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While we inhabit a macro-world, it is evident that our future will depend greatly on the tiniest of things. This is
due to the fact that a majority of 21st-century sciences will be centered around materials with nanometer dimensions.
Currently, we observe the significance of nanomaterials in facilitating the targeted delivery of active substances within
the body. In the past two years, this has played a crucial role in combating the COVID-19 pandemic, with the assistance
of vaccines containing graphene oxide nanoparticles that serve as carriers and enhancers for vaccine compounds. Fur-
thermore, challenges related to drug delivery, such as poor water solubility and limited bioavailability, have already
been overcome through the utilization of metal-based and carbon-based nanomaterials. Nanomedicine is poised to revo-
lutionize the landscape of therapeutics and diagnostics. This brief review focuses on notable achievements in designing
specific voltammetric biosensors using metallic nanoparticles and graphene-based nanomaterials. Metallic nanoparti-
cles, particularly those based on silver and gold, along with graphene derivatives such as nanotubes, quantum dots,
nanodiamonds, and fullerenes, exhibit remarkable physical and chemical properties. These include improved thermal
stability, enhanced conductivity, and the ability to modify their surface area with various organic substrates. Notably,
voltammetric sensors based on graphene nanostructures demonstrate high biocompatibility and superior selectivity in
detecting important biological systems through voltammetry. The aim of this concise review is to highlight recent elec-
trochemical advancements in nanosystems and present significant achievements of metallic nanoparticles and graphene-

based nanomaterials as voltammetric biosensors.
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INTRODUCTION

Voltammetry is arguably the most valuable
electrochemical technique for gaining insights into
various aspects of electrode transformations in phys-
iological and chemical systems, ranging from small
ions to large lipophilic proteins and enzymes [1-3].
As voltammetry revolves around measuring the en-
ergy of electrons exchanged between specific ana-
Iytes and an electronic conductor (the working elec-
trode), it becomes evident that the nature of the
working electrode plays a crucial role in this elec-
trochemical technique. A limited selection of work-
ing electrodes, primarily composed of noble metals,
mercury, or carbon materials, have been reported as
suitable materials for the majority of voltammetric
studies [1, 4-6]. The effective utilization of volt-

ammetry for probing specific ions, drugs, or physio-
logically active systems at micromolar or lower
concentrations often necessitates the modification of
working electrode surfaces with materials pos-
sessing superior conductive and chemical properties
compared to unmodified electrodes [7]. Over the
past 20 years, extensive exploration has been carried
out on various nanomaterials to enhance the surfaces
of electronic conductors used in voltammetric ex-
periments [8]. Among these, nanoparticles based on
metals (such as Au, Ag, Pt), metal oxides (primarily
Fe.0s, AlO3, CuO, CoO, Mo0O3, Bi»03), and partic-
ularly those derived from different carbon materials
(multiwalled and single-walled carbon nanotubes)
have been widely employed in voltammetric sys-
tems. Their usage has significantly contributed to
the successful application of voltammetry in the de-
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sign of numerous voltammetric sensors for detecting
important chemical and physiological compounds
[1, 5]. This brief overview highlights some of the
key achievements of nanomaterials in the develop-
ment of voltammetric sensors in recent years.

RESULTS AND DISCUSSION

The concept of "nanotechnology,” initially
developed by Richard Feynman [9] (Nobel Prize
laureate in 1965), has brought about revolutionary
advancements in the fields of nanomedicine, phar-
macy, chemistry, physics, high-tech industry, food
industry, and numerous other related fields [8, 10—
12]. Nowadays, nanomaterials have become ubiqui-
tous in every aspect of our lives. Over the past 20
years, nanotechnology has made significant impacts
in areas such as drug delivery, cancer therapy, drug
synthesis, cellular phones and computer technology,
development of new materials, high-precision elec-
tronics, and environmental analysis. Although na-
noparticles (NPs) encompass a wide range of mate-
rials, they are commonly defined as “three-
dimensional materials with at least one dimension in
their structure measuring less than 100 nm" [11].
Numerous excellent books have been published in
the last 15 years, covering important topics related
to the synthesis, properties, functions, characteriza-
tion, and applications of various NPs. Interested
readers are advised to refer to some of these publica-
tions [13-20]. In general, the remarkable character-
istics of nearly all nanoparticles (NPs) that render
them highly suitable for implementation in electro-
chemical systems are attributed to their exceptional
catalytic properties, larger surface area-to-volume
ratio achieved by reducing their size, improved elec-
tronic conductivity, enhanced durability, and com-
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patibility with various substrates. Additionally,
many NPs, particularly those based on graphene,
serve as favorable platforms for attaching functional
groups, which is an important feature manifested in
their reactivity towards specific substrates. While
numerous recent excellent reviews cover different
properties, synthesis protocols, characterization, and
application of nanoparticles in electrochemical ex-
periments [21-26], this overview focuses on high-
lighting only a selection of the most significant
properties and achievements of certain types of na-
noparticles utilized in voltammetric biosensing. Fig-
ure 1 illustrates a scheme showcasing some of the
key NPs employed in electrochemistry, while Figure
2 depicts a modified working electrode with gold
nanoparticles, suitable for voltammetric experi-
ments.

