxylic acid ligands;
tiopronin(N-(2-mercaptopropionyl)-glycine, oxamic and succinic acid. It was discovered that 50
mg/ml of Tiopronin coated material gave the best heating response to an alternating AC magnetic
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field resulting in SAR value of 1179 Wg . [158]. Eva et al. have also reported a bacterially synthesized
ferrite nanoparticles coated with geobactersulfureducens coating; with SAR value of 253 Wg1[159].

3.2. Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) is a non-invasive imaging technique applied in biological
field to produce high resolution images of internal organs; the science of the operation is based on
nuclear magnetic resonance and radio frequency pulses. On application of radio frequency, the
protons oscillate allowing net magnetisation by response to the applied magnetic field. When the
field is off the molecules return to their original state by emitting energy in the form of photons called
the relaxation process[160]. Magnetic Resonance Imaging (MRI) relies on the ability of a bio-
compactible substrate to differentiate between benign and malign cell in body tissues. The contrast
efficacy of the material for MRI can be assessed by determining their R1 and Rerelaxivities. Magnetic
resonance contrast agents act by selectively reducing T:1 (and T2) relaxation times of tissue water
through spin interaction between electron spins of the metal-containing contrast agent and water
protons in tissue; the dominant effect is on T2[161]. In principle, T: increases linearly with contrast
agent concentration; the slope of this dependence is known as the relaxivity, typically reported in
units of mmol-sec. This is a measure of how potent the agent is for catalysing relaxation[161]. Wang
et al. engineered a super-paramagnetic composite with dual functionality as magnetic resonance and
optical tracer [162]. The photosensitizer, a tetra-substituted carboxyl aluminum phthalocyanine
(AlC4Pc); exhibited excellent photo-oxidation efficiency, and a T2 value of 194.66 mM-15. In the work
of Fang and co-workers [163]; Gadolium(Ill) doped carbon dots was prepared via a solvothermal
process. The pH sensitive smart material exhibited bright red fluorescence at 620 nm and had a
relaxivity value of 7.0 mM:-sl. In another study [164]; FeCo of size 10nm with graphitic carbon shell
decorated with poly(ethylene glycol) was investigated for photothermal and magnetothermal
properties. It was reported that the nanomaterial provided signal intensity that is sixfold and fifteen-
fold higher than the signal intensity of superparamagnetic iron oxide tracers VivoIrax and Feraheme
respectively. The properties of FeCo are viable for cancer imaging and hyperthermia therapy.

3.3. Biosensors in Medicine

Biosensors are responsive analytical devices designed using a biological material and a signal
detector. The detector converts the surface reaction into electric and optic signal which are decoded
and quantified by an appropriate portable electronic device[165]. Electrochemical biosensors
measure electrical impulses and are applicable to substrate that has oxidative-reductive
properties[166,167]. Since the chemical reaction occurs at the surface of the electrodes and the analyte;
the surface properties of the electrode are fundamental to the sensitivity of the detector. The
properties of the biocomponent would determine the selectivity or specificity of the biosensor[168]
Electrochemical based techniques are desirous in medicine because of their high selectivity, low cost,
portability, automation and ease of use [169,170]. In recent years, magnetic sensors have found wide
acceptance and usage in biomedical application because of their smart and eco-friendly properties.
The doping of biosensor with magnetic materials enhances the sensitivity, selectivity and stability of
the electrode[171]. A novel magnetic functionalized electrochemical sensor was designed by Sun et
al.[171] for the direct electrochemistry and electrocatalysis of lobetyolin. The sensor was reproducible,
long-term stable and highly selective for the detection of lobetyolin in Codonopsispilosula with a
recovery rate in the range of 96.12 — 102.66%. Chiral recognition is a vital biological assay in
differentiation of toxic and useful enantiomers in biological science and disease control. Shi et
al.[172]propounded a magnetic electrochemical chiral sensor for the enantiorecognition of Tyrosine.
The enantiorecognition efficiency was improved by the magnetic field and showed a wide linear
range, low detection limit and high stability for L-Tyr than D-Tyr. An electrochemical method for
the quick detection of ciprofloxacin; a ubiquitous antibiotics in pharmaceutical formulation and
biological fluids has been formulated[173]. The fabricated magnetic multiwalled carbon nanotubes
selectively responded to ciprofloxacin; quantified detection limit and linear detection range were
0.0017 pumol L and (3Se/m) of 0.005-0.85 pumol L respectively. Jeong and co-authors designed an
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integrated magneto-electrochemical sensor for exosome analysis[174]. The miniature point-of-care
electronic equipment was cell-specific and sensitive and allowed for the simultaneous analysis of
multiple protein markers from ovarian cancer samples.

