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Nanoclays are layered structures in the nanoscale range with widespread
application due to their unique properties such as swelling, cation exchange
capacity, and ease of functionalisation using metals, metal oxides, and organic
compounds such as carbon paste, polymers, and other biomolecules that form
nanoclay composites. Nanoclay functionalisation with silver (Ag), zinc oxide
(ZnO), and bimetallic silver–gold (Ag–Au) using hydrophilic and hydrophobic
clays is here evaluated and discussed. The composites’ synthesis and
morphological, crystallinity, and electroactive properties in comparison with
pure nanoclay are also assessed. The layered structure and crystallinity of all
these nanoclay composites were slightly changed. The clumped layered
structures on the surface of the nanocomposites had dispersed white spots
that indicated possible surface modification. The nano-films of the composites’
electroactivity were comparatively high, as seen from the increase in current in
the cyclic voltammetry characterisation voltammograms and the differential
pulse voltammograms of the pharmaceutical detection. Efavirenz, nevirapine,
and zidovudine detection was improved by modification of the nanocomposite
with human serum albumin (HSA), as shown by the higher current, thus indicating
improved conductivity of the composites compared to the pure nanoclays.
Applying HAS-modified nanocomposites in the analysis of efavirenz,
nevirapine, and zidovudine on a glassy carbon electrode (GCE) showed good
linearity and acceptable detection limits comparable to those of previous studies.
Therefore, it has potential for application in pharmaceutical quality control and
environmental monitoring.
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1 Introduction

The applicability of electrochemical sensors is becoming increasingly widespread,
driven by improvements in transduction (Chaudhary et al., 2022; Brahim et al., 2003;
Wahyuni et al., 2024). Electrical transduction improvements can be traced back to the
inception of nanomaterials and their composites (Maake et al., 2022). The major role of
these nanomaterials in electrochemical sensors is in electrode modification. These material-
modified electrodes have increased the application of electrochemical sensors as a result of
their uniform electrode fabrication procedures, which result in improved response and
sensitivity due to their increased surface area, giving them faster kinetics and reproducibility
(Bergaya et al., 2013; Mousty, 2004; Huang et al., 2008). Electrochemical sensors are popular
due to their versatility, miniaturisation potential, procedural simplicity, fast analysis time,
ability to measure complex samples, high sensitivity, and cost-effectiveness (Ghadiri et al.,
2015; Okumu et al., 2020; Silwana and Matoetoe, 2022). These advantages have been
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augmented by the use of various nanomaterials such as metals,
oxides, carbon, polymers, and nanoclays, including their
composites. The focus of this study is on nanoclay composites,
mainly due to their safety and environmental friendliness (Timakwe
et al., 2023; Nisha et al., 2023). Their increasing use is due to their
highly specific surface area, poor permeability, swelling ability,
chemical and mechanical durability, and high ion sorption/
exchange capacity (Timakwe et al., 2023; Savic et al., 2014).

Nanoclays are phyllosilicates made up of SiO4 tetrahedra
polymeric layers joined to (Mg, Fe, and Al) (O, OH)6 octahedra
thin sheets (Figure 1A) (Timakwe et al., 2023; Shetti et al., 2020). A
nanoclay sheet’s thickness is approximately 1 nm or less, and its size
range is 1–100 nm (Guo et al., 2018). The arrangement of the sheets
determines the distinguishing aspects of the nanoclays, resulting in
approximately 30 different types.

Figure 1B shows the major three octahedral and tetrahedral
sheet arrangements: 1:1, 2:1, and 2:1:1. The 1:1 sheet arrangement is
one tetrahedral to one octahedral, while 2:1 indicates that each
octahedral is bonded to two tetrahedrals. The 2:1:1 is an octahedral
sheet bonded to two tetrahedrals and one octahedral (Savic et al.,
2014; Majeed et al., 2013; Barton and Karathanasis, 2016).