The initial mention of metal nanoparticles in
electrochemistry dates back more than 30 years
[11]. Metal nanoparticles are highly attractive for
modifying various electrode surfaces due to their
easy and cost-effective preparation, as well as their
notable electrocatalytic properties [11, 14, 26].
When attached to the working electrode, these na-
noparticles significantly increase its active surface
area due to their small size. Furthermore, the use of
metallic nanoparticles commonly enhances the ma-
terial's electrical conductivity, leading to an in-
creased rate of electron exchange between the stud-
ied analytes and the modified electrodes [4-8, 14].
Among the metallic nanoparticles investigated in
voltametric studies, silver and gold nanoparticles are
the most well-known [14, 21]. This is primarily at-
tributed to their relatively inexpensive and straight-
forward synthesis protocol, often involving chemi-
cal reduction from salt solutions using mild reduc-
tive substances such as citric acid [11, 14].
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Figure 1. Schemes of some nanoforms mostly used in electrochemical experiments
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Figure 2. Schematic representation of a working electrode,
with active electrode surface modified with gold nanoparticles

Another advantage of utilizing silver and gold
nanoparticles is their potential for stabilization and
modification with various ligands and functional
groups on their surfaces [26]. In the case of modify-
ing working electrodes with silver nanoparticles,
electrodeposition under controlled potential is also
feasible and easily achievable, as reported in [14-
17]. When silver nanoparticles are combined with
graphene oxide, the reduction of silver nitrate from a
water solution is commonly accomplished using
hydrogen iodide as a reducing agent [27]. A chemi-
cal reduction protocol allows the production of sil-
ver nanoparticles with sizes ranging between 10 nm
and 25 nm [28]. On the other hand, electrodeposi-
tion of silver nanoparticles typically results in larger
particles with diameters ranging between 30 and 50
nm [27]. Unfortunately, aggregation of deposited
silver nanoparticles into larger clusters often occurs
and is difficult to avoid when using the electrodepo-
sition method. The toxicity of silver nanoparticles is
recognized as a significant drawback when applying
these materials in experiments involving physiolog-
ical systems. Gold nanoparticles are among the most
extensively studied metallic nanomaterials for elec-
trochemical detection of different analytes [29, 30].
The most common method for obtaining gold nano-
particles is through chemical reduction of chloroau-
ric acid in water solutions using mild reducing
agents such as sodium citrate, ascorbic acid, and
sodium borohydride [11, 14]. An advantageous
characteristic of gold nanoparticles is their ability to
form covalent bonds with substrates containing thiol
(-S-H) groups in their structure [14]. Numerous
modification protocols involving "mercapto sub-
strates” [31] have paved the way for the widespread
use of thiol-modified gold nanoparticles in voltam-
metric sensing, particularly for the quantification of
important biomolecules like DNA [32]. Other me-
tallic and bimetallic nanoparticles derived from
bismuth, platinum, copper, nickel, cobalt, titanium,
palladium, mercury, and various other metals have

also been extensively employed in various voltam-
metric studies [13-15]. In addition to metallic nano-
particles, metal-oxides and metal-sulfides nanoparti-
cles have been extensively explored for voltammet-
ric purposes over the last 10 years. Detailed infor-
mation regarding their synthesis protocols, proper-
ties, functions, and applications can be found in
comprehensive reports such as [14, 33-36]. Table 1
summarizes some of the most significant applica-
tions of metallic, metal-oxides, and metal-sulfides
nanoparticles in voltammetric sensing of chemical
and physiological systems, as published in recent
years.

A significant turning point in experimental
voltammetry occurred approximately 20 years ago,
coinciding with the isolation of freestanding gra-
phene [51]. The integration of this two-dimensional
carbon material in electrochemical experiments
marked the beginning of a new era in the develop-
ment of voltammetric sensors for probing important
chemical and physiological systems [52]. Due to its
ability to be easily wrapped and rolled, graphene
became a fundamental building block in the design
of various carbon-based nanomaterials, including
carbon single-walled and multi-walled nanotubes,
fullerene, nanoplatelets, and other nanoforms [53].
Over the past 15 years, graphene has consistently
demonstrated superior performance compared to
existing electrode materials when used as a modifier
for electrochemical sensors. Analysis of voltammet-
ric sensors published since 2012 indicates that more
than 30% of the works report the exploration of gra-
phene-based nanomaterials (primarily single-walled
and multi-walled carbon nanotubes) for the modifi-
cation of electrode surfaces [51].

The extensive exploration of 3D graphene-
based nanoforms in voltammetric biosensors can be
attributed to their remarkable features, including
their exceptional electrical conductivity, high chem-
ical stability, and their ability to serve as platforms
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Table 1. Data about voltametric detection of different substrates with metal-based nanoparticles

