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Abstract

Miltefosine is an alkyllylosophospholipid analogue used to treat visceral leishmaniasis. Recently, reports have been made of
suspected counterfeit miltefosine on the Indian market. With the risk counterfeit drugs pose to drug resistance development,
quality control of antileishmanial drugs has become important. Hence, in this study, amino-functionalized multi-walled car-
bon nanotubes (MWCNT-NH,) were synthesised and characterised using Fourier transform infrared spectroscopy, scanning
electron microscopy, and energy-dispersive X-ray spectroscopy. Also, electrochemical impedance spectroscopy and cyclic
voltammetry were used to study the electrochemical properties of the synthesised MWCNT-NH,. A complex was formed
between MWCNT-NH, and miltefosine (Mil-MWCNT-NH,). Five microliters of Mil-MWCNT-NH, was drop-cast on glassy
carbon electrode, and differential pulse voltammetry studies were carried out to assess the performance of the sensor. Using
[Fe(CN)G]’3/ 4 as a redox couple, a calibration study was carried out at different concentrations (0-250 pM) to establish the
concentration range of the sensor. A linear response was established. With a detection limit of 1 pM, the fabricated sensor
is a viable tool for detecting antileishmanial drug miltefosine in urine samples and possible application in quality control
of miltefosine against counterfeiting.
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Background

Leishmaniasis is a spectrum of neglected tropical diseases
caused by a group of Leishmania parasites. Cutaneous leish-
maniasis, mucocutaneous leishmaniasis, and visceral leish-
maniasis are the three forms of leishmaniasis [1, 2]. Visceral
leishmaniasis, the dreadful form of leishmaniasis caused by
Leishmania donovani complex, is fatal if left untreated [3].
The disease mainly affects the poorest people in developing
countries. To date, chemotherapy remains the only alterna-
tive for treating leishmaniasis [4]. Amphotericin B, milte-
fosine, paromomycin, and pentavalent antimonials are the
few available drugs for treating the disease [5]. The financial
difficulties prevalent in the leishmaniasis endemic regions
create a fertile environment for counterfeiting drugs. Coun-
terfeit drugs, which contain little or no active compound, not
only present a risk to the health of patients but also adversely
threaten attempts made towards control of infectious dis-
eases and contribute to the development of drug resistance
[6]. Developing an affordable and simple method to evalu-
ate the quality of drugs used in resource-poor countries is
therefore important.

Recently, reports have been made about suspected coun-
terfeits of miltefosine in the Indian market [6]. Miltefosine
is an alkyllylosophospholipid analogue used to treat visceral
leishmaniasis [7, 8]. Originally, miltefosine was designed

for the treatment of breast cancer and other solid tumours,
which failed because of dose-limiting gastrointestinal tox-
icity when taken orally [8]. Miltefosine has been added
to the World Health Organisation’s list of essential drugs
since 2010. Currently, miltefosine is the foremost and only
available effective oral drug for treating leishmaniasis [9].
This underscores the importance and the need to develop
quality control methods to safeguard the drug from devel-
oping resistance. In the past, analytical methods such as
near-infrared spectrophotometry, liquid chromatography
tandem mass spectrometry, and Fourier-transform infrared
spectrophotometry have been employed to detect miltefo-
sine [6]. However, these techniques are expensive, require
multiple steps, and require skilled personnel. Surprisingly,
electrochemical sensors, which are affordable, handy, selec-
tive, sensitive, and simple, have not been considered.
Electrochemical sensors are analytical devices which con-
vert electrochemical information into beneficial signals [10].
An electrochemical sensor is made of a chemical recognition
system and physicochemical transducer. The chemical rec-
ognition system is an important part of an electrochemical
sensor whose role is to identify or interact with the chemi-
cal analyte [11]. On the other hand, the physicochemical
transducer component transforms chemical responses into
signals that electrical instrumentation can detect [12].
The two components form the working electrode, which,
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together with the reference electrode and the counter elec-
trode, form the electrochemical unit for measurements [13].
To establish an enhanced performance of electrochemical
sensors, the surface of the working electrode is modified
with electrocatalytic materials. Electrocatalytic materials
such as conducting polymers, carbon-based materials, metal
oxides, and metal-organic frameworks are used to modify
the surface of the electrodes to improve conductivity and
selectivity towards analytical targets [14]. Carbon nanotubes
can enhance electron transfer rate, improve conductivity, and
provide a large surface area [15, 16]. Aside from the posi-
tives of carbon nanotubes, the lack of functional groups on
the surface affects their solubility, which makes working
with carbon nanotubes challenging. To address this chal-
lenge, functional groups such as carboxyl, hydroxyl, and
amine groups are attached to the surface of carbon nanotubes
to improve the solubility of carbon nanotubes [17].

