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Theophylline (TP) is a methylxanthine derivative, which serves as a valuable compound in treating
respiratory disorders and acts as a bronchodilator agent. However, TP has a limited therapeutic range
(20-100 umol L1, demanding precise monitoring to prevent potential drug toxicity even with slight
level fluctuations during treatment. Thus, to overcome this limitation, electrochemical methods have
been extensively used due to their efficacy in achieving sensitivity, selectivity, and accuracy. In the
context of electrochemical sensors, nanocarbon-based materials have gained widespread recognition
for their extensive applications. Therefore, this review aims to explore the latest advancements in
carbon-based electrodes particularly used for the precise determination of TP through electrochemical

Received 16th May 2024
Accepted 26th July 2024

DOI: 10.1039/d4ra03585b methods. The results are expected to provide insights into the profound significance of the methods in

Open Access Article. Published on 11 September 2024. Downloaded on 1/14/2026 12:47:23 AM.

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

(cc)

rsc.li/rsc-advances

Introduction

Theophylline (1,3-dimethyl-7H-purine-2,6-dione, TP) is a bron-
chodilator that belongs to the class of drugs known as methyl-
xanthines (Fig. 1). This drug has been widely used for over 70
years to treat respiratory conditions, including asthma and
chronic obstructive pulmonary disease (COPD). In addition, it is
preferably used to treat bradycardia and apnea in premature
newborns due to its effectiveness.”” The mechanism of action of
TP is associated with relaxing the smooth muscles in the
airways, which helps to widen the air passages and improve
breathing. TP is often available in various formulations,
including tablets, capsules, and extended-release forms. Several
studies have also shown that it is typically taken orally and its
dosage may vary depending on the individual's condition and
response. TP can be classified as a drug with a narrow thera-
peutic window of 20-100 pmol L™, which can cause toxicity at
levels slightly above the therapeutic range. Excessive intake has
been reported to cause certain side effects, such as nausea,
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enhancing the accuracy and sensitivity for the detection of TP.

vomiting, headaches, rapid heartbeat, as well as seizures in
severe cases. Therefore, it is important to monitor the TP level
for the treatment duration to avoid drug toxicity. In this case,
blood tests may be periodically carried out to monitor the level
of TP in the blood, as maintaining the proper therapeutic range
is important for both safety and effectiveness.

In line with these findings, it is necessary to develop simple
yet sensitive sensing devices to analyse TP in the human body.
The current clinical practice for TP monitoring requires regu-
larly taking blood samples from patients (nearly 25 mL or more
is required), which is a challenge due to the high volume
required. However, TP still has to be monitored using various
techniques due to its toxicological effects. Thus, to overcome
this challenge, certain methods have been developed, such as
using high-performance liquid chromatography (HPLC),*”
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Fig. 1 Structure of theophylline.
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spectrophotometry,® immunosorbent surface,”® and colorim-
etry.* However, despite their potential, there is still a lack of
efficiency due to various factors, such as prolonged preparation,
the need for a trained technician to operate the machine, and
high costs. Consequently, several studies have proposed the use
of electrochemical methods, which are effective and have
various benefits, including sensitivity, selectivity, easy opera-
tion, cost-effectiveness, and miniaturization.®**

To achieve a highly reliable, accurate, and stable electro-
chemical sensor system, careful consideration and choice of the
working electrode is crucial. The electrode is the component
that directly comes into contact with the sample, playing
a critical role in determining the performance of the method.
This indicates that selecting an appropriate material by
considering the design and conditioning can significantly
improve the quality and robustness.

Metal-type electrodes have been reported to have the benefit
of possessing high catalytic activity but a narrow potential
window and high background current. Meanwhile, carbon-
based electrodes have the advantage of stability, relatively
wide potential window, low cost, and ability to be functional-
ized."»" To improve the accuracy of the electrochemical method
for the determination of TP, it is necessary to overcome the
limitation of positive oxidation potentials. This can be achieved
using a wider potential window electrode to prevent interfer-
ence from background currents. The selection of an appropriate
electrode material is important, which must meet the required
properties, such as stability, cost-effectiveness, and large
surface area. Optimization of the material is also essential to
achieve reliable TP detection and prevent interference.****

In this review, the recent advancements in nanocarbon-
based electrodes, such as graphene, carbon nanotubes
(CNTs), and nanodiamonds (NDs), for the determination of TP
using the electroanalytical method are discussed. The bare
carbon-based electrode and its functionalized variants are dis-
cussed in terms of their sensitivity, limit of detection (LOD),
selectivity, and application in real samples. The results are ex-
pected to provide a comprehensive view to readers about the
new trend of TP determination together with the future pros-
pect of TP sensors using the electroanalytical method.

Carbon nanomaterials

Nanomaterials have attracted a lot of interest due to their
properties and features, which are absent in other materials.
Carbon nanomaterials (CNM) have the potential to be used in
various fields because of their unique properties and charac-
teristics with widespread application. The properties of CNM
are highly dependent on their structure, shape, size, and
dimensions. The CNM considered in this review are NDs (3-
dimensional nanomaterials), graphene and its derivatives (2-
dimensional nanomaterials), CNTs (one-dimensional nano-
materials), and fullerenes and quantum dots (zero-dimensional
nanomaterials), as shown in Scheme 1."” In general, CNM have
various advantages, such as high electrical conductivity,
mechanical resistance, strong physical and chemical stability,
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Scheme1 Various forms of CNM including 0D, 1D, 2D, and 3D carbon
nanostructures.

excellent electronic properties, large thermal conductivity,
transparency, and wide surface area.'®*?!

Graphene is a 2-dimensional carbon allotrope nanomaterial
with one-atom thickness.”” The structure of graphene is
comprised of a layer of sp’>-bonded carbon atoms arranged in
a honeycomb motif.>*?** Currently, this material is gaining
attention because it has interesting properties, such as
outstanding electronic transport properties, wide surface area,
high thermal conductivity, chemical inertness, optical trans-
mittance, and high hydrophobicity.>»** Graphene-based nano-
materials have great potential as biosensing materials due to
their wide surface area, high electrical conductivity, optical
properties, excellent binding capacity with biomolecules, and
easy modification. Additionally, these materials have
outstanding biocompatibility with low toxicity.>* Graphene can
be synthesized by exfoliating a layer of graphite into a single
layer. However, there are some challenges in the synthesis of
graphene, such as the creation of defects in the surface of gra-
phene sheets during their preparation, difficulty, time-
consuming, and very low yields.”® Graphene also has poor
solubility and agglomeration in solution due to the presence of
van der Waals interactions.”® The family of graphene-based
materials has many members, such as graphene oxide (GO),
reduced graphene oxide (rGO), and graphene quantum dots
(GQDs).