Type of nanoparticles Voltammetric Tech- Analyte Detection limit Reference
nique/ Working Elec- of the analyte
trode
Au-nanoparticles stabi- DPV/Au electrode epinephrine 0.06 umol/L [37]
lized with dithiothreitol
and dodecanethiol
various Au-nanoparticles  DPV and SWV/GCE/Au various polyphe- in sub- [38]
electrode nols micromolar range
Au-nanoparticles CV/GCE glutathione 0.7 pmol/L [38]
Au-nanoparticles stabi- DPV, SWV and CV DNA sub-micromolar [32]
lized with various sub- /GCE/Au electrode concentrations
strates
various metallic nano- DPV, SWV and hazardous poly- sub-micromolar [40]
particles CVIGCE/Au electrode phenols in water concentrations
Ag-nanoparticles/multi- DPV/GC electrode glucose 0.01 mmol/L [41]
walled nanotubes
Pt-Ag nanoflowers DPV/GC electrode hydrogen perox- 0.02 mmol/L [42]
ide, glucose
various metallic and DPV, SWV and CV Sh?*, As®*, Cd?*, mainly in sub- [33]
bimetallic nanoparticles /GCE/Au/Pt electrode Cr®*, Cu?*, Pb**,  micromolar con-
Hg?*, Ni?* centrations
Au-nanoparticles DPVI/GCE glucose and hy- for glucose 0.39 [43]
drogen peroxide pmol/L
for hydrogen per-
oxide 0.136
umol/L
CuO nanowires CV/copper foam glucose lower mmol/L [44]
range
Au-Pd/MoS; CVIGCE glucose and hy- for glucose 0.16 [45]
drogen peroxide pmol/L
for hydrogen per-
oxide 0.40
mmol/L
Pd-nanoparticles on Co- CVIGCE hydrazine 0.07 umol/L [46]
wrapped carbon nano-
tubes
Au-nanoparticles stabi- CVISWVIGCE vitamin E 0.25 pmol/L [47]
lized with mer-
captoundecanoic acid
Au-nanoparticles stabi- CV and SWV/GCE DNA 7.5 umol/L [47]
lized with mer-
captoundecanoic acid
Ag-nanoparticles at wa- SWV and CV/GCE and inorganic anions 0.1 mmol/L [48]
ter-nitrobenzene inter- PIGE transferred across
face liquid-liquid inter-
face
Ag/MoS; hybrid CV/ITO dopamine lower mmol/L [49]
nanoparticles concentration
range
Fe304 nanoparticles- CV/Sn electrode glucose 8 umol/L [50]

polyvinyl chloride

* CV-cyclic voltammetry: SWV-square-wave voltammetry: DPV-differential pulse voltammetry:
** GCE-glassy carbon electrode: PIGE-paraffin impregnated graphite electrode: ITO-indium tin oxide electrode
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for attaching various substrates with specific func-
tional groups onto their surfaces [54].

To harness the extraordinary features of car-
bon nanotubes (CNTSs) for the development of volt-
ammetric sensors, they typically undergo initial
functionalization with biocompatible molecules
[55]. This functionalization step yields a bio-
modified nanointerface that serves as a crucial plat-
form for designing specific voltammetric biosen-
sors. Various organic or inorganic substrates are
commonly employed for the functionalization of

CNTs, resulting in improved properties such as en-
hanced chemical compatibility and increased water
solubility [53-55]. "Covalent functionalization™ pri-
marily involves small molecules that induce changes
in the m-electronic framework of graphene [56]. On
the other hand, "noncovalent functionalization" of
these nanomaterials involves interactions between
graphene's structure and aptamers, enzymes, poly-
mers, and other organic systems (as illustrated in
Figure 3), typically achieved through van der Waals
interactions [56].

Figure 3. Scheme of a multiwalled carbon nanotubes that are functionalized with various organic molecules. The functionalization of
carbon nanotubes with organic molecules is seen as a key step in achieving better selectivity of carbon nanomaterials.

Carbon nanoparticles, including graphene-made
nanoparticles, have a propensity to induce changes in
the electrical and chemical properties of non-modified
electrodes. This often leads to significantly improved
overall electrochemical performance of nano-modified
electrodes for the detection of specific target molecules
[56]. Over the past two decades, tens of thousands of
papers have been published on electrochemical bio-
sensors utilizing graphene-based nanoparticles in vari-
ous forms, such as amperometric enzyme electrodes,
voltammetric immunosensors, and nucleic acid volt-
ammetric devices. In recent years, several comprehen-
sive reviews have focused on graphene-based nano-
materials in the design of voltammetric biosensors
suitable for quantifying diverse analytes, including
DNA, dopamine, glucose, various hem-containing
redox proteins, cytochromes, hormones, ascorbic acid,
hydrogen peroxide, bilirubin, various pharmaceuticals,
and other physiological systems. Interested readers are
encouraged to refer to these works [52-61].

Enzyme-based electrochemical biosensors find
extensive use in pharmacy, nanomedicine, food safety,
and studies related to monitoring different substances
relevant to environmental protection [53-56, 58].

Numerous voltammetric biosensors utilizing
CNT-modified electrodes provide valuable insights
into the activity of various redox enzymes [see reviews
58, 62, 63, and references therein]. Clinical biochemis-
try, being a major application area for biosensors, has
witnessed a plethora of studies dedicated to the devel-
opment of voltammetric biodevices for monitoring
glucose, hemoglobin, urea, and other relevant physio-
logical systems in whole blood [see reviews 58, 62-64,
and references therein]. Additionally, over the past 10
years, there has been intensive exploration of gra-
phene-based nanomaterials in designing reliable volt-
ammetric biomarkers for medical diagnostics [65-67].
Table 2 provides information on some of the notewor-
thy recent achievements in the design of voltammetric
biosensors using various graphene-based nanomateri-
als.

