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Abstract: Carbon nanomaterials have attracted researchers in pharmaceutical applications due to
their outstanding properties and flexible dimensional structures. Carbon nanomaterials (CNMs)
have electrical properties, high thermal surface area, and high cellular internalization, making them
suitable for drug and gene delivery, antioxidants, bioimaging, biosensing, and tissue engineering
applications. There are various types of carbon nanomaterials including graphene, carbon nanotubes,
fullerenes, nanodiamond, quantum dots and many more that have interesting applications in the
future. The functionalization of the carbon nanomaterial surface could modify its chemical and
physical properties, as well as improve drug loading capacity, biocompatibility, suppress immune
response and have the ability to direct drug delivery to the targeted site. Carbon nanomaterials could
also be fabricated into composites with proteins and drugs to reduce toxicity and increase effective-
ness in the pharmaceutical field. Thus, carbon nanomaterials are very effective for applications in
pharmaceutical or biomedical systems. This review will demonstrate the extraordinary properties of
nanocarbon materials that can be used in pharmaceutical applications.

Keywords: carbon; multifunctional nanomaterial; sensor; drug delivery; good health and well-being

1. Introduction

Carbon is the fourth most abundant element in the universe. Carbon becomes the
basis for all organic chemistry. Carbon and its derivatives have a main role in many high-
performance materials, especially in electrochemistry. Various carbon-based materials have
been studied and reported for numerous important applications [1,2]. As a green material,
carbon has many advantages such as long stability, promoting stable bonding with many
functional groups for material modification, low background current and wider potential
window, which makes it widely applied in various fields, such as for synthesis [3-5],
sensor [6-8], drug delivery [9,10], and therapy [11].

In recent years, development in nanotechnology has been tremendously improved.
Nano carbon material has its own distinction for researchers around the world; carbon
nanotubes (CNTs), fullerene, graphene, nanodiamond, are widely studied for numerous
applications. Due to the excellent properties of carbon materials, their biocompatibility is
very advantageous in medical and pharmaceutical applications. Several carbon materials
such as carbon fiber [12], nanodiamond [13], carbon nanotubes (CNTs)/Chitosan [14], car-
bon dots [15], and diamond-like carbon [16], have been applied in bio-related applications
including biomedical devices and bone implants due to their biocompatible properties.

Carbon nanostructured materials have a very large surface area that makes nanocarbon
highly reactive compared to their bulk forms. The use of nanoparticle materials has
high potential in sensor applications due to their outstanding electrical, chemical and
mechanical properties. Some examples of carbon nanostructured materials that have been
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widely applied as sensors are CNTs, fullerenes, graphene and nanodiamonds. Since the
last few years until now, many researchers have investigated nanocarbon-based sensors,
especially their effectiveness and preparation methods. Due to their great physical and
chemical properties, carbon nanomaterials have great potential in various biomedical
aspects including bio-sensing, antibacterial action, cancer therapy, drug delivery and
atherosclerosis treatment studies [17-21].

Recently, Porto et al., wrote a review on carbon nanomaterials: synthesis and ap-
plications to development of electrochemical sensors in the determination of drugs and
compounds of clinical interest. The authors show that carbon nanomaterials have excellent
thermal and electrical conductivity, strong adsorption capacity, high electrocatalytic effect,
high biocompatibility, and high surface area. The possibility of forming different composite
materials based on carbon nanomaterials to reduce the toxic effects of carbon nanomaterials
makes this material promising for the development of analytical sensors, contributing to
rapid, sensitive and low-cost analysis [22]. Additionally, Li et al., also reported that the
development of carbon-based functional nanomaterials has the potential to be applied
in various fields such as environmental science, pharmaceutical analysis and medical sci-
ence [23]. Carbon nanomaterials have great potential to make significant future advances
in analytical applications.

In this review, the latest advances and developments in the use of carbon nanoma-
terials for pharmaceutical application will be presented. This review focuses on several
types of carbon nanomaterials such as CNTs, fullerene, graphene and nanodiamonds for
pharmaceutical applications, including sensor, drug delivery, antioxidant agent, tissue
engineering and bioimaging application (Scheme 1).

Carbon Nanotube

Fullerene

‘;":‘0

Scheme 1. Schematic summary of nano-carbon material for various pharmaceutical applications.

2. Sensor Applications

The use of nanomaterials for the development of biosensors has attracted a lot of
research interest. The unique structure of these nanomaterials allows them to interact non-
covalently with organic molecules through various forces such as -n-stacking, hydrogen
bonding, hydrophobic interactions, Van der Waals and electrostatic forces [24]. These
interactions and their hollow structure make them excellent candidates for analytical
applications. Carbon nanomaterials used as electrodes show high electrocatalytic properties.
Nano-biosensors are beneficial because of their high surface area and surface volume ratio.
In addition, it is often used for sensor applications because of its great chemical stability,
and high biocompatibility compared to other conventional sensor materials.
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2.1. CNTs

CNTs are carbon materials that are highly sensitive and selective due to its electronic
properties which could adsorbed molecules in their surface [25]. Especially in pharmaceu-
tical application, CNT can be used as both an electrochemical and photochemical sensor.
Nowadays, many researchers are concerned with this kind of application (Table 1). One
of its applications of CNT is being an isoniazid (INZ) detection sensor. Meanwhile, tuber-
culosis (TB) is categorized as one of the top ten diseases that cause death. This could be
prevented by consuming INZ as a widely antibiotic for anticipation and diagnosis of TB [26].
Overdose of this drug can trigger seizures, metabolic acidosis, comas, and even death [27].
Thus, detection of isoniazid in the human body is very important to prevent unintentional
things from happening. One of which is the detection of INZ level by using sensors.

A research conducted by Santos et al., proposed electrochemical sensor WS, /CNTs/GCE.
Electrochemical sensor exhibit simplicity in their operational, rapidity, and real-time detec-
tion [28]. This sensor prepared by added WS, /CNTs nanocomposite which had previously
been synthesized by sonication, centrifugation, and mixing with 5 mL ethanol. Next, a
30 min sonication process is carried out to form a suspension which will later be drop-
casted into a polished glassy carbon electrode (GCE) until the ethanol is evaporated using
mild heat from a blower. By combining the catalytic sites of WS, with CNT that have
good electrical conductivity and large surface area, it could improve the electrochemical
activity of the sensor. The electrochemical activity was tested by using cyclic voltammetry
(CV) and differential pulse voltammetry (DPV). Ferreira et al., (2016) developed an FePc/{-
MWCNT/GC-modified electrode by polishing the surface of GCE using alumina slurry
before the electrode was modified [29]. Then, the electrode was modified by a suspension
that consisted of 2.0 mg -MWCNT, 1.0 mg FePc, and 500 puL of dimethyl sulfoxide (DMSO).
The electrode dried for 30 min at 50 °C to form FePc/f-MWCNT composite at the electrode
surface. This iron phthalocyanine FePc/MWCNTs as electrochemical sensor for detecting
INZ have many eminences, such as wide linear range, excellent sensitivity, and low limit of
detection (LOD) at physiological conditions. In other side, Veerakumar et al., proposed a
Zn@S-FeNC/f-CNTs electrochemical sensor modified in GCE via conventional hydrother-
mal and followed by ultrasonication [26]. f-CNT could enhance electrocatalytic of Fe,O3
towards detected molecules. So, the modifying of f-CNT in Zn@S-FeNC produce high ac-
tive surface area with great electron transfer properties so that enhance the electrocatalytic
performance of the composite and effectively detected INZ in real sample.

On the other hand, paracetamol has become a hottest drug after the COVID-19 situ-
ation because it’s effectiveness to reduce fever as one of the most common symptoms in
the early stages of COVID-19 [30]. Latest in 2022, Teglia et al., developed GCE modified by
MWCNTs-COOH using a mixture of natural deep eutectic solvent (NADES) [31]. NADES
can be an alternative way to support green chemistry by using green solvents in chemical
synthesis of material, which are environmentally friendly and non-toxic. The manufacture
of modified GCE started with polishing 1.0, 0.30, and 0.05 mm alumina slurries to bare
GCE for 2 min/each. Then, GCE were modified by dropping 10 uL of MWCNTs-LGH-EG
dispersion on the top of the surfaces followed by evaporation of the solvent by exposure
to stove at 50 °C for 10 min. The modified GCE resulting high stability, reproducibility,
increase electrochemical active site and area. Modified electrode also resulting a simple, fast,
sensitive, and selective electrochemical sensor for quantification of paracetamol. In addition,
this sensor could be applied as quality control of medicines in pharmaceutical, industry,
and detection of environmental and emerging pollutants. In other side, Shalauddin et al.,
proposed modified screen-printed electrode (SPE) with NNC-PPY /SWCNTs composite.
The dispersion of NNC-PPY composite was made using ultrasonication method. Then
the dispersion dropped into cleaned SPE by drop casting method. This novel sensor cate-
gorized as facile, highly selective, and metal-free nanosensor. Also, it has extraordinary
electrical conductivity which could show excellent analytical response to determine parac-
etamol and ciprofloxacin whether in pharmaceutical preparation, biological fluids, until
water sample.
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Several researchers constructed electrochemical sensor using glassy carbon electrode
(GCE) for acetaminophen (AP), another name of paracetamol. In the work developed by
Alam et al., in 2018 to determine AP level in pharmaceutical and organic micro-pollutants
monitoring in water by modified GCE with MWCNT/ 3-Cyclodextrin (CD). The fabrication
of this electrode started with polishing GCE surface on fine emery paper and chamois
leather containing alumina powder (Al,O3) then the electrode rinsed with DI water. After
being rinsed, the electrode sonicated in DI water and dried with compressed air. An aliquot
of 6-14 uL pf physically /chemically modified MWCNT/ 3-CD solution was drop casted
into GCE and dried in the air for 20 min at 80 °C in an oven. The combination of these two
elements could enhance sensitivity of the sensor due to large effective surface area, strong
redox capability, and increasing host-guest interaction capabilities [32]. In another publica-
tion published by Wu et al., create a high selectivity, stability, and reproducibility AP sensor
by modified GCE with Pd-MWCNT [33]. This modified sensor increases the roughness
of MWCNT after being decorated by palladium (Pd). This modification could increase
the AP absorption sites, which can increase the response current. The synergism between
Pd and MWCNT that categorized as conductive materials can gain the electrochemical
behavior of the sensor. The manufacturer process of the sensor is by polishing the surface
of GCE with alumina powder having a diameter of 0.3 um and 0.05 um until mirror-like
surface with the help of ultrasonication process. After that, following by ultrasonication
cleaning with ethanol and DDW, 5 uL. PA-MWCNT suspension was dispensed into the
surface of GCE and dries in air. The Pd-MWCNT composites were dispersed in DMF and
ultrasonication for about 30 min until form a black suspension. Another research in AP
sensor was conducted by Wester et al., in 2020, they developed electrochemical sensor by
using SPE modified with Nafion-SWCNT [34]. This sensor form in a test strip which highly
portable and fast point of care for screening AP. Moreover, the reference electrode of this
sensor containing silver (Ag) that have many advantages, such as excellent shelf life, long
term stability, and short hydration time. This sensor can be applied in real sample like
plasma and finger-prick whole blood. The preparation of this sensor by patterned SWCNT
electrodes with a pulsed nanosecond laser in wavelength of 1064 nm. Finally, the A4 PET
film was coated with 117 Nafion which was diluted to 2.5% by weight with ethanol using a
slot die coater. As the strip form, it was cutted and covered with poly(tetrafluoroethylene)
(PTFE) with 6 mm pre-punched holes. Recently, in 2021 Charithra et al., also develop
electrochemical based sensor for AP determination. They use carbon paste electrode (CPE)
as the electrode and modified with CA/POAMCNT. This modified sensor possesses a high
surface-active area. Thus, could be a significant AP detection in tablets and blood serum
samples. The manufacturer of through the electrochemical polymerization process of OA
on the surface of BCNTPE using CV. After the electrochemical polymerization, the electrode
was subjected to immobilization of 10 puL of CA for about 5 min at room temperature. After
5 min, the electrode was thoroughly rinsed with double-distilled water [35].

Another CNTs based sensor application is used to determine amlodipine (AM).
Amlodipine is dihydropyridine derivative that act as a calcium-channel blocker [36].
Naiko et al., develop electrochemical sensor using carbon paste electrode (CPE) modi-
fied with AgNP/f-MWCNT/CuNP. The manufacturer of the -MWCNT /Cu hybrid CPE
is by homogenizing 10.5 mg carbon powder to form a paste and the paste filled with
2 mm polyethylene syringes pre-inserted Cu wire for external electric contact. The the
surface of the electrode modified with AgNP by immersing in solution of 10 mM AgNO;
containing 10 mM KNOs. As the result, combination of CuNP, AgNP, and f-MWCNT gain
the electrocatalytic properties of the electrode due to high aspect ratio, good conductivity,
long term stability, easier and faster charge transfer at electrode surface. This sensor also
highly selective and sensitive in blood plasma and various pharmaceutical. In other side,
Kokab et al., and Attal et al., develop electrochemical based sensor using glassy carbon
electrode (GCE) to detect AM in real sample (table, drinking water, sweat/saliva) and
human serum. In Kokab et al., they modified GCE with COOH-CNT/Ag/NH,-CNT.
The synergy between f{CNT and AgNP could increase sensitivity for target analytes and
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faster charge transduction for the redox probe [37]. This electrode was made by rubbed
nylon cushion with pu-Al,Os slurry on GCE surface until shine and smooth. After this
the prepared electrode rinsed by ddw, ethanol, and aq. HNO3. The last by chemically
cleaned by multiple reversible cyclic voltammetry. From this, GCE electrode was active and
modified with NH,-CNTs, COOH-CNTs through drop-casting, and Ag NPs dispersions
through mixed and layer-by-layer (LBL) methods. Another modified electrode provides by
Atta et al., in 2019 GC/CNT/ILC/RGO/CW electrochemical sensor. The synergetic effect
among all element can generate electrocatalytic activity, good sensitivities, lower LOD,
and better precision of the layered sensor. This sensor constructed via casting, mixing,
electrochemical reduction, and electro-polymerization method.

Another ciprofloxacin detection method is by electrochemical sensor with different
modified electrode. In 2019, Jalal et al., develop GCE modified by PEI@Fe;O,@CNTs
nanocomposite with wide potential window, high sensitivity, great electrocatalytic proper-
ties, and easy preparation method [38]. All of this advantage due to the synergetic effect be-
tween CNTSs and magnetite nanoparticle. The manufacturer of the PEI@Fe;O,@CNTs/GCE
sensor was carried out by modifying the bare GCE which has been polished with alumina
slurry until become mirror like surface and sonicated it in 5 min. Pretreatment step to
produce carboxylic acid group on GCE surface reach by adding HySO4 solution by cycling
in the potential window —0.3 until +1.5 v with the scan rate 100 Mv/s. PEI@Fe;0,@CNTs
composite suspension was dropped on the pretreatment GCE surface and rinsed with DIW
to remove unbound reagent. In comparison, research conducted by Jorge et al., proposed
cyclodextrin (CD)-incorporated multi-walled carbon nanotubes (MWCNTs) on polyaniline
(PANI) modified GCE. Incorporate 3-CD in PANI/MWCNT sensor could raise a significant
signal improvement due to the increase of ciprofloxacin concentration at the electrode
surface [39]. The preparation of this modified electrochemical sensor by polished GCE to
mirror like finish with alumina powder and by drop casted f-MWCNT dispersion into the
GCE surface and dried in air at ambient temperature. This sensor can be used for screening
pharmaceuticals in wastewater treatment.

Another pharmaceutical drug that has been detected by CNT based sensor is Ivabra-
dine hydrochloride (IVB). IVB is a heart rate-lowering drug that works through the selective
inhibition of the pacemaker current for the treatment of heart failure, heart-related chest
pain, sinus rhythm, angina pectoris when beta-blockers have no response [40]. Consume
IVB in excess of the dose per day (overdose) can lead to severe and prolonged bradycardia,
uncontrolled blood pressure, headache, and blurred vision [41]. Because of this problem,
there is analytical technique for IVB determination, one of it by potentiometric sensor. Poten-
tiometric has several advantages, for instance wide linear dynamic range, sub-micromolar
detection range, absence of an inner filling solution, fast response to analyte, and reliable
selectivity [42]. The electrode of this potentiometric sensor is using carbon paste electrode
(CPE) modified with Fe;O3@MWCNTs by inserted the paste packed into the electrode body
hole then burnished onto a smooth paper until a shiny appearance exists. The combination
between CPE and Fe;O3@MWCNTs can increase active site and rate of mass transport to
the electrode surface. Thus, could increase slope and linear dynamic range, and decrease
detection limit. From this sensor, the author determine that this sensor is simple with high
selectivity, short response time, and feasible. In addition, Fe;O3;@MWCNT can be utilized
for IVB determination not only in pharmaceutical formulations but also in physiological
fluids (e.g., plasma, urine, and serum).
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Table 1. Summary of CNTs for pharmaceutical sensor application.
Electrode Modifier Detection Method Target Sample LOD (uM) Linear Range (uM) Electrolyte pH % Recovery Ref.
WS, /CNTs CV, DPV Urine 0.24 10.0-80.0 KCl, HCLO, (only 7 96.9-104.5 [43]
for hydroquinone)
GCE FePc/f-MWCNT Ccv Isoniazid Saliva, Blood 0.56 5-476 NA. 7.4 97.3-104.0 [29]
CV, DPV 0.00501 0.05-230.5
Zn@S-FeNC/f-CNT Ig‘““a“ 51‘.’“1 PBS 7 96.12-99.1 [26]
Amperomety erum, Lrine 0.00854 0.07-233.4
N-(4-
GCE MWCNTs-LGH-EG CV, LSV, DPV hyii‘e’ﬁ’rﬁ}i‘;:yl) Urine 0.1 0.100-7.510 PBS, BBS 10 90-92 [31]
(paracetamol)
Paracetamol (PCM) 0.000072 0.05-40.0 PBS 7 98-105
SPE NNC-PPY/SWCNTs CV. LSV, EIS Lake Water [44]
0.000196 1.00-50.00 PBS 7 99-102
PANI-R-CD/fMWCNTs Cv Ciprofloxacin Water sample 0.05 10.00-80.00 PBS 6 98.2-107.0 [39]
Drug tablets, B-R Buffer (Britton

PEI/FE;0,/CNTs DPV urine, serum 0.003 0.03-70.00 Robinson), KCI 6.5 97-108 [38]

GCE Tablets, tap /drinking
COOH-CNTs/ cv water, sweat/saliva, 7.76 x 108 6 M50 pM PBS 6 95-102 [37]

Ag/NHp-CNTs) urine/serum sampl
p e
Amlodipi
GC/MWCNT/ILC/RGO/CW cv fiodipine Human serum 0.000139 0.008-30 PBS 7.4 99.77 136]
Drug tablets, urine, Britton-Robinson e
Carbon Paste AgNPs/fMWCNT/Cu-NPs CV, EIS, AdSWV s, plasma 0.000516 0.02-6.3 (BR) buffer 105 99.00-100.75  [45]
Electrode (CPE)
POA/CA CV, EIS, DPV Blood serum, tablet 0.015 2.0-10.0 & 15.0-50.0 PBS 7 98-101 [35]
GC/MWCNT/ILC/RGO/CW Ccv Human serum 0.0000906 0.001-20 PBS 74 98.96 [36]
MWCNTs/ e .
GCE B-cyclodextrin (B-CD). CV, LSV Acetaminophen Drinking Water, Urine 0.0033 0.005-20 PBS 7.4 98-101 [32]
Pd-MWCNT Cv Real sample 0.13 0.5-100 PBS 7 96.0-101.1 [33]
Plasma 79
SPE Nafion-SWCNT CV, DPV - - 0.8 1.00-2000 PBS 7.4 [34]
finger-prick whole blood 74
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2.2. Fullerene

In 2013, Rather & De Wael [46] developed an electrochemical sensor fabricated by
modifying GCE using 98% pure Cgg for Bisphenol A (BPA) detection. BPA is an estrogenic
toxin that is widely used in the manufacture of plastics that has the potential to harm human
health with various side effects such as impaired brain development, sexual differentiation,
and immune function. [47-49]. The sensor is made by the electrodemodification method.
Cgp stock solution prepared from 150 M CH,Cl, solution was adsorbed onto the polished
surface of the GCE and rinsed until it resembled a mirror. The Cg film formed was reduced
in 1.0 mol/L KOH at a potential of 0.0-1.5 V at 10 mV /s then the electrode was equilibrated
into phosphate buffer pH 8.0 by cyclic scanning at a potential of 550 mV-50 mV at 20 mV /s
for 20 min at under a nitrogen atmosphere. The assembled sensor is stored at +4 °C. The
fabricated Cgp/GCE sensor exhibited excellent electrocatalytic activity in lowering the
anodic over-potential and a remarkable increase in the anodic current of BPA. This sensor
has easy detection steps and is unaffected by the presence of various other endocrine
disruptors, is simple to manufacture, and has good reproducibility. Although the addition
of Cgp to GCE improved its performance, the addition of too much Cgp (>30 pL) had the
potential to reduce the peak oxidation current due to saturation of the electrode surface.

In 2014, Mazloum-Ardakani & Khoshroo [50] fabricated electrochemical sensors made
of Cgo-functionalized carbon nanotubes (CNTs)/ionic liquid (IL) composites modified
GCE to detect several catecholamines, namely norepinephrine (NE), isoprenaline (IP), and
dopamine (DA). Catecholamines are a group of hormones that have catechol groups that
are normally released in response to physical or emotional stress. The modification begins
with GCE polishing on the polishing cloth using 0.05 m alumina powder. MWCNTs/Cqg
with a mass ratio of 2:1 and a total weight of 1 mg were dispersed in 10 mL toluene in
an ultrasound bath for 30 min to make a suspension of 0.1 mg/mL. Next, 10 uL of the
suspension was applied directly to the surface of the GCE and allowed to stand at room
temperature for 10 min to evaporate the solvent. After that, the electrode was scanned
in ACN containing 0.1 M tetrabutylammonium hexafluorophosphate with a potential
range of 0.0-2.0 V to obtain a reversible multistep electron-transfer reaction. The resulting
electrode was then washed with ACN several times to remove the electrolyte and then
dried at room temperature. Furthermore, a mixture of 50 pL 1-butyl-3-methylimidazolium
tetrafluoroborate (IL) which had been dispersed into 0.3 mL of 1% chitosan (CH) solution
in 1.0 M acetic acid was sonicated for 30 min and applied to the electrode surface as
much as 3 pL using a microsyringe and then dried. in hot air for 15 min. The resulting
Cg0-CNTs/IL/GCE sensor can sensitively detect catecholamines by a simple method.
The presence of C9-CNTs/IL was also shown to increase the electrocatalytic activity of
catecholamines. From the CV analysis, a pair of redox peaks from the sensor are well
defined and do not change after 50 cycles indicating good stability and reproducibility of
the sensor. Although the sensor performance is mostly supported by C=, the modification
of C60 mostly changes the porosity or substrate accessibility of the electrode surface.

In 2015, Mazloum-Ardakani et al. [51] re-developed an electrochemical sensor fabri-
cated from C60-functionalized CNTs/IL nanocomposite for the simultaneous determination
of hydrazine and hydroxylamine. Hydrazine and hydroxylamine are widely used in the
chemical industry and as raw materials for the synthesis of pharmaceutical substances,
but these two compounds have toxic effects on humans, animals, and even plants [52,53].
This sensor is made by a simple casting modification method as in the previous paper [50].
Before being modified, GCE was polished first. MWCNTs/Cgy were made by making a
suspension of 0.1 mg/mL and as much as 10 uL of the suspension was dripped directly
on the surface of the GCE. The electrodes were scanned in an ACN solution containing
0.1 M tetrabutylammonium hexafluorophosphate at a potential of 0.0-2.0 V to obtain a
reversible multistep electron-transfer reaction. The resulting electrode was washed with
ACN several times to remove the electrolyte and then dried at room temperature. 50 pL of
IL was dispersed in 0.5 mL of 1% CH solution in 1.0 M acetic acid and sonicated for 30 min.
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3 pL of the dispersion was dripped onto the surface of the GCE using a microsyringe and
then dried in hot air. The prepared Cgp-CNTs/IL/GCE sensor exhibits a sensitive and
simple determination of hydrazine and hydroxylamine with a low detection limit so that it
can be used to determine hydrazine and hydroxylamine in real samples. Determination of
hydrazine and hydroxylamine can run simultaneously without any interference effect. This
sensor is at risk of decreased sensitivity if there is the formation of Ny and N,O gases from
the oxidation of hydrazine and hydroxylamine. In the same year, Palanisamy et al. [54] syn-
thesized an analytical electrochemical sensor made from palladium nanoparticles (PdNPs)
decorated activated Cgp (ACqp) modified screen printed carbon electrode (SPCE) to detect
AD. DA is a hormone that plays an important role in the human central nervous system
which is very important to pay attention to because it is associated with several neuro-
logical diseases, such as Parkinson’s disease [55,56]. The sensor was made by dispersing
0.5 mg/mL of C¢ in toluene and then sonicated for 20 min. The dispersion of 8 L was used
to modify the SPCE by drop casting method. The modified SPCE was activated in 1 M
KOH solution with a scanning potential of 0.0-1.5 V at a scanning rate of 0.01 V /s for two
cycles then dried at room temperature and transferred to an electrochemical cell containing
0.5 mM PdCl; in 0.5 M H,SO4. As much as 10 consecutives cyclic voltammograms were
performed at a potential of 0.25-1.2 V at a scan rate of 50 mV /s to precipitate PANP on the
SPCE. The prepared ACgy/PdNPs/SPCE sensor showed high sensitivity and selectivity
in detecting DA with lower oxidation potential than SPCE modified by other materials.
This sensor also has good stability and reproducibility and can detect AD practically so
that it has the potential to be used for the detection of AD in pharmaceutical samples.
Although this sensor has many advantages, the sensitivity and potential of this sensor is
highly dependent on optimization.

