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Abstract

Amodiaquine (AQ) is an essential medicine in treating malaria. Yet,
the threat of drug resistance and toxicity necessitates accurate
measurement of AQ in the human body. This research determines the
amodiaquine (AQ) detection performance of boron-doped diamond
(BDD) working electrodes. The study utilizes different pulse velocity
(DPV) methods to analyze the AQ reaction behavior of BDD. The
research demonstrates the reaction mechanism: Two electrons are
transferred, and irreversible oxidation reactions occur. The sensor
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limit of detection (LOD) is measured to determine the performance of
working electrodes for AQ detection. The LOD is calculated between
0.0645 uM and 0.3 uM, and changes in analytical concentrations
relative to maximum current are calculated. The LOD of the BDD
electrode is 1.5%10-8 M, lower than previous research on AQ sensors,

showing the effectivity of the BDD electrode as an AQ sensor.
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Introduction

Amodiaquine (AQ) is an antimalarial drug of the 4-aminoquinoline group. This drug is
classified as a Mannich base with a similar working mechanism as chloroquine[1]. AQ is highly
effective against the erythrocyte phase of four Plasmodium species: falciparum, ovale, vivax, and
malariae[2]. It is also used as part of combination therapy with other antimalarial drugs, such
as artesunate, to overcome drug resistance in P. falciparum infections [3]. Yet, AQ use as the
drug has been reduced outside Africa and Asia due to its reported hepatotoxicity [4]. AQ and
its metabolite, N-desethylamodiaquine, influence the activity of Bcl-2 family proteins,
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triggering cell death in human liver cells [5]. Thus, the dosage of AQ medication should be
controlled. Combined with the increasing frequency of AQ found in drinking water and
sewage systems, which increases the possibility of drug resistance [6], a simple and sensitive
sensor system for AQ detection in blood and environment is urgently needed [2], [7].

Previous research has been using various methods to detect AQ quantitatively, using
spectrophotometry [8], liquid chromatography [9], fluorimetry [10], conductometry [11],
electrophoresis [12], and electrochemical methods. Research using electrochemical methods
has been carried out using electrodes made from Platinum Group Elements[7] [2], Multiwalled
Carbon Nanotubes (MWCNT) modified by methyl orange and glassy carbon [13], and hemin-
based materials [14]. These and other previous research showed electrochemical methods'
superiority in AQ detection, mainly short response time, low limit of detection (LOD), higher
sensitivity with simple instruments, and high integrability into various systems [15], [16], [17].
Therefore, based on previously reported research results, the electrochemical method has been
widely known to provide accurate AQ detection.

Boron-doped diamond (BDD) is one of the electrode materials used in electrochemical sensors.
Previously, boron-doped diamond was used to detect dissolved hydrogen sulfide [18] and
oxygen in mammal blood [19]. This research shows that BDD sensors, supported by diamond
structure, are chemically and mechanically stable[20], unlike other electrochemical sensors,
which need time-consuming additional preparations and are inherently unstable [21].

Boron-doped diamond (BDD) is conductive and has excellent properties. Namely, it is a
superb electrode that facilitates oxidation, has the largest solvent window of all electrodes, and
has a low capacitive current [22]. In electrochemical sensors, BDD is often used as a working
electrode; these sensors can be used in dilute or solid electrolytes [20]. BDD is unique as a
semiconductor doped with boron. This gives it semi-metallic traits that are good for electrodes
[23]. This trait, combined with the solvent window and capacitive current, makes BDD a
susceptible sensor [24]. Owing to these advantages, BDD has been applied in various fields,
mainly as a gas detector [20].

This research will use BDD to carry out AQ drug detection. First, characterization of BDD was
carried out using Raman spectroscopy and SEM. Then, the redox behavior of AQ in 0.1 M
acetate buffer solution (ABS) will be studied using cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) methods. This observation aims to determine the mechanism of the
AQredox reaction. Then, the scan speed varies from 20 mV.s to 100 mV.s", the potential range
of -1 Vto +1V (vs. Ag/AgCl), and the pH range of 2, 3, and 6 are applied. These subsequent
experiments are carried out to calculate the sensor's detection limit (LOD) while changing the
analyte concentration to the peak current.