Ipunosu, Q00. npup. mam. 6uomex. nayxku, MAHY, 42 (1-2), xx—xx (2021)



6 Rubin Gulaboski

Table 2. Data about voltammetric detection of different substrates with graphene-based nanoparticles

Type of graphene-based Voltammetric Tech- Analyte Detection limit of ~ Reference
nanoparticles nique/ Working Elec- the analyte
trode
Multiwalled carbon nano- CVIGCE hemoglobin 0.03 umol/L [68]
tubes functionalized with
cysteamine
Multiwalled carbon nano- CVI/GCE glucose 0.5 mmol/L [69]
tubes immobilized on gela-
tin + glucose oxidase
Multiwalled carbon nano- CV/GCE ethanol 0.16 umol/L [70]
tubes on poly(vinyl alco-
hol)+ alcohol dehydrogen-
ase
multiwalled carbon nano- CVIGCE Cholesterol 0.5 pmol/L [71]
tubes
multiwalled carbon nano- CV/GCE xanthine 0.2 pmol/L [72]
tubes-metal oxide nanopar-
ticles-7, 7, 8, 8-
tetracyanoquinodimethane
composite of dendrimer- CVI/GCE Ascorbic acid, hy- 10 umol/L [73]
encapsulated Pt nanoparti- drogen peroxide 50 umol/L
cles and carbon nanotubes
multi-copper enzyme co- CVIGCE Hydrogen peroxide  lower micromolar [74]
adsorbed at carbon nanotube range
dehydrogenase modified CVIGCE glucose 10 umol/L [75]
quantum dots-carbon (ZnS-
CdS) nanotubes
Hybrid of silver multiwalled CVIGCE carcino-embryonic 10 ug/L [76]
carbon antigen
nanotubes/manganese
dioxide.
Multiwalled carbon nano- CVIGCE paracetamol 1 umol/L [77]
tubes ibuprofen 1 pmol/L
carbon black nanoparticles CVIGCE hemoglobin lower micromolar [78]
range
carbon black nanoparticles CVIGCE various hem- below 1 pmol/L [79]
containing proteins
epoxy polymer and acety- CVIGCE Cytochrome P450 below 1 umol/L [80]

lene black nanoparticles

OUTLOOKS FOR THE FUTURE

It is increasingly evident that the remarkable
properties of metallic nanoparticles and the excep-
tional chemical performances of graphene-based
nanomaterials will play a pivotal role in shaping
scientific advancements in medicine, chemistry,
pharmacy, physics, new materials design, and envi-
ronmental analysis throughout the 21st century [58].
During the last three years of the Covid-19 pandem-
ic, it has become evident that the efficient function-
ing of vaccines relies on the support of graphene-
based nanomaterials [81]. Furthermore, the delivery
of many important drugs in medicine is closely
linked to the unique properties of carbon nanotubes

and fullerenes [82-86]. The remarkable electro-
chemical properties of graphene-based 3D nano-
materials have ushered in a new era of their wide-
spread use in designing voltammetric biosensors for
the detection of crucial biomolecules [58, 87]. As
over 50% of novel works on voltammetric biosen-
sors incorporate the use of nanomaterials, we antici-
pate a rapid breakthrough in the more extensive ap-
plication of voltammetry in commercially designed
devices [88].

To enhance the sensitivity and selectivity of
nanomaterials, the development of novel nano-
materials with functionalized surfaces, incorporating
multiple substrates within a single nano-platform, is
anticipated. This advancement will enable the sim-
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ultaneous and selective determination of different
biomolecules in real-time [89]. From this perspec-
tive, it is highly likely that the remarkable chemistry
of nanomaterials will soon lead to the emergence of
novel fields in electrochemical research that will
impact various aspects of our daily lives, particular-
ly by improving biochemical, pharmaceutical, and
medical research in numerous ways [81, 83, 90-92].

Acknowledgment: Rubin Gulaboski thanks the
Alexander von Humboldt Foundation (Germany) for the
support in 2021 during the research stay at Medical Fac-
ulty at Gottingen University, Germany (host, prof. Ivan
Bogeski).

REFERENCES

[1] R. G. Compton, C. E. Banks, Understanding Volt-
ammetry, 3 Edition, World Scientific Publishing
Europe Ltd, 2018.

[2] V. Mirceski, S. Komorsky-Lovric, M. Lovric,
Square-wave Voltammetry-Theory and Application
(F. Scholz, ed.), Springer Verlag, Berlin, Heidel-
berg, 2007.

[3] J. N. Butt, F. A. Armstrong, Voltammetry of
adsorbed redox enzymes, in Bioinorganic
electrochemistry (O. Hammerich, J. Ulstrup, eds),
Springer, Netherlands, 2008.

[4] A.J. Bard, L. R. Faulkner, Electrochemical Meth-
ods: Fundamentals and Applications, 2" edition,
John Wiley&Sons Inc., New York, 2001.

[5] J. Wang, Analytical Electrochemistry, 3" edition,
John Wiley&Sons Inc., New York, 2006.

[6] C. G. Zoski, Handbook of Electrochemistry, Else-
vier, 2007.

[71 R. Chillawar, K. K. Tadi, R. V. Motghare, Volt-
ammetric technigues at chemically modified elec-
trodes, J. Anal. Chem., 70 (2015), pp. 399-418.

[8] A. Chen, S. Chatterjee, Nanomaterials based
electrochemical sensors for biomedical applica-
tions, Chem. Soc. Rev., 42 (2013), pp. 5425-5438.

[91 R. P.Feynman, There’s plenty of room at the bot-
tom, Eng. Sci., 22 (1960), pp. 22—-36.

[10] N. Duran, P. D. Marcato, Nanobiotechnology
perspectives. Role of nanotechnology in the food
industry: A review. Int. J. Food Sci. Technol., 48
(2013), pp. 1127-1134.

[11] G. Cao, Nanostructures and nanomaterials:
Synthesis, properties and applications, Singapore:
Imperial College Press, 2004.