A variety of nanoclays exist, the commonest of which have a
plate-like appearance such as montmorillonite (MMT), while the
nanoclay smectite has 10 µm-sized multilayer stacks. The average
dimensions of halloysite with aluminosilicate nanotubes are

approximately 15 nm × 1,000 nm (Bergaya et al., 2013).
Halloysite nanotubes (HNTs) have an inner and outer diameter
smaller than 100 nm and lengths of 0.2–1.5 μm (Garcia-Hernandez
et al., 2024). The most popular clay minerals are shown in Figure 1B.
Bentonite nanoclays that exist as montmorillonite (MMT) form a
large part of the nanoclays studied due to their easily modifiable
layered structure, which is held together by weak van der Waals and
electrostatic forces (Timakwe et al., 2023; Batista et al., 2019; Zhou
et al., 2019). However, the use of nanoclays in electrochemical
sensors is hampered by their poor conductivity—hence the
dominant use of nanocomposites.

Nanoclay composite formation involves the functionalisation of
nanoclay by the incorporation of conductive material/nanoparticles
(NPs) to chiefly enhance their conductivity. Some frequently
employed materials and attachment modalities for nanoclay
functionalisation are represented in Figures 2A, B. Metal or metal
oxide can be mechanochemically intercalated into the clay structure
(Guo et al., 2018; Song, 2017). There are a number of locations
(Figure 2A) on the clay where a species can be adsorbed during the
functionalisation of nanoclay, including edge attachment,
interlamellar spaces, interparticle spaces, and surface attachment
(Timakwe et al., 2023; Shetti et al., 2019a). The method of surface
functionalisation preserves the selectivity of the nanoparticles and
keeps them from aggregating (Awasthi et al., 2019). Other stable
materials that have been incorporated into clay minerals are carbon

FIGURE 1
Illustration of nanoclays’ chemical composition (A) and (B) arrangements with common types.
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nanomaterials, nanocellulose, nanofibers, and silica nanotubes
(Cruces et al., 2022). Approximately 90% of the clay’s surface
comprises the interlayer gap, which allows for the absorption of
molecules of water and other substances (Kryuchkova et al., 2021).
The interlayer space of montmorillonite clay serves as a support for
the binding of transition metal complex catalysts during the creation
of materials and biomaterial nanoparticles, as well as an adsorbent
for cationic ions (Timakwe et al., 2023).

Functionalising materials can be subdivided into four different
categories (Figure 2B). The attributes of these nanocomposites are
vital for electrochemical sensors (Fatimah et al., 2022; Pavón et al.,
2021; Ngcobo et al., 2022) and are also summarised in Figure 2B. In
metal composites, metal nanoparticles are dispersed into the clay
structure through an in situ dispersion, or ion exchange mechanism,
involving metal ions and native cations of the clay mineral (Fatimah
et al., 2022).

The cations in clays are readily interchangeable with other
cations or molecules due to their exchangeable qualities; hence,
they play a part in nanoclay modification (Fatimah et al., 2022).

Smectite (Figure 1B) is the most frequently used group for metal and
metal oxide modification, generating efficient composites which
enable nanoclay use for oxidation procedures as well as rapid
organic reactions (Fatimah et al., 2022; Tan et al., 2023).
Moreover, the layered structure, together with the ion exchange
process, controls the covalent bonding of the modifier to atoms on
the nanoclay sheet (Fatimah et al., 2022). The formation of clay
nanocomposites may be achieved by methods including molten
state, solution blending, and polymerization; the latter is the most
advantageous process due to its ability to create more structural gaps
in the particles by widening the spaces between the clay layers,
causing the transition of clay mineral from being intercalated to
exfoliated (Awasthi et al., 2019).

Various incorporations of metals (Timakwe et al., 2023; Nisha
et al., 2023; Awasthi et al., 2019; Pavón et al., 2021; Jlassi et al., 2018),
bimetallics (Cruces et al., 2022; Ngcobo et al., 2022), and metal
oxides (Fatimah et al., 2022) into nanoclays have resulted in the
production of exceptional composite materials of high chemical
reactivity, high surface-to-volume ratio, and high electrochemical

FIGURE 2
Functionalisation of nanoclay in (A) different sites; (B) materials used for modification and their effects.
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FIGURE 3
XRD of nanoclay composites with silver (A), zinc oxide (B), and silver–gold nanoparticles (C).