Based on this, this study seeks to develop a novel amino
functionalised multi-walled carbon nanotube-based electro-
chemical sensor to detect miltefosine. Multi-walled carbon
nanotubes were functionalised with amino groups to improve
solubility. Also, the attachment of the amino groups facili-
tated the formation of a complex between the multi-walled
carbon nanotubes and the miltefosine via hydrogen bonding.
Miltefosine has no electroactive centre; hence, [Fe(CN)G]'3/ -4
was used as a redox couple. Moreover, the study employed
Fourier transform infrared spectroscopy, scanning electron
microscopy, transmission electron microscopy, energy dis-
persive x-ray spectroscopy, and electrochemical technique
to characterise the fabricated amino functionalised multi-
walled carbon nanotubes. Finally, the study involved the
detection of miltefosine in spiked urine samples.

Methodology
Materials

Potassium chloride (Merck), potassium ferrocyanide (Sigma-
Aldrich), potassium ferricyanide (Sigma-Aldrich), potas-
sium bicarbonate (Sigma-Aldrich), amphotericin (Merck),
miltefosine (Merck), ascorbic acid (Merck), multi-walled
carbon nanotubes (Sigma-Aldrich), nitric acid (Sigma-
Aldrich), sulphuric acid, (Sigma-Aldrich), ethylenediamine
(Sigma Aldrich), and sodium nitrite (Merck). All chemicals
used were of analytical grade.

Instrumentation
Fourier transform infrared spectroscopy (Bruker® Alpha-
PATR-FT-IR, Germany) was utilised to study the functional

groups on the amino functionalised multi-walled carbon
nanotubes. This was followed by the use of field emission
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scanning electron microscopy (FE-SEM) (ZEISS, ultra plus,
Germany) to study the morphology of the amino function-
alised multi-walled carbon nanotubes. Energy dispersive
X-ray spectroscopy was used to determine the elemental
components of the amino functionalised multi-walled carbon
nanotubes. All electrochemical studies were conducted using
the electrochemical workstation, CH1660E (CH instrument,
USA). The setup comprised a three-electrode system of the
reference electrode (Ag/AgCl), counter electrode (platinum
wire), and working electrode (GCE). Figure 1 illustrates
briefly the procedures used in this study.

Synthesis of NH, Functionalised Multi-walled
Carbon Nanotubes (MWCNT-NH,)

MWCNT-NH, was synthesised using Zhao et al. (2013) [18]
method with some changes. Firstly, pure MWCNT was func-
tionalised using a mixture of sulphuric acid and nitric acid
to obtain MWCNT-COOH. A mixture of sulphuric acid and
nitric acid in a ratio of 3:1 (60 mL and 20 mL, respectively)
was added to 100 mg of MWCNT. The resulting mixture was
refluxed at 80 °C for an hour. The mixture was diluted with
deionised water, filtered, and dried at 60 °C in an oven over-
night. Afterwards, 40 mg of the MWCNT-COOH was mixed
with 116 mg of NaNO; and 0.4 mL of ethylenediamine.
Under stirring conditions, the mixture was heated at 60 °C
for an hour. The mixture was cooled to room temperature,
and then DMF was added and filtered. DMF was added to
the residue from the filtration, sonicated, and filtered again.
The process was repeated until a colourless mixture was
obtained. The residue collected was dried overnight at 60 °C
in an oven.

Formation of Complex with Miltefosine

The complex of miltefosine and MWCNT-NH, was formed
by dissolving 5 mg of miltefosine and 5 mg of MWCNT-
NH, in 5 mL of ethanol. The resulting mixture was sonicated
for 5 min, and the solvent was evaporated using a rotary
evaporator. The resulting paste was dried on a high vacuum
for 24 h.