Among them, GO is a one-atom-thick nanostructured mate-
rial produced by the oxidation of graphene sheets*” and has
several oxidized aromatic C=C double bonds. In addition, it
possesses different functional groups, namely hydroxyl, epoxy,
carbonyl, and carboxyl groups.”®** Compared to graphene, GO
has several functional groups that can increase its solubility in
water and polar solvents, endowing it with hydrophilic proper-
ties due to the presence of hydroxyl and epoxy groups.”® The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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presence of these functional groups allows GO to easily exfoliate
in water or other solvents to produce a stable dispersion.*® This
sensor has many advantages because it is easily obtained by the
chemical oxidation of graphite, has a 2-dimensional structure
with a very high surface area, is cost-effective, easy to synthesize,
and has thermal and chemical stability.** GO also exhibits high
stability and is commonly used as a support in composites and
to stabilize many nanoparticles, such as Au, ZnO, MnO,, TiO,,
and Fe;0,. This is due to the numerous functional groups (-OH,
C-0O-C, and -COOH) on the surface of GO, which provide
reactive sites for the binding of metal nanoparticles. Thus, GO
can be applied in various fields, for example, its stability in the
electrochemical sensor field is demonstrated by its detection
performance during repeated measurements on the same
sample. Previous studies have shown that the stability of GO
maintained a peak current response that did not significantly
differ from the initial response.*” This indicates that GO had
high stability when tested as an electrochemical sensor.
However, despite its many advantages, GO also has a weakness,
namely, its conductivity is lower compared to graphene.*

rGO is a graphene-derived nanomaterial made by exfoliating
graphite into graphene oxide and reducing it to reduced gra-
phene oxide.** When it is reduced, the rGO material is
produced, where most of the sp® oxygen and carbon groups are
removed to obtain a material that looked more like graphene
but with much better properties.>**® Some of the methods for
the synthesis of rGO from GO are thermal (photothermal),
chemical (photochemical), microwave, and different bacterial
methods as well as using microbes by reducing the amount of
oxygen.”** rGO has several interesting properties such as
excellent electrocatalytic properties, wide surface area, high
electrical conductivity, mechanical strength, and biocompati-
bility.*” Due to the properties of rGO, it has potential to be
applied in the fields of electronic devices, energy storage and
conversion, sensors, and composites.**** However, rGO tends to
agglomerate irreversibly through its van der Waals bonds,
leading to a decrease in its surface area.*®

GQDs are graphene derivatives that possess quantum
confinement and nanoscale graphene edge effects.** GQDs are
known as zero-dimensional nanomaterials with unique prop-
erties such as optical, electrical, electronic, fluorescent, photo-
luminescent, and optoelectronic properties.*>** GQDs are a type
of carbon quantum dots (CQDs) derived from graphene or GO.
Also, they are small graphene sheets with lateral dimensions
smaller than 100 nm and less than 10 layers thick.** GQDs are
considered a new type of quantum dots (QDs) with reliable
chemical and physical stable properties, environmentally
friendly nature due to their non-toxicity and characteristics of
being biologically inert with stable fluorescence, high conduc-
tivity, luminescence, high solubility, biocompatibility, and
adjustable bandgap.****** Thus, due to the characteristics of
GQDs, they have the potential to be applied in various fields
such as solar cells, bioimaging, batteries, photoelectrocatalysis,
and sensors.*

CNTs are another interesting type of carbon material, which
form one-dimensional carbon nanostructures. CNTs consist of
carbon atoms arranged in a series of benzene rings coiled into

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a cylindrical shape.”” CNTs are nanomaterials made of sheets of
hexagonal carbon atoms (graphene) with nanometer dimen-
sions and hollow structures.*»** CNTs possess sp> bonds, which
endow them with excellent mechanical properties, and CNTs
are considered the strongest materials.* Furthermore, they
have several advantages such as high thermal conductivity,
flexibility, and elasticity because they can bend, twist, and
return to their original shape, while maintaining their proper-
ties, outstanding electronic properties, and high electrical
conductivity.*****” Thus, due to these superior characteristics,
CNTs have the potential to be applied in the fields of batteries,**
solar cells,” hydrogen storage,® and chemical sensors.*
However, CNTs have poor solubility in water and organic
solvents, which can usually be overcome through their
functionalization.***?

CNTs can be classified into 2 categories including single-
walled carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTSs).? SWCNTs are sp> hybridized carbon
with a hexagonal structure coiled to form a hollow tube with
a diameter of 0.4-2 nm.>> Meanwhile, MWCNTSs were concentric
cylinders consisting of 2 or more graphene layers coiled with an
outer diameter of several nanometers to more than 10 nm with
a distance between layers of 0.34-0.39 nm.**** Both types of
CNTs have high thermal conductivity, namely 3500 W m~* K"
and more than 3000 W m~* K™* for SWCNT and MWCNTs,
respectively.*

3D nanostructured carbon has been extensively investigated
as a diamond material, which is a metastable allotrope nano-
material of carbon with the carbon atoms arranged to for a face-
centered cubic crystal structure.®® Metastable is a condition in
which a material is unstable and can change into a more stable
or less stable state. However, diamonds are metastable under
ambient conditions, and in the absence of oxygen, water, or
other reagents, bulk diamonds are believed to be stable against
graphitization below 1800 K at zero pressure.** Structurally,
pure and perfect diamonds are colorless and transparent.®* NDs
are nanoscale diamonds, which possess a complex structure in
the form of a sphere consisting of a diamond core with an outer
shell of graphite carbon containing many oxygens functional
groups on its outer surface.”**® Due to the presence of these
oxygen functional group, ND particles are hydrophilic. In
addition, the graphite shell present on the outer surface of NDs
has sp® hybridization, which can provide surface chemistry and
enable further functionalization.’” NDs are spherical with an
average diameter of 5 nm with a very narrow size distribution
and wide surface area. A unique chemical property of NDs is
that their surface is mostly covered with abundant carboxyl,
hydroxyl, ketone, ether, pyrene, and sulfonic acid groups.”**’
This material possesses outstanding mechanical and optical
properties, thermal stability, large surface area, high thermal
conductivity, fluorescence properties from its diamond core,
and biocompatibility, and is chemically inert because it is
mostly composed of sp® hybridized carbon atoms.**5>% Thus,
based on their properties and advantages, NDs can be applied
in various fields such as photocatalysis,* electrochemical
sensors,* biomedicine, and cosmetics.*
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Fullerenes are a type of carbon allotrope with dimensions of
0 and a closed cage ball structure (buckyball) featuring
pentagonal and hexagonal patterns.®”* The presence of
pentagons in the structure of fullerenes results in the formation
of curvatures and closure of structures similar to cages.®
Fullerenes are represented by the C,, notation, where n = 10,
which are known to exist in various forms such as Cgg, C-¢, Cv6,
Cgs, and Cgy. However, typically only Cg, and C;, have been
extensively investigated.®*®® The C4, molecule has a cage struc-
ture consisting of 60 sp> hybridized carbon atoms with each
cage containing 12 pentagons and 20 hexagons.®* Cq, possesses
2 types of C-C bonds, namely single bonds and double bonds.
In the pentagonal rings, there is only one single bond, while in
the hexagonal rings there are alternating single and double
bonds. The ribs between the pentagon and hexagon rings are
single bonds, and the ribs between the 2 hexagon rings are
double bonds. The average length of a single bond is 0.145 nm
and that of a double bond is 0.141 nm.*® Cg, fullerenes have
many advantages such as high electronegativity and they can
accept a large number of electrons, resulting in efficient elec-
tron transfer, high sensitivity, physical and chemical stability,
improved conductivity, charge transfer, a narrow bandgap, and
a unique structure, which guarantees minimal changes in their
structure.®*%%” However, fullerenes have several limitations
such as low solubility in water, easy agglomeration, low dis-
persibility, tendency to degrade or decompose in the presence
of light and oxygen, and high cost.****®” Based on their prop-
erties and advantages, fullerenes can be applied in various
fields such as photovoltaics and photocatalysts due to their
narrow bandgap electron and energy transfer process,*»*® in the
cosmetic field, namely anti-aging because of their nature in
counteracting radicals,® in the field of sensors due to their high
electrical conductivity and load-transport properties,* and
batteries, solar cells, drug delivery,*® and catalysts.*