FIGURE 4
Scanning electron micrograph of pure nanoclay (A) PGV (B) and 1.44P, and nanocomposites (C) Ag–Au PGV, (D) Ag I.44P, and (E) ZnO 1.44P.
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conductivity, with the ability to chemisorb different types of
molecules. In addition, the composites possess improved optical,
catalytic, and photocatalytic activities (Timakwe et al., 2023; Sheikh-
Mohseni et al., 2020; Wu et al., 2020). These attributes are ideal for
environmental and electrochemical sensors (Das et al., 2018). In
electrochemical sensors, the incorporation of organic molecules
such as methyl viologen (MV), cetyltrimethylammonium
(SaCTA), didodecyldimethyl ammonium (SaDDA), and
acetylcholinesterase (AChE) (Pavón et al., 2021) into nanoclay
promotes the binding of biomolecules. Compatibility and binding
improvement on the nanoclay surface can also be achieved by
functionalising the composites with compounds such as 3-
aminopropyl)triethoxysilane (APTES), glutaraldehyde, and

polyethylene glycol (PEG) (Nisha et al., 2023; Mbokana et al.,
2020; Gaharwar et al., 2011), usually resulting in the increased
adhesion of cells, spreading, and improved levels of alkaline
phosphate (ALP) and mineralised matrix synergy—attributes that
are vital in pharmaceutical and bacterial detection.

The use of nanoclay composites in electrochemical sensors is
increasing due to their low cost and adaptable matrix, thus offering
mechanical and thermal resilience, chemical stability, and ion
exchange capabilities which result in better signal transduction
(Nisha et al., 2023; Pavón et al., 2021). Due to these distinctive
qualities, nanoclays are a desirable material for electrode
modification (Vernekar et al., 2020; Killedar et al., 2022; Shetti
et al., 2019b). Smectites, which include montmorillonite, laponite,

FIGURE 5
Voltammograms (CV) and (DPV) of nanoclay composites (a,a’) Ag 1.44P scan rates 50 mV/s, (b,b’), Ag–Au PGV scan rates 30 mV/s, and (c,c’) ZnO
1.44P scan rate 30 mV/s in 0.1 M HCl electrolyte.
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FIGURE 6
Effects of electrode modification with nanoclay (1.44P and PGV) and its composites (Ag, ZnO, and Ag–Au) on pharmaceutical detection. (A) DPV of
20.5 µM ZDV using the Ag 1.44P scan rate 50mV/s. (B) 24.5 µMNVP using ZnO 1.44P, scan rate 30mV/s. (C) 30.6 µM EFV voltammograms obtained using
bimetallic Ag–Au PGV using scan rate 30 mV/s.

MECHANISM 1
Oxidation reaction of NVP (A), EFV (B), and reduction reaction of ZDV (C).
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FIGURE 7
Biosensor calibration graph and DPV concentration dependent on voltammograms using phosphate buffer pH 7 (a,a’), Ag 1.44P/HSA detection of
zidovudine (scan rate 50 mV) (b,b’), ZnO 1.44P/HSA nevirapine detection and Ag–Au PGV/HSA for the detection of efavirenz (c,c’).15 days.

TABLE 1 Comparison of current study with reported studies.