In 2016, Thirumalraj et al. [57] also synthesize electrochemical sensors to detect DA. DA
is a catecholamine from the phenethylamine family that helps regulate movement and the
human body’s emotional response [58]. DA deficiency can cause several health problems
such as Parkinson’s disease, attention deficit hyperactivity disorder (ADHD), and restless
legs syndrome (RLS) [59]. This sensor is made from modified GCE using graphene oxide
(GO) and C60 nanocomposite. GO was made from natural graphite (diameter < 20 um)
by the modified Hummers method and then purified with HCI and water and then dried
at room temperature. Furthermore, GO was dispersed in water as much as 2 mg/mL
with ultrasonication for 30 min to make GO solution. The GO-Cgy nanocomposite was
synthesized by adding C60 with a purity of 99.5% to the GO solution in a ratio of 1:2
and then sonicated at 45 °C for 6 h until the GO color changed to dark brown. Cgy was
dispersed in toluene as much as 1 mg/mL and sonicated to make a solution of C¢y. The
prepared GO-Cgy nanocomposite was centrifuged to remove unattached Cgp and GO and
then redispersed into water for further experiments. The GCE to be modified was first
polished with alumina slurry and sonicated in a mixture of ethanol and water for 2 min.
Approximately 6 uL of GO-Cgy nanocomposite dispersion was dropped onto GCE and
then dried at room temperature. The manufactured GO-Cgy/GCE sensor exhibits higher
sensitivity, good selectivity and reproducibility, and lower overload potential to detect DA
than bare GCE. The sensor also exhibits a more extensive and practical linear response
in detecting AD in rat brain and commercial DA injection samples making it possible
to use it to detect AD in pharmaceutical samples. However, this sensor is still not very
selective if the concentration of interfering substances such as uric acid, glucose, ascorbic
acid, etc. is too high. In the same year, Brahman et al. [60] fabricated electrochemical
sensors to detect paracetamol (PT). PT is an effective analgesic and antipyretic drug and is
often used to relieve pain [61]. PT has no toxic effect on human health when consumed in
normal doses, but overdose of PT can lead to accumulation of toxic metabolites that can
cause serious illness [62]. This sensor is made by modifying the carbon paste electrode
(CPE) with copper nanoparticles (CuNPs)/Cgy/MWCNTs composite film modified. Before
being modified, CPE was made by mixing graphite powder and paraffin oil in a w/w ratio
of 70:30 to produce a homogeneous paste. After that, some of the paste is put into the
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bottom of the polyethylene syringe and smoothed on a weighing paper. Subsequently,
the electrode was ultrasonicated in distilled water for about 30 s and then dried at room
temperature. CuNPs/Cgy/MWCNTs composite films were prepared by mixing MWCNT
and Cg in a ratio of 2:1, then 1 mg was dispersed into 10 mL toluene and ultrasonicated
for 30 min to make 0.1 mg/mL suspension. 25 pL of the suspension was cast directly
on CPE and dried at room temperature. The modified CPE was then immersed in a
solution of 10 mM CuSO4 in 0.05 M H,SO4 and deposited for 20 cycles in a potential range
of —0.3-1.0 V at a rate of 50 mV/s. The deposition time is determined in the range of
10-150 s, but the deposition time exceeding 100 s causes oxidized PT to cover the entire
surface of the CPE which has the potential to degrade sensor performance. After that, the
CPE was rinsed with double-distilled water and then dried at room temperature. The
fabricated CuNPs/Cgp/ MWCNTs/CPE sensors exhibit excellent selectivity and sensitivity
in detecting PT with very low detection limits, wide linear dynamic range, and good
reproducibility and repeatability.

In addition, there are studies by Mazloum-Ardakani et al. [63] which manufactures
electrochemical sensors for the simultaneous sensitive determination of levodopa (L-dopa)
and AP. L-dopa is widely used as a source of dopamine for the treatment of Parkinson’s
disease and epilepsy [64,65]. People with Parkinson’s disease generally use pain relievers
such as AP. Long-term use of L-dopa and AP can have a toxic effect on the body, so it
is important to control their concentration in the body [66]. This sensor is made from a
Cgo-functionalized CNT composite with a sensor manufacturing method similar to [50,51].
The composite was prepared by dispersing MWCNT and Cgp in a 2:1 ratio and a total
weight of about 1 mg into 10 mL toluene in an ultrasound bath for 30 min to make
0.1 mg/mL suspension. The GCE to be modified is polished with alumina powder and
rinsed thoroughly with water and then dried. The dried GCE was dripped with 15 pL of
suspension then dried and scanned in ACN solution containing 0.1 M tetrabutylammonium
hexafluophosphate as a support electrolyte at a potential of 0.0-2.0 V to obtain a reversible
multistep electron-transfer reaction. The modified electrode was washed several times
with ACN to remove the electrolyte and then dried in hot air. The resulting C¢-CNT/GCE
sensor can determine L-dopa and AP simultaneously in real samples with a fast, sensitive,
selective, and low detection limit so that it can be used for routine analysis. Although
this sensor exhibits high electrocatalytic activity for the oxidation of L-dopa and AP, the
sensitivity of this sensor can decrease when the mass of L-dopa and AC in the sample
exceeds the detection capability of the sensor.

In 2017, Rahimi-Nasrabadi et al. [67] developed an electrochemical sensor for detecting
diazepam. Diazepam is a benzodiazepine family drug that is commonly used to treat
anxiety, antidepressants, sleep disorders, and seizures. Short-term use of diazepam is
safe but long-term use of diazepam can cause dependence and other side effects, even
diazepam overdose can cause death [68]. The manufacture of the sensor begins with GCE
polishing which will be modified using alumina powder and washed with double-distilled
water for 10 min. To make Cg-CNT/IL nanocomposite, 5 mg of purified MWCNT and
Cgpo in a ratio of 2:1 were dissolved in 10 mL of toluene using an ultrasonic bath then
filtered and rinsed with ACN and then dried at 40 °C under vacuum overnight. After that,
2 mg of C4-CNT was evenly dispersed in 4 mL of ethanol and followed by the addition
of 30 uL of 1-butyl-3-methylimidazolium tetrafluoroborate and then ultrasonicated. The
built-in C60-CNT/IL/GCE sensor can detect diazepam in tablet, urine, and serum samples
sensitively within low detection limits making it possible to use it in routine analytical
control of drugs. This sensor also significantly increases the current reduction of diazepam
and positively shifts the peak reduction potential of diazepam. Although this sensor is
sensitive in detecting diazepam, it is still less selective if the foreign substance concentration
exceeds 0.1 M.

In 2020, Anusha et al. [69] fabricated an electrochemical sensor of Cgy and a bimetallic
nanoparticle composite film to detect vitamin D3 in blood samples. Vitamin D3 is important
for maintaining bone health and preventing some diseases such as Rickets [70,71]. Vitamin
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D3 deficiency can increase the risk of developing severe disease. The manufacture of this
sensor begins with modifying the GCE with Cgp. 1 mg/mL standard solution C60 was
prepared in toluene using a sonicator and then 5 uL of the resulting suspension was printed
on GCE and dried under an infrared lamp for 30 min. Electrochemical reduction of the elec-
trode was carried out in 1.0 M KOH using 10 cycles with a potential between —1.0-0.01 V
at a rate of 10 mV/s then the electrode was transferred into a cell containing 0.5 M H,SO4
and 10 mM CuSOy4. CulNPs were electrodeposited in a potential between —0.3-1.0 V at
a rate of 50 mV/s. CuNPs@reduced-Cgy/GCE was immersed in a 10 mM nickel sulfate
solution containing 0.4 M tri-sodium citrate and deposited in a potential between 0.1-1.6 V
at a rate of 30 mV/s. The fabricated NiNPs-CuNPs@reduced-Cgy/GCE sensor showed
increased sensitivity in detecting D3 when compared to conventional methods and other
electrochemical sensors. The sensor also exhibits a wide linear range, low detection limit,
good reproducibility, and long term stability. Although attention to the optimum com-
position of ethanol for dissolving D3 should be increased because it can interfere with
the peak current value, the selectivity of this sensor is still acceptable. In the same year,
Zhu et al. [72] synthesized electrochemical sensors based on Cgy composites and platinum
nanoparticles (PtNPs) for the selective determination of catechol (CC) and hydroquinone
(HQ). CC and HQ are contaminants resulting from many industrial procedures that have
high toxicity to the environment and humans even at very low concentrations. [73-75].
The manufacture of this sensor begins with the manufacture of a Pt/Cgy composite from
a mixture of 1 mL of C60 solution and 2 mL of PtNPs which is sonicated for 12 h in an
iced water bath. Modification of the composite on the electrode was carried out by drip-
ping 8 uL of the Pt/Cg mixture on the cleaned surface of the pyrolytic graphite electrode
(PGE). The fabricated Pt/Cgy/PGE sensor exhibits high electrocatalytic activity from the
synergistic effect of PtNPs and Cgy. The determination of CC and HQ can be carried out
sensitively and selectively with a low determination limit and a wide linear concentration
range. In addition, this sensor can produce large peak separations to counteract CC and
HQ oxidation. This sensor has long term stability and good reproducibility despite easy
and simple fabrication. Apart from the easy and simple fabrication process, optimization
of the number of modifiers must be considered because it can affect sensor performance.
Furthermore, there is an electrochemical sensor for caffeine determination (CAF)
developed by Taeju et al. [76]. Caffeine is one of the most widely consumed substances
because of the drowsiness it produces. However, caffeine in high concentrations is toxic
to the body and can cause nausea, shaking, hyperactivity, nervousness, and even death
when consumed at concentrations above 200 mg/day. [77-81]. This sensor is made by drop-
coating method. Prior to modification, GCE was polished with alumina paste then placed in
a 1:1 ethanol-water solution and cleaned in a sonicator for 10 min to dissolve the remaining
alumina. C60/MWCNT/Nafion dispersion was prepared by dispersing 3 mg Cq9/MWCNT
into 1 mL Nafion 1% and then ultrasonic. GCE surfaces were coated with 2 uL of each
dispersion and dried at room temperature for 15 min. The Cqo/MWCNT/Nafion/GCE
sensor can analyze CAF quickly and sensitively making it suitable for routine determination
of CAF in real samples. Although the selectivity of this sensor is not very high, the
preparation of this sensor is easy and simple and has good stability and reproducibility so
that it can be used for a long time. In 2021, Abdellatef et al. [82] synthesized electrochemical
sensors for voltametric determination of rifaximin. Rifaximin (RFX) is one of the most
commonly used antimicrobial agents in treating various infectious diseases, so rapid,
sensitive, and selective control of RFX is needed. This sensor is based on manganese dioxide
(MnO,) and Cgp nanocomposites. The nanocomposite was prepared by mixing aqueous
solutions of potassium permanganate (KMnO,) with manganese (II) sulfate (MnSO,) and
adding concentrated nitric acid to an acidic pH of 1.0 and then curing at 80 °C for 4 h.
Subsequently, the reaction products were collected by centrifugation and washed several
times and then dried at 25 °C. CPE was prepared by mixing 1 g of graphite powder and
250 uL of paraffin oil in a ceramic mortar for 15 min and then packed into individual Teflon
piston holders with electrically conductive screws. The resulting CPE was modified by
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the drop-casting method of 10 L nanocomposite suspension 3 times onto the CPE and
then dried at 25 °C. The modified CPE was rinsed with double-distilled water and then
put into an electrochemical cell. The resulting MnO, /Cgo/CPE sensor can detect RFX in
real samples and pharmaceutical formulations quickly and sensitively. Modification of
the nanocomposite on the sensor resulted in an increase in electrocatalytic activity against
RFX oxidation. The degree of selectivity of this sensor is still unknown as no tests have
been conducted. Moreover, in the same year there was a study by Materon et al. [83] who
developed an electrochemical sensor for the sensitive detection of metronidazole (MTZ).
MTZ is a synthetic antibiotic to treat trichomoniasis, dysentery, liver abscess, rosacea and
burns due to anaerobic infections, and for surgical prophylaxis [84,85]. MTZ detection also
aims to minimize its side effects, such as nausea, diarrhea, neurotoxicity, optic neuropathy,
peripheral neuropathy, and antepatopathy. The sensor is made of SPE coated with Cg,
reduced graphene oxide (rGO) and Nafion. SPE is placed in a bath containing 0.5 mol/L
H,S04 while stirring for 1 min. 2 mL suspension containing 3 mg rGO and 50 uL Nafion
50% v/v was prepared and ultrasonicated for 20 min to make a homogeneous dispersion.
Aliquots of 3 pL of Cgg solution prepared in CH,Cl, were printed onto the SPE surface and
dried for 1 h. The electrodes were scanned by cyclic voltammetry for 2 cycles in 1 mol/L
KOH solution with a potential of —1.5-0.0 V at a rate of 20 mV/s. Another scan was carried
out in a phosphate buffer solution (PBS) pH 7.0 with a potential of 0.05-0.55 V at a rate of
50 mV/s. The prepared Cgp-rGO-Nafion/SPE sensor showed good electrocatalytic activity
in detecting MTZ. This sensor has high stability, good repeatability and reproducibility,
fast response, and low cost. These sensors hold promise for drug monitoring against
bacterial resistance. The the utilization of fullerene modified on carbon-based electrode for
pharmaceutical sensor application is summarized in Table 2.

2.3. Graphene

In 2012, Xi & Ming [86] developed a sensor for the sensitive determination of mide-
camycin (MD). MD is a macrolide antibiotic that has high antibacterial activity against
Gram-positive and Gram-negative bacteria and is widely used for the treatment of upper
and lower respiratory tract infections, acute laryngopharyngitis, tonsillitis, pneumonia,
otitis media, urinary tract infections, and tissue infections. soft skin. The development of
this sensor aims to determine the optimal concentration of MD in therapy and avoid MD
overdose which can be dangerous. The manufacture of the GO/GCE sensor was carried
out by modifying the GCE which had been polished with alumina slurry until the surface
was like a mirror and sonicated for 3 min. GO was synthesized from spectral graphite using
the modified Hummers method and then dialyzed for one week to remove acid and salt
residues. GO that had been dried overnight at 50 °C was ultrasonicated to make 1 mg/mL
of stable and homogeneous GO dispersion. 10 uL of GO dispersion was dripped onto the
surface of the GCE and allowed to evaporate at room temperature. The modified GCE
was immersed in 10 mmol/L PBS pH 5.0 and then reduced electrochemically at a potential
of 1.5V for 10 min. This sensor is sensitive and selective for the determination of MD in
pharmaceutical formulations and biological fluids, and has good long-term stability. The
sensor also exhibits high conductivity and excellent electrocatalytic activity derived from
GO, however the excellent electrocatalytic activity of GO can cause adsorption of MD or its
oxidation products to the electrode surface resulting in inactivation of the electrode surface.
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Table 2. Summary of fullerene utilization for pharmaceutical electrochemical sensor application.

Electrode Modifier Detection Method Target Sample LOD (uM) Linear Range (uM) Electrolyte pH Recovery (%) Ref.
Ceo CV, SWV, DPV BPA Wastewater 0.0037 0.074-0.23 KCl1 8.0 94.0-104.0 [46]
NE 0.018 0.07-30.0, 30.0-750.0 98.0
Cgo-CNT/IL ([e\Y i Serum, urine 0.022 0.1-25.0, 25.0-700.0 ACN 7.0 101.0 [50]
DA 0.015 0.06-25.0, 25.0-800.0 98.5
; Tap water 0.017 0.05-700.0 98.0-101.0
Ceo-CNT/IL CV, DPV b ijdralzmef P ACN 7.0 [51]
ydroxylamine Auxiliary cooling water 0.028 1.0-300.0 99.0-101.0
ACgo-PANPs CV, DPV DA FPharmaceutical 0.056 0.35-133.35 PBS 7.0 97.0-97.7 [54]
formulations
Rat brain 101.8
GO-Cgp CV, DPV DA 0.008 0.02-73.5 PBS 7.0 [57]
DA injection 94.0-100.16
GCE L-dopa 7.0 99.8-100.4
Ceo-CNT CV, DPV Real samples 0.035 0.5-2000.0 PBS [63]
AC 99.25-100.16
. Urine 96.0-103.6
Cego-CNT/IL CV, DPV Diazepam 0.087 0.3-700.0 PBS 7.0 [67]
Serum 96.3-102.8
Serum 98.6-100.5
NiNPs-CuNPs@reduced-Cg SWV Vitamin D3 Urine 0.0025 1.25-475.0 KC, LiClO4 7.0 98.2-99.8 [69]
Tablet 96.8-98.1
CC . : 297 50.0-1500.0 96.2-103.8
Pt/Cgo CV, DPV, EIS Local river water, sanitary PBS 70 721
HQ wastewater 2.19 50.0-1100.0 95.7-104.4
Brupanas 97.71
Cgo/MWCNT /Nafion CV, DPV, EIS CAF 0.07289 10.0-1000.0 HCIOy4 1.0 [76]
Pipadol Extra 95.66
CuNPs/Cgy/MWCNTs SWV PT Human blood serum, 0.000073 0.004-0.04 PBS 6.8 99.21-103.0 [60]
plasma, urine
CPE _
MnO, /Ceo CV, DPV, EIS REX P?armaceF‘tlcal 0.000968 0.001-0.04 BR buffer 3.0 98.98-101.52 [82]
ormulations
SPE Cgo-rGO-Nafion SWV MTZ Synthetic serum and urine 0.21 0.25-34.0 PBS 7.0 92.0-100.0 [83]
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In 2013, Arvand & Ghodsi [87] fabricated a graphene-modified sensor (G) for the
determination of the amount of L-dopa in rat brain extracts and drugs. L-dopa is a
drug that is widely used as a source of dopamine in the treatment of Parkinson’s disease
and epilepsy [88]. The amount of L-dopa in the body needs to be monitored because it
has serious side effects when used long term [89]. The G/GCE sensor was prepared by
synthesizing G sheets by chemical reduction of graphite oxide and then dissolved in 10 mL
of 10 mg N,N’-dimethylformamide (DMF) with ultrasonic assistance for 1 h to make a
uniform black solution. GCE which has been polished with alumina powder to a mirror like
and washed with double-distilled water and 1:1 ethanol is dried at room temperature before
being modified. 5 uL of G-DMF suspension was poured on the surface of the GCE and the
electrodes were dried at room temperature. G/GCE was rinsed with double-distilled water
to remove G adhering to the electrode surface. This sensor has a broad specific surface
which results in increased detection capacity and reversibility of L-dopa in pharmaceutical
samples and mouse brain extracts. This sensor has good repeatability despite its simple,
fast and inexpensive fabrication. The performance of this sensor is highly dependent on
pH, when the pH is above 6.7, the L-dopa is reversible. The sensor also becomes saturated
with L-dopa after an increase in accumulation time of up to 240 s.

In the same year, Arvand & Gholizadeh [90] also developed sensors for the deter-
mination of indomethacin. Indomethacin is a non-steroidal anti-inflammatory agent that
is widely used in the treatment of inflammatory and degenerative diseases [91,92]. Gold
nanorods (GNRs) were prepared in a seed solution containing 0.25 mM HAuCly and
0.25 mM tri-sodium citrate. The seed solution was added with 0.1 M NaBHy4 cold solu-
tion while stirring until the color changed to orange-red indicating the formation of gold
nanoparticles (AuNPs). GO was prepared from a mixture of 1 g of pure graphite powder
and 8 g of potassium chlorate in 20 mL of fuming nitric acid at room temperature. The
GO synthesis was followed by a washing, filtering, and cleaning process using the Brodie
method. The prepared 10 mg GO was sonicated for 1 h and centrifuged at 15,000 rpm
for 10 min to extract GO sheets. Pure MWCNTs were purified by reflux in nitric acid and
then washed with double-distilled water to pH 7 and dried at 40 °C for 3 h. GNRs-GO
nanocomposites were prepared by dispersing 10 mg of GO in distilled deionized water by
sonication and then 10 mL of GO suspension was sonicated with 3 mL of GNR dispersed
in deionized water at 25 °C for 1 h. 4 mg of the centrifuged and dried GNR-GO nanocom-
posite was mixed with a CNT paste (CNTP) containing 20 mg MWCNTs and 8 mg paraffin.
The synthesized GNRs-GO-CNTP were used to modify GCE. This sensor produces high
electrochemical activity and response when used for the detection of indomethacin. Modi-
fied GNRs-GO on CNTP also showed improved stability and good reproducibility, and
had good selectivity and antifouling ability. Upon detection of indomethacin, the oxidation
potential shifted to a less positive value as the pH of the medium gradually increased.

In 2014, Beitollahi et al. [93] synthesize sensors for determination of methyldopa in
urine and pharmaceutical formulations. Methyldopa is an antihypertensive drug for treat-
ing high blood pressure, especially when it is accompanied by complications of kidney dis-
ease. The sensor is made from a graphene paste electrode (GPE) modified 2,7-bis(ferrocenyl
ethyl) fluorene-9-one (2.7 BF). The 2.7 BFGPE electrode was prepared by mixing 0.01 g
2.7-BF with 0.89 g graphite powder and 0.1 g graphene nanosheet (GNS) which had been
prepared previously from natural graphite by the Hummers and Offeman method in a
mortar. The mixture was added about 0.7 mL of paraffin and stirred for 20 min until an
even base paste was obtained. Pasta is packaged in the end of a glass tube i.d. 3.4 mm long
and 10 cm long. Copper wire is inserted into the paste to provide electrical contact. This
sensor exhibits an increase in sensitivity that comes from an increase in the electrode area.
The electrode performance was improved in the presence of a modifier which resulted in
a higher anodic peak current for methyldopa oxidation and electrocatalytic activity for
methyldopa redox. Although this sensor has a wide linear range and low detection limit,
it has a limited range of pH conditions, limited electron transfer kinetics, and is not very
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selective. In the same year, Rosy et al. [94] fabricates sensors for electrochemical analysis of
NE in pharmaceuticals and biological fluids. NE is a catecholamine that has physiological
side effects, such as anxiety, diabetes, pain, heart disease, and some neurological disorders
such as Parkinson’s and Alzheimer’s disease [95-99]. The palladium (Pd) electrode was
polished using alumina and zinc oxide on a microcloth pad before being modified with
graphene. Graphene was synthesized from reduced GO by adding 20 mL of water to
50 mg of GO powder and then adding 0.5 mL of hydrazine. The mixture was sonicated
for 1 h then continued with stirring for 24 h at 50 °C then filtered and dried in vacuum.
Suspension graphene was prepared by dispersing 7 mg graphene in a mixture of double
distilled water and 1:9 DMF at a concentration of 0.7 mg/mL. 7 uL graphene was cast on
the surface of the Pd electrode and dried at room temperature. Modification of graphene
on the Pd electrode resulted in a 2-fold increase in surface area and a 20-fold increase in
sensitivity. This sensor can detect NE quickly even within low detection limits. However,
this sensor is very dependent on pH, when the pH increases, the NE oxidation potential
will shift towards a less positive value, besides this electrode reaction is controlled by a
diffusion mechanism.

In 2015, Shrivastava et al. [100] synthesized sensors for the electrochemical detection
of aripiprazole (ARP) in pharmaceutical formulations. ARP is an atypical antipsychotic
and anti-depressant widely used in the treatment of schizophrenia, bipolar disorder, major
depressive disorder and autism-related irritability [101-103]. The sensor is made of GCE
modified graphene nanoparticles, titanium dioxide nanoparticles (TiO, NPs), and polyani-
line (PANI). PANI nanofibers were synthesized by interfacial polymerization technique
using ammonium persulfate as oxidizing agent. graphene/TiO,/PANI nanocomposites
were synthesized by dispersing graphene nanoparticles, TiO,NPs, and PANI in DMF in
a ratio of 2:1:1 and then sonicated for 6 h to obtain a suspension of 1 mg/mL. GCE was
polished with an alumina slurry on a Buehler cloth and rinsed periodically with ionized
water before modification. 5 pL of graphene/TiO,/PANI nanocomposite was dripped
onto the surface of the GCE and then dried at room temperature. Electrode performance
is increasing with the presence of graphene/TiO, /PANI nanocomposite which results in
higher sensitivity, specificity, reproducibility, stability, and accuracy. The voltammogram
characteristics of this sensor depend on the pH of the medium, the peak becomes more
unstable when the pH is above 3.8 and disappears completely, there is even some pre-
cipitate formation in the electrochemical cell when the pH is above 5.6. In the same year,
Radhakrishnan et al. [104] synthesize sensors for sensitive determination of HQ. HQ sen-
sors have proven useful for a wide range of applications, particularly the pharmaceutical
and cosmetic industries, due to their toxic nature to humans and animals and difficult to
degrade ecologically [105,106]. This sensor is made of GCE modified PANI-Fe,O3-rGO
composite. GCE was polished using an alumina suspension then sonicated for 10 min
and rinsed with water before being modified. Fe;O3-rGO composites were prepared by
dispersing 50 mg GO into 70 mL ethanol and ultrasonic for 30 min and then adding 0.1 g of
FeCl, and 0.1 mL of 25% ammonia. The mixture was stored in a steel autoclave at 170 °C
for 4 h and then cooled to room temperature. The precipitation was filtered and then
washed with distilled water and ethanol several times and then dried at 80 °C for 6 hin a
vacuum oven. The PANI-Fe,O3-rGO composite was prepared by adding the Fe,O3-rGO
composite to 45 mL of 0.1 M HC], then it was ultrasonicated for 30 min and transferred
to an ice bath. Aniline monomer was added in a ratio of 5:1 and then oxidized with an
appropriate amount of APS in 5 mL 0.1 M HCI and left in static conditions at —5°C for
36 h. The precipitate formed was filtered and then washed with distilled water and ethanol
several times and then dried at 50 °C for 12 h in a vacuum oven. 10 uL of composite disper-
sion was dripped onto the surface of the GCE and then dried at room temperature. The
synthesized PANI-Fe,O3-rGO/GCE sensor showed good selectivity, low detection limit,
wide linear range, good stability and reproducibility, good anti-interference in detecting
HQ. This electrode also facilitates rapid electron transfer between the electrode surface and
the analyte, and effectively reduces the HQ diffusion length. The peak current produced
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by this electrode is strongly influenced by pH, therefore the electrolyte solution must be
maintained at a certain pH.