QDs are zero-dimensional carbon-based materials,
measuring 2-10 nm and containing 10-50 atoms in quantum
volume.®”® They are members of the family of QDs, namely
CQDs, GQDs, carbon nanodots (CNDs), and polymer dots (PDs).
CQDs are often referred to as carbon dots, which are carbon-
based nanomaterials that are members of the family of QDs.
They are zero-dimensional nanomaterials with a very small size
and relatively strong fluorescence characteristics,” which have
attracted significant attention because of their excellent chem-
ical stability, high conductivity and water solubility, photo-
luminescence properties, broadband optical absorption,
superior photostability, resistance to photobleaching, low
toxicity, easy functionalization, and biocompatibility.*"”®
However, compared to GQDs, CQDs usually show poorer crys-
tallinity and more defects, with a lower crystalline sp> carbon
content. Thus, considering their properties and unique char-
acteristics, CQDs can be applied in various fields such as
biomedicine, catalysts, energy, photoelectronic applications,
and sensing.*' However, among the family of QDs, this nano-
material has a size of less than 10 nm. CNDs usually contain
many functional groups at their edges, such as carboxyl,
hydroxyl, carbonyl, and epoxide, which are useful as reaction
sites.”* Also, they have attracted attention due to their excellent
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optical properties, low photobleaching, unique biocompati-
bility, superior chemical inertness and solubility, high electrical
conductivity, large active area, and low toxicity.”*”> Due to these
remarkable properties, CNDs have been applied in the fields of
bioimaging, solid-state lightening, and chemical sensing.”
Besides CQDs, GQDs, and CNDs, PDs are also nanomaterials
belonging to the QD family. PDs are aggregate polymers or
crosslinks made of linear polymers or monomers. Carbon
nuclei and connected polymer chains can self-assemble to form
PDs. PDs are very promising as fluorescent materials and have
excellent biocompatibility properties and low cytotoxicity.”

Bronchodilator drugs

Bronchodilators are drugs that are specifically designed to treat
bronchoconstriction, which refers to the narrowing of the
bronchial airways. Bronchodilators work by relaxing the
muscles of the bronchi (airways) in the lungs. The pharmaco-
logical effects of bronchodilators facilitate increased airflow
dynamics, thereby increasing the ease of breathing.” When the
airways expand, it becomes easier to expel mucus, and thus
bronchodilators facilitate the cleaning of mucus in the pulmo-
nary system, where one way is through the coughing process.”
These drugs are often administered to patients who are expe-
riencing difficulty breathing or lung hyperinflation, such as
asthma and COPD.”® Thus, bronchodilators are important
medications in the management of respiratory conditions and
shown to have a significant impact on patient outcomes. Pres-
ently, there are 3 types of commonly used bronchodilator drugs,
namely anticholinergics, TP, and long-acting beta2 agonists
such as formoterol and salmeterol.

Beta-2 agonists

Beta-2 agonists are drugs that cause the smooth muscles
surrounding the airways to relax by stimulating the beta-
adrenoceptors in the airways, which have 2 main categories.
The first type, known as short-acting beta-2 agonists (SABA),
works to quickly widen the airways, while the second type, long-
acting beta-2 agonists (LABA), helps to keep the airways open
over an extended period. Albuterol is a type of SABA broncho-
dilator drugs. It helps to clear pulmonary edema fluid from the
alveolus by accelerating the resorption of alveolar fluid.”” In the
study by J. Perez-Garcia et al. (2023), they reported that the use
of albuterol has potential for substantial advancements in
precision medicine for treating respiratory ailments.” This was
achieved through the identification of epigenetic markers in
whole blood that are linked to the response of bronchodilator
drugs. This investigation indicated the involvement of DNA
methylation in influencing the efficacy of bronchodilator
therapy. These findings can be beneficial in categorizing treat-
ment responses among pediatric asthma patients, enabling
healthcare professionals to tailor asthma treatment and
enhance patient outcomes.

Bronchodilator drugs, such as methacholine and salbuta-
mol, have been found to be influenced by bronchial thermo-
plasty.” However, it is important to note that the response to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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these drugs varied in different studies. For example, in the study
by Goorsenberg et al. (2021), they reported a reduction in the
response to methacholine with thermoplasty,* while in another
study by Langton et al. (2018), they did not observe any signif-
icant effect. This inconsistency in the response was attributed to
the limitations of spirometry monitoring, which lacked the
sensitivity to assess the contribution of smooth muscle to the
lung mechanics.** Consequently, a study employing oscillom-
etry to evaluate the impact of thermoplasty on the bronchodi-
lator response was conducted, leading to the conclusion that
thermoplasty diminished the response to bronchodilator
drugs.®

Beta-2 agonist drugs have several advantages in the treat-
ment of obstructive lung diseases such as asthma and COPD.*
The extended effectiveness of these drugs can be attributed to
multiple factors, including the presence numerous side chains
in their molecular structure. These side chains enhance the
lipophilicity of the drug, increasing its retention in the lipid
bilayer of the cell membrane.”” However, there are some
potential disadvantages and risks associated with their use.
Studies reported that the activation of beta-2 receptors can
increase the risk of arrhythmias, especially in patients with
underlying cardiovascular disease.** Additionally, inhaling beta-
2 agonists can acutely worsen hypoxemia, and the excessive use
of these drugs can lead to reduced effectiveness over time and
an increased likelihood of adverse effects such as tremors,
tachycardia, and hypokalemia.?>*

Anticholinergic drugs

Anticholinergic drugs inhibit the effects of acetylcholine,
a neurotransmitter responsible for triggering the contraction of
airway muscles.*” Through this inhibition, anticholinergics
promote the relaxation of the airway muscles, thereby main-
taining the openness of the airways. These medications have
been alternatively termed muscarinic receptor antagonists due
to their binding affinity for muscarinic receptors. Similar to
beta-2 agonists, these drugs can be classified into 2 primary
categories, including short-acting muscarinic antagonists
(SAMA), such as tiotropium, and long-acting muscarinic
antagonists (LAMA), which include medications such as acli-
dinium, glycopyrrolate, and umeclidinium.””