[12] J. W. Schultze, A. Heidelberg, C. Rosenkranz, T.
Schapers, G. Staikov, Principles of electrochemical
nanotechnology and their application for materials
and systems. Electrochim. Acta, 51 (2005), pp.
775-786.

[13] Fundamentals of nanoparticles, (A. Barhoum, A. S.
H. Makhlouf, eds.), Elsevier, 2018.

[14] Inorganic Nanoparticles, Synthesis, applications,
and perspectives, (C. Altavilla, E. Ciliberto, eds.),
CRC Press, 2010.

[15] Nanoparticles, workhorses of nanoscience, (C. de
Mello Donega, ed.), Springer, Berlin, Heidelberg,
2014,

[16] Nanoparticles: From theory to application, (G.
Schmid, ed.), Wiley, 2006.

[17] Nanoparticles in catalysis: Advances in synthesis
and application, (K. Philippot, A. Roucoux eds.,),
Wiley, 2021.

[18] Handbook of Nanophysics, 1% edition, (K. D. Sat-
tler, ed.), CRC Press, 2011.

[19] Nanoparticles for biomedical applications, (E. J.
Chung, L. Leon, C. Rinaldi, eds.), Elsevier, 2019.

[20] C. S. Pundir, Enzyme nanoparticles: Preparation,
characterization, properties and applications (Mi-
cro and nano technologies), 1% edition, Elsevier,
2015.

[21] S. E.F. Kleijn, S. C. S. Lai, M. T. M Koper, P. R.
Unwin, Electrochemistry of nanoparticles, Angew.
Chem. Int. Ed., 53 (2014), pp. 3558-3586.

[22] J.J. Jarju, M. C. Figueiredo, Y. V. Kolenko, Chap-
ter 8-Electrocatalysis using nanomaterials, (A. J.
Wain, E. J. F. Dickinson, eds.), Frontiers of Nano-
science, Elsevier, 18 (2021), pp. 343-420.

[23] O. Lebedeva, D. Kultin, L. Kustov, Electro-
chemical synthesis of unique nanomaterials in ionic
liquids, Nanomaterials, 11 (2021), pp. 3270.
DOI: 10.3390/nan011123270

[24] S-M. Lu, Y-Y. Peng, Y-L. Ying, Y-T. Long,
Electrochemical sensing at a confined space, Anal.
Chem., 92 (2020), pp. 5621-5644.

[25] Ib. Khan, K. Saeed, Id. Khan, Nanoparticles: Prop-
erties, applications and toxicities, Arab. J. Chem.,
12 (2019), pp. 908-931.

[26] E. Katelhon, L. Chen, R. G. Compton, Nanoparticle
Electrocatalysis: Unscrambling illusory inhibition
and catalysis, Appl. Mater. Today, 15 (2019), pp.
139-144.

[27] T.Han, J. Jin, C. Wang, Y. Sun, Y. Zhang, Y. Liu,
Ag nanoparticles-modified 3D graphene foam for
binder-free electrodes of electrochemical sensors,
Nanomaterials, 7 (2017).

DOI:10.3390/nano 7020040

[28] U. T. Khatoon, G. V. S. N. Rao, K. M. Mantravadi,
Y. Oztekin, Strategies to synthesize various
nanostructures of silver and their applications-A
review, RSC Adv. 8 (2018), pp. 19739-19753.

[29] S. Zeng, K.-T. Yong, I. Roy, X.-Q. Dinh, X. Yu, F.
Luan, A Review on functionalized gold nano-
particles for biosensing applications, Plasmonics, 6
(2011), pp. 491-506.

Ipunosu, Q00. npup. mam. 6uomex. nayxku, MAHY, 42 (1-2), xx—xx (2021)


https://doi.org/10.3390%2Fnano11123270

Rubin Gulaboski

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

S. Alex, A. Tiwari, Functionalized Gold Nano-
particles: Synthesis, Properties and Applications-A
Review, J. Nanosci. Nanotechnol. 15 (2015), pp.
1869-1894.

S. J. Amina, B. Guo, A Review on the synthesis
and functionalization of gold nanoparticles as a
drug delivery vehicle, Int. J. Nanomedicine, 15
(2020), pp. 9823-9857.

M. T. Castaneda, S. Alegret, A. Merkoci, Electro-
chemical Sensing of DNA using gold nanoparticles,
Electroanalysis, 19 (2007), pp. 743-753.

S. Sawan, R. Maalouf, A. Errachid, N. Jaffrezic-
Renault, Metal and Metal Oxide Nanoparticles in
the Voltammetric Detection of Heavy Metals: A
Review, TrAC-Trend. Anal. Chem., 131 (2020),
116014. https://doi.org/10.1016/j.trac.2020.116014

A. S. Agnihotri, A. Varghese, M. Nidhin, Transi-
tion metal oxides in electrochemical and bio sens-
ing: A state of art, App. Surf. Sci. Adv., 4 (2021),
100072.
https://doi.org/10.1016/j.apsadv.2021.100072

E. Fazio, S. Spadaro, C. Corsaro, G. Neri, S. G.
Leonardi, F. Neri, N. Lavanya, C. Sekar, N. Dona-
to, G. Neri, Metal-oxide based nanomaterials: Syn-
thesis, characterization and their applications in
electrical and electrochemical sensors, Sensors, 21
(2021), 2494. https://doi.org/10.3390/ s21072494

A. Balakrishnan, J. D. Groeneveld, S. Pokhrel, L.
Madler, Metal sulfide nanoparticles: Precursor
chemistry, Eur. J. Chem., 27 (2021), pp. 6390-
6406.