In addition, there is a study by Mani et al. [107] which manufactures amperometric sen-
sors for DA determination. This sensor is made of GCE modified with GNS nanocomposite
and bismuth nanoparticles (BiNPs). GO prepared through the Hummers method [108]
then the homogeneous dispersion was collected by ultrasonication for 2 h. Bi(NO3),. 5SH,O
was added to 50 mL of GO dispersion (w/w 2:3) and ultrasonicated for 1 h. The mixture
was added 0.5 mL of hydrazine monohydrate 32.1 mmol and refluxed at 160 °C for 24 h
under a nitrogen atmosphere. The product was isolated and washed with plenty of water
and ethanol after the reaction was complete. The obtained nanocomposites were dried
overnight at 60 °C and redispersed in 0.5 mg/mL DMF. GCE to be modified is polished
with alumina slurry and then cleaned and dried. 5 pL of the GNS-Bi nanocomposite
dispersion was dropped onto the surface of the GCE and then dried at room temperature.
The fabricated GNS-Bi/GCE electrodes exhibit excellent electrocatalytic capability against
DA electrocatalysis. In addition, this sensor can detect DA sensitively and practically
with a low detection limit and wide linear range, and has excellent stability, repeatability
and reproducibility.

Meanwhile, in 2016, Yigit et al. [109] fabricated sensors for the simultaneous determi-
nation of PT, aspirin (ASA), and CAF. PT, ASA, and CAF are often combined in multidrug
pharmaceutical formulations for the treatment of various types of tension pain, such as
headaches, migraines, muscle aches, menstrual cramps, toothaches, arthritis, colds, or
nasal congestion [110-113]. This sensor combines graphene and Nafion to modify the
GCE. Graphene was synthesized by GO synthesis using the Hummers method [114] and
continued with GO reduction using the irradiation procedure [115]. The graphene-Nafion
composite film was prepared by adding graphene to a 0.5% w/v Nafion-alcohol solution
and ultrasonicated to form a homogeneous solution. GCE was polished with alumina
slurry on a microcloth polishing pad and rinsed with water until clean. GCE was sonicated
successively in 1:1 nitric acid, ethanol, and water then rinsed with water and then dried
at room temperature. Dispersion of the homogeneous solution of graphene-Nafion was
dropped on GCE and dried at room temperature for 8 h. The electrodes were scanned
cyclically with a potential of 0.2-1.65 V for 10 cycles at a speed of 100 mV/s. The proven
fabricated graphene-Nafion/GCE sensor can be used for the simultaneous quantitative
determination of PT, ASA, and CAF in pharmaceutical formulations due to its good anti-
interference ability and selectivity. This sensor is quite sensitive, quite stable, and has
satisfactory repeatability. The current generated by these electrodes is quite high during
CV scanning, but the reduction peaks weaken when scanning is reversed.

Afkhami et al. [116] developed a sensor for the determination of omeprazole (OMZ) in
real samples. OMZ is widely used as an antiulcer drug to control gastric acidity in patients with
Zollinger-Ellison syndrome [117,118]. The manufacture of the Niy.5Zng.5Fe;O4/G/GCE
sensor begins with the hydrothermal manufacture of Nij.5Zng.;Fe;O4/G nanocomposites.
rGO was dispersed in H,O and stirred for 12 h to form a homogeneous dispersion and then
added salt (Ni(NO3)z, Zn(NO3),, and Fe(NO3)3) in an adequate and stoichiometric ratio
into the rGO dispersion then stirred at room temperature. room. The pH of the solution
was adjusted to 10 with the addition of NHj slowly and then the solution was stored in
a Teflon-coated autoclave at 180 °C for 24 h until crystallized. The resulting product was
washed with deionized water several times and dried at 50 °C for 24 h. The GCE to be
modified was polished and rinsed with distilled water and then sonicated in a 1:1 HNO3
solution, acetone, and double distilled water for 10 min each. GCE was activated in a
scanning potential of —0.6-2.0 V in 1 mol/L HpSO; solution at a rate of 100 mV/s. 1 mg G
was dispersed in 5 mL of a mixture of DDW, ethanol, and sodium dodecyl sulphate (SDS)
in a ratio of 3:1:1 v/v and sonicated for 30 min. 10 pL aliquot of the pre-prepared suspension
was dripped directly on the prepared GCE surface and dried at room temperature to form
a thin layer of graphene on the GCE surface. Next, the polished GCE was dropped with
10 pL of Nig.5Zng.5Fe;O4 /G nanocomposite suspension and dried at room temperature.
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The prepared electrodes resulted in an increase in peak oxidation current and sensitivity,
an increase in peak sharpness, and a decrease in the OMZ oxidation over-potential. In
addition, the detection limit is low, the linear range is wide, stable, and the reproducibility
is excellent. However, the high electroactivity of the electrodes can cause adsorption of
OMZ oxidation products which can reduce the sensitivity of the sensor. Apetrei et al. [119]
developed sensors to detect routines. Rutin is a flavonoid glycoside that is widely used
as a pharmacologically active substance with antibacterial, antioxidant, tiviral, antitumor,
and so on properties [120-122]. This sensor is made from a modified SPCE. The graphene
dispersion was prepared by mixing 1 mg graphene and 1 mL of 0.2% CH solution in acetic
acid pH 5.0. The graphene CH mixture was sonicated for 2 h to make a homogeneous
dispersion. AuNPs were prepared by reduction of HAuCly with trisodium citrate. 1 mg
AuNPs were added to the homogeneous dispersion of graphene-CH and ultrasonicated
for 1 h. 10 pL of graphene-AuNPs composite dispersion was dropped on SPCE using a
micropipette and then dried in a desiccator at room temperature. The prepared graphene-
AuNPs/SPCE sensors can detect routines in pharmaceutical products with precision and
accuracy, and can be prepared using a simple and low cost method.

Additionally, in 2020, Oghli & Soleymanpour [123] synthesized sensors for the deter-
mination of traces of paroxetine (PRX) in biological and pharmaceutical media. PRX is one
of the drugs that is often used as an antidepressant which is generally used in high enough
doses to optimize the effectiveness of therapy. [124]. The use of paroxetine in the long term
has the potential to cause a serotonergic effect on the central nervous system which causes
inhibition of neuronal serotonin reuptake [125]. Prior to modification, PGE was carefully
polished on a smooth white paper and then coated with Teflon strip. Electrical connection
to PGE is done with stainless steel wire. PGE is immersed vertically into the test solution.
5 mg of GO which has been synthesized using the Hummers method [108] was added to
5 mL of a solution containing 2 mM phosphotungistic acid (PWA) and 0.05 M PBS. The
mixture was placed in an ultrasonic bath for 5 min to obtain a uniform suspension. The
suspension was transferred to an electrochemical cell and deposited onto the PGE surface at
a constant voltage of —1.2 V for 300 s. The synthesized rGO/PWA /PGE sensor can detect
PRX sensitively and selectively with a low detection limit and a wide linear range. The
high selectivity of this sensor allows the determination of PRX in a variety of real samples,
such as tablets, human serum and urine samples. The stability and reproducibility of this
sensor is not very high but still acceptable. The summary of graphene and GO utilization
for pharmaceutical sensor is summarized in Table 3.
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Table 3. Summary of graphene utilization for pharmaceutical sensor.
Electrode Modifier Detection Method Target Sample LOD (uM) Linear Range (uM) Electrolyte pH Recovery (%) Ref.
GO CV,LsvV MD Serum, urine 0.1 0.3-200.0 PBS 7.4 95.6-104.3 [86]
graphene Drv L-dopa Tablet, mouse brain extract 0.022 0.04-79.0 PBS 6.2 101.4-109.42 [87]
GNRs-GO-CNTP SWV Indomethacin E};’g/a;hzlr"rﬁjcse‘ﬁggi 0.017 0.2-0.9,2.5-91.5 PBS 8.0 98.0-103.5 [90]
graphene/TiO, /PANI SWV ARP Pharmaceutical formulations 0.0022 0.0112-0.0893 BR buffer 2.5 99.0-101.6 [100]
PANI-Fe;O3-rGO CV, LSV, DPV HQ Tap water 0.06 0.1-550.0 PBS 25 - [104]
GCE graphene nanoparticles-Bi CV,LsvV DA Commercial injection 0.35 1.0-30.0 PBS 7.0 98.2-98.4 [107]
PT 0.0012 0.0083-0.51
graphene-Nafion CV, SWAdASV ASA Commercial tablet 0.065 0.087-17.0 PBS 25 - [109]
CAF 0.038 0.26-10.0
NiosZnosFez04/ graphene CV, DPV oMZ Serum 0.015 0.03-100.0 PBS 60 — O g
OMZ capsule 98.6
GPE graphene/2,7-BF CV,SWV, CA Methyldopa Tablet 0.05 0.09-500.0 PBS 0 — IR gy
Urine 98.7-103.2
Pd graphene EIS, CV, SWV NE Human urine 0.06744 0.5-500.0 PBS 7.2 97.2-98.86 [94]
SPCE graphene-AuNPs CV, SWV Rutin Tablet 0.011 0.1-15.0 ABS 5.0 96.52-102.97 [119]
Tablet 97.6
PGE rGO/PWA DPV PRX Urine 0.0009 0.008-1.0 BR bulffer 7.0 98.4-101.6 [123]
Serum 97.7-101.3
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2.4. Nanodiamond

Diamond material has attracted numerous attention due to its high chemical and
physical stability. Diamond has been doped and modified to give the catalytic activity.
In 2021, Wang et al., developed a highly selective, reproducible, and stability monitoring
of acetaminophen (APAP). Acetaminophen or paracetamol is a widely use drug as the
most effective painkiller to relieve pain and fever. This sensor used boron doped diamond
(BDD) as the electrode, due to its unique properties, such as large specific surface area, low
background current, and fast electron transfer. Furthermore, this sensor can be applied in
wide range application in electrochemical analysis of other drugs [126]. Various modified
nanodiamond material for pharmaceutical sensor application is reported (Table 4).

In 2017, Simioni et al., fabricated a low cost, easy to prepare, and good stability
electrochemical sensor using nanodiamond-DHP/GCE. This sensor form in thin film
containing nanodiamond and DHP on GC electrode. The preparation of this electrode
is by polishing the GCE to a mirror finish using an ultrafine sand paper and 1.0 and
0.5 um alumina slurry. After being rinsed with ultrapure water, the polished GCE was
sonicated for 2 min in isopropyl alcohol and ultrapure water, the dried in room temperature.
The nanodiamond-DHP dispersion prepared by dispersed 1 mg nanodiamond and 1 mg
DHP into 1 mL ultrapure water in ultrasonication bath for 30 min. modified GCE by
nanodiamond-DHP dispersion by drop-casted 8 pL of to GCE polished surface and dried
in room temperature for 2 h in air. By the modification of this electrode, it could improve
the electrochemical performance by increasing the active area. This can be determined
codeine (COD) in pharmaceutical and biological sample [127].

Recently in 2022, Wong et al., proposed nanodiamond /AuNP /PEDOT:PSS on scree-
printed electrode (SPE) as electrochemical sensor for tryptophan detection [128]. Tryp-
tophan is a medication used to treat patient with major depressive disorder (MDD),
schizophrenia and bipolar disorder. Human body have a maximum dosage for tryptophan,
to prevent unintentionally symptom due to overdose, we need to check tryptophan content
in the body. One of which by electrochemical sensor. Nanodiamond /AuNP/PEDOT:PSS
sensor could be a promising candidate due to its excellent selectivity toward tryptophan.
The combination element in this sensor provide a fast, simple, and low-cost detection in
non-invasive testing in food products [129]. The manufactured process to generate nanodi-
amond/AuNPs composite is by mixing 20 pL of PEDOT:PSS, 0.5 mg of nanodiamond and
250 mL of AuNPs were in 730 pL of ultrapure water, then, the mixture sonicated for 30 min
to obtain a homogeneous stock dispersion containing a volume of 1.0 mL of nanodiamond-
AuNPs. Applicability of this sensor can be used in determination tryptophan, dopamine,
and caffeine in food sample.

In the work developed by Junior et al., 2021, they developed high surface area and
high sensitivity of nanodiamond-MS/GCE sensor [129]. The incorporation on manioc
starch in GCE allow high homogeneity and stability of the biofilm. The aim of this sen-
sor development is for determine tetracycline in water sample (natural/tap water) and
pharmaceuticals sample. Tetracycline (TC) is a well know antibiotics for their wide broad-
spectrum of activity against both Gram-negative and Gram-positive bacteria [130]. The
preparation of this sensor is by polishing GCE with activated alumina for 5 min on a piece
of clean cotton fabric, and rinsed by ultrapure water. Then, 5.0 pL. ND-MS dispersion
dropped on the GCE surface, and the solvent was evaporated at 25 °C for 2 h. This sensor
is sensitive and suitable for analysis and determination of TC in distribution water, and
pharmaceuticals sample.

Other approaches have been utilized nanodiamond as electrochemical sensor in the
work of Simioni et al., in 2017 [131]. In that work, they constructed electrochemical sensor
by modifies glassy carbon electrode (GCE) with nanodiamond film. This sensor aimed
to determine pyrazinamide (PZA) concentration in biological sample. Pyrazinamide is
an antibiotic drug applied for treatment of tuberculosis. Overdose of this medication can
generate side effect, such as nausea, vomiting, malaise, sideroblastic, etc. The manufacturer
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of this sensor started with polishing GCE with 0.05 pL alumina slurry until mirror finish and
rinsed with ultrapure water followed by sonication using isopropyl alcohol for 2 min. Then
the aliquot nanodiamond dispersion was dropped into GCE surface for about 8 pL. Lastly,
the solvent was evaporated at room temperature. The combination between GCE and
nanodiamond film can generate several advantages of the sensor, such as high electroactive
surface area and faster electron transfer. Thus, could be improve the electrochemical activity
of the sensor.

Nanodiamonds are also often used for sensors that can determine hormone level and
neurochemical in the body. One of them is dopamine. Dopamine (DA) is an essential
hormone and neurotransmitter in human body that correlated with movement, memory,
emotional control, sleep, and attention. Upnormal number of DA is associated with
neurological, equally Parkinson’s depression and Alzheimer [132]. Various approaches
have been utilized to overcome this issue. For example, Chang et al., (2020) [133] develop
electrochemical sensor using nitrogen-incorporated ovoid-shaped nanodiamond (NOND).
The NOND film was synthesized using MPECVD method in pristine and patterned Si
substrate. Then, the Si3Ny layer form during the initial stage following by the diffusion
of nitrogen (N) atom and the NOND film was deposited. NOND have many excellent
properties, such as polycrystalline grains with multiple orientations and amorphous carbon,
thus the conductivity is enhanced as compared with the glassy carbon substrate. Moreover,
NOND as sensor perform superior sensitivity, and outstanding sensitivity compared with
the pristine NOND electrode. In this work also provide that NOND electrode raise redox
peak twice higher that pristine electrode due to its high surface area of the ovoid shape ND,
which exhibit high conductivity and electrochemical activity.

Another work related the determination of DA is proposed by Baccarin et al., in
(2019) [132]. In this work, they proposed high sensitivity electrochemical based sensor
using screen printed graphite microelectrodes (SPE) modified with nanodiamond. The
use of SPE as substrate due to its low cost, reproducible, and disposable compared with
traditional carbon electrode. The constructed of this SPE/nanodiamond sensor is by using
drop casting method. On the other side, Puthongkham et al., also provide electrochemical
sensor for determine DA using carbon microfiber electrode (CFME) modified with nan-
odiamond [134]. The usage of nanodiamond in this sensor is to increase the active site,
sensitivity, and decrease fouling of the sensor. The manufacturer of this sensor is using drop
casting method, where 25 uL. nanodiamond dispersion was dropped to cover the CEME tip
on a glass sline in a hot plate which accelerated solvent evaporation. nanodiamond /CFME
was dried overnight at room temperature before use. There is COOH— functional particle
in the electrode surface, which the size is affect the electrochemical properties. The nanodi-
amond/CFME exhibit electrocatalytic properties toward surface-sensitive redox species
and low charge-transfer resistance. Not only as mentioned before, but this sensor also has
high selectivity.
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Table 4. Summary of nanodiamonds for pharmaceutical sensor application.
Electrode Modifier Detection Method Target Sample LOD (uM) Linear Range (uM) Electrolyte pH % Recovery Ref.
BDD NG-BDD film EIS, CV, DNPV Acetaminophen Tablet 0.005 0.02-50 PBS 7.4 98-103 [126]
GCE ND-Graphite/chitosan CV, SWV Codeine Human Serum, Urine 0.0545 0.299-10.8 PBS 5 87.8-100.8 [127]
Carbon-fiber S )
microelectrodes (CFMEs) ND-COOH FSCV, EIS Brain slice tissue 0.003 0-5.0 PBS 74 [134]
SPEs ND-SPE CV, DPV Real samples 0.57 NA. PBS 74 [132]
Dopamine NA.
0.054 0.1-100
GCE NOND cv Human Blood 15 0.01-0.2 PBS 7.2 [133]
0.12 0.5-10
Milk, 70% Dark B-R Buffer
SPEs ND/AuNPs/PEDOT:PSS SWV Tryptophan Chocolate, 0.2 0.8-18 . ue 4 95-103 [128]
5 N ! (Britton Robinson)
ynthetic urine
. 1 5.0 x 10—6 to
GCE ND/MS CV, adtDPV Tetracycline Water sample 2:0 x 10—6mol L PBS 6.3 86-112 [129]

1.8 x 10—4 mol L7}
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3. Drug Delivery Application

Nano-carbon material as a drug delivery, in simple terms, can be divided into two,
namely carbon core and skin surface. In the skin surface, there is a targeting mechanism,
detecting cancer cells among healthy cells, and binding cancer drugs that can release these
drugs with certain supports, such as pH or temperature. Related reviews of nano-carbon
material as a drug delivery in pharmaceutical applications intend to present comprehen-
sive guideline for nanomedical researchers regarding the selection of nanocarbon as the
application of the specific diseases they handle. Each different nanocarbon dimensions
have the unique physical and chemical properties of each for pharmaceutical applications
such as theranostics and, mostly, cancer therapy, which can be categorized into fullerenes
and carbon-nanodot (C-dot) as 0D, CNT as 1D, graphene and GO as 2D, and graphite and
nanodiamonds as 3D materials. The new mechanism is using magnetic metal. After being
injected, the material is controlled by a magnet from the outside towards the tumor cells
and there will be given heat control until the drug is released from the nanocarrier and the
tumor cells are destroyed.

One of the factors considered in developing the role of semiconductor nanomaterials as
nanocarrier for disease therapy is toxicity risk. A review examining the toxicological aspects
of nanomaterials was discussed previously [135]. In 1986, Matsumura and Maeda explained
the concept of targeting drugs to cancer cells by introducing the permeability-enhancing
and retention (EPR) effect, an abnormality effect resulting from physical differences between
cancerous tissue and healthy tissue, such as structural defects [136]. This property of EPR
aids research in tumor targeting and accumulation of macromolecular drug carriers.

In addition, different nano sizes have been compared and found that the smaller
the size, the greater the ability to penetrate into the cell nucleus but the greater DNA
damage occurs [137]. Outperformed another semiconductor nanomaterial, nano-carbon
has a high surface area, low toxicity, and biocompatibility becomes a promising drug
delivery nanocarriers. The systematic role of nanocarbons in drugs for the controlled
release and delivery of drugs or genes and their combination with targeted in vitro imaging
was reviewed alongside the toxicological effects of using nanocarbons as theragnostic,
recently, in 2019 [138]. The reports of no cytotoxicity or negligible cytotoxicity came from
assays of nanocarbon composites on various types of cell models, e.g., fibroblast, epithelial,
and endothelial cells by in vitro and mouse models, dog models, and chick chorioallantois
membrane models by in vivo [139]. Complete while comparing the results of a carbon-
based nanomaterial summary for drug delivery in vitro by Panwar et al. [138], this chapter
will be focused on the discovery afterwards. The enthusiasm of nanomedical researchers
made this field develop relatively fast and broad so it was appropriate to observe.

Density-functional theory (DFT) is a theory of calculating the electronic structure of
atoms, molecules, and solids with a quantitative output, signals or pictures, based on
the principles of quantum mechanics [140]. DFT has some limitations, one of them is the
accuracy of the calculation of transition metal formation energy [141]. BIOVIA Materials
Studio and Gaussian 09 or 16 are examples of software commonly used for DFT calculations.
Many research reports included in this review prove their results based on DFT calculations,
but we will not discuss DFT in detail because we focus on comparing the conclusions of
each result.

3.1. Carbon Nanodots (C-Dots)

C-dots are 0D material below 10 nm in size and first reported by Xu et al. in 2004 [142]
and then studied and divided according to their fluorescence into carbon quantum dots
(CQD), carbon dots (CD), and C-dot by Sun et al. in 2006 [143]. Based on carbon precursors,
conditions when synthesis, and its surfaces, C-dot is effectively prepared and utilized in
the drug delivery application [144]. Nair et al. [145] shares a table of raw materials into
various c-dot synthesis models, in buttom up and top down, and shows a comparison of
the percentage of yields that each get. Further, Vale et al. [146] demonstrated the viability
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and safety of drug administration with three different c-dots from their own citric acid-urea
synthesis; calcined-based, microwave-based, and hydrothermal-based, in popular normal
breasts cell line model, MCF-10A, for 24, 48 and 72 h. Hydrothermal-based c-dot became
the best drug delivery agent up to 72 h of treatment, as the lowest toxicity, evidenced by its
significant viability profile and safety profile very close to antineoplastic non-tumor cells.

Rajendran et al. [147] opens a new path for the in-vivo therapy application in pharma-
ceuticals with mitochondrial detection in cancer cells from the Triphylyphosphonium (TPP)
residue on the surface of C-dot. C-dot is synthesized from a mixture of TPP in distilled
water and one amine precursor (PEG-di-NH;) which is heated at 140 °C at a certain time.
The defined beat, centrifuged at 10,000 rpm for 10 min, and purified. This experiment
produces a high green fluorescence quantum of 61% and could detect pharmaceutical drug,
tetracycle, selectively and instantly based on real sample analysis they did.

One of the innovations of c-dot is magnetic natural carbon dot (MNCD), metal doped-
c-dot which can be obtained by hydrothermal, coprecipitation, or carbonization via heating,
which is famous for modern biomaterials such as drug delivery [148]. The magnetic proper-
ties of carbon dots mainly depend on the doping of magnetic metal ions or metal oxides, the
famous one is Fe30,/c-dot [149]. In theranostic applications, Gd3* /c-dot doping is used for
tumor radiotherapy [150]. A study administered a tail vein injection and showed changes
occurred over time when treated with Gd3+/c-dot, due to differences in signal quan-
tity in each organ. Gd3*/c-dot accumulates in the kidneys and radiosensitivity increases
markedly, indicating that it aids bladder cleansing. In addition, MNCD consist Mn, N, and
S nanoenzymes incorporating c-dot can catalyze hydrogen peroxide (H,O;) to produce
oxygen in solid-hypoxic tumors and is an option for photodynamic therapy (PDT) [151].
In vivo studies were carried out twice on zebrafish embryo. First, MNCD shows a high
photoluminescence quantum yield of 17.7%. Then, the addition of hyaluronic acid (HA) to
MNCD was carried out as a form of expansion of the application. HA pre-amina-functional
will bind amine with active carboxylic acid group on the MNCD surface. MNCD/HA and
doxorubicin (DOX), an anthracycline antitumor antibiotic used in chemotherapy [152] for
several types of cancers of the lung, breast and ovaries [153], resulted in efficient detection
of mouse melanoma (B16F1) cancer cells overexpression by CD44. This second study was
then tested in vitro with confocal fluorescence microscope and MRI and confirmed the
cytotoxicity of cancer cells B16F1 3: 2 of free doxorubicin treatment. MNCD/HA /DOX
provides a much higher effect of chemotherapy against B16F1 with systematics and opens
great cancer therapy opportunities related to c-dot/nanoenzyme engineering.