In the literature, a report demonstrated a bidirectional
association between COPD-related comorbidities and cardio-
vascular conditions.®® Consequently, individuals with cardio-
vascular ailments, particularly of an ischemic nature, require an
evaluation through pulmonary function tests, such as spirom-
etry.”® Through observational study, drug therapy using the
LABA-LAMA combination was reported to have a beneficial
impact on the cardiovascular system in COPD,* and the
maintained drug treatments were linked to alterations in the
size of the left atrium. Moreover, Hohlfeld et al. (2018) studied
lung deflation using bronchodilator drugs and concluded that
a combination of LABA-LAMA (indacaterol-glycopyrronium)
medications showed positive effects on the heart function of
cardiovascular impairment in COPD.*® A separate investigation
was conducted to optimize the dosage ratios of bronchodilators

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to enhance synergistic combination therapy.”* This study
utilized isolated guinea pig tracheal rings to explore the phar-
macological interplay between LABA-LAMA drugs. The findings
of this study indicated that when administered at low doses,
LABA and LAMA exhibited antagonistic interactions. Accord-
ingly, the report proposed that large doses of both LABA and
LAMA may be necessary to attain a synergistic interaction
between these 2 drugs.

Anticholinergic medications have been shown to have no
adverse effects on mucus clearance or viscosity and can even
enhance mucus clearance by mitigating bronchoconstriction
and airway inflammation.”” However, there are certain potential
drawbacks linked to their usage. The most prevalent side effects
of inhaled anticholinergics stem from reduced vagal tone,
leading to symptoms such as dry mouth, urinary retention,
tachycardia, constipation, and gastrointestinal discomfort.”*
Also, it is worth noting that caution is warranted in elderly
patients due to the potential for anticholinergics to induce
delirium.*® Additionally, reports suggest that prolonged use of
anticholinergic drugs can result in changes in the brain, which
bear a partial resemblance to that found in dementia or Alz-
heimer's disease.’** Studies indicated that the anticholinergic
properties impact functional rehabilitation in a range of
conditions, spanning from more severe ailments such as
stroke®® to apparently minor injuries such as ankle sprains.®*®

Theophylline

TP is an easily accessible and cost-effective bronchodilator
medication widely employed in the management of respiratory
conditions, as shown in Scheme 2.°” TP functions by relaxing
the smooth muscles in the airways through the inhibition of
phosphodiesterase (PDE). Furthermore, it has the potential to
activate histone deacetyltransferases (HDACs), playing a role in
its anti-inflammatory characteristics.”® Thus, it can serve as an
adenosine receptor antagonist, which is attributed to its capa-
bility to induce relaxation in the pulmonary vasculature.*

TP, an active pharmaceutical ingredient from the xanthine
family, shares a close connection with plant alkaloids and
exhibits unique biological and pharmacological properties.
Additionally, it was reported that co-crystals of theophylline
resorcinol monohydrate (THR) and theophylline pyrogallol
monohydrate (THPY) have potential to amplify the effectiveness
of medications, leading to a reduction in their adverse effects.'*
These co-crystals demonstrated strong inhibitory activity
against pathogenic strains of Streptococcus pneumoniae, under-
scoring their antibacterial properties. Furthermore, the study by
Rolta et al. indicated that among the methylxanthine drugs, TP
demonstrated the highest binding affinity to all 3 target
proteins of SARS-CoV-2, including the spike protein, main
protease, and nucleocapsid protein. This discovery paved the
way for potential future investigations into the role of theoph-
ylline as an antiviral treatment for COVID-19.'*

TP, an established pharmaceutical agent with enduring
prominence in its drug category, is conventionally recognized as
a non-specific inhibitor of PDE. This attribute is associated with
its moderate bronchodilatory effects and a wide array of
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Scheme 2 Some respiratory diseases are treated using TP and body fluids containing drug residues.

undesirable side effects.” Consequently, to mitigate the side
effects of this medication, it is imperative to implement
measures to monitor the TP levels in the body.*"'*> Among the
various analytical techniques, electrochemical sensors stand
out as the favorable choice, offering swift and cost-effective
means for the real-time quantification of TP within a clinical
context. Thus, this review presents a comprehensive exploration
of the electrochemical sensors utilized for TP monitoring, with
a particular emphasis on the use of carbon-based materials in
the electrode system.

Electrochemical sensors for
theophylline

Many studies have reported the fabrication of electrochemical
sensors with various recognition elements such as physical
(nanomaterials), chemical (functional groups), and biological
(enzymes/nucleic acids) elements. Alternatively, electro-
chemical sensors that do not incorporate a biorecognition
element offer notable advantages, including simplicity, cost-
effectiveness, and stability.'**'** Additionally, these sensors
often exhibit high stability and reproducibility given that they
do not rely on biological components, which can degrade over
time or require specific environmental conditions.'® This
makes them suitable for a range of applications, where cost and

28932 | RSC Adv, 2024, 14, 28927-28942

durability are critical factors. However, the absence of a bio-
recognition element also presents significant disadvantages.
The selectivity of these sensors is generally lower compared to
that incorporating biorecognition elements, which provides
high specificity for the target analyte and significantly reduces
the interference from other substances present in the
samples.'* Thus, although electrochemical sensors are advan-
tageous due to their simplicity, low cost, and stability, careful
consideration of the application design is crucial to address
their selectivity and sensitivity limitations.

In recent decades, electrochemical sensors have become one
of the most popular TP detection methods. The development of
nanomaterial-modified electrochemical sensors can provide
many advantages over the use of bare electrodes, such as wide
surface area, excellent electrocatalytic activity, oxidation resis-
tance, and fast electron transfer. In this case, the use of carbon-
based nanomaterials as an electrode-modifying element is
advantageous because their structure is easy to combine with
various other functional materials.'> The authors explained the
effect of modifying several CNM, such as graphene, CNT, ND,
and other carbons for improving the performance of sensors.