Analyte Sensor Clay Modifier Technique Range
µM

LOD
µM

References

Catechol PEI/HNT
/PEI/CupcSO

3−
HNT CupcSO

3−
PEI CV 10.0–138 0.938 Garcia-Hernandez et al. (2024)

Nimesulide NC CPE MMT CPE DPV 0.01–0.35 0.001 Shetti et al. (2020)

Cd Clay/C/AAAPTS Sepiolite AAAPTS ASV 0.02–0.87 0.006 Sheikh Arabi et al. (2019)

Pb Clay/C/AAAPTS Sepiolite AAAPTS ASV 0.01–0.48 0.005 Sheikh Arabi et al. (2019)

Vanillin SMM/Au-ZIF-67/CPE SMM Au-ZIF-67/CPE DPV 0.001–1.20 0.003 Dehdashtian et al. (2023)

Mesotrione Sadda Smectite Surfactants SWV 0.25–2.50 0.260 Wagheu et al. (2013)

Efavirenz NC/Ag-Au/HSA Bentonite PGV Ag-Au-HSA DPV 1.00–300 0.310 This study

Nevirapine NC/ZnO/HSA Bentonite 1.44P ZnO-HSA DPV 2.00–38.0 0.390 This study

Zidovudine NC/Ag/HSA Bentonite 1.44P Ag-HSA DPV 0.12–6.98 0.300 This study

3-[2-(2-aminoethylamino) ethylamino] propyl-trimethoxysilane (AAAPTS); sodium montmorillonite nanoclay (SMM); carbon paste (CPE); carbon (C).
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and nontronite, make up the majority of clay minerals used in clay-
based sensors and have been used in analytical procedures (Pavón
et al., 2021). Nanoclay-based sensors have been utilised for the
identification of minute metabolic compounds in bodily fluids at low
quantities—primarily glucose, dopamine, and hydrogen peroxide
(H2O2) —for the early diagnosis of various disorders (Pavón et al.,
2021). In an electrochemical sensor, the electroactive surface can be
enhanced by the addition of nanoclay, leading to increased
responses at the same concentration of the analyte (Nisha et al.,
2023). There are reports of the use of electrochemical sensors
fabricated with bentonite clay for determining toxic metal ions
and pharmaceuticals (Rastogi et al., 2016). Fabrication of an
electrochemical sensor made from 2D nanoclay sheets
embedding a carbon paste electrode for identifying and
quantifying famotidine content in trace levels demonstrated
improved stability, repeatability, sensitivity, specificity, and
efficiency in biological urine samples (Killedar et al., 2022).
Comparative studies on layered and non-layered bentonite
nanoclays in sensor fabrication to detect and investigate cetirizine
activity using cyclic voltammetry (CV) and differential-pulse
voltammetry (DPV) methods showed that layered nanoclay had
increased peak currents compared to non-layered nanoclay
(Vernekar et al., 2020). Carbon compound nanoclays composed
of carbon paste and graphene oxide composites have been utilised in
improving the electrocatalytic activity of nimesulide and
theophylline, respectively (Shetti et al., 2020). A comparison of
the efficiency of several carbon paste nanoclay composite sensors
to pure carbon paste in detecting nitrophenol, nifedipine,
nimodipine drugs (Reddy and Reddy, 2004), and dinoterb
herbicides (Sreedhar et al., 2003) shows a marked improvement
in sensitivity. Several pesticides have been analysed using nanoclay
composites, such as the use of montmorillonite/carboxy cellulose
composites in the analysis of methyl parathion (Pavón et al., 2021).
The cation exchange capability of nanoclays makes them useful as
host matrices for stabilising various compounds, making it possible
to add fluorescent probes, biomolecules functioning as enzymes, or
electroactive ions, resulting in composites with excellent qualities for
use in sensors (Pavón et al., 2021). Metallic, bimetallic, and metal
oxide nanoclays have been extensively used in electrochemical
sensors. These qualities can be enhanced by immobilising
nanoparticles or biomolecules on the surface region of the
sensor, thus aiding in the selective identification of the analyte
with increased sensitivity, specificity, accuracy, and catalytic
activity (Killedar et al., 2022).