3.4. Dental Care Formulation

Activated carbon constituted oral and dental care formulation is a growing scientific hybrid in
dental healthcare. Activated carbon has the unique ability to extract poisonous materials from the
teeth and mouth[175]. The charcoal binds to the toxin via weak molecular forces through its surface
functional groups, which can be easily washed during brushing. Activated charcoal toothpaste and
brushes are potent against microbes and absorption of gas causing malador[176,177]. The presence
of AC in toothpaste complements the retention of essential mineral elements in the mouth[178,179].
Results have showed that there are significant differences in the morphological structure of the
enamel surface after brushing with activated charcoal[180]. The authors also inferred that toothpaste
constituted with AC have potentials for whitening effect that can affect the colour and the surface
roughness of the teeth. A comparative study on dentin abrasivity and cleaning efficacy of
novel/alternative toothpaste laden with diamond particle, active carbon and sea salt or organic oil
was conducted[181]. One hundred and thirty-two (132) samples were utilized to investigate both
abrasivity and cleaning efficacy. The results revealed that Lavera Neutral Zahngel (sea salt 9.2 um)
and Elmex Kariesschutz group (hydrated silica 6.0 pum) exhibited the highest abrasivity. Similarly,
the oil constituted toothpaste showed the lowest abrasivity and cleaning efficacy. Conclusively,
authors reported that the addition of diamond powder or active carbon to toothpaste could offer high
cleaning efficacy with low dentin abrasivity.

3.5. Tissue Engineering

Tissue engineering involves the regeneration of construction of tissues and organs that are
biologically compactible from carbon rich materials that can be used to replace a damage cell[182].
Tissue engineering procedures normally requires three basic tools which are cell, scaffold, and
growth factor[183,184]. The cell is used in creating matrices or building block for the new tissue, while
the scaffold provides the appropriate environment for the cell’s synergy. The function of growth
factors is to enhance tissue regeneration from the cells. Tissue engineering is useful in skeletal system
repair, cardiovascular system engineering, nerve and spinal cord system repair, auricular cartilage
reconstruction and skin repair. Serafin and authors [185] prepared a printable alginate/gelatin
hydrogel reinforced with carbon nanofibers as electrically conductive scaffolds for tissue
engineering. The hydrogel exhibited electroactivity with conductivity reaching 4.1 x 10+ + 2 x 10°
S/cm. The cell cytotoxicity studies revealed that the hybrid system was biocompatible and can
enhance cellular attachment and proliferation. Samadian and team [186] has also fabricated an
osteoconductive electrospun carbon nanofibers (CNFs) decorated with hydroxyapatite (HA) crystals
for use in the bone tissue engineering in animal model. The in vitro studies revealed that
nanocomposite was biocompatible. CNFs/HA enhanced in vivo bone formation in a defective rat’s
femur. The progress of the study was captured and monitored using Computed Tomography (CT)
scan image and historical evaluation.

3.6. Human System Detoxification

Activated charcoal is a universal antidote for most poisons[187,188]. Activated charcoal is
usually produced through the process of carbonization of materials rich in carbon. Activation is
carried out using solvents as simple as water to mineral acids. Activated charcoal has a surface area
about 1000m?/g and can adsorb many drugs[189].The adsorption potential of activated charcoal
depends on the drug or toxin, quality and dose of the charcoal, pH of the medium in which it acts,
and gastric contents[190,191]. Activated charcoal directly adsorbs drugs or toxic substances thereby
interfering with absorption by the digestive tract. In addition, activated charcoal possibly interferes
with gastro-enteral recirculation of toxins from systemic circulation into the gastrointestinal mucosa
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and contents by binding to conjugated drug/toxin or de-conjugated drug/toxin with subsequent
elimination through the intestinal contents[192,193]. Carbonaceous materials have been found useful
for the elimination of diclofenac and oxytetracycline from synthetic urine by furfuryl alcohol derived
mesoporous carbon[93]. The high specific surface area of the mesoporous materials at 1022.61 m?/g
promoted the fast sorption of the organic moieties. Based on kinetic studies, equilibrium adsorption
was attained after 120 min; the sorption process followed the pseudo-second order kinetics and fitted
well with the Sips isotherm model. The maximum adsorption capacities recorded were 411.8 mg/g
and 465.9 mg/g for diclofenac and oxytetracycline respectively. Adsorption mechanism revealed that
the uptake of the drugs was via -7t interaction, hydrogen bonding and electrostatic interactions.
Lupascu and co-authors [194].