Graphene

Graphene-based nanomaterials possess a wide specific surface
area, electronic conductivity, mechanical resistance, excellent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stability and biocompatibility, excellent binding capacity with
biomolecules, and low toxicity.*»'®> Graphene is one of the
nanocarbons that is very promising for combining with various
materials. The surface of graphene contains abundant func-
tional groups, which support the binding of functional mate-
rials.'”” To date, graphene-based TP sensors have not been
widely explored, but the development of graphene-based elec-
trodes is very promising.

Shetti et al. combined graphene oxide (GO) nanoparticles
and nanoclay (NC) to increase the sensitivity and selectivity of
a sensor and increase its biocompatibility as a material modifier
for CPE** NC is a material produced from the chemical
weathering of various silicate minerals, which contains 85% of
layered silicate minerals or layered chain silicate minerals of the
total crustal mass.’® NCs possess a porous structure, wide
specific surface area, and high absorption efficiency and ionic
conductivity.'” NC-GO composites provide a wide surface area
ratio and significant strengthening potential. In TP measure-
ments, the peak current experienced a significant increase at pH
5, which was due to the increased electrocatalytic effect.
Increasing the scan rate indicated a potential shift in the posi-
tive direction and an increase in peak current. This indicated
that the measurements were controlled by an adsorption
process with the involvement of single electrons and protons.
The prepared sensor could detect TP in pharmaceutical samples
with a reliable recovery rate of up to 98% and a detection limit
as low as 0.001 puM.

Alternatively, Killedar et al. modified a GCE with GO and NC
composites using the drop-casting method.**® The study of the
electrochemical behavior of TP showed a significant TP oxida-
tion peak current in the GO-NC-modified GCE. In a previous
study, the highest TP peak current was achieved at pH 5,** and
the TP detection process occurred through an oxidation reac-
tion involving the loss of 2 electrons. This reaction mechanism
occurred on the electrode surface through a diffusion process,
and the plausible reaction mechanism is shown in Fig. 2. The
sensor showed acceptable selectivity towards TP in the presence
of excipients and interfering ions. In addition, this sensor could
detect TP in a wide concentration range of 0.1 to 20 uM. The
detection of TP in tablet samples showed a recovery rate of up to
97%.

Shanbhag et al. fabricated a CPE-based sensor-modified GO
interspersed with cholesterol (CHL-GO/CPE)."** This sensor had
hydrophilic and polar hydroxyl groups, which promoted the
non-covalent hydrophobic - interactions with the GO sheets,
thereby increasing the roughness and adsorption capacity for

HC_

OH
PR 0% /
ln, m,

Fig.2 Plausible reaction mechanism of TP. Reprinted with permission
from ref. 110, Copyright (2021), Elsevier.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the analytes. In addition, CHL facilitated the transport of
molecules across the membrane, and also increased the surface
area."” Voltammetric measurements showed rapid electron
transfer and an increase in the peak current for TP oxidation.
This occurred significantly at pH 6 in an irreversible manner
involving 2 protons and 2 electrons controlled by adsorption.
The prepared sensor had high sensitivity and selectivity, with
a low detection limit, reaching 0.004 uM and a recovery
percentage in drug samples of nearly 99%. In another report,
Kesavan et al. modified graphene onto the surface of a GCE with
a melamine diazotization protocol to produce a stable graphene
layer with a controllable thickness.'”* The graphene-modified
GCE sensor could selectively detect TP in the presence of up
to 34-fold excess adenosine. TP determination could be carried
out stably even after 5 measurement cycles, with a low LOD
value of 0.005 uM and reliable recovery in human urine and
serum samples up to 99%.

Patil et al. fabricated a CPE-based TP sensor modified by
a composite of GO and CuO NPs (CuO-GO/CPE).*** The combi-
nation of GO and CuO NPs could accelerate electron transfer
reactions at lower potentials and increase the capacitance of
each material. GO supported by CuO NPs produced electro-
catalysis and excellent power density.'** The CuO-GO
composite-modified CPE was fabricated by mixing graphite
powder, paraffin oil, GO, and CuO NPs, with a ratio of GO and
CuO NPs of 1:1, and the electrochemical behavior of TP was
investigated in pH 6 PBS. The voltammetric measurements
showed that the modified sensor had superior sensitivity and
better selectivity. The interference test showed that there was no
interference between several excipients and metal ions,
including ascorbic acid, urea, lactose, NaCl, and KCIl, at the
oxidation peak of TP. The prepared electrode could detect TP
with a low detection limit of 0.008 uM and an excellent recovery
rate in human urine and serum samples of 98%.

Chen et al. modified a GCE with GO sheet nanocomposites
decorated with rutile-type TiO, microspheres to form TiO,
MPs@GOS/GCE."** TiO, is photochemically stable but has
awide band gap, and thus it was composited with GO to narrow
its band gap or produce a new donor energy vacancy level.'** The
electrocatalytic properties of TiO, significantly improved the
electrochemical behavior of TP. The fabrication of this electrode
was quite simple and benefited from the regeneration of the
electrode surface. The prepared sensor showed high selectivity
and did not cause significant reactions to interfering molecules.
Additionally, this sensor had a very wide linear concentration
range of 0.02 to 209.6 uM and a detection limit as low as 0.013
uM. The successful application of this electrode for the deter-
mination of TP in drug samples and biological fluids was
proven by its reliable recovery range of 96-103%.

Ghanbari et al. developed a sensitive and selective TP sensor
based on a multinary nanocomposite-modified GCE consisting
of core-shell TiO,@CuO nanoparticles, boron-doped RGO, Au
nanoparticles, and electropolymerized 2-amino-5-mercapto-
1,3,4-thiadiazole (PAMT/AuNPs/TiO,@CuO-B/RGO/GCE), as
shown in Fig. 3.""” Doping graphene with boron (B/RGO) aims to
add electrons to its m-bonding system, increase its carrier
density, and increase its electron transport rate."**** B/RGO was
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Fig. 3 Procedure for the preparation of (a) B/RGO nano-sheet, (b) TiO,@CuO-B/RGO nanocomposites, and (c) design of electrochemical
sensor for the simultaneous detection of UA and TP by the PAMT/AuNPs/TiO,@CuO-B/RGO nanocomposite. Reprinted with permission from
ref. 117. Copyright (2023), Elsevier.
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combined with TiO,@CuO core-shell nanoparticles and Au NPs
to provide fast and excellent electron transfer kinetics between
the electrode surface and the adsorbed bio-molecules via elec-
trostatic interactions.® Electropolymerization of 5-amino-2-
mercapto-1,3,4-thiadiazole into PAMT was carried out to
increase the activity, stability, and biocompatibility of the
sensor.”"* This sensor could detect TP in a wide linear concen-
tration range of 0.001-10 uM with a very low detection limit of
0.0003 uM. This sensor also exhibited a reliable TP recovery rate
of up to 103% in blood serum samples.