L. Wang, J. Bai, P. Huang, H. Wang, L. Zhang, Y.
Zhao, Self-assembly of gold nanoparticles for the
voltammetric sensing of epinephrine, Electrochem.
Commun., 8 (2006), pp. 1035-1040.

R. Petrucci, M. Bortolami, P. Di Matteo, A. Curulli,
Gold nanomaterials-based electrochemical sensors
and biosensors for phenolic antioxidants detection:
Recent advances, Nanomaterials 12 (2022), 959
DOI: 10.3390/nan012060959

D. O. Pervezentseva, A. V. Korshunov, E. V.
Gorchakov, V. I. Birmatov, |I. E. Phedorov, Au-
nanoparticles based sensors for voltammetric de-
termination of glutathione, Curr. Anal. Chem., 13
(2017), pp. 225-230.

B. R. Patel, M. Noroozifar, K. Kerman, Nanocom-
posite-based sensors for voltammetric detection of
hazardous phenolic pollutants in water, J. Electro-
chem. Soc., 167 (2020), 037568

L. Chen, H. Xie, J. Li, Electrochemical glucose
biosensor based on silver nanoparticles/multiwalled
carbon nanotubes modified electrode. J. Solid State
Electrochem., 16 (2012), pp. 3323-3329.

Z.Huang, A. Zhang, Q. Zhang, S. Pan, D. Cui,
Electrochemical biosensor based on Dewdrop-like
Platinum nanoparticles-decorated silver nanoflowers

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

nanocomposites for H,O, and glucose detection, J.
Electrochem. Soc., 166 (2019) pp. B1138-B1145.

Z. Lu, L. Wuy, J. Zhang, W. Dai, G. Mo, J. Ye,
Bifunctional and highly sensitive electrochemical
non-enzymatic glucose and hydrogen peroxide
biosensor based on NiC0204 nanoflowers decorated
3D nitrogen doped holey graphene hydrogel, Mater.
Sci. Eng. C, 102 (2019), pp. 708-717.

Z. Li, Y. Chen, Y. Xin, Z. Zhang, Sensitive
electrochemical nonenzymatic glucose sensing
based on anodized CuO nanowires on three-
dimensional porous copper foam, Sci. Rep., 5
(2015) 1-8. https://doi.org/10.1038/srep16115.

X. Li, X. Du, Molybdenum disulfide nanosheets
supported Au-Pd bimetallic nanoparticles for non-
enzymatic electrochemical sensing of hydrogen
peroxide and glucose, Sensors Actuators B: Chem.,
239 (2017), pp. 536-543.

Y. Zhang, B. Huang, J. Ye, J. Ye, A sensitive and
selective amperometric hydrazine sensor based on
palladium nanoparticles loaded on cobalt-wrapped
nitrogen-doped carbon nanotubes, J. Electroanal.
Chem., 801 (2017), pp. 215-223.

R. Gulaboski, M. Chirea, C. M. Pereira, M. N. D.
S. Cordeiro, R. B. Costa, A. F. Silva, Probing of
the voltammetric features of graphite electrodes
modified with mercaptoundecanoic acid stabilized
gold nanoparticles, J. Phys. Chem. C, 112 (2008),
pp. 2428-2435

V. Miréeski, R. Gulaboski, Simple electrochemical
method for deposition and voltammetric inspection
of silver particles at the liquid-liquid interface of a
thin-film electrode, J. Phys. Chem. B, 110 (2006),
pp. 2812-2820.

J. W. Shin, J. Yoon, M. Shin, J. W. Choi,
Electrochemical dopamine biosensor composed of
silver encapsulated MoS2 hybrid nanoparticle,
Biotechnol. Bioprocess. Eng., 24 (2019), pp. 135—
144,

N. Sanaeifar, M. Rabiee, M. Abdolrahim, M.
Tahriri, D. Vashaee, L. A. Tayebi, novel
electrochemical biosensor based on Fe304
nanoparticles-polyvinyl alcohol composite for
sensitive detection of glucose, Anal. Biochem., 519
(2017), pp. 19-26.

A. K. Geim, K. S. Novoselov, The rise of graphene,
Nat. Mater. 6 (2007), pp. 183-191.

D. A. C. Brownson, C. E. Banks, Graphene electro-
chemistry: An overview of potential applications,
The Analyst, 135 (2010), pp. 2768-2778.

S. Rathinavel, K. Priyadharshini, D. Panda, A re-
view on carbon nanotube: An overview of synthe-
sis, properties, functionalization, characterization,
and the application, Mat. Sci. Eng. B, 268 (2012),
pp. 115095 doi.org/10.1016/j.mseb.2021.115095

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 42 (1-2), xx—xx (2021)


https://doi.org/10.1016/j.trac.2020.116014
https://doi.org/10.1016/j.apsadv.2021.100072
https://doi.org/10.3390%2Fnano12060959
https://doi.org/10.1038/srep16115
http://pubs.acs.org/doi/abs/10.1021/jp709670j?prevSearch=gulaboski&searchHistoryKey=
http://pubs.acs.org/doi/abs/10.1021/jp709670j?prevSearch=gulaboski&searchHistoryKey=
http://pubs.acs.org/doi/abs/10.1021/jp709670j?prevSearch=gulaboski&searchHistoryKey=
http://pubs.acs.org/doi/abs/10.1021/jp709670j?prevSearch=gulaboski&searchHistoryKey=
http://www.ncbi.nlm.nih.gov/pubmed/16471890?ordinalpos=10&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/16471890?ordinalpos=10&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/16471890?ordinalpos=10&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/16471890?ordinalpos=10&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
https://doi.org/10.1016/j.mseb.2021.115095

Nanomaterials in voltammetric biosensors-recent achievements 9

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

S. Mallakpour, S. Soltanian, Surface functionaliza-
tion of carbon nanotubes: fabrication and applica-
tions, RSC Adv., 6 (2016), pp. 109916-109935.