3.7. Wound Healing

Activated charcoal dressings have the capacity to adsorb microbes and toxins on wound surface,
thereby promoting healing[195]. The infection of wound can prolong healing time; the presence of
endotoxins in wounds have been shown as a causative agent for delayed wound healing[196,197].
Recently[198] utilized activated carbon as an absorptive material for the elimination of bacteria
toxins. In the study, AC was incorporated into Kenaf Nanocrystalline Celluloses (NCC)-Chitosan
(CS) hydrogel and use to eliminate bacteria toxins in wound. The results revealed that the hydrogel
exhibited low cytotoxicity towards human fibroblast and keratinocytes cells. The hydrogel adsorbed
85% of endotoxins when treated with a concentration of 0.1 EU/mL of AC constituted hydrogel. An
iron-doped carbon dots (Fe-CDs) of approximately 3nm in size was reported as a viable composite
for wound healing [199]. The authors revealed that Fe impacted CDs with photoenhanced peroxidase
(POD)-like activity, which lead to the generation of heat and reactive oxygen species (ROS) for the
extinction of Gram-positive and Gram-negative bacteria. In a similar study [199]; Ce-doped carbon
dots (Ce-CNDs) fabricated via hydrothermal method, was utilized in wound healing. The
multifunctional nanocomposite of less than 4nm can be utilized in cell imaging, antibacterial and
would healing. The study revealed that Ce-CNDs combined the antioxidant property of Ce and
biocompatibility of CNDs, exhibiting both photoluminescent and photostability properties. In
another study, Shakiba and co-authors[200]; synthesized a carboxylated multiwalled carbon
nanotube embedded in a polyamide nanofibrous composite for controlled drug release and wound
healing applications. The results showed that the incorporation of polyamide enhanced wettability
and biodegradability. Furthermore, the nanofiber showed high antibacterial activity by inhibiting the
growth of Staphylococcus aureus and Escherichia coli bacteria.

5. Conclusions

As medical science advances, the integration of carbonaceous materials into medical devices,
drug delivery systems, imaging agents, biosensors, and tissue engineering scaffolds promises to
redefine the boundaries of what is achievable in healthcare. By facilitating early disease detection,
targeted/precision drug delivery, and personalized therapies, carbonaceous materials have the
potential to improve patient outcomes and transform the way we approach healthcare. Collaborative
synergy between scientists, researchers, and healthcare professionals is therefore imperative to
promote the harnessing of extraordinary properties of carbonaceous materials for the betterment of
human health. More studies are essential to advance the synthesis, characterization, and application
of these materials, ultimately paving the way for cutting-edge medical technologies that will shape
the future of healthcare. To find appropriate application in medicine and healthcare, Carbonaceous
materials (CMs) are required to possess enhanced structural, optical, chemical, and electrical
properties that will boost their functionalities. These materials have shown great versatility because
they can be chemically combined with other carbon-based materials and with a range of different
elements to form strong covalent bonds. As a result, this tends to make them exhibit excellent
characteristics such as high tensile strength, high density, and high hardness. The existence of both
inorganic semiconducting properties and organic m-m stacking characteristics have made this
possible.Magnetic materials are novel platforms that are much desirable in nanomedicine because of
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their smart properties such as multifunctionality, low-cost, stability, enhanced sensitivity, better
selectivity, biocompatibility, and ergonomic system design. Considering the high cost and the
unavailability of complex machine; coupled with lost man hours associated with emerging life-
threatening diseases and sickness. There is an urgent need to develop curative point-of-care facilities
to mitigate against the outset of diseases. There is also need for the design and development of more
environment friendly and multifunctional hyphenated magnetic materials for use in the biological
and medical field. The influences of magnetic field and any inherent toxicity associated with the use
of magnetic materials must also be investigated and properly profiled for informed decision making.
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