Hamidi and Zarei modified a GCE with an RGO-SDS-Nafion
composite film."** Modification of the GCE with SDS and Nafion
aimed to increase the rate of electron transfer between the
analyte and the electrode surface, as well as providing high
permeability properties to the cations originating from
Nafion."”»'** The RGO-SDS-Nafion/GCE sensor detected TP
based on the preconcentration of positively charged TP mole-
cules on the negatively charged SDS-Nafion in the composite
film." The optimal TP determination was achieved at acidic pH
due to the more effective adsorption and accumulation of 1-H"
on the electrode surface due to ion exchange and electrostatic
attraction by SDS and Nafion."** Additionally, it was found that
most species, of the more than 20 interfering species used, did
not interfere with the determination of TP, and thus it can be
considered that this sensor had remarkable selectivity.
Furthermore, this sensor had a low detection limit, as low as
0.005 uM, and could be used for TP determination in tablet
samples with a satisfactory recovery rate of up to 104%.

Zhang et al. fabricated a TP sensor based on a GCE-modified
poly(L-phenylalanine)/RGO composite film.**® In this work, RGO
was prepared by the electrochemical reduction method because
it resulted in higher conductivity and lower oxygen/carbon ratio
than the chemical reduction method.*””**® Polymer modifica-
tion of the electrode was performed to improve electrocatalysis,
while reducing surface fouling and undesirable reactions.*****°
The P(1-pal)/RGO composite film was electropolymerized on the
GCE using the CV technique. This sensor could be used to

@

12- = bare GCE
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1 [=——p(L-Pal)/rGO/GCE |
94

Current / pA
i

1.0 12 14 1.
Potential / V

Fig. 4
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determine TP and caffeine simultaneously, and also be used in
the long term and showed reliable reproducibility and selec-
tivity. The prepared electrode could detect TP and caffeine in
real samples with the recovery percentage reaching 102%.

As shown in Fig. 4a, TP sensing using the same electro-
chemical technique could produce different peak currents and
potentials at different electrode and modifiers. This showed
that the type of electrode and type of modifying material affect
the sensitivity, selectivity, precision, and accuracy of the sensor.

Carbon nanotubes

CNTs are CNMs that are the most suitable for functionalization
with any material. As modifier elements, CNTs can facilitate
wide surface areas and rich binding active sites, thereby
enabling sensors to detect a wide range of analytes. Currently,
the development of CNT-modified electrochemical sensors has
not been widely carried out, and thus still very prospective.

In the study by da Silva et al., MWCNTs decorated with
AuNPs were deposited on a GCE (AuNP-MWCNT/GCE) to
develop a new conductive platform for the determination of
TP."** The modification of AuNPs on MWCNTSs was carried out
by the direct dispersion of AuNPs into the MWCNT network.
The unique electronic properties of AuNPs can provide various
advantages when combined with tube-structured nano-
carbons.”**** There was an increase in the peak current of TP
oxidation, which was attributed to the effective surface area and
the synergistic effect of AuNP aggregation on the MWCNT
net.”® The sensor could be made quickly and easily, and its
architecture was not very complicated. Furthermore, it could
detect TP at low concentrations, down to 0.09 uM, and showed
a recovery percentage of approximately 97-110% in commercial
samples, exhibiting potential for application in therapeutic
drug monitoring and tea quality control.

Iranmanesh et al synthesized La,O3/MWCNT nano-
composites as sensing elements for the determination of TP.'*®
They exhibited a respectable dielectric constant, low oxide
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(a) DPV of 40 uM TP on different electrodes in 10 mM H,SO,. Reprinted with permission from ref. 126. Copyright (2021), Elsevier and (b)

DPV of 0.1 M TP current response on ZnONPs-MWCNTs-Cyt c-GCE electrode with the addition of various interfering species. Reprinted with

permission from ref. 131. Copyright (2020), Elsevier.
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leakage current, and an increased voltage range, making them
alternative materials for the fabrication of environmentally
friendly sensors for various analytes.””"** TP detection was
carried out on the GCE-modified La,O3/MWCNTs (LayOs/
MWCNTs/GCE). Under the optimal conditions, this sensor
could be used to detect TP over a wide concentration ranging
from 0.1 to 400 pM. Furthermore, it exhibited high sensitivity
with a low detection limit as low as 0.032 uM and an excellent
TP recovery rate in blood serum and urine samples up to 100%.

Kocak et al. synthesized a composite of CNT and symmetri-
cally substituted manganese(m) phthalocyanine (2eOHMnPc)
containing a tetra-5-chloroquinolin-8-yloxy group at the
peripheral position (2eOHMnPc-CNT)."”** The combination of
CNTs and 2eOHMnPc could increase the stability and increase
the conductivity of both materials in electrochemical applica-
tions. In this study, 2eOHMnPc-CNT was modified on the
surface of GCE and the prepared electrode had excellent
stability and could be used in the long term without any
apparent loss of more than 9.0%. In addition, the sensitivity
and selectivity of the sensor were also improved by the presence
of the 2eOHMnPc-CNT composite. Also, the individual detec-
tion of TP was successfully achieved in green tea and serum TP
samples.

Rezvani et al. developed a TP electrochemical sensor based
on a WO3/MWCNT nanocomposite modified GCE (WO3/
MWCNT/GCE).*** WO; nanoparticles are n-type semiconductors
that have unique electrochemical redox characteristics.*"'**
Alternatively, WO; has low electronic conductivity, but when
combined with MWCNTs, its conductivity could be increased
and the capacitive behavior of the composite can also be
impressively improved.’® The large electroactive area and
conductivity of the nanocomposite made the sensor more
sensitive and it could detect TP at low concentrations, reaching
0.008 uM, and it increased the selectivity of the sensor in the
presence of various interfering molecules. Furthermore, it could
be used for TP determination in real samples without any
previous separation steps.

Kilele et al. modified GCE with a ZnONP-MWCNT-Cyt c
nanocomposite.”® ZnONPs are semiconductor materials that
have an excitation binding energy of 60 meV and superior
electrocatalytic properties."****> ZnONPs were combined with
MWCNTs to increase the electron transfer rate and adsorption
ability. In this study, the cytochrome ¢ enzyme was immobilized
on the ZnONP-MWCNT nanocomposites to increase the speci-
ficity of the sensor for TP determination.***'*” The prepared
biosensor exhibited high selectivity and could be used to detect
TP in pharmaceutical syrup without significant interference by
the presence of interfering substances, as shown in Fig. 4b. TP
determination could be carried out at low concentrations of up
to 0.0012 uM. In addition, this biosensor could be used for long-
term measurements and has potential to be used in the quali-
tative and quantitative analysis of drugs and other electroactive
target compounds.