One alternative solution to obtain materials that are biocompatible and non-toxic to
the human body is to synthesize materials by biosynthesis. Still with DOX carriers, carbon
points can also be synthesized from bamboo leaf cellulose [154] and persimmon fruit [155]
s0 as to reduce organic waste. Cellulose from the lignin content of bamboo leaves was
extracted with the help of NaOH and NaOCl solutions for 2 h so as not to interfere with c-dot
synthesis [154]. Cellulose is then heated to 250 °C so that carbonation occurs (combination
of polysaccharides) to form a graphene oxide (GO) structure. Meanwhile, incomplete
carbonation will form a c-dot which was confirmed by XRD at 26 27.7 °C-dot synthesized
from bamboo leaf cellulose was modified with 4-carboxybenzylboronic acid (CBBA) so
that its specificity increased. In-vitro assays via confocal microscopy, blue fluorescence,
reveal a cellular pathway to human cervical tumor cells (HeLa), used as treatment targets,
via folate receptor-mediated endocytosis. Further, persimmon fruit is used as a carbon
source in the synthesis of c-dot by non-solvent hydrothermal method which will be doped
with nitrogen [155]. Persimmon c-dot (PCD) has many polar functional groups, hydroxyl
(=OH), amine (—NH2), and carboxylic acid (-COOH), so it is very soluble in water and is
able to bind anticancer drugs, DOX and gemcitabine (GEM) on the PCD surface via 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide coupling reaction (EDC) coupling reaction. The
presence of surface carboxylic acids and phenolic groups made both effective in inhibiting
the proliferation of HeLa cells.
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3.2. Fullerene

Fullerenes is another 0D carbon material. Some of the reasons why fullerenes and
their derivatives [156] are good candidates for drug delivery and therapeutics are their
immediate bioactivity when the surface is functionalized [157], can generate heat [158],
pH-sensitive [159], and can selectively bind to microbial cells [160]. The use of fullerenes as
drug carriers is the most widely used in cancer or tumor therapy, especially metal-doped-
fullerenes. The use of fullerenes as drug carriers is the most widely used in cancer or tumor
therapy [161], especially metal-doped-fullerenes. In recent years, the new discoveries have
grown so much that they are interesting and deserve to be put together.

The fullerenes antiviral activity was based on the molecular structure and antioxidant
activity of each type [162]. Recently, the new interaction studied was between the Cgg
fullerene and Css-containing transition metal N4 clusters (TMN4), Fe, Co, and Ni, which
can bind to the nonsteroidal anti-inflammatory drug, ibuprofen (Ibp), as potential carriers
for Ibp drug delivery [163]. The four doping structures are stable with different interaction
distances, the longest at Ibp/Cgp which indicates the possibility of physisorption while
chemosorption by TMN4 with the shortest distance at Ibp/NiN4C55. The absorption
energies of Ibp/C60, Ibp/FeN4C55, Ibp/CoN4C55, dan Ibp/NiN4C55 were respectively
13.14, 18.07, 17.81, and 23.11 kcal/mol, proving that fullerene TMN4 can be better for Ibp
drug adsorption than pure C60. All these descriptions indicate that Ibp/NiN4C55 is the
best, so the researchers then studied its reaction in an acidic pH environment, similar as
target cell pH. The more acidic, the distance between NiN4C55 and Ibp is getting further
and weaker until it is finally released. Unfortunately, this research does not show the
fluorescence and the cell model that is used as a pH benchmark so that the track that
Ibp/NiN4C55 passes is not very clear.

At the end of 2019, Christy et al. [164] reported the synthesis of magnetic sulfonated
fullerene with a solvent role of diethyl ether and explained some of the profit reasons for
using it as a drug carrier. Fullerenes and HySO4 were mixed on ice then stirred for 3 h at
100 °C in an ultrasonic bath. This stirring aims to include the carboxylic acid group on the
surface of the fullerenes. Then, an addition of water (50 °C) was carried out repeatedly,
thus the sulfuric acid disappeared. Diethyl ether was added before the solution was filtered
and dried. The synthesis process with the reaction that occurs during the synthesis is
2H,S0, <> SOz + HSO4 + H30", where Cg (fullerene derivative) + SO3 — Cgp + SOzH
and HSO4 + H,O — H,SO4 + HO. Overall, this method is quite easy and efficient because
fullerene oxidation is controlled to maintain the integrity of the basic spherical structure
with CgoSO3H synthesis results confirmed on FTIR and FT-Raman characterizations that
image molecular symmetry. Not only UV-Vis and FTI-RAMAN, FT-IR, XRD, SEM, HRTEM,
XPS, EPR and VSM analyzes were also described, which confirmed the presence of Ag
mode and superparamagnetic properties which can be controlled by an external magnetic
field towards the target cell [165]. This finding definitely deserves further study for drug
delivery applications.

The sensitivity of Cg fullerenes to pH functioned with carboxyl groups and the addi-
tion of trimethyl chitosan (TMC) polymer was tested with Molecular Dynamics (MD) simu-
lations to study its potential as a carrier for cancer drugs, DOX and Paclitaxel (PAX) [159],
a complementary drug to chemotherapy drugs as an increase in efficacy and reduce toxic-
ity [166]. The experiment in neutral (drug absorption) and acidic (release) pH was carried
out three times. First, by simply combining C60 with DOX or PAX, hydrogen bonds occur
at neutral pH which trigger strong absorption between the carboxyl group of the C¢yp which
has a negative surface charge and DOX which includes the amine group with a positive
surface charge. This is not the case with PAX. Furthermore, when TMC was added, the
van der Waals interaction and hydrogen bonding increased so that it could absorb both
DOX and PAX. Finally, the combine of two (TMC-Cgy) showed a stable system on DOX,
while PAX showed slower release so ultimately reduce the total amount of drug. Boron
nitride (BN) is also chemically stable and non-cytotoxic in the human body when bound to
C60 has also been studied as a carrier for hydroxyurea (HU) [167], an antiretroviral drug



Molecules 2022, 27, 7578

24 of 42

of a number of myeloproliferative, neoplastic, non-haematological diseases, and recently,
Human Immunodeficiency Virus (HIV) [168] and commonly used in chemotherapy can-
cer [169]. HU is chemically adsorbed on the local pyramidal sites of BNFs by the carbonyl
group on the Cg surface, which is optimal on the B36N36. The release process is similar to
TMC-Cg, the bond is weaker when the drug is under acidic conditions.

Metal-doped-Fullerene get enhances the electronic, magnetic, and adsorption en-
ergy [170]. The frequently reported parameter is using DFT. For example, in a research
report fullerene Boron (B) which is covalently bound to Fullerene Csy as a cyclophamide
(CTX) drug carrier, an immunosuppressive drug and effective therapy for many diseases,
such as cancer and lupus [171-173]. From the various samples made, the covalent bond
through the phosphoryl oxygen atom on the surface of B-Cs9 was investigated by DFT
calculations to find out one sample is more stable and has more potential than other sam-
ples [174]. Also last year, the DFT calculation applied in the Gaussian program was also
used to calculate the CNT-delivered intermediate cyclophosphamide (CPP) [175].

The performance of B, Al, and Si was tested as the carrier of HU, but this time
compared to the pure-Cyg [28]. In contrast to HU in pure-Cyy which physisorption with
charge transfer and absorption energy is very low to negligible, they found the absorption
of HU chemically strong and stable in BCg9, AlCg9, and SiCg9 with adsorption energies
respectively 53.86, 84.46, and 71.13 kcal/mol, with the same release process as common
drug delivery, the attack of H+ ions due to changes in environment pH from neutral to
acidic. Other report, Nattagh et al. [47] demonstrated that B and N were stably inserted in
C60 due to the negative energies of the formation of BCs9, NCs9, and BNCsg fullerenes. Anti-
inflammatory and antiplatelet drugs which child-friendly [48] and usually used in forensic
applications [176], Acetylsalicylic acid (Aspirin), which was initially weakly adsorbed on
pure-C60 became stronger with adsorption energies of BCs9, NCs9, and BNCsg respectively
1.04, 0.41 and 0.96 eV. This strength adsorption due to the B-O covalent bond formed
between Aspirin and BCs9 or BNCsg while pure-Cgp and NCsy are electrostatic.

Last year, Esrafili et al. [177], for the first time, reported the comparison of fullerene Cg
with the alkali metals, Li, Na, and K, for delivery of 5-fluorouracil (5FU), an anticancer drug
requiring intravenous administration, which is adsorbed on the surface of the material with
adsorption energies, respectively, of 9.33, 16.58, and 14.07 kcal/mol. Realize the potential
of alkali metals, pure-Cyg fullerenes and (Calcium) Ca-decorated were reported for carrier
sulfasalazine (SSZ), curcumin (CUR), and naproxen (NPX) adsorbed on their surfaces [178].
Materials were evaluated in a solvent (water) environment with functional CAM-B3LYP,
a new hybrid exchange—correlation functional [179]. The CUR/Ca-Cyy complex bond is
stronger because it is through covalent interactions, while the SSZ/ /Ca-Cyy and NPX/ /Ca-
Cy complexes are through electrostatic interactions. The target of this therapy is the
molecular docking process that initiates the inhibition of proinflammatory cytokines such
as cyclooxygenase-2 (COX-2), tumor necrosis factor alpha (TNF-a) and interleukin-1b
(IL-1b) that reduce cardiovascular risk in rheumatoid arthritis.

COVID-19 pandemic provoked new issues in nanocarriers research. One of COVID-19
drug is Chloroquine (CQ). Fullerene pure-Cgy and Cso-doped B, Al, and Si, some metal [180]
with relative characteristics to carbon more than other metal, proved by DFT calculation,
are one of the attractive potential CQ nanocarriers. The adsorption energy enhances from
—4.1 kcal/mol Pure-Cg to the range —12 to —45 kcal/mol [170]. The drug properties of
CQ did not change with this nanocarrier making it a worthy candidate for further testing.

3.3. CNTs

As a 1D material, the feasibility of CNT as drug carriers is focused on the synthe-
sis, purification and, especially, chemical functionalization because the molecular com-
position of CNT is highly hydrophobic which makes it susceptible to aggregation and
the material is almost insoluble in any solvent. The chemical functionalization strat-
egy for integrating CNT into the biological environment most commonly uses the intra-
venous injection route, suitable for drug delivery to the kidney and urethra, and subcuta-
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neous administration of CNT. The advantages and disadvantages of each path have been
summarized previously [181,182].

The possibility of using macromolecular delivery vehicles to target small molecule
drugs to tumor sites [136], CNTs, subdivided into Multi-Walled Carbon Nanotubes (MWC-
NTs) and Single Wall Carbon Nanotubes (SWCNTs), and, the newest, Stacked-Cup Carbon
Nanotubes (SCCNTs) or Carbon Nanotube-Fibers (CNTFs) [183], are emerging as promising
candidates [184,185] with various surface functionalization being developed by researchers.

One that is familiar is on DOX targeting. Targeting DOX to tumors, SWNT fragments
can enter cells via endocytosis process [186]. Last year, for the first time hydroxyl and
carboxyl functionalized SWCNTs were investigated based on DFT to optimize hydrogen
bonding with DOX molecules using the method of atomic in molecular quantum theory
(QTAIMSs) using Gaussian 09 software package [62]. DOX and the outer surface of CNTs
containing carbon atoms saturated by hydrogen or some other chemical fragments were
functionalized to trigger the appearance of —COOH and —OH in stable water and gas
phases, indicating the bond between drug molecules before and after adsorption to the
outer surface of the CNT did not change significantly. Karimzadeh et al. [187] simulated
DOX brought by SWCNT to determine the effect of alcohol consumption on its delivery
efficiency. This is the first molecular dynamic simulation to evaluate the effect of the
presence of ethanol which has shown that the possibility of DOX encapsulation in the
SWCNT cavity decreases significantly which is presumably due to a decrease in Van der
Waals interactions between DOX and SWCNTs. In addition, DOX/SWCNT takes longer to
penetrate cell membranes.

For the first time, acid-treated MWCNTSs (ox-CNTs) can interact electrostatically, hydrogen
bonds, and van der Waals attractions, with guanidylated hyperbranched polyethyleneimine
derivatives (GPEI25K and GPEI5K) so that the functionalization of oxCNT /GPEI success-
fully loads DOX with encapsulation efficiency up to 99.5% [188]. This nanocarrier system
is based on a pH trigger. This system has been subjected to in vitro experiments on cancer
and normal cells showing more efficient DOX loading and release at oxCNTs@GPEI25K
than oxCNTs@GPEI5K.

Many modifications of CNTs have also been found in drug delivery applications with
biomolecules, such as DNA and biopolymers [189]. CNT as DOX carrier functionalized
with cytosine-rich ssDNA fragment [190]. Cytosine serves as a platform for storage and
controlled DOX release based on a neutral to acidic pH change, which was described
previously. At neutral pH, the alternating ssDNA /DOX encapsulated on the CNT blocks
other DOX, forming random coils. When the pH changes to acid, the ssDNA fragment
folds into an i-motif accompanied by the strength of the d-DOX interaction weakening and
releasing. The presence of a carboxyl group due to the functionalization of CNTs allows
covalent bonding with the DNA strand. N-ethyl-N-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) was used as the linking agent.

SWCNT has also been functionalized with trimethyl chitosan (TMC) for DOX and PAX
carriers [191]. The presence of TMC will increase the hydrophilicity and biocompatibility
of the carrier, and has a positive surface charge at the same acidic pH as the amine group
in DOX, so DOX will be released slowly at acidic pH. TMC also promotes the formation
of additional hydrogen bonds in both drugs with SWCNT. The electrostatic energy of
DOX-SWCNT is around 6000 kJ /mol and PAX-SWCNTs are almost zero with weak van der
Waals interactions, making it promising as a drug carrier system. There is also an example
of Functionalization of SWCNT with a copolymer, dimethyl acrylamide (DMAA)-TMC,
which has also been investigated as a dual responsive conductor of DOX and PAX which
is sensitive to pH and temperature [192]. These intelligent carrier nanohybrids are stable,
selective, DFT approved, and sensitive to health and cancer cell.

Other cancer drugs, cyclophosphamide (CPP) [175] and methotrexate (MTX) [192]
and are included in the, interpolymer complexes, poly(acrylic acid)/poly(ethylene glycol)
(PAA/PEG)/MWCNT. MWCNT, obtained from chemical oxidation [193], binds PAA /PEG
through a vacuum process and then binds the drug under phosphate buffer in ultrasonic



Molecules 2022, 27, 7578

26 of 42

conditions. Foci of release of both drugs kinetically at pH 7.4, 4 febrile temperature were
also reported.

The application of CNTs as nanocarriers of the COVID-19 vaccine has been extensively
studied. Another COVID-19 control drug under development is Remdesivir (RDV) which
interacts with CNTs activated by the carboxylate group [194]. The CNT/RDV interaction
was investigated by the B3LYP/3-21G method [195] and DFT calculation. CNTs have also
been functionalized with Al, Si, and SiC in the molecular adsorption of Hydroxychloroquine
(HCQ), a COVID-19 drug. Based on DFT calculations, AI-CNT is the best candidate for
HCQ drug carrier because it has an absorption energy of —45.07 to —93.53 kcal/mol in the
gas phase, and —43.02 to —88.97 kcal/mol in the liquid phase [196].

3.4. Graphene

Graphene is a 2D allotrope of carbon that is hexagonally arranged, sp?>-bonded, non-
magnetic, and stable. Graphene is claimed to be one of the strongest materials because it has
a tensile strength of 130.5 GPa and a Young’s modulus of 1 TPa [197]. The graphene deriva-
tives such as graphene oxide, porous graphene/graphene oxide (GO), reduced graphene
oxide, and graphene quantum dots, having mostly magnetic properties and sp3-bonded,
is also a recent trend in nano-drug carriers. The advantages of each derivative and each
method of graphene synthesis have been previously reported [198].

Graphene and GO have been reviewed in comparison as carriers of the anticancer
drug, DOX, based on DFT calculations and fluorescence spectroscopy which confirmed the
binding of DOX molecules was stronger in the sp? than in the sp? region [199]. The DOX
bonds to sp? and sp? are stabilized by different bonds, the - and CH-7t interactions on sp?
Graphene and hydrogen bonds and -7 interactions on sp® GO. The different adsorption
characteristics make Graphene and GO interesting for further research in drug delivery.
Moreover, putting aside the weak DOX interaction in the sp? region, GO has a nanostructure
that has the potential to reduce DOX cytotoxicity caused by drug resistance and poor
internalization [200]. This year, a study emerged revealing that the previously stated
weakness of DOX absorption can be controlled by adding a hydroxyl group to GO [201].
The more hydroxyl groups, the stronger the electron affinity for DOX, further increasing the
DOX loading capacity of GO. The order of absorption energy of the reported derivatives is
GO-OH-DOX > GO-OH-O-DOX > GO-O-DOX.

The next promising graphene innovation is with polymer. GO was modified with
amino silane functionalized Fe3O04-NH, nanosheets. The -NH, group of this functional-
ized GO nanosheets can react with the -COOH group of S-1-dodecyl-S'-(x,o-dimethyl-
o”’-acetic acid)trithiocarbonate (DDMAT), one of the Reversible Addition-Fragmentation
Chain Transfer Technique (RAFT) agents, a method for grafting polyglycidyl methacrylate
(PGMA) [195,202]. After that, the PGMA chain epoxy ring was opened with a hydrazine
group (NpHy) and binding DOX [203]. This synthesis is quite complex but exhibits pH
sensitive behavior and excellent biocompatibility when tested on HeLa cells. The higher
the incubation time of the cells, the higher the DOX red fluorescence intensity. Other
polymers functionalized with GrO for binding DOX are some model poly(ethylene glycol)
(PEG); common PEG [204], short-chain PEG consisting of 15 repeat units (Sh-PEGGO),
and long-chain PEG consisting of 30 repeat units (L-PEGGO), were calculated by DFT
calculations [205]. The longer the PEG chain, the stronger the DOX absorbed in PEG/GO,
mediated by van der Waals forces (vdW), electrostatics, and the total interaction energy
of GO—DOX and PEG—DOX contact areas. The existence of DOX aggregation is based
on GO—DOX and PEG—DOX contact areas themselves. PEG was also investigated for
binding to hydrazone bond (hy-PEG) and then mediated by folic acid (FA) ligand in tumor
cell therapy with DOX. This 150 nm system is sensitive to pH and has been internalized
via clathrindependent endocytosis and macropinocytosis in HeLa cells, and was shown to
have higher cytotoxicity in GO/DOX-hyd-PEG-FA than GO/DOX-hyd-PEG [206].

PEG/GO measuring 146.1 nm was also developed as a cisplatin (pt) carrier, an anti-
cancer chemotherapeutic agent for tumor hypoxia, a disorder in which the oxygen concen-



Molecules 2022, 27, 7578

27 of 42

tration is below tissue requirements [158], that contains and will form a platinum complex
when it binds to DNA, causing the DNA chain to crosslink and then trigger cell death [207],
with the help of H,O; and succinic anhydride [204]. (PEG/GO)pt showed DOX absorption
peaks at 232, 253, 291 and 480 nm based on UV analysis and is a dual drug delivery system
worthy of further testing. The absorption peak (PEG/GO)pt-DOX was between the spectra
of (PEG/GO)pt and DOX itself based on UV-Vis analysis and was released at pH 5.3 and
7.4, indicating a potential dual drug delivery system worthy of further testing.

Graphene was also successfully decorated with Chi to be a carrier for DOX and PAX.
Chi-decorated GO will be a natural cationic polysaccharide to improve compatibility [208].
The absorb and release of DOX which can be controlled by Chi-decorated graphene by
adjusting the pH of the solution to the protonation state of chitosan and the concentration
and aggregation of DOX and chitosan molecules [209]. DOX molecules can bind to bare
graphene surface that is not attached to Chi and also be adsorbed on top of the chitosan
chain. Electrostatic and Van der Waals interactions are reported to be weak between DOX
and the carrier, which also proves this system is very advantageous for cancer therapy [210].
The positive surface charge of TMC at acidic pH is the same as that of the amine group in
DOX, which can facilitate drug release under acidic conditions. In the release of DOX, high
concentrations of Chi and DOX will decrease the surface area of bare graphene and becomes
conducive to DOX release based on the pH setting of the Chi protonation state. Next year,
Farahani et al. [211] modified Graphene-Chi with Bovine Serum Albumin (BSA) which
helps stabilize graphene-Chi and bind DOX. BSA(Graphene) nanocomposites in three
different presentations, 0.5%, 2%, and 5% by weight of BSA, were dispersed in distilled
water at pH 10 and then magnetically stirred with Chi-DOX. After all three samples showed
low toxicity, they compared the DOX release response in vitro with in vivo and obtained
consistent results in both, which was most optimal in the sample of 2% BSA(Graphene)
established in SKBR-3 cells in 2D and 3D culture models at pH 4, 5 and 7.4 for 48 h.

Graphene and Graphene-TMC as a carrier system has bound PAX at blood pH by
weak electrostatic and Van der Waals interactions and released PAX slowly so that it is
advantageous for cancer therapy [210]. This system is sensitive to neutral and acidic pH.
At neutral pH, there was no hydrogen bond between PAX and both systems, while at
acidic pH it was present but not visible during characterization because the functionalized
graphene had no surface charge. In terms of bonding, Graphene-TMC is a more stable PAX
carrier than DOX with the same carrier.

Graphene has been modified to deliver the drug dexamethasone (DXM), which is pop-
ular for the treatment of COVID-19. More focused on surface morphology, Islam et al. [212]
made DXM-nGO composites with antisolvent precipitation method with GO concentra-
tions of 0.5 and 1% in solution. The increase in water solubility promotes an increase in the
absorption and bioavailability of DXM in GO by up to 10 times.

3.5. Nanodiamonds

Nanodiamond is an around 5-50 nm 3D allotrope of carbon that is often used in
biomedical and pharmaceutical applications because of its negligible toxicity, inert core,
rich chemistry of the surface, and the bright and strong fluorescence [213]. Nanodiamond
has been functionalized with Chi and Polypropylene (PP) mesh for hernia treatment and
pelvic floor construction as an alternative to surgery with potential for blood clots, impaired
renal function, and neurological disorders due to poor biocompatibility of conventional
PP mesh [214]. Carboxylated nanodiamonds (cNDs) have also been reported to inhibit
tumor cell migration [215]. cND prevent the epithelial-mesenchymal transition (EMT)
process through the growth factor signaling pathway (TGF-f3) thereby inhibiting Hela cell
migration. As a reference for the application of post-test nanodiamond in test animals,
such as mice, the safety of nanodiamond in large mammals using the intravenous (IV) and
hepatic portal vein (HPV) injection methods has also been previously reported [216].

The drugs that ND is looking for are still very minimal. Recent discoveries are mostly
confined to DOX. Most recently, in 2022, surface functionalized anodiamond with polymers
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using the photocatalytic atom transfer radical polymerization (ATRP) method were used
for intracellular delivery of DOX [217]. The 2-methacryloyloxyethyl phosphorylcholine
(MPC) polymer is dispersed in water so that it contributes too poor water dispersibility
while improving overall system performance. FeBrs as a photoredox catalyst because
it is cheap by maintaining an appropriate therapeutic effect based on cell viability and
cell imaging results. The previous year, DOX treatment with a nanodiamond carrier was
successfully applied in the treatment of triple-negative breast cancer (TNBC) malignant
tumors in mice [95]. Nanodiamond is coated with polyglycerol via a pH-sensitive hydra-
zone bond as the way it is released. This system exhibits different intracellular distribution
profiles of free DOX, one of which is endoplasmic reticulum stress without substantial
DNA damage like DOX and does not induce a significant DNA damage response as does
free DOX. It will not trigger the multidrug resistance (MDR) mechanism associated with
doxorubicin. It is rare to find a system that also describes the response to MDR. MDR
is a natural inflammatory response of tumor cells in the form of an intrinsic mechanism
that actively removes drug molecules from intracellular targets causing a decrease in the
therapeutic efficacy of DOX and several other unrelated drugs. MDR is common causes in
chemotherapy and responsible for more than 90% of deaths in cancer patients [218].

Intravenous injection of pure detonation-synthesized nanodiamond has been pro-
moted as a cytokine absorber in the treatment of cytokine release syndrome (CRS) in the
treatment COVID-19 [219]. This system has been tested on mice and exhibit low toxicity,
fast-acting cytokine-absorption, and good mice survival rates. The research opportunities
for novel systems based on nanodiamond as a drug carrier are very widely open because
they are the least expensive compared to other carbon-based materials.

In summary, it is a fact that binding the drug to the carbon nanomaterials has the
potential to decrease toxicity. The summary of carbon-based material for drug delivery
application is in Table 5. Any kind of functionality will help better. All DFT calculations
show that the average formation of the drug delivery model system by nanoparticles can
be achieved based on energy values and also easy surface preparation. The full potential
for binding drugs by these nanoparticles also allows them to be allocated as water purifiers
from chemical drugs that may be dissolved. An example of what has been reported is
CNT which helps purify water because it can bind to three types of anticancer drugs,
cyclophosphamide, ifosfamide and 5-fluorouracil [220]. This possibility is also the other
way around.

Table 5. Summary of carbon-based material for drug delivery application.