Experimental Method

A. Production and Surface Characterization of Boron boron-doped diamond Working
Electrodes

BDD used in this research is obtained from an endeavor between the Kalimantan Institute of
Technology (ITK) and Keio University in Tokyo, Japan, manufactured in the Diamond
Electrochemistry Laboratory at Keio University. The BDD electrode is characterized using
Raman spectroscopy (Renishaw RM1000) and Scanning Electron Microscopy (JEOL 7400F
SEM). First, we prepare the BDD to be tested. Then, the Raman spectroscopy instrument was
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used to observe the sample and produce a graph. The graph compared wavelength (Raman
shift) and intensity. Raman spectroscopy is used to check the presence of doped diamond and
boron structures on the BDD working electrode surface. The steps in SEM testing are sample
preparation and observation. The magnifications used for BDD observation are 10.000 x. The
purpose of SEM observation is to confirm the polycrystalline diamond structure.

B. Preparation of Working Electrode

There are two types of BDD preparation methods: oxygen termination (O-BDD) and hydrogen
termination (H-BDD). This research used the H-BDD method due to increased surface
electrical conductivity compared to the O-BDD method, resulting in higher sensitivity [23].
The first step of H-BDD preparation is cleaning by soaking the BDD in 15 ml of aqua regia, a
mix of HNOs; and HCl with a 1:3 molar ratio, for 1800 seconds. Next, the electrode is rinsed
and sonicated with a 40 kHz frequency for 15 minutes in purified water. It was dried with N»
gas. Then, the electrode was cleaned by chronoamperometry using Versa STAT 4
Potentiostat/Galvanostat in 0.1 M H>SOs. The potential was +3 V (5 minutes) and -3 V (10
minutes), both vs. Ag/AgCl, to optimally produce hydrogen-terminated BDD [25]. The same
potentiostat device is used for electrochemical measurement.

C. Electrochemical Measurements

Stock solution is prepared by dissolving AQ into 0.5% DMSO solvent until the concentration
of 0.1 mM and volume of 1000 mL is reached. The solution is mixed with a 0.1IM pH 5 ABS
solution and an AQ stock solution with a variation of 10 g. mL?, 15 g. mL, 20 g. mL-1, 25 g.mL-
1, and 30 g.mL. The three-electrode systems of the self-fabricated electrochemical cell are
linked to the potential window of the -1V to +1V (vs Ag/AgCl), the Ag/AgCl (3 M KCl)
reference electrode. Meanwhile, the BDD is the working electrode. The solution volume used
in each measurement is 25 ml.

The redox behavior of AQ was meticulously analyzed with a carefully controlled 0.064 M AQ
concentration variation in an ABS solution with a pH of 6. The AQ was then carefully analyzed
between the analysis concentration and resulting peak current using both CV and DPV
techniques with potentials between -1 and +1 (compared to Ag/AgCl). The main analysis
principle is the Nernst equation, where the detection limit is acquired from the regression of
the equation.

The pH variation was systematically controlled at pH 2, 4, and 6, with 100 mV.s! scanning
speed, and the potential range was -1 V to +1 V (vs Ag/AgCl). The pH variation is intended
to observe and evaluate sensor performance under various conditions of solution acidity,
mainly acidosis, which is common in malaria patients [26]. The scanning speed was
systematically changed from 20 mV.s to 100 mV.s? at pH 6, with potentials ranging from -1V
to +1V (vs Ag/AgCl). The variation of scan speed is necessary to calculate the electron number
on the reaction of AQ on the BDD surface. These systematic observations aim to find possible
shifts, whether a reduction or oxidation of the AQ on the BDD surface. Under the variation of
pH level, the control is AQ concentration and scan rate, meanwhile, AQ concentration and pH
level become control when scan rate is varied.
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The detection limits vary depending on the AQ concentration of ABS 0.1 M, 10g.mL! to
30g.mL-1. The test uses a scanning speed of 100 mV.s" and the range of potential was -1V to
+1V (vs. Ag/AgCl) at pH 6. Observation of each concentration was repeated thrice. Thus, the
relationship between current density and concentration will be shown as a graph, and then the
limit of detection could be calculated using the following equation:

3.3 XSTD
LOD =
Slope

(1)

STD is the standard deviation of measured current density, and the slope is the inclination of
the linear graph that shows the correlation between current density and concentration.

Result and Discussion
A. BDD Surface Structure Analysis

In this study, the surface of the working electrode was characterized to verify the structure
and surface composition of the polycrystalline electrode. Raman spectroscopy can identify
polycrystalline substances and structures. The result of Raman's observation is shown in
Figure 1(A). In addition, it was characterized by scanning electron microscopy. The results of
the SEM are shown in Figure 1(B). These characterizations will ensure the purity of the sensor
material, which should only contain carbon in the form of diamond and boron as doping
elements.