R. Dubey, D. Dutta, A. Sarkar, P. Chatopadhyay,
Functionalized carbon nanotubes: synthesis, prop-
erties and applications in water purification, drug
delivery, and material and biomedical sciences,
Nanoscale Adv., 3 (2021), pp. 5722-5744.

V. Georgakilas, M. Otyepka, A. B. Bourlinos, V.
Chandra, N. Kim, K. C. Kemp, P. Hobza, R. Zboril,
K. S. Kim, Functionalization of graphene: Covalent
and non-covalent approaches, derivatives and ap-
plications, Chem. Rev., 112 (2012), pp. 6156-6214.

M. M. Barsan, M. E. Ghica, C. M. A. Brett, Elec-
trochemical sensors and biosensors based on redox
polymer/carbon nanotube modified electrodes: A
review, Anal. Chim. Acta, 881 (2015), pp. 1-23.

R. Kour, S. Arya, S-J. Young, V. Gupta, P.
Bandhoria, A. Khosla, Recent advances in carbon
nanomaterials as electrochemical biosensors, J.
Electrochem. Soc., 167 (2020), 037555.

J. Wang, Carbon-nanotube based electrochemical
biosensors: A review, Electroanalysis, 17 (2005),
pp. 7-14.

A. Casanova, J. Iniesta, A. Gomes-Berenguer, Re-
cent progress in development of porous carbon-
based electrodes for sensing applications, The Ana-
lyst, 147 (2022), pp. 767-783.

S. A. David, R. Rajkumar, P. Karpagavinayagam, J.
Fernando, C. Vedhi, Sustainable carbon nano-
material-based sensors: Future vision for the next
20 years, Carbon Nanomaterials-Based Sensors, 1
(2022), pp. 429-443, 10.1016/B978-0-323-91174-
0.00011-1.

A. T. Lawal, H. S. Bolarinwa, M. D. Adeoye, I. O.
Abdulsalami, L. O. Animasahun, K. A. Alabi, Pro-
gress in carbon nanotube-based electrochemical bi-
osensors-A review, FUINAS, 8 (2019), pp. 38-74.

P. Das, M. Das, S. R. Chinnadayyala, I. M. Singha,
P. Goswami, Recent advances on developing 3rd
generation enzyme electrode for biosensor
applications, Biosens. Bioelectron. 79 (2016), pp.
386-397.

S. Gupta, C. N. Murthy, C. Ratna Prabha, Recent
advances in carbon nanotube based electrochemical
biosensors, Int. J. Biol. Macromol. 108 (2018), pp.
687-7083.

G. S. Wilson, R. Gifford, Biosensors for real-time
in vivo measurements, Biosens. Bioelectron., 20
(2005), pp. 2388-2403.

S. Berger, M. Berger, C. Bantz, M. Maskos, E.
Wagner, performance of nanoparticles for biomedi-
cal applications: The in vivo/in vitro discrepancy,
Biophysics Rev., 3 (2022), 011303
DOl:doi.org/10.1063/5.0073494.

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[78]

[76]

[77]

[78]

D. C. Ferrier, K. C. Honeychurch, Carbon nanotube
(CNT)-based biosensors, Biosensors, 11 (2021),
486 doi.org/10.3390/bios11120486

D. Bhatnagar, S. K. Tuteja, R. Rastogi, L. M.
Bharadwaj, Label-Free Detection of Hemoglobin
Using MWNT-Embedded Screen-Printed
Electrode, BioNanoScience, 3 (2013), pp. 223-231.

A. P. Periasamy, Y. J. Chang, S. M. Chen,
Amperometric glucose sensor based on glucose
oxidase immobilized on gelatin-multiwalled carbon
nanotube modified glassy carbon electrode,
Bioelectrochem., 80 (2011), pp. 114-120.

Y. C. Tsai, J. D. Huang, C. C. Chiu, Amperometric
ethanol biosensor based on poly(vinyl alcohol)-
multiwalledcarbon nanotube-alcohol dehydrogenase
biocomposite, Biosens. Bioelectron., 22 (2007), pp.
3051- 3056.

J. N. Ashby, R. P. Ramasamy, Molecularly
Tethered Cholesterol Oxidase on Multiwall Carbon
Nanotubes for Indirect Detection of Cholesterol,
ECS Trans., 69 (2015), pp. 1-9.

B. Dalkiran, P. E. Erden, E. Kilic, Amperometric
biosensors based on carboxylated multiwalled
carbon nanotubes-metal oxide nanoparticles-7, 7, 8,
8-tetracyanoquinodimethane composite for the
determination of xanthine, Talanta, 167 (2017), pp.
286-295.