Carbon Materials Incorporated Molecule Drug Usage Ref
C,N,and O Evaluate the safety of three different carbon dots. [146]
TPP(PEG-di-NH,) Anticancer [147]
Gda3+ DOX Bladder cleansing. [149]
C-dot Mn, N, S, and HA Anticancer, an option for PDT. [151]
CBBA Anticancer [154]

DOX
EDC e — Antitumor [155]

GEM

SSZ
Fullerene Cap Ca CUR Reduce cardiovascular risk in [178]

rheumatoid arthritis

NPX
FeN4
Fullerene Css CoNy Ibuprofen Nonsteroidal anti-inflammatory drug [163]
NiNy

Fullerene Csg

BN Aspirin Anti-inflammatory and antiplatelet drug [221]
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Carbon Materials Incorporated Molecule Drug Usage Ref
B
Al CcQ Treatment of COVID-19 [194]
Fullerene Csg Si
11\31 Aspirin Anti-inflammatory and antiplatelet drug [221]
B CTX Anti-cancer [174]
Nonsteroidal anti-inflammatory drug [163]
SOsH Ibuprofen
Discovery of new superparamagnetic materials [164]
™ DOX
TM(C: ng Anti-cancer [159]
Fullerene Co HU Anti-cancer [167]
B3sN3g cQ Treatment of COVID-19 [180]
Aspirin Anti-inflammatory and antiplatelet drug [221]
Li
Na 5FU Anti-cancer [177]
K
B
Fullerene Cgo Al HU Anti-cancer [222]
Si
Fullerene Cyg HU Anti-cancer [222]
- CPP Anti-cancer [175]
S
Si RDV Treatment of COVID-19 [194]
Al
CNT COOH
- CPP Anti-cancer [175]
ssDNA DOX Anti-cancer [190]
Al-
Si- HCQ Treatment of COVID-19 [196]
SiC-
—COOH and —OH DOX Anti-cancer [223]
DOX
TMC Anti-cancer [210]
PAX
SWCNT
DOX
DMAA-TMC Anti-cancer [191]
PAX
Ethanol DOX Anti-cancer [187]
CPP
MWCNT PAA/PEG Anti-cancer [192]
MTX
oxCNTs GPEI DOX Anti-cancer [188]
- [199]
Chi DOX [209]
Graphene T™C Anti-cancer [210]
BSA and Chi [211]
T™C PAX [210]
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Table 5. Cont.

Carbon Materials Incorporated Molecule Drug Usage Ref
- DOX Anti-cancer [199]
OH
OH-O DOX Anti-cancer [201]
(@)
PGMA DOX Anti-cancer [202]
PEG
Sh-PEG DOX Anti-cancer [205]
L-PEG
hy-PEG-FA
DOX Anti-tumor [206]
hy-PEG
Pt Anti-tumor hypoxia
PEG - - [204]
Pt-DOX Dual drug anti-tumor hypoxia
- DXM Treatment of COVID-19 [212]
- - The safety of ND in large mammals [216]
MPC DOX Anti-tumor [217]
Nanodiamond
polyglycerol DOX Anti-cancer [224]
- Cytokine Treatment of COVID-19 [219]

4. Other Applications

Functionalized carbon nanomaterial has been shown to be biocompatible. The proper-
ties and characteristics that have been studied provide clear evidence that the functionalized
nano carbon has prospects for application in the biomedical /pharmaceutical field. Nanocar-
bons can pass through membranes carrying therapeutic drugs into targeted cells. Moreover,
several carbon nanomaterials have shown strong antioxidant properties and their use can
reduce reactive oxygen species (ROS) induced injury and reduce ROS damage in biological
systems. In addition, carbon nanomaterials have found great potentials in multiple aspects
of biomedicine due to their excellent chemical and physical properties.

4.1. Antioxidant Agent

Excessive formation of reactive oxygen species (ROS) can cause oxidative stress,
which causes cell damage that can lead to cell death [225]. Therefore, cells possess an
antioxidant network to scavenge over-produced ROS. Most antioxidants have a limited
capacity and are unlikely to be able to cope with the explosion of radicals and unstable
products. Carbon nanomaterials such as fullerenes, single-walled and multi-walled carbon
nanotubes exhibit excellent antioxidant properties and have been used in various medical
applications. Antioxidant carbon nanoparticles scavenge reactive oxygen species (ROS)
with higher efficacy than other dietary and endogenous antioxidants [226]. As reported by
Wang et al., that the characteristics of pure Cgy antioxidant showed a higher antioxidant
effect than the natural antioxidant vitamin E in preventing lipid peroxidation [227]. This
shows that the use of nanomaterials for antioxidants shows better results than natural
antioxidants such as vitamin E. Dugan et al., also reported the use of fullerenol as a
neuroprotective agent in cultured cortical cells exposed to excitotoxic injury and apoptosis.
The results of this study showed that fullerenol is a water-soluble antioxidant compound
and reduces excitotoxic neuronal death after short exposure to NMDA by 80%, and AMPA
by 65%, or kainate by 50% [228]. Yolanda et al., studied the use of carbon nanotubes (CNTs)
and graphene (GP) for antioxidant tomato seedlings. The results of this study showed an
increase in tolerance to various types of biotic or abiotic stress and also no toxic effects from
each dose of nano carbon used [229]. Based on the research reported, nano carbon has a
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high potential for antioxidant activity. Therefore, nano carbon can be an attractive material
for antioxidant and medical therapy.

4.2. Tissue Engineering

Tissue engineering aims to replace damaged organ tissue and avoid organ trans-
plants which are time-consuming, complicated procedures, by creating biological replace-
ments [230]. Due to their outstanding mechanical properties carbon nanomaterials can be
designed for tissue engineering construction which facilitates the fabrication of a biocom-
patible scaffold exactly resembling the original extracellular matrix for fabricating artificial
tissues. Carbon nanomaterials are considered as physical analogues of ECM components
(e.g., collagen fibers) because of their similar dimensions. Biomaterials have an important
role in tissue engineering because of their effects that can influence cell-cell interactions and
modify cells [231]. Carbon nanotubes have been reportedly shown to be excellent fillers for
electroactive scaffolds relevant for a wide range of tissue engineering applications. Xinfeng
et al., reported the fabrication of F-US-tube nanocomposites to evaluate porosity in the pore
structure of scaffolds and marrow stromal cell cultures. The study shows that F-US-tube
nanocomposites reinforced the scaffolds although some mechanical enhancements were
not significant due to sample variations [232]. CNTs are non-biodegradable, have mor-
phological similarities to the native extracellular matrix and their capacity to promote cell
adhesion makes them suitable for scaffold production for tissue regeneration. Mazatenta
et al., reported SWCNTs containing hippocampal cells are suitable materials for tissue engi-
neering and can be directly involved in the stimulation of brain circuit activity. Functionally
non-targeted MWCNTs promote the growth and proliferation of pancreatic cancer cells,
showing new avenues for in vitro cancer analysis [233]. A patent on the use of CNTs for
tissue engineering application was invented by Laurencin et al. CNTs was fabricated to be
a composite scaffold and applied for bone repair and regeneration. This scaffolds is claimed
to be biocompatible and biodegradable [234]. In other hand graphene and its derivatives
have interesting characteristics as well such as high conductivity. As reported by adam
et al., who made 3D printable graphene (3DG) composites with a higher conductivity level
than other carbon composite materials. Ahmed et al., reported that biocompatible GO scaf-
folds promoted cell proliferation and HFB4 cell attachment to the fibrous composition [235].
The use of GO nanomaterials can not only improve the mechanical properties but can
also adapt the nanofibrous scaffolds with suitable behavior for biomedical applications.
Diamond nanoparticles also have excellent mechanical properties such as high surface area
and good biocompatibility. Zhang et al., reported a study about nanodiamonds which were
used as poly(L-lactic acid) and octadecylamine for use as bone scaffolds [236].

4.3. Bioimaging Application

Bioimaging is a noninvasive imaging technique to visualize living organisms, organs,
cells, or biological activity over a period of time [237]. Bioimaging helps study the func-
tion of certain organs under different conditions in correlation with anatomy of the 3D
sample. Carbon nanomaterials have the potential to be used as multimodal bioimaging
of cells and tissues due to their excellent water solubility, biocompatibility and minimal
cytotoxicity, as well as their outstanding tolerance to photobleaching. Tang et al., reported
the fabrication of single-stranded DNA adsorbed on the surface of GO sheets effectively
providing protection from enzymatic cleavage. SSDNA adsorbed to the GO surface is
retained prior to enzymatic cleavage by a steric barrier effect that prevents DNase from
binding to DNA for enzymatic digestion [238]. Hu et al., also reported the successful
development of QD-rGO nanocomposite to function as an imaging agent in the visible
region and a photothermal cancer therapeutic agent in the NIR region [239]. The thermal
effect of irradiated rGO can not only kill cells, but also degrade QD which also serves as an
optical indicator for heat dose and therapeutic treatment progress. The development of
nanoscale is expected to open new avenues for radiation therapy in general in clinical ap-
plications. Study discussing carbon nanoparticles for bioimaging applications reported by
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Tan et al., mesoporous silica nanoparticles (MSN) coated with fluorescent fullerenes were
successfully used as nanocarriers which demonstrated a pH-sensitive drug release capacity
and could serve as fluorescent cell imaging. In vitro studies showed that the fabricated
materials exhibited excellent biocompatibility, and the DOX-loaded nanocarriers exhibited
efficient anti-cancer capabilities [240]. Meanwhile, a patent invented by Takeuchi claimed
the SWCNT dispersion fluid for bioimaging. This material is claimed to be nontoxic and
does not block the blood vessels in the lung when administrated into the organism [241].

5. Summary and Outlook

In this review the use of carbon nanomaterials has been discussed and shows that
almost all carbon nanomaterials have potential to be applied in various fields, especially
in the biomedical /pharmaceutical field. Various types of carbon nanomaterials or their
derivatives which have outstanding structural and chemical properties have been dis-
cussed. These properties of carbon nanomaterials make them useful in a wide range of
applications such as sensor application, gene or drug carriers, bioimaging, carriers in scaf-
folds for tissue engineering, each of which has been demonstrated using existing studies.
First, carbon-based nanomaterial used as sensor application. Various carbon functionalized
material is presented. The optical, electrical and chemical properties of carbon nanoma-
terials make them suitable for sensor applications and greatly affects the results of the
validation methods. Outstanding features such as wide potential window, high conduc-
tivity, chemical and electrochemical inertness, low capacitance, biocompatibility, ease of
modification, low cost, excellent sensitivity, and low detection limit make it widely used for
biosensing applications in drugs or other materials. Second, carbon nanomaterial is used
for drug delivery application. Previous studies have clearly demonstrated that significant
and exciting advances in the characteristics of carbon nanomaterials such as their size
adaptability, high surface area and capacity to bind drugs/biomolecules to enhance absorp-
tion across plasma membranes make them a good carrier medium for drug encapsulation
and delivery to the plasma membrane in various parts of the body. Finally, not only sensor
and drug delivery application, carbon nanomaterial has been used for other application
in pharmaceutical area, such as antioxidant agent, tissue engineering, and bioimaging
application. Existing studies explain that the use of carbon nanomaterials shows better
antioxidant properties than natural antioxidants such as vitamin E [227]. Researchers have
overcome the cytotoxicity of several types of carbon nanomaterials by making composites
with more compatible materials. Thus, their use as nanocarriers for drugs and genes, as
contrast agents for imaging, as scaffolds for tissue regeneration and various biomedical
applications can be carried out with good results. This review shows the great properties
of carbon nanomaterial for various pharmaceutical application that may provide point of
view to develop a new carbon functionalized material in the future.

Author Contributions: Conceptualization, P.K.J.; writing—original draft preparation, all authors;
writing—review and editing, PK.J., I.Z.D.P. and I.N.LS,; visualization, all authors; supervision, PX.J.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Universitas Airlangga under Mandat research grant with
contract number 398 /UN3.14/PT/2020.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2022, 27, 7578 33 of 42

References

1. Yang, N.; Waldvogel, S.R.; Jiang, X. Electrochemistry of Carbon Dioxide on Carbon Electrodes. ACS Appl. Mater. Interfaces 2016, 8,
28357-28371. [CrossRef] [PubMed]

2. Usluy, B.; Ozkan, S.A. Electroanalytical Application of Carbon Based Electrodes to the Pharmaceuticals. Anal. Lett. 2007, 40,
817-853. [CrossRef]

3. Jia, C.; Dastafkan, K.; Ren, W.; Yang, W.; Zhao, C. Carbon-Based Catalysts for Electrochemical CO, Reduction. Sustain. Energy
Fuels 2019, 3, 2890-2906. [CrossRef]

4. Jiwanti, PK; Aritonang, R.P; Abdullah, I; Einaga, Y.; Ivandini, T.A. Copper-Nickel-Modified Boron-Doped Diamond Electrode
for CO, Electrochemical Reduction Application: A Preliminary Study. Makara J. Sci. 2019, 23, 204-209. [CrossRef]

5. Jiwanti, PK,; Sultana, S.; Wicaksono, W.P; Einaga, Y. Metal Modified Carbon-Based Electrode for CO, Electrochemical Reduction:
A Review. J. Electroanal. Chem. 2021, 898, 115634. [CrossRef]

6. Ivandini, T.A.; Ariani, J.; Jiwanti, PK.; Gunlazuardi, J.; Saepudin, E.; Einaga, Y. Electrochemical Detection of Neuraminidase
Based on Zanamivir Inhibition Reaction at Platinum and Platinum-Modified Boron-Doped Diamond Electrodes. Makara J. Sci.
2017, 21, 34-42. [CrossRef]

7. Ren, Y,;]Ji,J;Sun,],; Pi, F; Zhang, Y.; Sun, X. Rapid Detection of Antibiotic Resistance in Salmonella with Screen Printed Carbon
Electrodes. |. Solid State Electrochem. 2020, 24, 1539-1549. [CrossRef]

8. Yu,Y,; Zhou, Y.; Wu, L.; Zhi, J. Electrochemical Biosensor Based on Boron-Doped Diamond Electrodes with Modified Surfaces.
Int. J. Electrochem. 2012, 2012, 567171. [CrossRef]

9.  Chauhan, S; Jain, N.; Nagaich, U. Nanodiamonds with Powerful Ability for Drug Delivery and Biomedical Applications: Recent
Updates on in Vivo Study and Patents. J. Pharm. Anal. 2020, 10, 1-12. [CrossRef]

10. Debnath, S.K; Srivastava, R. Drug Delivery With Carbon-Based Nanomaterials as Versatile Nanocarriers: Progress and Prospects.
Front. Nanotechnol. 2021, 3, 644564. [CrossRef]

11. Liu, Z.; Robinson, J.T.; Tabakman, S.M.; Yang, K.; Dai, H. Carbon Materials for Drug Delivery & Cancer Therapy. Mater. Today
2011, 14, 316-323.

12.  Petersen, R. Carbon Fiber Biocompatibility for Implants. Fibers 2016, 4, 1. [CrossRef] [PubMed]

13.  Kaur, R.; Badea, I. Nanodiamonds as Novel Nanomaterials for Biomedical Applications: Drug Delivery and Imaging Systems.
Int. ]. Nanomed. 2013, 8, 203-220.

14. Liu, XW,; Sun, X.F; Huang, Y.X.; Sheng, G.P.; Wang, S.G.; Yu, H.Q. Carbon Nanotube/Chitosan Nanocomposite as a Biocompatible
Biocathode Material to Enhance the Electricity Generation of a Microbial Fuel Cell. Energy Environ. Sci. 2011, 4, 1422-1427.
[CrossRef]

15. Park, Y.; Kim, Y.; Chang, H.; Won, S.; Kim, H.; Kwon, W. Biocompatible Nitrogen-Doped Carbon Dots: Synthesis, Characterization,
and Application. J. Mater. Chem. B 2020, 8, 8935-8951. [CrossRef]

16. Grill, A. Diamond-like Carbon Coatings as Biocompatible Materials-An Overview. Diam. Relat. Mater. 2003, 12, 166-170.
[CrossRef]

17.  Hasanzadeh, M.; Tagi, S.; Solhi, E.; Mokhtarzadeh, A.; Shadjou, N.; Eftekhari, A.; Mahboob, S. An Innovative Immunosensor for
Ultrasensitive Detection of Breast Cancer Specific Carbohydrate (CA 15-3) in Unprocessed Human Plasma and MCF-7 Breast
Cancer Cell Lysates Using Gold Nanospear Electrochemically Assembled onto Thiolated Graphene Quantum Dots. Int. J. Biol.
Macromol. 2018, 114, 1008-1017. [CrossRef] [PubMed]

18.  Yousefi, M.; Dadashpour, M.; Hejazi, M.; Hasanzadeh, M.; Behnam, B.; de la Guardia, M.; Shadjou, N.; Mokhtarzadeh, A.
Anti-Bacterial Activity of Graphene Oxide as a New Weapon Nanomaterial to Combat Multidrug-Resistance Bacteria. Mater. Sci.
Eng. C 2017, 74, 568-581. [CrossRef]

19. Rezaee, M.; Behnam, B.; Banach, M.; Sahebkar, A. The Yin and Yang of Carbon Nanomaterials in Atherosclerosis; Elsevier Inc.:
Amsterdam, The Netherlands, 2018; Volume 36.

20. Mohajeri, M.; Behnam, B.; Sahebkar, A. Biomedical Applications of Carbon Nanomaterials: Drug and Gene Delivery Potentials.
J. Cell. Physiol. 2018, 234, 298-319. [CrossRef]

21. Adhikari, B.R.; Govindhan, M.; Chen, A. Carbon Nanomaterials Based Electrochemical Sensors/Biosensors for the Sensitive
Detection of Pharmaceutical and Biological Compounds. Sensors 2015, 15, 22490-22508. [CrossRef]

22. Porto, L.S;; Silva, D.N.; de Oliveira, A.E.F,; Pereira, A.C.; Borges, K.B. Carbon Nanomaterials: Synthesis and Applications to
Development of Electrochemical Sensors in Determination of Drugs and Compounds of Clinical Interest. Rev. Anal. Chem. 2020,
38, 3. [CrossRef]

23. Kondo, T. Electrochemical Applications of Conductive Diamond Powders; Springer International Publishing: Switzerland, 2019;
Volume 121.

24. Hassanpour, S.; Behnam, B.; Baradaran, B.; Hashemzaei, M.; Oroojalian, F.; Mokhtarzadeh, A.; de la Guardia, M. Carbon Based
Nanomaterials for the Detection of Narrow Therapeutic Index Pharmaceuticals. Talanta 2021, 221, 121610. [CrossRef] [PubMed]

25. Zaporotskova, 1.V,; Boroznina, N.P.; Parkhomenko, Y.N.; Kozhitov, L.V. Carbon Nanotubes: Sensor Properties. A Review. Mod.
Electron. Mater. 2016, 2, 95-105. [CrossRef]

26. Veerakumar, P; Sangili, A.; Chen, S.M.; Vinothkumar, V.; Balu, S.; Hung, S.T.; Lin, K.C. Zinc and Sulfur Codoped Iron Oxide

Nanocubes Anchored on Carbon Nanotubes for the Detection of Antitubercular Drug Isoniazid. ACS Appl. Nano Mater. 2021, 4,
4562-4575. [CrossRef]


http://doi.org/10.1021/acsami.5b09825
http://www.ncbi.nlm.nih.gov/pubmed/26683764
http://doi.org/10.1080/00032710701242121
http://doi.org/10.1039/C9SE00527G
http://doi.org/10.7454/mss.v23i4.11512
http://doi.org/10.1016/j.jelechem.2021.115634
http://doi.org/10.7454/mss.v21i1.7535
http://doi.org/10.1007/s10008-020-04645-8
http://doi.org/10.1155/2012/567171
http://doi.org/10.1016/j.jpha.2019.09.003
http://doi.org/10.3389/fnano.2021.644564
http://doi.org/10.3390/fib4010001
http://www.ncbi.nlm.nih.gov/pubmed/26966555
http://doi.org/10.1039/c0ee00447b
http://doi.org/10.1039/D0TB01334J
http://doi.org/10.1016/S0925-9635(03)00018-9
http://doi.org/10.1016/j.ijbiomac.2018.03.183
http://www.ncbi.nlm.nih.gov/pubmed/29621501
http://doi.org/10.1016/j.msec.2016.12.125
http://doi.org/10.1002/jcp.26899
http://doi.org/10.3390/s150922490
http://doi.org/10.1515/revac-2019-0017
http://doi.org/10.1016/j.talanta.2020.121610
http://www.ncbi.nlm.nih.gov/pubmed/33076140
http://doi.org/10.1016/j.moem.2017.02.002
http://doi.org/10.1021/acsanm.1c00172

Molecules 2022, 27, 7578 34 of 42

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Qian, L.; Thiruppathi, A.R.; Van Der Zalm, J.; Chen, A. Graphene Oxide-Based Nanomaterials for the Electrochemical Sensing of
Isoniazid. ACS Appl. Nano Mater. 2021, 4, 3696-3706. [CrossRef]

Farokhi-Fard, A.; Golichenari, B.; Mohammadi Ghanbarlou, M.; Zanganeh, S.; Vaziri, F. Electroanalysis of Isoniazid and
Rifampicin: Role of Nanomaterial Electrode Modifiers. Biosens. Bioelectron. 2019, 146, 111731. [CrossRef]

Spindola, R.F,; Zanin, H.; Macena, C.S.; Contin, A.; de Cassia Silva Luz, R.; Damos, E.S. Evaluation of a Novel Composite Based
on Functionalized Multi-Walled Carbon Nanotube and Iron Phthalocyanine for Electroanalytical Determination of Isoniazid.
J. Solid State Electrochem. 2017, 21, 1089-1099. [CrossRef]

Pandolfi, S.; Simonetti, V.; Ricevuti, G.; Chirumbolo, S. Paracetamol In The Home Treatment Of Early COVID-19 Symptoms: A
Possible Foe Rather Than A Friend For Elderly Patients? J. Med. Virol. 2021, 93, 5704-5706. [CrossRef]

Teglia, C.M.; Gutierrez, F.A.; Goicoechea, H.C. Natural Deep Eutectic Solvent: A Novelty Alternative as Multi-Walled Carbon
Nanotubes Dispersing Agent for the Determination of Paracetamol in Urine. Talanta 2022, 242, 123290. [CrossRef]

Alam, A.U.; Qin, Y,; Catalano, M.; Wang, L.; Kim, M.].; Howlader, M.M.R.; Hu, N.X.; Deen, M.]. Tailoring MWCNTs and
B-Cyclodextrin for Sensitive Detection of Acetaminophen and Estrogen. ACS Appl. Mater. Interfaces 2018, 10, 21411-21427.
[CrossRef]

Wu, Y; Wu, Y;; Ly, X.; Lei, W;; Ding, Y.,; Chen, C.; Ly, J.; Feng, S.; Chen, SM.; Hao, Q. A Sensitive Sensing Platform for
Acetaminophen Based on Palladium and Multi-Walled Carbon Nanotube Composites and Electrochemical Detection Mechanism.
Mater. Chem. Phys. 2020, 239, 121977. [CrossRef]

Wester, N.; Mikladal, B.F.; Varjos, I.; Peltonen, A.; Kalso, E.; Lilius, T.; Laurila, T.; Koskinen, J. Disposable Nafion-Coated
Single-Walled Carbon Nanotube Test Strip for Electrochemical Quantitative Determination of Acetaminophen in a Finger-Prick
Whole Blood Sample. Anal. Chem. 2020, 92, 13017-13024. [CrossRef] [PubMed]

Charithra, M.M.; Manjunatha, J.G. Electroanalytical Determination of Acetaminophen Using a Polymerised Carbon Nanotube
Based Sensor. |. Electron. Mater. 2021, 50, 6929-6940. [CrossRef]

Atta, N.F,; Galal, A.; Ahmed, Y.M.; El-Ads, E.H. Design Strategy and Preparation of a Conductive Layered Electrochemical Sensor
for Simultaneous Determination of Ascorbic Acid, Dobutamine, Acetaminophen and Amlodipine. Sens. Actuators B Chem. 2019,
297,126648. [CrossRef]

Kokab, T.; Shah, A.; Khan, M.A_; Nisar, J.; Ashiq, M.N. Electrochemical Sensing Platform for the Simultaneous Femtomolar
Detection of Amlodipine and Atorvastatin Drugs. RSC Adv. 2021, 11, 27135-27151. [CrossRef]

Jalal, N.R,; Madrakian, T.; Afkhami, A.; Ghamsari, M. Polyethylenimine@Fe3O4@carbon Nanotubes Nanocomposite as a Modifier
in Glassy Carbon Electrode for Sensitive Determination of Ciprofloxacin in Biological Samples. J. Electroanal. Chem. 2019, 833,
281-289. [CrossRef]

Garrido, ].M.PJ.; Melle-franco, M.; Strutyniski, K.; Brett, C.M.A.; Garrido, EM.P]. 3—Cyclodextrin Carbon Nanotube-Enhanced
Sensor for Ciprofloxacin Detection. J. Environ. Sci. Health Part A 2017, 52, 313-319. [CrossRef]

Tubati, V.; Murthy, T.; Rao, A. Comparision of Different Techniques Involved in the Development of Ivabradine HCL Floating
Pulsatile Multiparticulate Systems for Chronotherapeutic Delivery. Br. J. Pharm. Res. 2016, 9, 1-12. [CrossRef]