Amine and enzymatic integration into nanoclay composites has
been reported to improve selectivity (Pavón et al., 2021; Ghadiri
et al., 2014). The electrochemical application of nanoclay composites
is here illustrated using the nanoclay composites Ag, Ag–Au, and
ZnO. Their structural, morphological, and electrochemical property
changes are interrogated in comparison with those of the pure
nanoclays using XRD, SEM, CV, and DPV. The composites in
combination with human serum albumin (HSA) are used in the
pharmaceutical analysis of human immunodeficiency virus (HIV)
drugs (efavirenz, nevirapine, and zidovudine). The data obtained
compared well with those of other electrochemical sensors of
nanoclay composites that have been reported, thus providing a
good example of the potential applicability of nanoclay
composites in electrochemical sensors.

2 Experimental

2.1 Materials and instruments

The following 99.9% purity materials were purchased from
Aldrich: silver nitrate (AgNO3), trisodium citrate (Na3C6H5O7),
chloroauric hydrate (HAuCl4), hydrochloric acid (HCl), and the
nanoclays monomer nanoclay 1,44P and PGV-bentonite. Others
were sourced from Merck, such as zinc nitrate (Zn (NO3)2) (98%)
and sodium hydroxide (NaOH) (99%). The HIV drugs (efavirenz,
nevirapine, and zidovudine) and human serum albumin (HSA) were
also purchased from Sigma Aldrich (US), as well as potassium
dihydrogen phosphate (KH2PO4) and disodium hydrogen
phosphate (Na2HPO4). Throughout the studies, solutions were
prepared with deionised water purified with a Milli-Q system
from Merck.

Spectroscopic characterisation was achieved with x-ray
diffraction (XRD) using a Bruker (Germany) AXS D8 Advance
diffractometer with Cu–Kα radiation over a scanning range 2θ of
10°–90° at 40 kV and 40 mA. The obtained spectra were compared to
the standard JCPDS spectra, and the average crystallite sizes were
calculated using the Scherrer equation and presuming the Gaussian
profile for the band model Scherrer equation as D = 0.9λ/β cos θ,
where D is the crystalline size, λ the wavelength of x-ray, β the full
width at half maximum of the diffraction peak, and θ is Bragg’s
angle. The scanning electron microscopy (SEM) images were
acquired using a Philips-FEI XL30 ESEM-TMP (Czech Republic).
The powdered samples were first affixed onto adhesive tapes
supported on metallic disks and then covered with a thin, electric
conductive gold film. Images of metals and bentonite
nanocomposite were recorded at different magnifications at an
operating voltage of 5.0 kV solid form. Approximately 2 mL of
the nanoparticles was dropped onto a copper plate. The images were
analysed using ImageJ software for size determination.

Electrochemical studies were performed with a typical
conventional compartment three-electrode system connected to
an Autolab PGSTAT 101 operating in NOVA 2.1 software from
Metrohm South Africa. Three electrode cell set-ups consisted of a
glassy carbon electrode (GCE), a platinum wire, and an Ag/AgCl
electrode. The GCE was polished with 0.05, 0.3, and 1 µM alumina
powder to remove any residue deposits on the surface. As part of the
daily polishing routine, the GCE was sonicated in water. All
measurements were performed after degassing.