A. K. Deb, S. C. Das, A. Saha, M. B. Wayu, M. H.
Marksberry, R. J. Baltz, C. C. Chusuei, Ascorbic
acid, acetaminophen, and hydrogen peroxide
detection using a dendrimer-encapsulated Pt
nanoparticle carbon nanotube composite, J. App.
Electrochem., 46 (2016), pp. 289-298.

S. Draminska, R. Bilewicz, Bienzymatic media-
torless sensing of total hydrogen peroxide with
catalase and multi-copper enzyme co-adsorbed at
carbon nanotube-modified electrodes. Sensors and
Actuators, B: Chemical, 248 (2017), pp. 493-499.

B. Ertek, Y. Dilgin, Photoamperometric flow
injection  analysis of glucose based on
dehydrogenase modified quantum dots-carbon
nanotube nanocomposite electrode, Bioelectro-
chem., 112 (2016) pp. 138-144.

J. Huan, Y. Li, J. Feng, M. Li, P. Wang, Z. Chen,
Y. Dong, A novel sandwich-type immunosensor for
detection of carcino-embryonic antigen using silver
hybrid multiwalled carbon nanotubes/manganese
dioxide, J. Electroanal. Chem., 786 (2017), pp.
112-119.

A. Quang Dao, D. M. Nguyen, T. T. T. Toan, The
modified glassy carbon electrode by MWCNTSs-
PLL to detect both paracetamol and ibuprofen in
human biological fluid, J. Electrochem. Soc., 169
(2022), 057525 10.1149/1945-7111/ac6f89

G. X. Ma, T. H. Lu, Y. Y. Xia, Direct electrochem-
istry and bioelectrocatalysis of hemoglobin immo-

Ipunosu, Q00. npup. mam. 6uomex. nayxku, MAHY, 42 (1-2), xx—xx (2021)


https://doi.org/10.1063/5.0073494

10

Rubin Gulaboski

[79]

[80]

[81]

[82]

[83]

[84]

[85]

bilized on carbon black, Bioelectrochem., 71(2007),
pp. 180-185.

E. V. Suprun, F. Arduini, D. Moscone, G.
Palleschi, V. V. Shumyantseva, A. I. Archakov, Di-
rect electrochemistry of hem proteins on electrodes
modified with diododecylmethyl ammonium bro-
mide and carbon black, Electroanalysis, 24 (2012),
pp. 1923-1931.

C. Dai, Y. Ding, M. Li, J. Fei, Direct electrochem-
istry of cytochrome P450 in a biocompatible film
composed of epoxy polymer and acetylene black,
Microchim. Acta, 176 (2012), pp. 397-404.

R. K. Satvekar, Electrochemical nanobiosensors
perspectives for COVID 19 pandemic, J. Electro-
chem. Sci. Eng., 12 (2022), pp. 25-35.

J. Chen, S. Chen, X. Zhao, L. V. Kuznetsova, S. S.
Wong, I. Ojima, Functionalized single-walled car-
bon nanotubes as rationally designed vehicles for
tumor-targeted drug delivery, J. Am. Chem. Soc.,
130 (2008), pp. 16778-16785.

J. Shi, L. Wang, J. Gao, . Liu, J. Zhang, R. Ma, R.
Liu, Z. Zhang, A fullerene-based multi-functional
nanoplatform for cancer theranostic applications,
Biomaterials, 35 (2014) pp. 5771-5784.

R. D. Bolskar, Gadofullerene MRI contrast agents,
Nanomedicine, 3 (2008), 201-213.

P. V. Jena, T. V. Galassi, D. Roxbury, D. A. Heller,
Progress towards applications of nanotube photo-
luminescence, ECS J. Solid State Sci. Technol., 6
(2017), pp. M3075-M3077.

(86]

(87]

(88]

(89]

[90]

[91]

[92]

DOI: 10.1149/2.0121706jss

A. Dellinger, Z. Zhou, J. Connor, A. B. Madhan-
kumar, S. Pamujula, Application of fullerenes in
nanomedicine; an update, Nanomedicine, 8 (2013),
pp. 1191-1208.

R. Gulaboski, V. Mirceski, Application of
voltammetry in biomedicine-Recent achievements
in enzymatic voltammetry, Maced. J. Chem. Chem.
Eng., 39 (2020), pp. 153-166.

R. Gulaboski, Electrochemistry in 21% century-
Future trend and perspectives, J. Solid State Electro-
chem., 24 (2020). doi: 10.1007/s10008-020-04550-0

F. Kuralay, Nanomaterials-based enzyme biosen-
sors for electrochemical applications: Recent
trends and future prospects; In: New developments
in nanosensors for pharmaceutical analysis, Aca-
demic Press, 2019, pp. 381-408.

A. A. Atiyah, A. J. Haider, R. M. Dhahi, Cytotoxi-
city properties of functionalized carbon nanotubes
on pathogenic bacteria, IET Nanobiotechnol., 13
(2019), pp. 597-601.

K. E. Kitko, Q. Zhang, Gaphene-based nanomateri-
als: From production to integration with modern
tools in neuroscience, Front. Syst. Neurosci., 13
(2019).DOI: doi.org/10.3389/fnsys.2019.00026

G. Tigari, J. G. Manjunatha, H. Nagarajappa, N. S.
Prinith, Research developments in carbon materials
based sensors for determination of hormones, J.
Electrochem. Sci. Eng., 12 (2022) pp. 3-23.

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 42 (1-2), xx—xx (2021)


https://doi.org/10.3389/fnsys.2019.00026