Abdel-Haleem, FEM.; Gamal, E.; Rizk, M.S.; El Nashar, RM.; Anis, B.; Elnabawy, HM.; Khalil, A.S.G.; Barhoum, A. T-Butyl
Calixarene /Fe; O3@MWCNTs Composite-Based Potentiometric Sensor for Determination of Ivabradine Hydrochloride in Phar-
maceutical Formulations. Mater. Sci. Eng. C 2020, 116, 111110. [CrossRef]

Abdel-Haleem, EM.; Saad, M.; Barhoum, A.; Bechelany, M.; Rizk, M.S. PVC Membrane, Coated-Wire, and Carbon-Paste Ion-
Selective Electrodes for Potentiometric Determination of Galantamine Hydrobromide in Physiological Fluids. Mater. Sci. Eng. C
2018, 89, 140-148. [CrossRef]

Santos, B.G.; Gongalves, ] M.; Rocha, D.P; Higino, G.S.; Yadav, T.P,; Pedrotti, ].].; Ajayan, PM.; Angnes, L. Electrochemical Sensor
for Isoniazid Detection by Using a WS, /CNTs Nanocomposite. Sens. Actuators Rep. 2022, 4, 100073. [CrossRef]

Shalauddin, M.; Akhter, S.; Jeffrey Basirun, W.; Sanghiran Lee, V.; Rafie Johan, M. A Metal Free Nanosensor Based on
Nanocellulose-Polypyrrole Matrix and Single-Walled Carbon Nanotube: Experimental Study and Electroanalytical Application
for Determination of Paracetamol and Ciprofloxacin. Environ. Nanotechnol. Monit. Manag. 2022, 18, 100691. [CrossRef]

Naikoo, G.A.; Pandit, U.J.; Sheikh, M.U.D.; Hassan, 1.U.; Khan, G.A.; Bhat, A.R;; Das, R.; Horchani, R. Synergistic Effect of Carbon
Nanotubes, Copper and Silver Nanoparticles as an Efficient Electrochemical Sensor for the Trace Recognition of Amlodipine
Besylate Drug. SN Appl. Sci. 2020, 2, 983. [CrossRef]

Rather, J.A.; De Wael, K. Fullerene-Cgy Sensor for Ultra-High Sensitive Detection of Bisphenol-A and Its Treatment by Green
Technology. Sens. Actuators B Chem. 2013, 176, 110-117. [CrossRef]

Krishnan, A.V,; Stathis, P.; Permuth, S.F; Tokes, L.; Feldman, D. Bisphenol-A: An Estrogenic Substance Is Released from
Polycarbonate Flasks during Autoclaving. Endocrinology 2018, 132, 2279-2286. [CrossRef]

Palanza, P.; Gioiosa, L.; vom Saal, ES.; Parmigiani, S. Effects of Developmental Exposure to Bisphenol A on Brain and Behavior in
Mice. Environ. Res. 2008, 108, 150-157. [CrossRef] [PubMed]

Youn, J.Y,; Park, H.Y; Lee, ] W,; Jung, 1.O.; Choi, K.H.; Kim, K.; Cho, K.H. Evaluation of the Inmune Response Following Exposure
of Mice to Bisphenol A: Induction of Th; Cytokine and Prolactin by BPA Exposure in the Mouse Spleen Cells. Arch. Pharm. Res.
2002, 25, 946-953. [CrossRef] [PubMed]

Mazloum-Ardakani, M.; Khoshroo, A. High Performance Electrochemical Sensor Based on Fullerene-Functionalized Carbon
Nanotubes/Ionic Liquid: Determination of Some Catecholamines. Electrochem. Commun. 2014, 42, 9-12. [CrossRef]


http://doi.org/10.1021/acsanm.1c00178
http://doi.org/10.1016/j.bios.2019.111731
http://doi.org/10.1007/s10008-016-3451-9
http://doi.org/10.1002/jmv.27158
http://doi.org/10.1016/j.talanta.2022.123290
http://doi.org/10.1021/acsami.8b04639
http://doi.org/10.1016/j.matchemphys.2019.121977
http://doi.org/10.1021/acs.analchem.0c01857
http://www.ncbi.nlm.nih.gov/pubmed/32842738
http://doi.org/10.1007/s11664-021-09242-7
http://doi.org/10.1016/j.snb.2019.126648
http://doi.org/10.1039/D1RA04464H
http://doi.org/10.1016/j.jelechem.2018.12.004
http://doi.org/10.1080/10934529.2016.1258864
http://doi.org/10.9734/BJPR/2016/22566
http://doi.org/10.1016/j.msec.2020.111110
http://doi.org/10.1016/j.msec.2018.04.001
http://doi.org/10.1016/j.snr.2021.100073
http://doi.org/10.1016/j.enmm.2022.100691
http://doi.org/10.1007/s42452-020-2807-z
http://doi.org/10.1016/j.snb.2012.08.081
http://doi.org/10.1210/endo.132.6.8504731
http://doi.org/10.1016/j.envres.2008.07.023
http://www.ncbi.nlm.nih.gov/pubmed/18949834
http://doi.org/10.1007/BF02977018
http://www.ncbi.nlm.nih.gov/pubmed/12510852
http://doi.org/10.1016/j.elecom.2014.01.026

Molecules 2022, 27, 7578 35 of 42

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Mazloum-Ardakani, M.; Khoshroo, A.; Hosseinzadeh, L. Simultaneous Determination of Hydrazine and Hydroxylamine Based
on Fullerene-Functionalized Carbon Nanotubes/Ionic Liquid Nanocomposite. Sens. Actuators B Chem. 2015, 214, 132-137.
[CrossRef]

Filanovsky, B.; Granot, E.; Presman, I.; Kuras, I.; Patolsky, F. Long-Term Room-Temperature Hydrazine/Air Fuel Cells Based on
Low-Cost Nanotextured Cu-Ni Catalysts. |. Power Source 2014, 246, 423-429. [CrossRef]

Evans, D.M. Two Cases of Hydrazine Hydrate Dermatitis without Systemic Intoxication. Br. J. Ind. Med. 1959, 16, 126-127.
[CrossRef] [PubMed]

Palanisamy, S.; Thirumalraj, B.; Chen, S.M.; Ali, M.A.; Al-Hemaid, EM.A. Palladium Nanoparticles Decorated on Activated
Fullerene Modified Screen Printed Carbon Electrode for Enhanced Electrochemical Sensing of Dopamine. J. Colloid Interface Sci.
2015, 448, 251-256. [CrossRef] [PubMed]

Babaei, A.; Babazadeh, M.; Momeni, H.R. A Sensor for Simultaneous Determination of Dopamine and Morphine in Biological
Samples Using a Multi-Walled Carbon Nanotube /Chitosan Composite Modified Glassy Carbon Electrode. Int. J. Electrochem. Sci.
2011, 6, 1382-1395.

Montague, P.R.; Hyman, S.E.; Cohen, J.D. Computational Roles for Dopamine in Behavioural Control. Nat. Publ. Gr. 2004, 431,
760-767. [CrossRef]

Thirumalraj, B.; Palanisamy, S.; Chen, S.M.; Lou, B.S. Preparation of Highly Stable Fullerene Cyy Decorated Graphene Oxide
Nanocomposite and Its Sensitive Electrochemical Detection of Dopamine in Rat Brain and Pharmaceutical Samples. J. Colloid
Interface Sci. 2016, 462, 375-381. [CrossRef]

Ma, X.; Chao, M.; Wang, Z. Electrochemical Detection of Dopamine in the Presence of Epinephrine, Uric Acid and Ascorbic Acid
Using a Graphene-Modified Electrode. Anal. Methods 2012, 4, 1687-1692. [CrossRef]

Smythies, J. The Neurotoxicity of Glutamate, Dopamine, Iron and Reactive Oxygen Species: Functional Interrelationships in
Health and Disease: A Review—Discussion. Neurotox. Res. 1999, 1, 27-39. [CrossRef]

Brahman, PX.; Suresh, L.; Lokesh, V.; Nizamuddin, S. Fabrication of Highly Sensitive and Selective Nanocomposite Film Based
on CuNPs/Fullerene-Cgp/MWCNTs: An Electrochemical Nanosensor for Trace Recognition of Paracetamol. Anal. Chim. Acta
2016, 917, 107-116. [CrossRef]

Lourencao, B.C.; Medeiros, R.A.; Rocha-Filho, R.C.; Mazo, L.H.; Fatibello-Filho, O. Simultaneous Voltammetric Determination of
Paracetamol and Caffeine in Pharmaceutical Formulations Using a Boron-Doped Diamond Electrode. Talanta 2009, 78, 748-752.
[CrossRef]

El Bouabi, Y.; Farahi, A.; Labjar, N.; El Hajjaji, S.; Bakasse, M.; El Mhammedi, M.A. Square Wave Voltammetric Determination
of Paracetamol at Chitosan Modified Carbon Paste Electrode: Application in Natural Water Samples, Commercial Tablets and
Human Urines. Mater. Sci. Eng. C 2016, 58, 70-77. [CrossRef]

Mazloum-Ardakani, M.; Ahmadi, S.H.; Safaei Mahmoudabadi, Z.; Khoshroo, A. Nano Composite System Based on Fullerene-
Functionalized Carbon Nanotubes for Simultaneous Determination of Levodopa and Acetaminophen. Meas. J. Int. Meas. Confed.
2016, 91, 162-167. [CrossRef]

Hardy, J.; Gwinn-Hardy, K. Genetic Classification of Primary Neurodegenerative Disease. Science 1998, 282, 1075-1079. [CrossRef]
[PubMed]

Katzenschlager, R.; Poewe, W. Intestinal Levodopa Infusion in PD-the First Randomized Trial. Nat. Rev. Neurol. 2014, 10, 128-129.
[CrossRef] [PubMed]

Thanvi, B.R.; Lo, T.C.N. Long Term Motor Complications of Levodopa: Clinical Features, Mechanisms, and Management
Strategies. Postgrad. Med. ]. 2004, 80, 452—458. [CrossRef] [PubMed]

Rahimi-Nasrabadi, M.; Khoshroo, A.; Mazloum-Ardakani, M. Electrochemical Determination of Diazepam in Real Samples
Based on Fullerene-Functionalized Carbon Nanotubes/Ionic Liquid Nanocomposite. Sens. Actuators B Chem. 2017, 240, 125-131.
[CrossRef]

Baldwin, D.S.; Aitchison, K.; Bateson, A.; Curran, H.V.; Davies, S.; Leonard, B.; Nutt, D.J.; Stephens, D.N.; Wilson, S. Benzodi-
azepines: Risks and Benefits. A Reconsideration. J. Psychopharmacol. 2013, 27, 967-971. [CrossRef]

Anusha, T.; Bhavani, K.S.; Kumar, ].V.S.; Brahman, P.K. Designing and Fabrication of Electrochemical Nanosensor Employing
Fullerene-Cgy and Bimetallic Nanoparticles Composite Film for the Detection of Vitamin D3 in Blood Samples. Diam. Relat. Mater.
2020, 104, 107761. [CrossRef]

Scott, M.G.; Gronowski, A.M.; Reid, I.R.; Holick, M.E,; Thadhani, R.; Phinney, K. Vitamin D: The More We Know, the Less We
Know. Clin. Chem. 2015, 61, 462-465. [CrossRef]

Wang, S.; Wang, S.; Yang, R.; Zhou, W,; Li, H.; Dong, J.; Chen, W. A Simple and Precise LC-MS/MS Method for Simultaneous
Determination of Serum 25-Hydroxyvitamin D3 and D, without Interference from the C3 Epimer. Anal. Methods 2015, 7,
5254-5261. [CrossRef]

Zhu, Y,; Huai, S,; Jiao, J.; Xu, Q.; Wu, H.; Zhang, H. Fullerene and Platinum Composite-Based Electrochemical Sensor for the
Selective Determination of Catechol and Hydroquinone. J. Electroanal. Chem. 2020, 878, 114726. [CrossRef]

Vilian, A.T.E.; Chen, S.M.; Huang, L.H.; Ali, M.A.; Al-Hemaid, FM.A. Simultaneous Determination of Catechol and Hydroquinone
Using a Pt/ZrO 2-RGO/GCE Composite Modified Glassy Carbon Electrode. Electrochim. Acta 2014, 125, 503-509. [CrossRef]
Du, H; Ye, J.; Zhang, J.; Huang, X.; Yu, C. A Voltammetric Sensor Based on Graphene-Modified Electrode for Simultaneous
Determination of Catechol and Hydroquinone. J. Electroanal. Chem. 2011, 650, 209-213. [CrossRef]


http://doi.org/10.1016/j.snb.2015.03.010
http://doi.org/10.1016/j.jpowsour.2013.07.084
http://doi.org/10.1136/oem.16.2.126
http://www.ncbi.nlm.nih.gov/pubmed/13651555
http://doi.org/10.1016/j.jcis.2015.02.013
http://www.ncbi.nlm.nih.gov/pubmed/25744858
http://doi.org/10.1038/nature03015
http://doi.org/10.1016/j.jcis.2015.10.009
http://doi.org/10.1039/c2ay25040c
http://doi.org/10.1007/BF03033337
http://doi.org/10.1016/j.aca.2016.02.044
http://doi.org/10.1016/j.talanta.2008.12.040
http://doi.org/10.1016/j.msec.2015.08.014
http://doi.org/10.1016/j.measurement.2016.05.035
http://doi.org/10.1126/science.282.5391.1075
http://www.ncbi.nlm.nih.gov/pubmed/9804538
http://doi.org/10.1038/nrneurol.2014.26
http://www.ncbi.nlm.nih.gov/pubmed/24535462
http://doi.org/10.1136/pgmj.2003.013912
http://www.ncbi.nlm.nih.gov/pubmed/15299154
http://doi.org/10.1016/j.snb.2016.08.144
http://doi.org/10.1177/0269881113503509
http://doi.org/10.1016/j.diamond.2020.107761
http://doi.org/10.1373/clinchem.2014.222521
http://doi.org/10.1039/C5AY00971E
http://doi.org/10.1016/j.jelechem.2020.114726
http://doi.org/10.1016/j.electacta.2014.01.092
http://doi.org/10.1016/j.jelechem.2010.10.002

Molecules 2022, 27, 7578 36 of 42

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

Yang, Y.J.; Li, W. Simultaneous Determination of Catechol, Hydroquinone, and Resorcinol on CTAB Functionalized Graphene
Oxide/ Multiwalled Carbon Nanotube Modified Electrode. Fuller. Nanotub. Carbon Nanostructures 2015, 23, 410-417. [CrossRef]
Tajeu, K.Y.; Dongmo, L.M.; Tonle, I.K. Fullerene/MWCNT /Nafion Modified Glassy Carbon Electrode for the Electrochemical
Determination of Caffeine. Am. J. Anal. Chem. 2020, 11, 114-127. [CrossRef]

Furtado, L.D.A.; Goncalves, M.C.D.O.; Inocéncio, C.V.M.; Pinto, E.M.; Martins, D.D.L.; Semaan, F.S. Electrodeposition of 4-
Benzenesulfonic Acid onto a Graphite-Epoxy Composite Electrode for the Enhanced Voltammetric Determination of Caffeine in
Beverages. J. Anal. Methods Chem. 2019, 2019, 8596484. [CrossRef]

Rostagno, M.A.; Manchoén, N.; D’Arrigo, M.; Guillamén, E.; Villares, A.; Garcia-Lafuente, A.; Ramos, A.; Martinez, J.A. Fast and
Simultaneous Determination of Phenolic Compounds and Caffeine in Teas, Mate, Instant Coffee, Soft Drink and Energetic Drink
by High-Performance Liquid Chromatography Using a Fused-Core Column. Anal. Chim. Acta 2011, 685, 204-211. [CrossRef]
Khoo, W.Y.H.; Pumera, M.; Bonanni, A. Graphene Platforms for the Detection of Caffeine in Real Samples. Anal. Chim. Acta 2013,
804, 92-97. [CrossRef]

Svitkova, J.; Machkova, M.; Satkovskd, P; Cinkova, K.; Svorc, L. Utilization of Electrochemical Methods in Determination of Trace
Elements in Beverages. Acta Chim. Slovaca 2012, 5, 42—46. [CrossRef]

Smith, A.; Sutherland, D.; Christopher, G. Effects of Repeated Doses of Caffeine on Mood and Performance of Alert and Fatigued
Volunteers. . Psychopharmacol. 2005, 19, 620-626. [CrossRef]

Abdellatef, R.; Khaled, E.; Hendawy, H.A.; Hassan, R.Y.A. Manganese Dioxide (MnO;)/Fullerene-Cg,-Modified Electrodes for
the Voltammetric Determination of Rifaximin. J. Anal. Test. 2021, 5, 341-349. [CrossRef]

Materén, EIM.; Wong, A; Freitas, T.A,; Faria, R.C.; Oliveira, O.N. A Sensitive Electrochemical Detection of Metronidazole in
Synthetic Serum and Urine Samples Using Low-Cost Screen-Printed Electrodes Modified with Reduced Graphene Oxide and Cgj.
J. Pharm. Anal. 2021, 11, 646-652. [CrossRef] [PubMed]

Hernandez Ceruelos, A.; Romero-Quezada, L.C.; Ruvalcaba Ledezma, J.C.; Lépez Contreras, L. Therapeutic Uses of Metronidazole
and Its Side Effects: An Update. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 397-401. [PubMed]

Mallikarjuna Rao, C.; Ghosh, A.; Raghothama, C.; Bairy, K.L. Does Metronidazole Reduce Lipid Peroxidation in Burn Injuries to
Promote Healing? Burns 2002, 28, 427-429. [CrossRef]

Xi, X.; Ming, L. A Voltammetric Sensor Based on Electrochemically Reduced Graphene Modified Electrode for Sensitive
Determination of Midecamycin. Anal. Methods 2012, 4, 3013-3018. [CrossRef]

Arvand, M.; Ghodsi, N. A Voltammetric Sensor Based on Graphene-Modified Electrode for the Determination of Trace Amounts
of I-Dopa in Mouse Brain Extract and Pharmaceuticals. J. Solid State Electrochem. 2013, 17, 775-784. [CrossRef]

Misu, Y.; Goshima, Y.; Miyamae, T. Is DOPA a Neurotransmitter? Trends Pharmacol. Sci. 2002, 23, 262-268. [CrossRef]

Laitinen, L.V.; Bergenheim, A.T.; Hariz, M.I. Leksell’s Posteroventral Pallidotomy in the Treatment of Parkinson’s Disease.
J. Neurosurg. 1992, 76, 53-61. [CrossRef]

Arvand, M.; Gholizadeh, T.M. Gold Nanorods-Graphene Oxide Nanocomposite Incorporated Carbon Nanotube Paste Modified
Glassy Carbon Electrode for Voltammetric Determination of Indomethacin. Sens. Actuators B Chem. 2013, 186, 622—-632. [CrossRef]
Ali, AM.M. Cathodic Adsorptive Stripping Voltammetric Determination of the Anti-Inflammatory Drug Indomethacin. J. Pharm.
Biomed. Anal. 1999, 18, 1005-1012. [CrossRef]

Hajjizadeh, M.; Jabbari, A.; Heli, H.; Moosavi-Movahedi, A.A.; Haghgoo, S. Electrocatalytic Oxidation of Some Anti-Inflammatory
Drugs on a Nickel Hydroxide-Modified Nickel Electrode. Electrochim. Acta 2007, 53, 1766-1774. [CrossRef]

Beitollahi, H.; Tajik, S.; Asadi, M.H.; Biparva, P. Application of a Modified Graphene Nanosheet Paste Electrode for Voltammetric
Determination of Methyldopa in Urine and Pharmaceutical Formulation. J. Anal. Sci. Technol. 2014, 5, 29. [CrossRef]

Rosy; Yadav, S.K.; Agrawal, B.; Oyama, M.; Goyal, R.N. Graphene Modified Palladium Sensor for Electrochemical Analysis of
Norepinephrine in Pharmaceuticals and Biological Fluids. Electrochim. Acta 2014, 125, 622-629. [CrossRef]

LeWitt, P.A. Norepinephrine: The next Therapeutics Frontier for Parkinson’s Disease. Transl. Neurodegener. 2012, 1, 4. [CrossRef]
[PubMed]

Goldstein, D.S. Plasma Norepinephrine during Stress in Essential Hypertension. Hypertension 1981, 3, 551-556. [CrossRef]
[PubMed]

Slavikova, J.; Kuncova, J.; Topolcan, O. Plasma Catecholamines and Ischemic Heart Disease. Clin. Cardiol. 2007, 30, 326-330.
[CrossRef] [PubMed]

Goyal, RN.; Aziz, M.A; Oyama, M.; Chatterjee, S.; Rana, A.R.S. Nanogold Based Electrochemical Sensor for Determination of
Norepinephrine in Biological Fluids. Sens. Actuators B Chem. 2011, 153, 232-238. [CrossRef]

Ganguly, PK.; Beamish, R.E.; Dhalla, K.S.; Innes, I.R. Norepinephrine Storage, Distribution, and Release in Diabetic Cardiomy-
opathy. Am. J. Physiol.-Endocrinol. Metab. 1987, 252, 734-739. [CrossRef]

Shrivastava, R.; Saxena, S.; Satsangee, S.P; Jain, R. Graphene/TiO, /Polyaniline Nanocomposite Based Sensor for the Electro-
chemical Investigation of Aripiprazole in Pharmaceutical Formulation. Ionics 2015, 21, 2039-2049. [CrossRef]

DeLeon, A.; Patel, N.C.; Crismon, M.L. Aripiprazole: A Comprehensive Review of Its Pharmacology, Clinical Efficacy, and
Tolerability. Clin. Ther. 2004, 26, 649-666. [CrossRef]

Lieberman, J.A. Dopamine Partial Agonists: A New Class of Antipsychotic. CNS Drugs 2004, 18, 251-267. [CrossRef]
Mallikaarjun, S.; Salazar, D.E.; Bramer, S.L. Pharmacokinetics, Tolerability, and Safety of Aripiprazole Following Multiple Oral
Dosing in Normal Healthy Volunteers. J. Clin. Pharmacol. 2004, 44, 179-187. [CrossRef] [PubMed]


http://doi.org/10.1080/1536383X.2014.924509
http://doi.org/10.4236/ajac.2020.112009
http://doi.org/10.1155/2019/8596484
http://doi.org/10.1016/j.aca.2010.11.031
http://doi.org/10.1016/j.aca.2013.09.062
http://doi.org/10.2478/v10188-012-0007-1
http://doi.org/10.1177/0269881105056534
http://doi.org/10.1007/s41664-020-00151-y
http://doi.org/10.1016/j.jpha.2021.03.004
http://www.ncbi.nlm.nih.gov/pubmed/34765278
http://www.ncbi.nlm.nih.gov/pubmed/30657582
http://doi.org/10.1016/S0305-4179(01)00126-7
http://doi.org/10.1039/c2ay25537e
http://doi.org/10.1007/s10008-012-1929-7
http://doi.org/10.1016/S0165-6147(02)02013-8
http://doi.org/10.3171/jns.1992.76.1.0053
http://doi.org/10.1016/j.snb.2013.06.059
http://doi.org/10.1016/S0731-7085(98)00111-3
http://doi.org/10.1016/j.electacta.2007.08.026
http://doi.org/10.1186/s40543-014-0029-y
http://doi.org/10.1016/j.electacta.2014.01.160
http://doi.org/10.1186/2047-9158-1-4
http://www.ncbi.nlm.nih.gov/pubmed/23211006
http://doi.org/10.1161/01.HYP.3.5.551
http://www.ncbi.nlm.nih.gov/pubmed/7298109
http://doi.org/10.1002/clc.20099
http://www.ncbi.nlm.nih.gov/pubmed/17674373
http://doi.org/10.1016/j.snb.2010.10.041
http://doi.org/10.1152/ajpendo.1987.252.6.E734
http://doi.org/10.1007/s11581-014-1353-3
http://doi.org/10.1016/S0149-2918(04)90066-5
http://doi.org/10.2165/00023210-200418040-00005
http://doi.org/10.1177/0091270003261901
http://www.ncbi.nlm.nih.gov/pubmed/14747427

Molecules 2022, 27, 7578 37 of 42

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Radhakrishnan, S.; Krishnamoorthy, K.; Sekar, C.; Wilson, J.; Kim, S.J. A Promising Electrochemical Sensing Platform Based on
Ternary Composite of Polyaniline-Fe;O3-Reduced Graphene Oxide for Sensitive Hydroquinone Determination. Chem. Eng. ].
2015, 259, 594-602. [CrossRef]

Jin, P; Chang, R; Liu, D.; Zhao, K.; Zhang, L.; Ouyang, Y. Phenol Degradation in an Electrochemical System with TiO 2/ Activated
Carbon Fiber as Electrode. . Environ. Chem. Eng. 2014, 2, 1040-1047. [CrossRef]

Yousef, R.I; El-Eswed, B.; Al-Muhtaseb, A.H. Adsorption Characteristics of Natural Zeolites as Solid Adsorbents for Phenol
Removal from Aqueous Solutions: Kinetics, Mechanism, and Thermodynamics Studies. Chem. Eng. J. 2011, 171, 1143-1149.
[CrossRef]

Mani, V.; Devasenathipathy, R.; Chen, S.M.; Kohilarani, K.; Ramachandran, R. A Sensitive Amperometric Sensor for the
Determination of Dopamine at Graphene and Bismuth Nanocomposite Film Modified Electrode. Int. ]. Electrochem. Sci. 2015, 10,
1199-1207.