2.2 Methods for nanoclay functionalisation/
modification

Nanoclay composites of both hydrophobic MMT nanomer
nanoclay (1.44P) and hydrophilic MMT nanoclay (PGV) were
synthesised using in situ chemical reduction of the precursors of
silver, zinc oxide, and silver–gold nanoparticles, forming nanoclay
composites (Ag 1.44P, ZnO 1.44P, andAg–Au PGV). TheAg nanoclay
composite preparation involved mixing 0.5 g of nanoclay (1.44P) with
1.0 mM silver nitrate solution. The mixture was heated at 240°C to boil
with continuous stirring at 265 rpm. After 20 min of stirring, a
dropwise addition of 4 mL 0.01 M of trisodium citrate dihydrate in
themixture wasmade. Themixture was heated for another 15min and
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cooled at room temperature, followed by purification with Milli-Q
water through centrifugation. A similar approach was adopted in the
preparation of ZnO nanoclay composites, where 0.5 g of the nanoclay
(1.44P) was added in 100 mL, 0.2 M solution zinc nitrate in a round-
bottomed flask kept at constant heat of 80°C with vigorous stirring.
After 15 min of stirring, 10 mL of 1 M NaOH was added dropwise in
the mixture that was continuously heated and vigorously stirred. The
changes in the reaction were monitored and allowed to proceed for
2 hours. After this period, the mixture was removed from heat and
stirred, allowing it to cool to room temperature. The formed product
was transferred to amber containers to preserve the quality. The
obtained ZnO 1.44P was centrifuged and washed three times with
Milli-Q water. The bimetallic Ag–Au nanocomposites were prepared
as follows: 1 g of nanoclay (PGV) was dispersed in a 100-mLmixture of
1 mM AgNO3 and 1 mM HAuCl4 solutions for 24 h. The Ag–Au
PGV-bentonite dispersions were cleaned by centrifugation thrice with
pure water and dried at 105°C.

2.3 Electrode modification with nanoclay
composites

The GCE was coated at separate times with nanoclay or
nanoclay composites (Ag 1.44P, ZnO 1.44P, and Ag–Au PGV).
The method that was used to modify the electrode was drop-coating,
using approximately 0.5 μL of slurry of the material under study cast
on the bare GCE. The modified GCE was left to dry in an open
vacuum for 2 h. For the pharmaceutical analysis, the composite
nanofilm was modified by drop coating approximately 0.2 μL of 1%
HSA, leaving it to stand in the dark for the time dictated by the
optimum conditions of the analytes (times ranged from 30 min to
60). The method and electrode modification parameters were
optimised for each nanocomposite.

2.3.1 Optimum conditions
Zidovudine: 0.0405 V step potential, 0.075 V modulation

amplitude, 0.01 s modulation time, 0.25 s interval time, scan rate
50 mV/s.

Neverapine: scan rates 30 mV/s, 0.035 V step potential,
0.075 modulation amplitude, 0.3 s modulation time, 0.20 s
interval time.

Efavirenz: scan rate 30 mV/s, step potential 0.030 mV,
modulation amplitude 0.070, and time (modulation 0.25 s,
interval 0.20s).

3 Results and discussion

3.1 Nanocomposite characterisation

The XRD spectra of the resulting nanoclay composites (Ag
1.44P; ZnO 1.44P; Ag–Au PGV) are depicted in Figures 4A–C.
These spectra consist of characteristic diffraction patterns of the
metals which are absent in the spectra of pure nanoclay as well as the
additional diffraction patterns that are present in the pure
nanoclays. The characteristic diffraction patterns of metals or
metal oxides present in the composites were confirmed using the
standard JCPDS spectra. The peak intensities were smaller than

those of the pure nanoclay, suggesting larger sizes of the composites.
The complex nature of nanoclay (Section 1) complicates their
spectra interpretation, especially in the lower 2 θ ranges.

In Figure 3A, the presence of Ag in the nanoclay composites is
confirmed by slight crystalline improvement as well as by the
presence of Ag theta peaks on the spectra. Similarly, in Figure 3B
the presence of Zn from the ZnO shows the characteristic Zn peaks
with some crystallinity improvement as the peak width is smaller.
However, the bimetallic Au–Ag PGV in Figure 3C, which is a
hydrophilic nanoclay, is amorphous compared to the PGV, with
a remarkable decrease in peak intensity accompanied by widening
peak width. The average crystallite sizes obtained for the composites
are Ag 1.44P at 12.42 nm, ZnO 1.44P at 11.45 nm, and Ag–Au PGV
at 27.42 nm (Timakwe et al., 2023; Ngcobo et al., 2022).