The result of Raman spectroscopy characterizes the chemical composition of the surface of the
BDD working electrode. Peaks with notable intensity are at 500 cm-!, 1200 cm, and 1300 cm?,
which indicate the presence of carbon sp? boron, and diamond structure, respectively. No
peak was observed at 1600 cm?, which indicates impure carbon sp2. The absence of this peak
shows that this BDD is a high-quality BDD. Figure 1(B) shows the polycrystalline structure of
the surface of the BDD working electrode. The mean grain size is 5 pm. SEM observation is
carried out to observe impurities on the BDD surface. Based on the micrography results, no
impurities are observed on the BDD surface.
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Figure 1. The result of Raman spectroscopy (A) and the result from Scanning Electron
Microscopy of BDD Working Electrode Surface (B).

B. Analysis of Amodiaquine Oxidation Behavior on BDD Work Surfaces

Redox behavior analysis is carried out using CV and DPV methods. CV is a widely used
electrochemical method that demonstrates the mechanisms of reaction redox, reaction
reversibility, and electron transfer kinetics of solvents. DPV is an electrochemical method that
measures the difference between currents after potential change [27]. The DPV method has the
advantage of having high sensitivity and reduction of the effect of capacitive current [28]. CV
methods provide advantages in studying electron transfer in oxidation reactions and are
commonly used to analyze chemical species reduction and oxidation processes [29]. Based on
the advantages of these two methods, the research uses two voltage meters. CV sampling uses
AQ at an ABS concentration of 0.0645 pM, while DPV sampling uses 0.0645 uM.
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This research is carried out with a termination process using chronoamperometry techniques
and control of the applied potential, namely +3 V for 5 minutes and -3 V for 10 minutes, both
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vs Ag/AgCl, in a solution of HoSO4 0.1 M. Potential +3 V (vs. Ag/Ag(l) is enacted to the
termination process with O-BDD oxygen. This termination process aims to obtain a
considerable electron affinity value, a stable current, and a vast potential window. Oxygen
termination has limitations: it is hydrophilic and has lower conductivity and a negative charge
[30]. Terminating hydrogen makes electrode surfaces more conductive. It creates sensitive
electrode materials for electrochemical detection [31]. Therefore, a hydrogen termination
process is carried out by applying potential -3 V (vs.Ag/AgCl) for a longer time. Apart from
that, H-BDD also makes surfaces hydrophobic. This feature makes electrode surfaces more
stable. H-BDD can last long in open environments and is effective in liquid ones [32]. The H-
BDD and O-BDD processes differ significantly, where the peak current of the H-BDD process
is higher. Based on the data above, it is validated that BDD surface termination with H-BDD
is more recommended for AQ detection. Then, the redox behavior is analyzed using the CV
and DPV methods to produce an AQ of 0.0645 puM in 0.1 M ABS, presented on a voltammogram
graph in Figure 3.
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Figure 3. Voltammogram of AQ (a) DPV 0.0645 pM (b) CV 0.0645 pM

Based on the DPV experiment, the range -1 V to +1 V vs. Ag/AgCl background data is
obtained using ABS pH 6 samples without AQ content. In Figure 3, no visible current peak
indicates no electrochemical reaction in the ABS solvent sample. On the other hand, the 0.0645
uM AQ sample in ABS with the acidity of pH 6 has a peak current at +0.37 V (vs. Ag/AgCl)
with a visible oxidation current peak. Besides that, the CV voltammogram also shows the
presence of oxidation in the ABS sample. CV experiments in the range -1 V to +1 V obtained a
visible peak current at a potential of +0.5 V for the oxidation peak; both are vs Ag/AgCl. Thus,
it can be confirmed that the electrochemical method using the BDD working electrode can
detect AQ.