Hummers, W.S.; Offeman, R.E. Preparation of Graphitic Oxide. J. Am. Chem. Soc. 1958, 80, 1339. [CrossRef]

Yigit, A.; Yardim, Y.; Celebi, M.; Levent, A.; Senttirk, Z. Graphene/Nafion Composite Film Modified Glassy Carbon Electrode for
Simultaneous Determination of Paracetamol, Aspirin and Caffeine in Pharmaceutical Formulations. Talanta 2016, 158, 21-29.
[CrossRef]

Jozwiak-Bebenista, M.; Nowak, J.Z. Paracetamol: Mechanism of Action, Applications and Safety Concern. Acta Pol. Pharm.-Drug
Res. 2014, 71, 11-23.

Amann, R; Peskar, B.A. Anti-Inflammatory Effects of Aspirin and Sodium Salicylate. Eur. J. Pharmacol. 2002, 447, 1-9. [CrossRef]
Benowitz, N.L. Clinical Pharmacology of Caffeine. Annu. Rev. Med. 1990, 41, 277-288. [CrossRef]

Lipton, R.B.; Stewart, W.E; Ryan, R.E.; Saper, |.; Silberstein, S.; Sheftell, F. Efficacy and Safety of Acetaminophen, Aspirin, and
Caffeine in Alleviating Migraine Headache Pain. Arch. Neurol. 1998, 55, 210-217. [CrossRef] [PubMed]

Marcano, D.C.; Kosynkin, D.V,; Berlin, ].M.; Sinitskii, A.; Sun, Z.; Slesarev, A.; Alemany, L.B.; Lu, W.; Tour, ].M. Improved
Synthesis of Graphene Oxide. Am. Chem. Soc. 2010, 4, 4806—4814. [CrossRef] [PubMed]

Stankovich, S.; Dikin, D.A ; Piner, R.D.; Kohlhaas, K. A ; Kleinhammes, A ; Jia, Y.; Wu, Y.; Nguyen, S.B.T.; Ruoff, R.S. Synthesis of
Graphene-Based Nanosheets via Chemical Reduction of Exfoliated Graphite Oxide. Carbon N. Y. 2007, 45, 1558-1565. [CrossRef]
Afkhami, A.; Bahiraei, A.; Madrakian, T. Application of Nickel Zinc Ferrite/Graphene Nanocomposite as a Modifier for
Fabrication of a Sensitive Electrochemical Sensor for Determination of Omeprazole in Real Samples. J. Colloid Interface Sci. 2017,
495, 1-8. [CrossRef] [PubMed]

Russo, M.G.; Vega Hissi, E.G.; Rizzi, A.C.; Brondino, C.D.; Salinas Ibafiez, AG,; Vega, A.E.; Silva, H.].; Mercader, R.; Narda, G.E.
Synthesis, Physicochemical Characterization, DFT Calculation and Biological Activities of Fe(IIl) and Co(II)-Omeprazole Com-
plexes. Potential Application in the Helicobacter Pylori Eradication. J. Mol. Struct. 2014, 1061, 5-13. [CrossRef]

El-Nezhawy, A.O.H.; Biuomy, A.R.; Hassan, F.S.; Ismaiel, A.K.; Omar, H.A. Design, Synthesis and Pharmacological Evaluation of
Omeprazole-like Agents with Anti-Inflammatory Activity. Bioorganic Med. Chem. 2013, 21, 1661-1670. [CrossRef]

Apetrei, LM.; Apetrei, C. A Modified Nanostructured Graphene-Gold Nanoparticle Carbon Screen-Printed Electrode for the
Sensitive Voltammetric Detection of Rutin. Meas. |. Int. Meas. Confed. 2018, 114, 37-43. [CrossRef]

Freitas, KH.G.; Fatibello-Filho, O.; de Mattos, I.L. Square-Wave Voltammetric Determination of Rutin in Pharmaceutical
Formulations Using a Carbon Composite Electrode Modified with Copper (II) Phosphate Immobilized in Polyester Resin.
Brazilian J. Pharm. Sci. 2012, 48, 639-649. [CrossRef]

Petkova Pencheva, I.; Nikolova Maslarska, V.; Christova Stoimenova, A.; Metodieva Manova, M.; Antonova Andonova, L.;
Krumova Zdraveva, P. Quality Control Optimization Solutions for Determination of Rutin in Supplements Containing Ginkgo
Biloba Extract. Curr. Pharm. Anal. 2016, 12, 386-390. [CrossRef]

Chua, L.S. A Review on Plant-Based Rutin Extraction Methods and Its Pharmacological Activities. J. Ethnopharmacol. 2013, 150,
805-817. [CrossRef]

Oghli, A.H.; Soleymanpour, A. Polyoxometalate/Reduced Graphene Oxide Modified Pencil Graphite Sensor for the Electrochem-
ical Trace Determination of Paroxetine in Biological and Pharmaceutical Media. Mater. Sci. Eng. C 2020, 108, 110407. [CrossRef]
[PubMed]

Richelson, E. Synaptic Effects of Antidepressants. J. Clin. Psychopharmacol. 1996, 16, 15-7S. [CrossRef] [PubMed]

Bourin, M.; Chue, P.; Guillon, Y. Paroxetine: A Review. CNS Drug Rev. 2006, 7, 25-47. [CrossRef] [PubMed]

Wang, P; Yuan, X.; Cui, Z.; Xu, C.; Sun, Z,; Li, J; Liu, ].; Tian, Y.; Li, H. A Nanometer-Sized Graphite/Boron-Doped Diamond
Electrochemical Sensor for Sensitive Detection of Acetaminophen. ACS Omega 2021, 6, 6326-6334. [CrossRef] [PubMed]
Simioni, N.B.; Oliveira, G.G.; Vicentini, FC.; Lanza, M.R.V,; Janegitz, B.C.; Fatibello-Filho, O. Nanodiamonds Stabilized in
Dihexadecyl Phosphate Film for Electrochemical Study and Quantification of Codeine in Biological and Pharmaceutical Samples.
Diam. Relat. Mater. 2017, 74, 191-196. [CrossRef]

Wong, A.; Materén, E.M.; Freitas, T.A.; Faria, R.C.; Gongalves, D. Voltammetric Sensing of Tryptophan in Dark Chocolate Bars,
Skimmed Milk and Urine Samples in the Presence of Dopamine and Caffeine. J. Appl. Electrochem. 2022, 52, 1249-1257. [CrossRef]
Fernandes-Junior, W.S.; Zaccarin, L.F; Oliveira, G.G.; De Oliveira, P.R.; Kalinke, C.; Bonacin, J.A.; Prakash, J.; Janegitz, B.C.
Electrochemical Sensor Based on Nanodiamonds and Manioc Starch for Detection of Tetracycline. . Sens. 2021, 2021, 6622612.
[CrossRef]

Grossman, T.H. Tetracycline Antibiotics and Resistance. Cold Spring Harb. Perspect. Med. 2016, 6, a025387. [CrossRef]


http://doi.org/10.1016/j.cej.2014.08.047
http://doi.org/10.1016/j.jece.2014.03.023
http://doi.org/10.1016/j.cej.2011.05.012
http://doi.org/10.1021/ja01539a017
http://doi.org/10.1016/j.talanta.2016.05.046
http://doi.org/10.1016/S0014-2999(02)01828-9
http://doi.org/10.1146/annurev.me.41.020190.001425
http://doi.org/10.1001/archneur.55.2.210
http://www.ncbi.nlm.nih.gov/pubmed/9482363
http://doi.org/10.1021/nn1006368
http://www.ncbi.nlm.nih.gov/pubmed/20731455
http://doi.org/10.1016/j.carbon.2007.02.034
http://doi.org/10.1016/j.jcis.2017.01.116
http://www.ncbi.nlm.nih.gov/pubmed/28182955
http://doi.org/10.1016/j.molstruc.2013.12.073
http://doi.org/10.1016/j.bmc.2013.01.070
http://doi.org/10.1016/j.measurement.2017.09.020
http://doi.org/10.1590/S1984-82502012000400007
http://doi.org/10.2174/1573412912666160212000457
http://doi.org/10.1016/j.jep.2013.10.036
http://doi.org/10.1016/j.msec.2019.110407
http://www.ncbi.nlm.nih.gov/pubmed/31923952
http://doi.org/10.1097/00004714-199606002-00001
http://www.ncbi.nlm.nih.gov/pubmed/8784643
http://doi.org/10.1111/j.1527-3458.2001.tb00189.x
http://www.ncbi.nlm.nih.gov/pubmed/11420571
http://doi.org/10.1021/acsomega.0c06141
http://www.ncbi.nlm.nih.gov/pubmed/33718723
http://doi.org/10.1016/j.diamond.2017.03.007
http://doi.org/10.1007/s10800-022-01703-z
http://doi.org/10.1155/2021/6622612
http://doi.org/10.1101/cshperspect.a025387

Molecules 2022, 27, 7578 38 of 42

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Simioni, N.B.; Silva, T.A.; Oliveira, G.G.; Fatibello-Filho, O. A Nanodiamond-Based Electrochemical Sensor for the Determination
of Pyrazinamide Antibiotic. Sens. Actuators B Chem. 2017, 250, 315-323. [CrossRef]

Baccarin, M.; Rowley-Neale, S.J.; Cavalheiro, E.T.G.; Smith, G.C.; Banks, C.E. Nanodiamond Based Surface Modified Screen-
Printed Electrodes for the Simultaneous Voltammetric Determination of Dopamine and Uric Acid. Microchim. Acta 2019, 186, 200.
[CrossRef]

Chang, C.; Lee, C.Y.; Tai, N.H. Nitrogen-Incorporated Ovoid-Shaped Nanodiamond Films for Dopamine Detection. ACS Appl.
Nano Mater. 2020, 3, 11970-11978. [CrossRef]

Puthongkham, P.; Venton, B.]. Nanodiamond Coating Improves the Sensitivity and Antifouling Properties of Carbon Fiber
Microelectrodes. ACS Sens. 2019, 4, 2403-2411. [CrossRef]

Sharma, A.; Madhunapantula, S.V.; Robertson, G.P. Toxicological Considerations When Creating Nanoparticle-Based Drugs and
Drug Delivery Systems. Expert Opin. Drug Metab. Toxicol. 2012, 8, 47-69. [CrossRef]

Matsumura, Y.; Maeda, H. A New Concept for Macromolecular Therapeutics in Cancer Chemotherapy: Mechanism of Tu-
moritropic Accumulation of Proteins and the Antitumor Agent Smancs. Cancer Res. 1986, 46, 6387-6392. [PubMed]
Lopez-Chaves, C.; Soto-Alvaredo, J.; Montes-Bayon, M.; Bettmer, J.; Llopis, ].; Sanchez-Gonzalez, C. Gold Nanoparticles:
Distribution, Bioaccumulation and Toxicity. In Vitro and in Vivo Studies. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 1-12.
[CrossRef] [PubMed]

Panwar, N.; Soehartono, A.M.; Chan, K.K.; Zeng, S.; Xu, G.; Qu, J.; Coquet, P.; Yong, K.T.; Chen, X. Nanocarbons for Biology and
Medicine: Sensing, Imaging, and Drug Delivery. Chem. Rev. 2019, 119, 9559-9656. [CrossRef] [PubMed]

Bacakova, L.; Pajorova, J.; Tomkova, M.; Matejka, R.; Broz, A.; Stepanovska, J.; Prazak, S.; Skogberg, A.; Siljander, S.; Kallio, P.
Applications of Nanocellulose/Nanocarbon Composites: Focus on Biotechnology and Medicine. Nanomaterials 2020, 10, 196.
[CrossRef]

Kurth, S.; Marques, M.A.L.; Gross, E.K.U. Density-Functional Theory. In Encyclopedia of Condensed Matter Physics; Bassani, F.,
Liedl, G.L., Wyder, P, Eds.; Elsevier: Oxford, UK, 2005; pp. 395-402.

Crocombette, ].P.; Willaime, F. Ab Initio Electronic Structure Calculations for Nuclear Materials; Elsevier Inc.: Amsterdam, The
Netherlands, 2012; Volume 1.

Xu, X;; Ray, R.; Gu, Y.; Ploehn, H.].; Gearheart, L.; Raker, K.; Scrivens, W.A. Electrophoretic Analysis and Purification of Fluorescent
Single-Walled Carbon Nanotube Fragments. J. Am. Chem. Soc. 2004, 126, 12736-12737. [CrossRef]

Sun, Y.P; Zhou, B.; Lin, Y.; Wang, W.; Fernando, K.A.S.; Pathak, P; Meziani, M.].; Harruff, B.A.; Wang, X.; Wang, H.; et al.
Quantum-Sized Carbon Dots for Bright and Colorful Photoluminescence. J. Am. Chem. Soc. 2006, 128, 7756-7757. [CrossRef]
Ross, S.; Wu, R.-S.; Wei, S.-C.; Ross, G.M.; Chang, H.-T. The Analytical and Biomedical Applications of Carbon Dots and Their
Future Theranostic Potential: A Review. J. Food Drug Anal. 2020, 28, 677-695. [CrossRef]

Nair, A.; Haponiuk, ].T.; Thomas, S.; Gopi, S. Natural Carbon-Based Quantum Dots and Their Applications in Drug Delivery: A
Review. Biomed. Pharmacother. 2020, 132, 110834. [CrossRef] [PubMed]

Vale, N,; Silva, S.; Duarte, D.; Crista, D.M.A; Pinto da Silva, L.; Esteves da Silva, ].C.G. Normal Breast Epithelial MCF-10A Cells
to Evaluate the Safety of Carbon Dots. RSC Med. Chem. 2021, 12, 245-253. [CrossRef]

Rajendran, S.; Zichri, S.B.; Usha Vipinachandran, V.; Jelinek, R.; Bhunia, S.K. Triphenylphosphonium-Derived Bright Green
Fluorescent Carbon Dots for Mitochondrial Targeting and Rapid Selective Detection of Tetracycline. ChemNanoMat 2021, 7,
545-552. [CrossRef]

Wang, L.; Wang, Y.; Hu, Y.; Wang, G.; Dong, S.; Hao, ]. Magnetic Networks of Carbon Quantum Dots and Ag Particles. J. Colloid
Interface Sci. 2019, 539, 203-213. [CrossRef] [PubMed]

Kailasa, S.K.; Koduru, J.R. Perspectives of Magnetic Nature Carbon Dots in Analytical Chemistry: From Separation to Detection
and Bioimaging. Trends Environ. Anal. Chem. 2021, 33, e00153. [CrossRef]

Du, E; Zhang, M.; Gong, A.; Tan, Y,; Miao, |.; Gong, Y.; Zou, S.; Zhang, L.; Zhang, L.; Wu, C.; et al. Engineered Gadolinium-Doped
Carbon Dots for Magnetic Resonance Imaging-Guided Radiotherapy of Tumors. Biomaterials 2017, 121, 109-120. [CrossRef]
Dehvari, K.; Chiu, S.H.; Lin, J.S.; Girma, W.M.; Ling, Y.C.; Chang, ].Y. Heteroatom Doped Carbon Dots with Nanoenzyme like
Properties as Theranostic Platforms for Free Radical Scavenging, Imaging, and Chemotherapy. Acta Biomater. 2020, 114, 343-357.
[CrossRef]

Wang, H.; Li, E; Du, C.; Wang, H.; Mahato, R.I.; Huang, Y. Doxorubicin and Lapatinib Combination Nanomedicine for Treating
Resistant Breast. Cancer. Mol. Pharm. 2014, 11, 2600-2611. [CrossRef]

Tacar, O.; Sriamornsak, P; Dass, C.R. Doxorubicin: An Update on Anticancer Molecular Action, Toxicity and Novel Drug Delivery
Systems. |. Pharm. Pharmacol. 2013, 65, 157-170. [CrossRef]

Fahmi, M.Z.; Haris, A.; Permana, A.].; Wibowo, D.L.N.; Purwanto, B.; Nikmah, Y.L.; Idris, A. Bamboo Leaf-Based Carbon Dots for
Efficient Tumor Imaging and Therapy. RSC Adv. 2018, 8, 38376-38383. [CrossRef]

Ankireddy, S.R.; Vo, V.G,; An, S.S.A.; Kim, J. Solvent-Free Synthesis of Fluorescent Carbon Dots: An Ecofriendly Approach for
the Bioimaging and Screening of Anticancer Activity via Caspase-Induced Apoptosis. ACS Appl. Bio Mater. 2020, 3, 4873-4882.
[CrossRef] [PubMed]

Caruso, G.; Merlo, L.; Caffo, M. Nanoparticles Potential: Types, Mechanisms of Action, Actual in Vitro and Animal Studies,
Recent Patents. In Innovative Brain Tumor Therapy; Caruso, G., Merlo, L., Caffo, M., Eds.; Woodhead Publishing: Oxford, UK, 2014;
pp- 53-150.


http://doi.org/10.1016/j.snb.2017.04.175
http://doi.org/10.1007/s00604-019-3315-y
http://doi.org/10.1021/acsanm.0c02512
http://doi.org/10.1021/acssensors.9b00994
http://doi.org/10.1517/17425255.2012.637916
http://www.ncbi.nlm.nih.gov/pubmed/2946403
http://doi.org/10.1016/j.nano.2017.08.011
http://www.ncbi.nlm.nih.gov/pubmed/28882675
http://doi.org/10.1021/acs.chemrev.9b00099
http://www.ncbi.nlm.nih.gov/pubmed/31287663
http://doi.org/10.3390/nano10020196
http://doi.org/10.1021/ja040082h
http://doi.org/10.1021/ja062677d
http://doi.org/10.38212/2224-6614.1154
http://doi.org/10.1016/j.biopha.2020.110834
http://www.ncbi.nlm.nih.gov/pubmed/33035830
http://doi.org/10.1039/D0MD00317D
http://doi.org/10.1002/cnma.202100125
http://doi.org/10.1016/j.jcis.2018.12.037
http://www.ncbi.nlm.nih.gov/pubmed/30580176
http://doi.org/10.1016/j.teac.2021.e00153
http://doi.org/10.1016/j.biomaterials.2016.07.008
http://doi.org/10.1016/j.actbio.2020.07.022
http://doi.org/10.1021/mp400687w
http://doi.org/10.1111/j.2042-7158.2012.01567.x
http://doi.org/10.1039/C8RA07944G
http://doi.org/10.1021/acsabm.0c00377
http://www.ncbi.nlm.nih.gov/pubmed/35021731

Molecules 2022, 27, 7578 39 of 42

157.
158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Pelinovskaya, N.; Bottero, J.; Masion, A. Encyclopedia of Nanotechnology; Springer: Dordrecht, The Netherlands, 2016.

Nayak, T.R.; Zhang, Y.; Cai, W. Cancer Theranostics with Carbon-Based Nanoplatforms. In Cancer Theranostics; Chen, X.,
Wong, S., Eds.; Academic Press: Oxford, UK, 2014; pp. 347-361.

Maleki, R.; Khoshoei, A.; Ghasemy, E.; Rashidi, A. Molecular Insight into the Smart Functionalized TMC-Fullerene Nanocarrier in
the PH-Responsive Adsorption and Release of Anti-Cancer Drugs. . Mol. Graph. Model. 2020, 100, 107660. [CrossRef] [PubMed]
Spesia, M.B.; Milanesio, M.E.; Durantini, E.N. Fullerene Derivatives in Photodynamic Inactivation of Microorganisms. In
Nanostructures for Antimicrobial Therapy; Ficai, A., Grumezescu, A.M., Eds.; Micro and Nano Technologies; Elsevier: Amsterdam,
The Netherlands, 2017; pp. 413-433.

Ye, L.; Kollie, L.; Liu, X.; Guo, W,; Ying, X.; Zhu, ].; Yang, S.; Yu, M. Antitumor Activity and Potential Mechanism of Novel
Fullerene Derivative Nanoparticles. Molecules 2021, 26, 3252. [CrossRef]

Caruso, G.; Merlo, L.; Tot, E.; Pignataro, C.; Caffo, M. Nanotechnology and the New Frontiers of Drug Delivery in Cerebral
Gliomas. In Nano- and Microscale Drug Delivery Systems; Grumezescu, A.M., Ed.; Elsevier: Amsterdam, The Netherlands, 2017;
pp- 95-112.

Alipour, E.; Alimohammady, F.; Yumashev, A.; Maseleno, A. Fullerene Cgy Containing Porphyrin-like Metal Center as Drug
Delivery System for Ibuprofen Drug. J. Mol. Model. 2020, 26, 7. [CrossRef]

Christy, P.A.; Peter, A.J.; Arumugam, S.; Lee, C.W.; Prakash, P.S. Superparamagnetic Behavior of Sulfonated Fullerene (C4SO3H):
Synthesis and Characterization for Biomedical Applications. Mater. Chem. Phys. 2020, 240, 122207. [CrossRef]

Rahimah, R.; Fadli, A.; Yelmida, Y.; Nurfajriani, N.; Zakwan, Z. Synthesis and Characterization Nanomagnetite by Co-Precipitation.
Indones. J. Chem. Sci. Technol. 2019, 2, 90-96. [CrossRef]

Jauhari, S.; Singh, S.; Dash, A K. Paclitaxel. In Profiles of Drug Substances, Excipients and Related Methodology; Brittain, H.G., Ed.;
Academic Press: Cambridge, MA, USA, 2009; Volume 34, pp. 299-344.

Xu, H.; Tu, X,; Fan, G.; Wang, Q.; Wang, X.; Chu, X. Adsorption Properties Study of Boron Nitride Fullerene for the Application
as Smart Drug Delivery Agent of Anti-Cancer Drug Hydroxyurea by Density Functional Theory. J. Mol. Lig. 2020, 318, 114315.
[CrossRef]

Stevens, M.R. Hydroxyurea: An Overview. |. Biol. Regul. Homeost. Agents 1999, 13, 172-175.

Madaan, K.; Kaushik, D.; Verma, T. Hydroxyurea: A Key Player in Cancer Chemotherapy. Expert Rev. Anticancer Ther. 2012,
12,19-29. [CrossRef]

Ghasemi, A.S.; Ashrafi, F.; Babanejad, S.A.; Elyasi, A. Study of the Physicochemical Properties of Anti-Cancer Drug Gemcitabine
on the Surface of Al Doped Cgg and Cyq Fullerenes: A DFT Computation. J. Struct. Chem. 2019, 60, 13-19. [CrossRef]
Silverman, E.; Eddy, A. Systemic Lupus Erythematosus. In Textbook of Pediatric Rheumatology, 6th ed.; Cassidy, J.T., Laxer, R M.,
Petty, R.E., Lindsley, C.B., Eds.; W.B. Saunders: Philadelphia, PA, USA, 2011; Chapter 21; pp. 315-343.

Newton, H.B. Neurological Complications of Chemotherapy to the Central Nervous System. In Neuro-Oncology Part II; Grisold,
W., Soffietti, R., Eds.; Elsevier: Amsterdam, The Netherlands, 2012; Volume 105, Chapter 59; pp. 903-916.

Van Laar, .M. Immunosuppressive Drugs. In Kelley and Firestein’s Textbook of Rheumatology, Tenth ed.; Firestein, G.S., Budd, R.C,,
Gabriel, S.E., Mclnnes, I.B., O'Dell, ].R., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; Chapter 62; pp. 983-998.

Meor, M.; Manap, D. DFT Study of Boron-Fullerene Carrier for Delivery of Anticancer Drugs. Medbiotech ]. 2021, 5, 6-9.

Kakaei, A.; Mirzaei, M. Cyclophosphamide@CNT: In Silico Exploration of Nano Drug Delivery System. Lab-in-Silico 2021, 2, 9-14.
Kraemer, T.; Maurer, H.H. Forensic Science. In Handbook of Analytical Separations; Bogusz, M.]., Ed.; Elsevier Science B.V.:
Amsterdam, The Netherlands, 2008; Volume 6, pp. 319-356.