Studies on the application of CNTs as electrode or modifier
materials have not yet been widely reported. However, several of
the studies discussed previously indicated that CNTs have
promising  opportunities in  electrochemical  sensor
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applications. Moreover, their structure is rich in binding sites,
making them advantageous in the manufacture of nano-
composites and structure modification.

Nanodiamonds

NDs represent a 3D carbon allotrope, typically ranging in size
from 5 to 50 nm, which are often used for biomedical and
pharmaceutical purposes due to their negligible toxicity, inert
core, rich surface chemistry, and bright and strong fluorescence
properties.**® ND-based electrochemical sensors are rarely re-
ported,**® including TP sensors, and thus study opportunities
for novel systems based on NDs are wide open.

Diamonds that were doped with boron (BDD) provided
increased electrical conductivity and have the potential to
become better electrodes than pure NDs.'* BDD exhibits
unique electrochemical properties, such as excellent chemical
and dimensional stability, low background current, and wide
potential window."* Another advantage of BDD-based electro-
chemical electrodes is the stability of their response and
material durability, which does not require pretreatment or
maintenance of the electrode."

The BDD electrochemical oxidation of TP was first demon-
strated, and using different voltammetric methods, a TP elec-
trochemical sensor with a BDD electrode was reported using
DPV and SWV." As shown in Fig. 5a, the irreversible peak for
the direct oxidation of the analyte was observed with CV and
formed at +1.63 V (vs. Ag/AGCEI electrode) in 1 M H,SO,. The
results of this study indicated the possibility of reducing the
matrix effect by employing aqueous solutions at a large anodic
potential.

Modification of a BDD electrode with nickel nanoparticles
(BDD/NINP) using the electrodeposition method was success-
fully carried out for the TP electrochemical sensor."** As shown
in Fig. 5b, the peak of TP appeared in CV in the potential range
of +1.20 to +1.50 V (vs. Ag/AgCl). Based on the CV analysis, the
active surface area of the BDD/NiNP electrode was 0.0081 cm?,
which was greater than that of the unmodified BDD area of
0.0011 cm?, and selective for p-glucose, ammonium sulfate, and
urea.

Other carbon nanomaterials

Electrochemical sensors based on a modified glassy carbon
(GCE) and carbon paste electrode are the most frequently re-
ported among the carbon materials, which were summarized
compared in a table previously.*® The recent report was the
novel detection of TP with GCE-modified carbon dots (CDs) and
chitosan (Chi).*® The electrochemical characteristics of the
electrode were evaluated with CV in 0.01 M K;[Fe(CN)g], as
shown in Fig. 5¢, showing more efficient electron transfer. The
quasi-reversible process was characterized by the anodic peak
current/cathodic peak current ratio (I,p/I.p), which was between
0.81 and 1.33, and the difference between the anodic peak
potential and cathodic peak potential (AE,,) ranged from 0.22 to
0.08 V. The selectivity of the sensor was tested with ferulic acid,
5-caffeoylquinic acid, catechin, and epicatechin interference
solution.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) CV of blank (a) and TP (b) in H,SO,4 on the BDD electrode. Reprinted with permission from ref. 153, Copyright (2015), The Royal Society

of Chemistry. (b) CV of the blank (0.1 M PBS) for the BDD electrode (blue), BDD (red) and BDD/NiNP electrode (purple) in 60 uM TP,*** (c) CV of
bare recorded at GCE (blue) and GCE/Chi-CDs (red),*** and (d) CV of CPE on PBS pH 3.0 (a), CPE/MB on PBS pH 3.0 (b), CPE on PBS containing TP
(c), and CPE/MB on PBS containing TP (d). Reprinted with permission from ref. 156 Copyright (2018), Elsevier.

Another study reported the modification of a GCE with CDs
produced by one-step ultrasonic technology with a glucose
precursor via electrochemical deposition for the detection of
TP.»*® CDs were evenly distributed on the GCE. This electrode
could amplify the weak and partially overlapping peaks of
dopamine, uric acid, r-tryptophan, and TP. Dopamine, uric
acid, -tryptophan, and TP were significantly observed by 4 well-
identified oxidation peaks despite the presence of coexisting
interferences in biological fluids due to the superior electrode
biocompatibility.

In the realm of CNM, multilayer fullerene represents one of
the latest fullerene families, also referred to as carbon nano-
onions (CNOs)." It has high thermal stability and high elec-
trical conductivity and has attracted attention for the develop-
ment of sensors.'® CNOs with a size of 5-10 nm were prepared
by the stepwise multipotential method and deposited on a GCE
by the drop-coating method for the fabrication of a TP detection
sensor."* GCE/CNOs promoted the sensitivity of the sensor,
exhibiting a detection limit as low as 0.35 uM, reliable repeat-
ability, and excellent anti-interference ability.

The acceptable catalytic properties and biocompatibility of
sulfosalicylic acid polymers were used to fabricate novel carbon
nanofibers (CNFs) as a stable sensor for the detection of TP in
drug analysis.'> CNFs are novel CNM with similar conductivity

© 2024 The Author(s). Published by the Royal Society of Chemistry

and stability as CNTs.'®® The electrospun carbon fibers were
strong and flexible enough for use as sensor or electrode
materials.'® Under the optimal experimental conditions, the TP
concentration (0.6-137 M) and peak current value showed an
acceptable linear range and the detection limit was as low as
0.2 M.

The carbon paste electrode (CPE) is known as an easy-to-
fabricate electrode with easily chemically modified surfaces
for the analysis of inorganic and organic species.'® Details and
practical guidance for experimental laboratory work, with
several practical hints and recommendations on various types
of chemically and biologically modified CPEs were previously
reported for electroanalysis purposes.’® In TP electrochemical
sensors, several CPE modifications have been applied. For
example, CPE, which is graphite powder mixed with MWCNT-
functionalized CuO nanoparticles and ionophores, showed
a relatively stable sensor for 46 days with an LOD of 2.5 x
10~® M and was tested for the detection of TP in various green
tea extracts, which had undergone filtration, dilution, and pH
modification.'® Other modifications for detecting TP in food
are CPE modified with nano-sized cobalt (nano-CoPc),'*® metal
phthalocyanine (MPc) derivatives known as electrocatalysts to
catalyze the oxidation or reduction of several species, and CPE-
modified single-walled carbon nanotube composites decorated
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with Fe;O, and 1-ethyl-3-methyl imidazolium chloride (CPE/
1E3MICI/Fe;0,/SWCNTSs) composite.** CPE/nano-CoPc showed
excellent reproducibility and stability compared with bulk CoPc
complexes, while CPE/1E3MICIl/Fe;0,/SWCNTs showed
a strong ability to resolve overlapping xanthine (XT) and TP
signals of ~280 mV.