Preparation of MWCNT-NH, Electrode (MWCNT-NH,/
GCE)

A slurry of alumina (0.05 uM) was dispersed on the clean-
ing pad and used to polish the glassy carbon electrode.
The electrode was then washed with deionised water to
remove adsorbed particles from the surface of the electrode.
This was followed by the preparation of 1 mg/mL of Mil-
MWCNT-NH2 suspension. Five microlitres of the suspen-
sion was then pipetted and drop-cast onto the surface of a
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Fig. 1 Graphical summary of procedure used in this study

dry and clean electrode. Afterwards, the electrode was dried
under an IR lamp.

Preparation of Urine Sample

The practical application of the MWCNT-NH,-based sensor
was assessed by detecting miltefosine in a human urine sam-
ple. The urine sample collected from a healthy person was
diluted ten times to minimise the matrix effect. The diluted
urine samples were spiked with miltefosine at varying con-
centrations (10 uM, 50 pM, 100 uM, 200 uM, and 250 puM).
To each of the miltefosine-spiked diluted urine samples,
1 mg of MWCNT-NH, was added. The MWCNT-NH,-
modified electrode was used to detect the miltefosine spiked
urine sample with [Fe(CN)6]3/ “ as a redox couple.

Results and Discussion

Spectral Studies

SEM and EDX Studies

The surface morphology of pristine MWCNTs and
MWCNT-NH, were studied using SEM imaging. As illus-

trated in Fig. 2A, the image of pristine MWCNTs showed
long tubes crossing each other with little entanglement.

Compared with the images of the pristine MWCNTs, the
image of MWCNT-NH, (Fig. 2B) showed short tubes with
a cluster of particles, which can be associated with the func-
tionalisation of MWCNTSs with amino groups.

To further prove the functionalisation of MWCNTSs with
NH, groups, EDX spectroscopy was used to study the ele-
mental composition of pristine MWCNTs and MWCNTs-
NH,. As presented in Fig. 2C, the EDX spectra of MWC-
NTs show C (96.06%) and O (3.94%) as the constituents of
MWCNTs. The EDX spectra, as presented in Fig. 2D, show
that MWCNTs-NH, consists of C (36.54%), N (13.95%), O
(29.78%), Na (6.92%), and S (12.81%). The presence of Na
and S are traces from NaNO; and H,SO, used in the func-
tionalisation of MWCNTs with NH, groups.

FT-IR Studies

The FT-IR spectra of pristine MWCNTs, MWCNT-COOH,
and MWCNT-NH, are presented in Fig. 3. The FT-IR spec-
tra of the pristine MWCNTs (Fig. 3A) showed peaks at
1556 cm™! and 2990.5 cm™ associated with C=C stretching
and C-H stretching, respectively. Compared with the MWC-
NTs, the spectra of MWCNT-COOH (Fig. 3B) showed new
peaks at 1290 cm™!, 1615 cm™!, 1709.7 cm™!, 2761 cm™!,
and 2927 cm™! ascribed to C—O stretching, C =C stretch-
ing, C =0 stretching, O—H stretching, and C-H stretching,
respectively. Identifying these functional groups on the
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Fig.2 A SEM image of MWCNTs, B SEM image of MWCNT-NH,, C EDX spectra mapping of MWCNTs, D EDX spectra mapping of
MWCNT-NH,, E EDX spectra of MWCNTs, and F EDX spectra of MWCNT-NH,

MWCNT-COOH spectra suggests that carboxylic groups
were successfully attached to the MWCNTs. After confirm-
ing the functionalisation of MWCNT with COOH groups,
FTIR analysis was carried out on the MWCNT-NH, sample.
As presented in Fig. 3C, peaks were observed at 1342 cm™!,
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1534 cm™!, 1620 cm™!, and 2825 cm™!. These peaks were
attributed to C—N bond stretching, C =C stretching, N-H
bend, and C-H stretching, respectively. The identification
of peaks attributed to C-N bond stretching and N-H bend
indicates that the attachment of NH, groups to the carboxylic
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Fig.3 FT-IR spectra of A pristine MWCNT, B MWCNT-COOH, and C MWCNT-NH,

functionalised MWCNTSs was successful. This analysis cor-
roborates the SEM and EDX analysis, which confirms the
successful functionalisation of MWCNTs with NH, groups.