Esrafili, M.D.; Khan, A.A. Alkali Metal Decorated Cg fullerenes as Promising Materials for Delivery of the 5-Fluorouracil
Anticancer Drug: A DFT Approach. RSC Adv. 2022, 12, 3948-3956. [CrossRef] [PubMed]

Wang, Q.; Zhang, P.; Javed Ansari, M.; Aldawsari, M.F; Alalaiwe, A.S.; Kaur, J.; Kumar, R.; Ng Kay Lup, A.; Enayati, A,;
Mirzaei, H.; et al. Electrostatic Interaction Assisted Ca-Decorated Cyy Fullerene Loaded to Anti-Inflammatory Drugs to Manage
Cardiovascular Disease Risk in Rheumatoid Arthritis Patients. J. Mol. Liq. 2022, 350, 118564. [CrossRef]

Yanai, T.; Tew, D.P.; Handy, N.C. A New Hybrid Exchange—Correlation Functional Using the Coulomb-Attenuating Method
(CAM-B3LYP). Chem. Phys. Lett. 2004, 393, 51-57. [CrossRef]

Bagheri Novir, S.; Aram, M.R. Quantum Mechanical Simulation of Chloroquine Drug Interaction with Cgy Fullerene for Treatment
of COVID-19. Chem. Phys. Lett. 2020, 757, 137869. [CrossRef]

Karimi, M.; Solati, N.; Amiri, M.; Mirshekari, H.; Mohamed, E.; Taheri, M.; Hashemkhani, M.; Saeidi, A.; Estiar, M.A.;
Kiani, P,; et al. Carbon Nanotubes Part I: Preparation of a Novel and Versatile Drug-Delivery Vehicle. Expert Opin. Drug
Deliv. 2015, 12, 1071-1087. [CrossRef]

He, H.; Pham-Huy, L.A.; Dramou, P; Xiao, D.; Zuo, P.; Pham-Huy, C. Carbon Nanotubes: Applications in Pharmacy and Medicine.
Biomed Res. Int. 2013, 2013, 578290. [CrossRef]

Mousa, M.S. Comparison between Single-Walled CNT, Multi-Walled CNT, and Carbon Nanotube-Fiber Pyrograf III. IOP Conf.
Ser. Mater. Sci. Eng. 2018, 305, 012025. [CrossRef]

Foldvari, M.; Bagonluri, M. Carbon Nanotubes as Functional Excipients for Nanomedicines: II. Drug Delivery and Biocompatibil-
ity Issues. Nanomedicine 2008, 4, 183-200. [CrossRef]

Endo, M,; Strano, M.; Ajayan, P. Potential Applications of Carbon Nanotubes. In Carbon Nanotubes Advanced Topics in the Synthesis,
Structure, Properties and Applications; Springer: Berlin/Heidelberg, Germany, 2008; pp. 13-61.


http://doi.org/10.1016/j.jmgm.2020.107660
http://www.ncbi.nlm.nih.gov/pubmed/32659627
http://doi.org/10.3390/molecules26113252
http://doi.org/10.1007/s00894-019-4267-1
http://doi.org/10.1016/j.matchemphys.2019.122207
http://doi.org/10.24114/ijcst.v2i2.13995
http://doi.org/10.1016/j.molliq.2020.114315
http://doi.org/10.1586/era.11.175
http://doi.org/10.1134/S0022476619010037
http://doi.org/10.1039/D1RA09153K
http://www.ncbi.nlm.nih.gov/pubmed/35425459
http://doi.org/10.1016/j.molliq.2022.118564
http://doi.org/10.1016/j.cplett.2004.06.011
http://doi.org/10.1016/j.cplett.2020.137869
http://doi.org/10.1517/17425247.2015.1003806
http://doi.org/10.1155/2013/578290
http://doi.org/10.1088/1757-899X/305/1/012025
http://doi.org/10.1016/j.nano.2008.04.003

Molecules 2022, 27, 7578 40 of 42

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Kushwaha, S.K.S.; Ghoshal, S.; Rai, A.K,; Singh, S. Carbon Nanotubes as a Novel Drug Delivery System for Anticancer Therapy:
A Review. Brazilian J. Pharm. Sci. 2013, 49, 629-643. [CrossRef]

Karimzadeh, S.; Safaei, B.; Jen, T.C. Prediction Effect of Ethanol Molecules on Doxorubicin Drug Delivery Using Single-Walled
Carbon Nanotube Carrier through POPC Cell Membrane. . Mol. Lig. 2021, 330, 115698. [CrossRef]

Lyra, KM.; Kaminari, A.; Panagiotaki, K.N.; Spyrou, K.; Papageorgiou, S.; Sakellis, E.; Katsaros, FK.; Sideratou, Z. Multi-Walled
Carbon Nanotubes Decorated with Guanidinylated Dendritic Molecular Transporters: An Efficient Platform for the Selective
Anticancer Activity of Doxorubicin. Pharmaceutics 2021, 13, 858. [CrossRef]

Raj, S.; Khurana, S.; Choudhari, R.; Kesari, K.K.; Kamal, M.A.; Garg, N.; Ruokolainen, J.; Das, B.C.; Kumar, D. Specific Targeting
Cancer Cells with Nanoparticles and Drug Delivery in Cancer Therapy. Semin. Cancer Biol. 2021, 69, 166-177. [CrossRef]
[PubMed]

Wolski, P.; Nieszporek, K.; Panczyk, T. Cytosine-Rich Dna Fragments Covalently Bound to Carbon Nanotube as Factors Triggering
Doxorubicin Release at Acidic Ph. A Molecular Dynamics Study. Int. J. Mol. Sci. 2021, 22, 8466. [CrossRef] [PubMed]

Dahri, M.; Akbarialiabad, H.; Jahromi, A.M.; Maleki, R. Loading and Release of Cancer Chemotherapy Drugs Utilizing Simulta-
neous Temperature and PH-Responsive Nanohybrid. BMC Pharmacol. Toxicol. 2021, 22, 41. [CrossRef]

Azghandi, M.H.A_; Farahani, B.V,; Dehghani, N. Encapsulation of Methotrexate and Cyclophosphamide in Interpolymer
Complexes Formed between Poly Acrylic Acid and Poly Ethylene Glycol on Multi-Walled Carbon Nanotubes as Drug Delivery
Systems. Mater. Sci. Eng. C 2017, 79, 841-847. [CrossRef]

Datsyuk, V.; Kalyva, M.; Papagelis, K.; Parthenios, J.; Tasis, D.; Siokou, A.; Kallitsis, I.; Galiotis, C. Chemical Oxidation of
Multiwalled Carbon Nanotubes. Carbon N. Y. 2008, 46, 833—-840. [CrossRef]

Bagheri Novir, S.; Aram, M.R. Quantum Mechanical Studies of the Adsorption of Remdesivir, as an Effective Drug for Treatment
of COVID-19, on the Surface of Pristine, COOH-Functionalized and S-, Si- and Al- Doped Carbon Nanotubes. Phys. E Low-
Dimensional Syst. Nanostructures 2021, 129, 114668. [CrossRef]

Zandler, M.E.; D’Souza, F. The Remarkable Ability of B3LYP/3-21G(*) Calculations to Describe Geometry, Spectral and Electro-
chemical Properties of Molecular and Supramolecular Porphyrin-Fullerene Conjugates. Comptes Rendus Chim. 2006, 9, 960-981.
[CrossRef]

Al-Sawaff, Z.H.; Dalgic, S.S.; Kandemirli, F,; Monajjemi, M.; Mollaamin, F.; Dalgic, S. DFT Study Adsorption of Hydroxy-
chloroquine for Treatment COVID-19 by Al, Si and Si-C Doping on Carbon Nanotube Surface: A Drug Delivery Simulation.
Res. Sq. 2021. [CrossRef]

Zobir, S.A.M.; Rashid, S.A.; Tan, T. Recent Development on the Synthesis Techniques and Properties of Graphene Derivatives; Elsevier
Inc.: Amsterdam, The Netherlands, 2018.

Holkar, C.R; Jain, S.S.; Jadhav, A.J.; Pinjari, D.V. Scale-up Technologies for Advanced Nanomaterials for Green Energy: Feasibilities and
Challenges; Elsevier Inc.: Amsterdam, The Netherlands, 2018.

Vovusha, H.; Banerjee, D.; Yadav, M.K.; Perrozzi, E; Ottaviano, L.; Sanyal, S.; Sanyal, B. Binding Characteristics of Anticancer
Drug Doxorubicin with Two-Dimensional Graphene and Graphene Oxide: Insights from Density Functional Theory Calculations
and Fluorescence Spectroscopy. J. Phys. Chem. C 2018, 122, 21031-21038. [CrossRef]

Ashrafizadeh, M.; Saebfar, H.; Gholami, M.H.; Hushmandi, K.; Zabolian, A.; Bikarannejad, P.; Hashemi, M.; Daneshi, S.;
Mirzaei, S.; Sharifi, E. Doxorubicin-Loaded Graphene Oxide Nanocomposites in Cancer Medicine: Stimuli-Responsive Carriers,
Co-Delivery and Suppressing Resistance. Expert Opin. Drug Deliv. 2022, 19, 355-382. [CrossRef]

Song, J.; Cui, N.; Sun, S.; Lu, X.; Wang, Y.; Shi, H.; Lee, E.S.; Jiang, H.B. Controllability of Graphene Oxide Doxorubicin Loading
Capacity Based on Density Functional Theory. Nanomaterials 2022, 12, 479. [CrossRef]

Wu, S.; Zhang, ].; Ladani, R.B.; Ghorbani, K.; Mouritz, A.P,; Kinloch, A.].; Wang, C.H. A Novel Route for Tethering Graphene with
Iron Oxide and Its Magnetic Field Alignment in Polymer Nanocomposites. Polymer 2016, 97, 273-284. [CrossRef]

Pourjavadi, A.; Kohestanian, M.; Yaghoubi, M. Poly(Glycidyl Methacrylate)-Coated Magnetic Graphene Oxide as a Highly
Efficient Nanocarrier: Preparation, Characterization, and Targeted DOX Delivery. New J. Chem. 2019, 43, 18647-18656. [CrossRef]
Pei, X.; Zhu, Z.; Gan, Z.; Chen, J.; Zhang, X.; Cheng, X.; Wan, Q.; Wang, J. PEGylated Nano-Graphene Oxide as a Nanocarrier for
Delivering Mixed Anticancer Drugs to Improve Anticancer Activity. Sci. Rep. 2020, 10, 2717. [CrossRef]

Mahdavi, M.; Fattahi, A.; Tajkhorshid, E.; Nouranian, S. Molecular Insights into the Loading and Dynamics of Doxorubicin on
PEGylated Graphene Oxide Nanocarriers. ACS Appl. Bio Mater. 2020, 3, 1354-1363. [CrossRef]

Ma, K.; Li, W;; Zhu, G.; Chi, H,; Yin, Y;; Li, Y;; Zong, Y.; Guo, Z.; Wang, L.; Xu, W.; et al. PEGylated DOX-Coated Nano Graphene
Oxide as PH-Responsive Multifunctional Nanocarrier for Targeted Drug Delivery. J. Drug Target. 2021, 29, 884-891. [CrossRef]
Pooja, D.; Kadari, A.; Kulhari, H.; Sistla, R. Lipid-Based Nanomedicines: Current Clinical Status and Future Perspectives; Elsevier Inc.:
Amsterdam, The Netherlands, 2018.

Hosseini, S.M.; Mazinani, S.; Abdouss, M.; Kalhor, H.; Kalantari, K.; Amiri, 1.S.; Ramezani, Z. Designing Chitosan Nanoparticles
Embedded into Graphene Oxide as a Drug Delivery System. Polym. Bull. 2022, 79, 541-554. [CrossRef]

Shen, J.W.; Li, J.; Dai, ].; Zhou, M.; Ren, H.; Zhang, L.; Hu, Q.; Kong, Z; Liang, L. Molecular Dynamics Study on the Adsorption
and Release of Doxorubicin by Chitosan-Decorated Graphene. Carbohydr. Polym. 2020, 248, 116809. [CrossRef] [PubMed]
Khoshoei, A.; Ghasemy, E.; Poustchi, F; Shahbazi, M.A.; Maleki, R. Engineering the PH-Sensitivity of the Graphene and Carbon
Nanotube Based Nanomedicines in Smart Cancer Therapy by Grafting Trimetyl Chitosan. Pharm. Res. 2020, 37, 160. [CrossRef]
[PubMed]


http://doi.org/10.1590/S1984-82502013000400002
http://doi.org/10.1016/j.molliq.2021.115698
http://doi.org/10.3390/pharmaceutics13060858
http://doi.org/10.1016/j.semcancer.2019.11.002
http://www.ncbi.nlm.nih.gov/pubmed/31715247
http://doi.org/10.3390/ijms22168466
http://www.ncbi.nlm.nih.gov/pubmed/34445172
http://doi.org/10.1186/s40360-021-00508-8
http://doi.org/10.1016/j.msec.2017.05.089
http://doi.org/10.1016/j.carbon.2008.02.012
http://doi.org/10.1016/j.physe.2021.114668
http://doi.org/10.1016/j.crci.2005.12.008
http://doi.org/10.21203/rs.3.rs-966611/v1
http://doi.org/10.1021/acs.jpcc.8b04496
http://doi.org/10.1080/17425247.2022.2041598
http://doi.org/10.3390/nano12030479
http://doi.org/10.1016/j.polymer.2016.05.024
http://doi.org/10.1039/C9NJ04623B
http://doi.org/10.1038/s41598-020-59624-w
http://doi.org/10.1021/acsabm.9b00956
http://doi.org/10.1080/1061186X.2021.1887200
http://doi.org/10.1007/s00289-020-03506-8
http://doi.org/10.1016/j.carbpol.2020.116809
http://www.ncbi.nlm.nih.gov/pubmed/32919542
http://doi.org/10.1007/s11095-020-02881-1
http://www.ncbi.nlm.nih.gov/pubmed/32747991

Molecules 2022, 27, 7578 41 of 42

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

Gooneh-Farahani, S.; Naghib, S.M.; Naimi-Jamal, M.R.; Seyfoori, A. A PH-Sensitive Nanocarrier Based on BSA-Stabilized
Graphene-Chitosan Nanocomposite for Sustained and Prolonged Release of Anticancer Agents. Sci. Rep. 2021, 11, 17404.
[CrossRef] [PubMed]

Islam, M.S.; Mitra, S. Development of Nano Structured Graphene Oxide Incorporated Dexamethasone with Enhanced Dissolution.
Colloid Interface Sci. Commun. 2022, 47, 100599. [CrossRef]

Turcheniuk, K.; Mochalin, V.N. Biomedical Applications of Nanodiamond (Review). Nanotechnology 2017, 28, 252001. [CrossRef]
[PubMed]

Saha, T.; Houshyar, S.; Sarker, S.R.; Pyreddy, S.; Dekiwadia, C.; Nasa, Z.; Padhye, R.; Wang, X. Nanodiamond-Chitosan
Functionalized Hernia Mesh for Biocompatibility and Antimicrobial Activity. J. Biomed. Mater. Res.-Part A 2021, 109, 2449-2461.
[CrossRef]

Guo, Q.; Li, L.; Gao, G.; Liu, R.; Einaga, Y.; Zhi, ]. Nanodiamonds Inhibit Cancer Cell Migration by Strengthening Cell Adhesion:
Implications for Cancer Treatment. ACS Appl. Mater. Interfaces 2021, 13, 9620-9629. [CrossRef] [PubMed]

Wang, L.; Su, W.; Ahmad, K.Z.; Wang, X.; Zhang, T.; Yu, Y.; Chow, E.K.-H.; Ho, D.; Ding, X. Safety Evaluation of Nanodiamond-
Doxorubicin Complexes in a Naive Beagle Canine Model Using Hematologic, Histological, and Urine Analysis. Nano Res. 2022,
15, 3356-3366. [CrossRef]

Dai, L.; Liu, M.; Long, W.; Hu, X.; Ouyang, H.; Feng, Y.; Deng, F.; Wen, Y.; Zhang, X.; Wei, Y. Synthesis of Water Dispersible and
Biocompatible Nanodiamond Composite via Photocatalytic Surface Grafting of Zwitterionic Polymers for Intracellular Delivery
of DOX. Mater. Today Commun. 2022, 30, 103010. [CrossRef]

Bukowski, K.; Kciuk, M.; Kontek, R. Mechanisms of Multidrug Resistance in Cancer Chemotherapy. Int. |. Mol. Sci. 2020, 21, 3233.
[CrossRef]

Yoo, W.; Lee, W.; Kim, H.N; Jeong, J.; Park, HH.; Ahn, ] H,; Jung, D.; Lee, J.; Kim, ].; Lee, S.W.; et al. Nanodiamond as a Cytokine
Sponge in Infectious Diseases. Front. Bioeng. Biotechnol. 2022, 504. [CrossRef] [PubMed]

Toniski, M.; Paszkiewicz, M.; Dotzonek, J.; Flejszar, M.; Bielicka-Gieldon, A.; Stepnowski, P.; Biatk-Bielifiska, A. Regeneration
and Reuse of the Carbon Nanotubes for the Adsorption of Selected Anticancer Drugs from Water Matrices. Colloids Surfaces A
Physicochem. Eng. Asp. 2021, 618, 126355. [CrossRef]

Nattagh, F.; Hosseini, S.; Esrafili, M.D. Effects of B and N Doping/Codoping on the Adsorption Behavior of Cgy Fullerene towards
Aspirin: A DFT Investigation. J. Mol. Lig. 2021, 342, 117459. [CrossRef]

Li, W,; Zhao, T. Hydroxyurea Anticancer Drug Adsorption on the Pristine and Doped Cyy Fullerene as Potential Carriers for Drug
Delivery. J. Mol. Lig. 2021, 340, 117226. [CrossRef]

Karimzadeh, S.; Safaei, B.; Jen, T.C. Theorical Investigation of Adsorption Mechanism of Doxorubicin Anticancer Drug on the
Pristine and Functionalized Single-Walled Carbon Nanotube Surface as a Drug Delivery Vehicle: A DFT Study. J. Mol. Lig. 2021,
322,114890. [CrossRef]

Yuan, S.J.; Wang, C.; Xu, HZ,; Liu, Y.; Zheng, M.Y,; Li, K,; Sun, S.K.; Komatsu, N.; Zhao, L.; Chen, X. Conjugation with
Nanodiamonds via Hydrazone Bond Fundamentally Alters Intracellular Distribution and Activity of Doxorubicin. Int. ]. Pharm.
2021, 606, 120872. [CrossRef]

Cheng, X.; Ni, X.; Wu, R,; Chong, Y.; Gao, X.; Ge, C.; Yin, J.J. Evaluation of the Structure-Activity Relationship of Carbon
Nanomaterials as Antioxidants. Nanomedicine 2018, 13, 733-747. [CrossRef]

Hugq, R.;; Samuel, E.L.G.; Sikkema, W.K.A,; Nilewski, L.G.; Lee, T.; Tanner, M.R,; Khan, ES.; Porter, P.C.; Tajhya, R.B,;
Patel, R.S,; et al. Preferential Uptake of Antioxidant Carbon Nanoparticles by T Lymphocytes for Inmunomodulation. Sci. Rep.
2016, 6, 33808. [CrossRef]

Wang, 1.C.; Tai, L.A.; Lee, D.D.; Kanakamma, P.P.; Shen, C.K.E; Luh, T.Y.; Cheng, C.H.; Hwang, K.C. C4y and Water-Soluble
Fullerene Derivatives as Antioxidants against Radical-Initiated Lipid Peroxidation. J. Med. Chem. 1999, 42, 4614-4620. [CrossRef]
Dugan, L.L.; Gabrielsen, ] K.; Yu, S.P; Lin, T.S.; Choi, D.W. Buckminsterfullerenol Free Radical Scavengers Reduce Excitotoxic and
Apoptotic Death of Cultured Cortical Neurons. Neurobiol. Dis. 1996, 3, 129-135. [CrossRef]

Gonzélez-Garcia, Y.; Lopez-Vargas, E.R.; Cadenas-Pliego, G.; Benavides-Mendoza, A.; Gonzalez-Morales, S.; Robledo-Olivo, A;
Alpuche-Solis, A.G.; Judrez-Maldonado, A. Impact of Carbon Nanomaterials on the Antioxidant System of Tomato Seedlings.
Int. ]. Mol. Sci. 2019, 20, 5858. [CrossRef]

Tamayol, A.; Akbari, M.; Annabi, N.; Paul, A.; Khademhosseini, A.; Juncker, D. Fiber-Based Tissue Engineering: Progress,
Challenges, and Opportunities. Biotechnol. Adv. 2013, 31, 669-687. [CrossRef]

Feng, L.; Liu, Z. Biomedical Applications of Carbon Nanomaterials. In Biomedical Applications and Toxicology of Carbon Nanomaterials;
John Wiley & Sons: Hoboken, NJ, USA, 2016; pp. 131-162.

Shi, X.; Sitharaman, B.; Pham, Q.P; Liang, F; Wu, K.; Edward Billups, W.; Wilson, L.J.; Mikos, A.G. Fabrication of Porous Ultra-
Short Single-Walled Carbon Nanotube Nanocomposite Scaffolds for Bone Tissue Engineering. Biomaterials 2007, 28, 4078—4090.
[CrossRef]

Mazzatenta, A.; Giugliano, M.; Campidelli, S.; Gambazzi, L.; Businaro, L.; Markram, H.; Prato, M.; Ballerini, L. Interfacing
Neurons with Carbon Nanotubes: Electrical Signal Transfer and Synaptic Stimulation in Cultured Brain Circuits. ]. Neurosci. 2007,
27,6931-6936. [CrossRef] [PubMed]

Laurencin, C.T.; Nukavarapu, S.P.; Kumbar, S.G. Carbon Nanotube Composite Scaffolds for Bone Tissue Engineering. U.S. Patent
No. 8614189, 24 December 2013.


http://doi.org/10.1038/s41598-021-97081-1
http://www.ncbi.nlm.nih.gov/pubmed/34465842
http://doi.org/10.1016/j.colcom.2022.100599
http://doi.org/10.1088/1361-6528/aa6ae4
http://www.ncbi.nlm.nih.gov/pubmed/28368852
http://doi.org/10.1002/jbm.a.37237
http://doi.org/10.1021/acsami.0c21332
http://www.ncbi.nlm.nih.gov/pubmed/33595291
http://doi.org/10.1007/s12274-021-3867-0
http://doi.org/10.1016/j.mtcomm.2021.103010
http://doi.org/10.3390/ijms21093233
http://doi.org/10.3389/fbioe.2022.862495
http://www.ncbi.nlm.nih.gov/pubmed/35445003
http://doi.org/10.1016/j.colsurfa.2021.126355
http://doi.org/10.1016/j.molliq.2021.117459
http://doi.org/10.1016/j.molliq.2021.117226
http://doi.org/10.1016/j.molliq.2020.114890
http://doi.org/10.1016/j.ijpharm.2021.120872
http://doi.org/10.2217/nnm-2017-0314
http://doi.org/10.1038/srep33808
http://doi.org/10.1021/jm990144s
http://doi.org/10.1006/nbdi.1996.0013
http://doi.org/10.3390/ijms20235858
http://doi.org/10.1016/j.biotechadv.2012.11.007
http://doi.org/10.1016/j.biomaterials.2007.05.033
http://doi.org/10.1523/JNEUROSCI.1051-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17596441

Molecules 2022, 27, 7578 42 of 42

235.

236.

237.

238.

239.

240.

241.

Ahmed, M.K.; Mansour, S.F; Al-Wafi, R. Nanofibrous Scaffolds of e-Polycaprolactone Containing Sr/Se_hydroxyapatite/
Graphene Oxide for Tissue Engineering Applications. Biomed. Mater. 2021, 16, 045030. [CrossRef] [PubMed]

Zhang, Q.; Mochalin, V.N.; Neitzel, I.; Knoke, 1.Y.; Han, J.; Klug, C.A.; Zhou, J.G.; Lelkes, P.I.; Gogotsi, Y. Fluorescent PLLA-
Nanodiamond Composites for Bone Tissue Engineering. Biomaterials 2011, 32, 87-94. [CrossRef]

Malik, N.; Arfin, T.; Khan, A.U. Graphene Nanomaterials: Chemistry and Pharmaceutical Perspectives; Elsevier Inc.: Amsterdam, The
Netherlands, 2019.

Tang, Z.; Wu, H.; Cort, J.R.; Buchko, G.W.; Zhang, Y.; Shao, Y.; Aksay, I.A.; Liu, J.; Lin, Y. Constraint of DNA on Functionalized
Graphene Improves Its Biostability and Specificity. Small 2010, 6, 1205-1209. [CrossRef] [PubMed]

Hu, S.H.; Chen, YW,; Hung, W.T.; Chen, LW.; Chen, S.Y. Quantum-Dot-Tagged Reduced Graphene Oxide Nanocomposites for
Bright Fluorescence Bioimaging and Photothermal Therapy Monitored in Situ. Adv. Mater. 2012, 24, 1748-1754. [CrossRef]
[PubMed]

Tan, L.; Wu, T; Tang, Z.W.; Xiao, J.Y.; Zhuo, R.X.; Shi, B.; Liu, C.J. Water-Soluble Photoluminescent Fullerene Capped Mesoporous
Silica for PH-Responsive Drug Delivery and Bioimaging. Nanotechnology 2016, 27, 315104. [CrossRef] [PubMed]

Takeuchi, T.; Okazaki, T.; lizumi, Y.; Kataura, H.; Yudasaka, M. Semiconductor SWCNT Dispersion Fluid for Bioimaging and
Production Method Therefor. WO2019097697, 23 May 2019.


http://doi.org/10.1088/1748-605X/ab7ff5
http://www.ncbi.nlm.nih.gov/pubmed/32168499
http://doi.org/10.1016/j.biomaterials.2010.08.090
http://doi.org/10.1002/smll.201000024
http://www.ncbi.nlm.nih.gov/pubmed/20461727
http://doi.org/10.1002/adma.201104070
http://www.ncbi.nlm.nih.gov/pubmed/22422734
http://doi.org/10.1088/0957-4484/27/31/315104
http://www.ncbi.nlm.nih.gov/pubmed/27346782

	Introduction 
	Sensor Applications 
	CNTs 
	Fullerene 
	Graphene 
	Nanodiamond 

	Drug Delivery Application 
	Carbon Nanodots (C-Dots) 
	Fullerene 
	CNTs 
	Graphene 
	Nanodiamonds 

	Other Applications 
	Antioxidant Agent 
	Tissue Engineering 
	Bioimaging Application 

	Summary and Outlook 
	References