In a detection system on human plasma, CPE was modified
with graphene and ethyl 2-(4-ferrocenyl-[1,2,3]triazol-1-yl)
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acetate (CPE-EFTAG)" and MWCNTs."”* CPE-EFTAG could
determine isoproterenol, acetaminophen, tryptophan, and TP
simultaneously in real plasma samples with significant differ-
ences, namely 0.190 V between isoproterenol and acetamino-
phen, 0.510 V between isoproterenol and tryptophan, and
0.750 V between isoproterenol and TP. Meanwhile, CPE/
MWCNT could determine linezolid, meropenem, and TP in
spiked plasma and healthy volunteer plasma.

Table 1 Carbon-based materials for the electrochemical detection of theophylline

Detection Linear
Electrode method LOD (uM) range (LM) Electrolyte pH Sample Recovery (%) Ref.
GO-NC/CPE CV, SWv 0.0018 0.01-0.2 PBS 5.0 Pharmaceutical 96.9-98.31 31
formulations
GO-NC/GCE SWvV 0.00312 0.1-2.0 PBS 5.0 Pharmaceutical 94.7-97.4 110
tablet
CHL-GO/CPE CV, LSV, SWV 0.00445 0.1-3.0 PBS 6.0 Tablet 96.5-98.8 111
G/GCE CV, DPV 0.0054 0.03-100.0 PBS 6.0 Human serum 98.6-99.2 102
Urine 99.0-99.3
CuO-GO/CPE CV, DPV 0.00833 0.1-3.5 PBS 6.0 Urine 95.0-98.75 113
Tablet 98.0
TiO, MPs@GOS/GCE CV, DPV 0.01326 0.02-209.6 PBS 7.0 Human serum 96.8-103.0 115
Drug 96.3-98.6
PAMT/AuNPs/TiO,@ CV, DPV 0.00036 0.001-10.0 PBS 6.0 Blood serum 94.0-103.0 117
CuO-B/RGO/GCE
RGO-SDS-Nafion/GCE CV, DPV 0.005 0.01-40.0 H,SO0, — Tablet 97.5-104.5 122
P(1-Pal)/rGO/GCE CV, DPV 0.35 1.0-260.0 H,S0, 1.7 Tablet 102.0 126
AuNP-MWCNT,,5/GCE ~ DPV 0.09 0.5-20 BR buffer 6.0 Tablets 98.0-110.0 132
Black tea 97.3-105.3
Green tea 97.3-107.3
La,0;/MWCNT/GCE CV, DPV 0.032 0.1-400.0 PBS 7.0 Human blood 97.5-101.3 136
serum
Urine 98.6-102.0
2eOHMnPc-CNT/GCE CV, DPV 0.0066 0.04-12.0 H,SO0, 2.0 Serum 102.0 139
Green tea 97.8
WO;/MWCNT/GCE AdsDPV 0.008 0.025-2.6 H,SO, 1.3 Tablet 98.5-101.8 140
Urine 98.2-104.0
ZnONPs-MWCNTs- CV, DPV 0.0012 0.4-15.0 PBS 3.5 Pharmaceutical 99.4-106.8 131
Cyt c-GCE formulations
BDD DPV 0.91 2.0-380.0 H,SO, 1.47 Pharmaceutical 98.0-103.3 153
tablets
SVW 1.45 Human urine 93.2-102.2
BDD CV, SWV 4.58 30.0-100.0 PBS 3.0 Artificial urine 99.87 154
BDD/NiNP 2.79 105.10
CDs-Chi/GCE CV, DPV 1.0 10.0-5000.0 HCIO, 0.4 Tea, drug 30.0-50.0 155
CDs/GCE CV, DPV 0.33 10.0-200.0 PBS 6.0 Human serum 98.79-101.9 158
CNOs/GCE DPV 0.35 8.16-108.25 PBS 7.0 Human serum 96.03-99.96 161
CNF/PSA/GCE CV, DPV 0.2 0.6-137.0 H,SO,- 1.8 Tablet 98.6-103.4 162
Na,SO,
CuO/MWNCT/CPE Potentiometric 0.025 0.1-10000.0 PBS 6.0 Commercial tea 92.00-99.63 167
Nano-CoPc/CPE DPV 0.14 0.4-100.0 PBS 7.4 Pharmaceutical 97.1-103.1 168
tablet
Green tea 97.5-102.1
SWCNT/Fe;0,4/ SWv — 0.1-300.0 PBS 6.0 Fruit juice drink 101.4-104.8 169
1E;MICI/CPE Fish meat 102.5
EFTAG/CPE CV, SWvV 15.0 20.0-1000.0 PBS 7.0 Human blood 98.6-103.7 170
serum
Urine 99.6-103.7
MWCNT/CPE SWv 0.194 0.8-90.0 BR Buffer 3.0 Human plasma 83.17-89.29 171
MB/CPE CV, DPV 0.00225 0.2-10.0 PBS 3.0 Pharmaceutical 99.2-100.3 156
tablet
Urine 98.6-100.4
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Another report on the electrochemical oxidation of TP was
found on the surface of CPE with the cationic dye methylene
blue (MB) as an excellent electron mediator.”*® MB could be
quickly degraded by electrochemical oxidation with excellent
performance in the pH range of 3.0-11.0 and consumed the
electrical energy of 21.35 kW h m ™3, which is lower than that of
electro-Fenton (81.51 kW h m %) and electro-coagulation (36.55
kW h m™>)."”2 The single electrochemical oxidation of TP was
dominant at pH 3.0 and CV scan speed of 50 mV s~ (Fig. 5d)
and was successfully used for the determination of TP in
pharmaceutical samples and human urine. The peak current of
CPE/MB increased sharply by 2-3 times compared to bare CPE
where electron transfer occurred slowly and sluggishly. The
increase in peak current was entirely due to the presence of MB
given that it was an excellent redox mediator and provided easy
electron transfer.

The key points of the overall other carbon electrochemical TP
sensors are presented in Table 1 for ease of comparison. The
potential for the development of electrochemical sensors to
detect TP, whether through modifications to existing electrodes
or the introduction of new sensor technologies, is wide open.

Conclusions

In conclusion, this review meticulously outlined the recent
advancements in the use of carbon-based electrodes, including
NDs, graphene derivatives, and CNTs, in the electroanalytical
method for the detection of TP. These materials significantly
enhanced the sensitivity, LOD, selectivity, and real sample
applications. Continued innovation in carbon-based electrode
materials holds promise for improving the capabilities of elec-
trochemical sensors for the detection of TP. Future reports can
focus on refining the fabrication techniques, exploring new
carbon-based composites, and integrating advanced technolo-
gies for greater precision. The ongoing evolution of carbon-
based materials not only supports pharmaceuticals but also
holds potential for broader applications in biosensing and
clinical diagnostics, promising a bright future for TP sensors
and electrochemical approaches.
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