The SEM images of the two pure nanoclays (PGV and 1.44P)
used and the resultant composites (Ag–Au PGV, Ag 1.44P, and ZnO
1.44P) are shown in Figures 4A–E. The pure nanoclay images show
smooth surfaces sheets compared to the composites (Figures 4A, B).
However, the layers are banded together and appear as lumps,
suggesting aggregation. The nanocomposites in Figures 4C–E still
show the same morphology as the nanoclay with white evenly
dispersed spots on the surface of the lumped sheets. These
differences in morphology are more visible for PDV (Figure 4A)
and Ag–Au PGV composites (Figure 4C), which are clearer than the
hydrophobic nanoclay composites, whose layered structure is
obscured by the lumping.

The analysis using ImageJ software showed average sizes of
20.97 nm, 23.45 nm, 9.56 nm, 27.5 nm, and 29.0 nm for PGV, 1.44P,
Ag–Au PGV, Ag I.44P, and ZnO 1.44P, respectively. The histogram
distributions not shown indicate the dominance of particles below
10 nm, which might be due to the dominance of the nanoclay. This
strongly suggests a surface coating of the nanoclays (Timakwe et al.,
2023; Ngcobo et al., 2022).

The voltammetric responses of nanoclay composites (Ag 1.44P,
Ag–Au PGV, ZnO 1.44P) and the pure nanoclays are shown in
Figures 5A–C. The hydrophobic 1.44P nanoclay (Figures 5A, C) is
not electroactive, while the hydrophilic PGV nanoclay is
electroactive as it shows an Fe2+/Fe3+ couple at 0.3 V/0.8 V
(Figure 5B). All voltammograms depict distinct electroactivity
differences between the nanoclay composites and the pure
nanoclays. The nanocomposites’ peaks have a higher current
compared to the pure nanoclay voltammograms and are thus
indicative of increased conductivity. The composites are all
electroactive, showing characteristics of the modifying metal/
metal oxide. From Figure 5A, Ag 1.44P has an Ag+/Ag couple;
Figure 5B has four peaks (two anodic and two cathodic) which
correspond to Ag+/Ag and Au3+/Au couples. There is a slight shift of
the peak potentials of these couples and a higher Ag+/Ag couple
currency. These observations are similar to those of reported Ag–Au
NP bimetallic studies (Ngcobo et al., 2022; Rastogi et al., 2016). The
ZnO 1.44P composites in Figure 5C show the reduction of ZnO at
approximately 1.27 V followed by the oxidation of the Zn2+

around −1.5 V. Similar behaviour for the ZnO NPs was reported
by Smith et al. (2023). This current conductivity improvement may
be due to improved dispersion and intercalation as seen in the SEM
images. The increase in the electrochemical response of the
composites is a crucial characteristic favoured in the development
of sensors for various applications (Timakwe et al., 2023).
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3.2 Nanocomposites’ electrochemical
sensors and biosensors

3.2.1 Confirmation of analyte interaction with
nanoclay composites

The detection of the analytes zidovudine, nevirapine, and
efavirenz on the nano-surface of human serum albumin (HSA)
on modified and non-modified nanoclay composites was
interrogated using DPV (Figures 6A–C). The signal responses of
these three pharmaceuticals increased in the current, accompanied
by a positive potential shift, compared to the bare electrode response
in Figures 6A–C. The voltammograms obtained using the HAS-
modified and -unmodified nanocomposites had the same potentials.
However, HAS-modified nanoclay composites resulted in higher
currents (Figures 6A–C). They also resulted in higher analyte
responses produced in the presence of HAS, thus indicating
improved conductivity, catalytic, or amplification functions of the
composite nanofilms. There is also a possibility of increased analytic
sites on the composites. The HAS higher currents can also be a result
of improved compatibility. HAS-modified nanocomposites were
more reproducible than the nonmodified nanocomposites. The
ZnO 1.44P (Figure 6B) composites show the slight changes in
peak current with the addition of HAS compared to other
nanoclay composites. These might be attributed to the inactivity
of oxides.