Electrochemical Characterisation

The electrocatalytic properties of the synthesised NH,
functionalised multi-walled carbon nanotubes were stud-
ied using electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV). The interfacial electron
transfer rate at the surface of the electrodes was investi-
gated using EIS. EIS technique measures the resistance
to electron transfer. EIS studies apply a low AC voltage
to the system, and the resultant current is analysed. The
data obtained from EIS studies is represented using the
standard Randles equivalent circuit, which comprises
Warburg impedance (W), charge transfer resistance (R,,),
resistance of the solution (R,), and the double layer capaci-
tance (Cyp) [19]. As synopsised in Table 1, R, values of
294.8 © and 0.001 Q were obtained accordingly for bare

Table1 Parts of Randles equivalent circuit for bare GCE and
MWCNT-NH,/GCE

Parts of circuit Bare GCE MWCNT-NH,/GCE
R/Q 99.45 98.27

R./Q 294.8 0.001

W/Fg™! 734%107 1.39%107°

Cy/Qs™ 12 1.488x107° 1.326x107°

GCE and MWCNT-NH,/GCE. A low R indicates high
impedance. Furthermore, the Nyquist plot used to repre-
sent EIS is a plot of actual resistance (Z’) against imagi-
nary resistance (Z’’) obtained from the standard Randles
equivalent circuit. Figure 4B illustrates that the bare GCE
has a big semi-circle compared to the MWCNT-NH,/
GCE, which had no visible semi-circle. This confirms
that the R, values obtained as the impedance measure are
directly proportional to the size of the semi-circle in the
Nyquist plot. This suggests that modifying the electrode

@ Springer



446

Electrocatalysis (2025) 16:440-450

Current/A

800 T
700
600 ’
500 ]
» |
E 400 1
2 4
N 3004 T
200
100 4
0 T T hd T T hd T T L} T T
0 100 200 300 400 500 600 700 800 900 100
Z'lohms
4.0x10° T T
3.5x107° -
R2=0.99
3.0x10°4 Slope =1.074E-4
$ 2.5x10°
g 4.0x10°
5, ox10° 3.0x10°
O 2.0x107 4 < 2.0x10
= 1.0x10
£ 0.0 0.01
1.5x10° 3 .0x10° | .
-2.0x10° oA
. -3.0x10:: :
1.0x107 1 A0 02 02 00 0204
PotentiallV
T T T T L
0.10 0.15 0.20 0.25 0.30 0.3
Vivs'
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with MWCNT-NH, improved the diffusion of electrons
towards the electrode.

Cyclic voltammetry, a technique that measures the
current between the working and counter electrodes as a
function of the applied potential [20], was used to study
the redox behaviour of the modified electrode, as presented
in Fig. 4A. This study used a three-electrode system in
2.5 mM [Fe(CN)4]** containing 1 M KCI. Potential varied
from —0.4 to 0.6 V was applied to the working electrode,
and the resulting current was measured. Peak current of
5.635x 107 A and 7.861 x 107 A were obtained for bare
GCE and MWCNT-NH,/GCE, respectively (Table 2). The
result shows an increase in peak current from the bare GCE
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rate against current for bare GCE with cyclic voltammogram in-set,
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MWCNT-NH, with cyclic voltammogram in-set

to the MWCNT-NH,/GCE. This indicates that modifying
the electrode with MWCNT-NH, nanomaterial enhanced
its electron conductivity. This finding confirms the results
obtained from the EIS analysis.