C. Amodiaquine Oxidation Reaction Mechanism on the BDD Working Surface

The variation of the CV technique of scan speed shows the potential change rate per unit time
(mV.s?) in one scan cycle [29]. Changes in the scan rate affect the rate of electron flow. The
flow happens at the potential that matches the reduction or oxidation potential of the analyte.
Then, the electrons in the oxidation process are counted by observing the reaction mechanism
using the CV method. Scanning speeds are 20 to 100 mVs* (with 20 mVs! interval) in 0.1 M
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ABS at pH 6 with a potential range from -1 V to +1 V (vs. Ag/AgCl) at an AQ concentration of
0.0645 pM.
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0,0 05 1,0 Figure 4. The Voltammogram
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Electrons move from one atom to another. It can also be released (oxidation) and captured
(reduction) [33]. Based on measurements using various scan rates, peak oxidation current
positively correlates to the scan rate. Figure 4 shows that changes in scan speed affect the peak
oxidation current and cause a potential shift, which is caused by the increased scan speed
value, and the decrease in the size of the diffusion layer results in a higher current [1]. The
concentration of electroactive substances on the electrode surface changes faster and causes an
increase in the scan rate. As a result, the peak potential can shift to a more positive or negative
value, depending on the electrochemical reaction and the experimental conditions [29][34].

On the other hand, the lower the scan speed, the thicker or farther the start of diffusion layer
development from the surface of the electrode, resulting in hampered electron movement
characterized by low peak current. The Randles-Sevcik equation can also describe this
phenomenon mathematically [35]. In Figure 4, the reversibility properties of a redox reaction
are analyzed. Analyzing the peak current value compared to the square root of the scan rate
speed can determine an electrochemical reaction's reversibility. Linearity testing between peak
current values (Ip) and the square root of the scan speed will determine the reversibility of an
electrochemical reaction — Plot Ip vs. v1/2, known as the Randles-Sevcik plot.
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Figure 5. Randles-Sevcik oxidation plot of BDD electrode.

Based on Figure 5, the Randles-Sevcik equation obtains the data needed to calculate the
electrons transferred. It is used for irreversible reactions [20]. This equation calculates the
number of electrons (n) participating in the oxidation reaction on the electrode. This number
could be obtained using a calculation that involves maximum measured current (Ip), electrode
surface area (A), diffusion coefficient (D), scan rate (v), and concentration of the solution (C).
The calculation result is shown in Table 1.

Ip = (2.69%105) 1 (an,)//2AD /2 1/2 Cy )

The surface of the BDD is processed by oxygen and hydrogen terminations to improve the
electrical characteristics before observing the redox behavior (Ip - v1/2). The final process of the
work electrode refers to the finishing process of material treatment, in this case, the surface of
the BDD. The termination process of the material is widely applied in various electrochemical
material applications, as the termination process can change the electrical properties of the
electrode material [36]. BDD working electrodes are processed with oxygen and hydrogen to
improve the electrical properties of the surface of the BDD before observing the redox
behavior. Termination of the working electrode refers to finishing the material treatment, in
this case, the surface of the BDD. The surface termination process of materials is widely used
in various materials applications related to electronic chemical issues because the termination
process changes the electrical properties of electrode materials [18].
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Table 1. Calculation of the Randles-Sevcik Equation in Oxide Reactions

Scan Root Scan Average of = Number of Average
Speed or Speed Peak Electrons n value
v w'? Current (n)
v.s™ (A)
0.02 0.14 2.63x107 2.27
0.04 0.20 3.84x107 2.31 236
0.06 0.24 4.73x10-7 2.31 (;2)
0.08 0.28 6.1x107 2.44
0.1 0.31 1.05x10-7 2.49

In analyzing potential changes in the reaction process above, the DPV method on the surface
of BDD is used to determine the effect of the pH of the AQ solution on the reaction mechanism
and peak current during the test. This study used three conditions: pH 2, 3, and 6. The pH
conditions are adjusted using hydrochloric acid (HCI) as an electrolyte. Based on experiments,
the DPV method of changing pH produces an oxidation peak, which is moved along with
changes in pH. Under acidity of pH 6, the oxidation pointis 0.37 V (Ag/ AgCl), the peak current
is 7.6x104 mA.cm?2, and under acidity of pH 3, the point is 0.38 V (Ag/AgCl) with a peak
current of 7.5x104 mA.cm2, while in pH 2 the oxidation peak is 0.40 mV with a peak current
of 7.0x104 mA.cm=2. Moreover, this can be observed if the current value of acid oxidation is
lower than that of alkaline conditions.
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Current Density (LA cm?)