HAS-modified nanofilms are also more stable than the chemical
nanofilms and were hence adopted for the sensors. Possible redox
reactions taking place on the surface of the electrodes are
summarised in Mechanism 1. Two reactions (NVP and ZDV)
involve two electron transfers, while the reaction of efavirenz
involves one electron transfer. Nevirapine and efavirenz undergo
oxidation while zidovudine undergoes reduction.

3.2.2 Analysis of efavirenz, nevirapine, and
zidovudine

HAS-modified nanoclay composites were chosen as examples to
show the pharmaceutical application of nanoclay composites. The
optimal conditions for each nanocomposite electrode modification
and analyte detection were obtained and used to ascertain the
analytical parameters of each analyte. The HAS-modified Ag
1.44P, ZnO 1.44P, and Ag–Au PGV calibrations and different
concentration voltammograms for the detection and
quantification of ZDV, NVP, and EFV are shown in Figure 7.

There, the analysis is displayed in a linear graph, with r2 of
97–99 from efavirenz to zidovudine with a <2% error for all of them.
The validity of these methods was assessed using recovery studies in
aqueous and biological media (diluted urine) which all ranged from
95% to 102% for all three different dilutions. The detection limits
obtained were 0.310 µM, 0.390 µM, and 0.300 µM for efavirenz,
nevirapine, and zidovudine, respectively. Under optimum
conditions, the selectivity, reproducibility, and electrode stability
of the studies were evaluated and found to be acceptable. However,
interference results obtained with an electrode fabricated 10 days
prior show amarked interference in the presence of other HIV drugs
studied. The content of the analyte of interest is significantly
increased (>10% increase), while the studied supplements did not
present any observable interferences (changes <5%) when present in
large amounts.

These HIV drugs are the cause of some of the new reported
environmental problems as a result of their common use, hence their
recent detection in surface water bodies (Kairigo et al., 2020; Ndube
et al., 2018). Therefore, HIV monitoring techniques are vital in
environmental control and production quality control, thus
ensuring quality products.

The measurements were performed after oxygen removal; the
calibration graphs obtained for these studies are shown in Figure 7.
The analytical parameters of these biosensors were compared with
the literature (Table 1).

Although the biosensors reported here have more unfavourable
analytical parameters than other reported work on similar analytes,
sensors and biosensors remain the favoured analytical techniques
due to the minimum sample preparation required. Recently, Pavón
et al. (2021) reviewed the recent trends in nanoclay composites in
sensors, highlighting the effects of the combination of
nanotechnology and widespread use of nanoclay-modified
electrodes in electrochemical sensors for detecting pesticides,
glucose, hydrogen peroxide, organic acids, proteins, and bacteria.
This indicates how nanoclay composites have become a key factor in
sensor development and their potential in creating a possible
emerging technology for the detection of bioanalyses, with both
environmental and biomedical application.

These materials responded well in the analysis of commercial
pills/capsules. However, these data need validation since these samples
contain chemicals which were not part of the interference studies.
Their application in wastewater samples will also be assessed after
potential interference in such samples are tested. These samples
contain chemicals such as binders, starch, other pharmaceuticals
like antibiotics, and pesticides. There is hence a need to assess the
interference of these chemicals prior to analysis. The other important
issue in real sample analysis is the preservation of the samples.

4 Conclusion

All the nanoclay composites studied show improved catalytic
activity, thermal stability, and conductivity. The morphological and
crystallinity changes of the composites may have an effect in the
improved electroactivity, which may have affected the roughness of
the modified electrode as well as improved the electron transfer rates.
The surface area enhancements may also have resulted in increased
active cites. Extensive use of the nanoclay composites is explained by
the observed structure, morphology, and electroactivity of the
nanoclay composites. Therefore, the data confirm the potential of
nanoclay usage in electrochemical sensors and explain the observed
changes as due to changes in the morphology and adaptation of the
modifying metals/metal oxides as their electroactive properties are
maintained in the composite. The composites have acceptable low
detection limits, and hence have potential application in HIV
pharmaceutical analysis. The hydrophobic modifiers were more
stable than the hydrophilic modifiers.
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