Determination of the Effective Surface Area
of the MWCNT-NH, Electrode

The CV response derived from the effect of the scan rate
study was employed to determine the effective electrochemi-
cal surface area of bare GCE and MWCNT-NH,/GCE. The
study involved the use of a scan rate varied from 0.01 to
0.1 V. As depicted in Fig. 4C and D, a linear graph was

Table 2 Data on the CV and

fFective el hemmical Electrode CV (anodic current/A) CV (cathodic current/A) Effective
etfective electrochemica surface area/
surface area cm?
Bare GCE 5.635x107° 5.167x107° 0.0579
MWCNT-NH,/GCE 7.861x107° 7.819x 107 0.1119
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established between the square root of scan rate against
anodic peak current. Using the Randles—Sevcik equation, the
gradient obtained from the linear graph was used to calculate
the effective electrochemical scan rate. The Randles—Sevcik
equation used has been expressed in Eq. 1:

1 3 1

I, =269 x 10° AD — —
r 2n 2V 2C, M

where Ip—peak current (A), A—surface area of electrode
(cm?), n—number of electrons transferred (for K;5[Fe(CN)l,
N=1), D—diffusion coefficient (7.60x 10 — 6 cm?/s for
K;[Fe(CN)gl), V—scan rate (V/s), and Co—concentration
(mol/cm?). As illustrated in Table 2, an effective surface area
0f 0.0579 cm? and 0.1119 cm? was calculated for bare GCE
and MWCNT-NH,/GCE, respectively. This observation
shows that modification of the electrode with MWCNT-NH,
increased the surface area, leading to increased conductivity,
which correlates with the results from EIS and CV.

Detection Mechanism

MWCNT was functionalised with NH, groups to improve
the solubility of MWCNTSs and enhance the selectivity of
material for miltefosine. According to Croft et al. [21],
miltefosine interacts with receptors through the negative
electrostatic surface around the phosphate groups in the
structure of miltefosine. From this background, MWCNT,
a highly electrocatalytic nanomaterial, was decorated with
NH, groups to facilitate the formation of a complex between
MWCNT-NH, and miltefosine through hydrogen bonding.
Following this, a one-time shot assay of MWCNT-NH, was
used to form a complex with miltefosine, and an observable
response was produced. Using [Fe(CN )6]'3/ “+ as a redox cou-
ple and DPV technique, the response was in the form of a
reduction in peak current. Miltefosine has no electroactive
centre in the structure [8]. Hence, the interaction of milte-
fosine with the MWCNT-NH,-modified electrode decreases
conductivity as the flow of electrons from the [Fe(CN)é]'y -4
solution to the electrode is disrupted [22].

Performance of Sensor

Differential pulse voltammograms of MWCNT-NH, and
miltefosine-spiked MWCNT-NH, (Mil-MWCNT-NH,)
were recorded to assess the sensor’s performance. The dif-
ferential pulse voltammetric studies were performed in a
2.5 mM [Fe(CN)6]"3/ “4 containing 1 M KCl as a redox couple.
As Fig. 5 illustrates, the redox peak current recorded for the
Mil-MWCNT-NH, electrode was significantly lower than that
recorded for MWCNT-NH,. This is due to the interaction of

0.04
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Fig. 5 Differential pulse voltammogram in 2.5 mM [Fe(CN)]** con-
taining 1 M KCI at (A) MWCNT-NH,- and (B) Mil-MWCNT-NH,-
modified electrodes

miltefosine with the NH, group on the MWCNTs, disrupting
the flow of electrons and reducing the redox peak current.

To establish the concentration range of the MWCNT-
NH,-based sensor, different concentrations of miltefosine
(0-250 uM) were added to 1 mg/mL solution of MWCNT-
NH,, and electrochemical measurements were taken. The dif-
ferential pulse voltammetric technique was used for this study
because of its high sensitivity in detecting very low concentra-
tions compared to other techniques [23]. At a potential window
of —0.4-0.6 V, the electrochemical measurements were taken
with 2.5 mM [Fe(CN)4]*"* containing 1 M KCl as a redox
couple. A redox peak was seen at 0.212 V. A decrease in peak
current was detected with an increment in the concentration
of miltefosine (Fig. 6). Machini et al. reported a similar occur-
rence in their study to evaluate miltefosine-dsDNA interaction
[8]. To achieve a linear response between varying concentra-
tions of miltefosine and peak current, a linear plot of miltefo-
sine concentrations against peak current was established. The
linear regression equation has been expressed in Eq. 2.