0 45 — T T T T T T T
020 025 030 035 040 045 050 055 060

Potential (V vs. Ag/AgCl)
Figure 6. Effect of pH on Oxidation Reactions
In potential shift analysis, the phenomenon that occurs when electrochemical reactions are
influenced by pH can be explained by the Nernst principle, which describes pH as the
concentration of hydrogen [H*]. It is essential to know that hydrogen concentration is
logarithmically related to pH value (pH -log [H*]). At low pH, the current decreases as the pH
of the solution is reduced in electrochemical measurements, and the peak current becomes
smaller. This is due to the increase in the concentration of hydrogen ions (H*) along with the
decrease in pH, which can lead to the formation of a diffusion layer around the surface of the
electrode. The diffusion layer limits the electrical activity of the electrode surface, restricts the
surface's electron transfer path, and reduces the peak current. The pH changes over the peak

530



Indonesian Physical Review. 7(3): 522-537

current are more pronounced on the reaction side [37]. In addition, the voltammetric
measurement of the analyzer also affects the reaction's pH[38].

The drug's chemical composition can trigger potential changes influenced by pH. AQ is a drug
with an acid decomposition (pKa) of 8.14-7.8, which is related to the existence of a
dimethylamine nitrogen chain and the proton reaction with a quinolone nucleus. This confirms
that AQ is a weak diprotic base drug optimal for neutral and alkaline pH solutions [39].

In CV testing, the reaction is reversible, meaning that oxidation and reduction processes occur
in the drug compound. Based on analysis of the reaction mechanisms performed, it is
estimated that the AQ oxidation reaction is illustrated in Figure 7 [13].

OH
d o,
N
HN ~ 2 2 R N _, N~

[

=
o
Cl N Cl xN»-'

Figure 7. Oxidation Reactions in Amodiaquine [13]
D. Determination of Sensor Detection Limits Limit of Detection (LOD)

The detection limit (LOD) is determined using the working electrode BDD to detect the AQ
content [40]. The determination limit involves changing the AQ concentration value of ABS
solution in DPV, with a power of +0V to +1V (Ag/AgCl). Concentrations used were 0.0645
uM, 0.0845 uM, 0.1 uM, 0.2 uM, and 0.3 uM.

0.9
—0.3 uM
0.8 —0.2puM
-0.1 uM
——0.0845 uM
0.7 ——0.0645 uM

Current Density (uM cm™)

Figure 8. Voltammogram of

T T T T T AQ detection using BDD,
0.30 0.35 0.40 0.45 0.50 0.55 . .
with varying AQ
Potential (V vs. Ag/AgCl) concentration.

Then, the result of the peak current measurement to the AQ concentration is shown in Figure
9.
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The calibration curve plot above shows that the BDD working electrode is a sensor that
produces a current response proportional to changes in AQ concentration. The results of a
relatively precise linear plot (R2=0.99) showed a gradient value of 1.116. Equation (2) was then
used to calculate LOD.

According to the calculations, the detection limit is 1.52x10-2 pM (1.52x108 M). This value
allows the minimum AQ level in the blood to be detected, which is 0.064 M. Other studies have
also discovered AQ using different electrodes and electrolytes. Table 2 compares AQ detection
limits for various materials. The studies show that BDD is a superior sensor material. This
benefit of property arises from the low capacitance of BDD in aqueous solutions [20]. In this

case, AQ was detected with higher precision and sensitivity than other electrodes.

o S e
) w i
I 1 1

Current Density(uA cm?)

o
-
1

y=1.116x + 0.0428
R2= 0.99

1
0.05

I L 1 L I
0.10 0.15 0.20

T ) T
0.256 0.30

Concentration of Amodiaquine (pM)

Table 2. Research on LOD of AQ using Electrochemical Methods

Figure 9. The

plot of
Current
Calibration

Curve against
the Variation of
Concentration

Researcher, Year

Working Electrode

Electrolyte

Detection Limit

This research, 2024 Boron doped diamond Acetate buffer 1.52x10-2 uM
solution (ABS)
[39] Boron doped diamond  Sodium dodecyl 6.5x10-2 uM
sulfate (SDS)
[2] Pencil graphite Britton-Robinson 0.16 uM
electrode Buffer Solution (BRBS)
[13] Methyl orange Phosphate Buffer 8.9x10-2 uM
modified glassy Solution (PBS)
carbon electrode &
MWCNT
[41] Hemin based electrode Phosphate Buffer 3.30 uM
Solution (PBS)
[42] PVC membrane Sodium acetate 5x10-2 uM
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Conclusion

This research reported an electrochemical behavior of AQ solution in ABS using a BDD
electrode, especially the electrode's performance in measuring various AQ concentrations. It
is found that BDD electrodes have superior properties in detecting AQ, mainly in high
sensitivity and stability, with lower LOD than previously researched sensors on the same
substance. Therefore, it is suggested that BDD electrodes could be implemented to detect the
presence of AQ in the human body.
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