Ip(A) = —8.07942x1078 +1.15522 x 10™* = [Miltefosine];R* = 0.98985

2

The lowest detectable concentration of miltefosine was

determined to be 1 uM. With the excellent response of the

technique, together with the high sensitivity, selectivity, and

simplicity, this assay shows promise of application as a quality
control and monitoring of miltefosine.

Interference Study
An interference study was undertaken to determine the

selectivity of the MWCNT-NH, assay to detect milte-
fosine. The study involved using 1 mM amphotericin, an
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06V

antileishmanial drug, K* and HCOj;™ ions, and ascorbic acid.
Each of the interfering agents was incubated with 1 mg/mL
of Mil-MWCNT-NH, for 5 min. The study involved the use
of the DPV technique. As illustrated in Fig. 7, no relevant
decrease in current output was observed for all the interfer-
ing agents used in this experiment. With a relative standard
deviation of 0.18, the variation in the decrease in current
output observed is within the 5% tolerable limit. This indi-
cates that the MWCNT-NH, assay shows selectivity towards
miltefosine in the presence of interfering agents.
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Fig.7 Differential pulse voltammogram in 2.5 mM [13¢:(CN)6]'3/’4
containing 1 M KCl of Mil-MWCNT-NH, modified electrode in the
presence of amphotericin, K*, HCO;™, and ascorbic acid. In-set is a
column graph of interfering agents against peak current
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Reproducibility Studies

To determine the reproducibility of the MWCNT-NH,-based
sensor, the assay was separately prepared and run repeatedly
three times. At a potential window of —0.4-0.6 V, the DPV
technique was used, and electrochemical measurements were
taken for each run. As presented in Fig. 8, the current out-
puts obtained were compared, and a mean of 1.21 x 10~* was
calculated. With a low relative standard deviation of 1.83, it
suggests that the MWCNT-NH,-based sensor for miltefosine
detection is highly reproducible.

Real Sample Studies

Urine is one of the fluids through which miltefosine is
removed from the body [9]. Also, urine is more conveni-
ent for patients who are already weak than faeces or blood
samples. Owing to this, a urine sample was chosen for
this study. Urine samples were collected from a healthy
person and diluted ten times to reduce the matrix effect.
The diluted urine was then used to prepare 1 mg/mL of
MWCNT-NH,. To aliquot of MWCNT-NH,, varying con-
centrations (10-250 uM) of miltefosine were added, and
electrochemical measurements were taken using the DPV
technique. A linear relationship was established between
varying concentrations of miltefosine and peak current, as
depicted in Fig. 9. The linear regression equation repre-
sented in Eq. 3.

Ip(A) = —6.44774x107% + 1.1322 X 107 = |Miltefosine|;R* = 0.98144
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Fig.8 Differential pulse voltammogram in 2.5 mM [F(=,(CN)6]'3/’4
containing 1 M KCl of Mil-MWCNT-NH, modified electrode of
reproducibility studies of three separate runs. In-set is a column graph
of the number of runs against the current
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Fig.9 Linear plot of miltefosine concentration (10-250 uM) against
current with differential pulse voltammogram in-set in 2.5 mM
[F<=,(CN)6]3/4 containing 1 M KCl spiked with urine at a potential win-
dow of —0.4-0.6 V

An increase in concentration corresponded with a
decrease in peak current. A minimum detectable limit of
miltefosine concentration of 1 uM was detected.

Conclusion

In summary, this study has developed, for the first time,
an electrochemical sensor for detecting an antileishmanial
drug, miltefosine, using [Fe(CN)é]'y “ as a redox couple. The
study involved the functionalization of multi-walled carbon
nanotubes with amino groups. The synthesised MWCNT-
NH, nanomaterial was confirmed by scanning electron
microscopy, energy dispersive X-ray spectroscopy, and
Fourier transform infrared spectroscopy studies. The devel-
oped sensor detected miltefosine in a concentration range
of 1-250 uM with a detection limit of 1 uM. Moreover, the
developed sensor was shown to be reproducible and selective
for miltefosine in spiked urine samples and amid interfering
agents. Finally, the developed MWCNT-NH,-based elec-
trochemical sensor shows great potential for application in
quality control of miltefosine.
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