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In this study, electrochemical nanosensors were developed from the synthesized metal
oxide (MO) nanoparticles by supporting it on a gold electrode (Au). The activity of
the developed nanosensor toward the detection of malaria biomarker (B-hematin)
was determined and the optimum conditions at which the maximum detection and
quantification occurred were established. B-Hematin current response at the sensors was
higher when compared with the bare Au electrode and followed the order Au-CuO (C) >
Au-CuO (M) > Au-Fe>O3 (M) > Au-Fe> O3 (C) > Au-AlbO3 (M) > Au-Al,O3 (C) > bare Au.
The developed sensors were stable with a relatively low current drop (10.61-17.35 %)
in the analyte. Au-CuO sensor had the best performance toward the biomarker and
quantitatively detected P berghei in infected mice’s serum samples at 3.60-4.8 mM and
P, falciparum in human blood serum samples at 0.65-1.35 mM concentration.

Keywords: g-hematin, metal oxide nanoparticles, sensor, cyclic voltammetry, square wave voltammetry, malaria,
clinical samples, biomarker

INTRODUCTION

Medical diagnosis and biological monitoring of diseases in the clinical laboratory are important
because they’re useful in detecting various diseases or onset of several diseases. The use of markers
(biomarkers) has been the main cornerstone in the identification and quantification of target
metabolites in biological fluids (blood, urine, and saliva) (Gil and Pla, 2001; Angerer et al,
2006). Detection of most diseases using sophisticated techniques mainly involves expensive and
time-consuming processes. Development of sensitive, selective, accurate, rapid as well as affordable
techniques for clinical diagnosis has been a major focus of researchers recently. Electrochemical
sensors using nanoparticles have emerged as one of the suitable technologies for the detection of
analytes of interest in clinical chemistry due to their high sensitivity and selectivity, rapid response
time, and low cost (Wang, 1994).

Malaria is an intricate, infectious, hematologic disease instigated by a protozoan parasite
named Plasmodium falciparum (Priyamvada et al., 2014). The parasite spends part of its life in
humans and part in Anopheles mosquitoes. Malaria is transmitted to humans through infected
Anopheles mosquitos. Although there are more than 50 species of Plasmodium, only four species, P.
falciparum, P. vivax, P. malariae, and P. ovale, are known to cause malaria in humans (Priyamvada
etal.,, 2014). The malaria parasite depends on iron for growth because many enzymes of the parasite
metabolic pathways depend on iron (Weinberg and Moon, 2009). Malaria clinical symptoms
occur during the intra-erythrocytic stage. At this stage, P. falciparum degrades more than 80% of
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nanoparticles, (F) FeaOz (M) nanoparticles.

FIGURE 1 | SEM image of (A) CuO (C) nanoparticles, (B) CuO (M) nanoparticles, (C) AloO3 (C) nanoparticles, (D) AloO3 (M) nanoparticles, (E) FeaOgz (C)

UV-Visible and X-Ray Diffraction (XRD)

Analyses
The UV absorption of the synthesized metal oxide nanoparticles
at the ultraviolet region (not shown) arises from the electronic
transition of electrons from the valence band to the conduction
band, which might be due to the quantum size particles (Koole
et al., 2014). Similar absorption bands has been observed and
reported for CuO (Topnani et al., 2010), Al,O3 (Neethumol et al.,
2014), and Fe,O3 (Balamurughan et al., 2014) nanoparticles.
X-ray diffraction is a potent and one of the most important
methods for examining the structures of nanomaterials (Takeshi,
2007). X-ray diffractograms of the synthesized nanoparticles
are shown in Figures 2A-F. X-ray diffraction pattern of CuO
nanoparticles for both chemical and microwave synthesis match
with JCPDS 05-0661 library for CuO and is similar to XRD
pattern obtained by Dhineshbabu et al. (2016) and Meghana

et al. (2015) for CuO nanoparticles. Distinct diffraction peaks
at 32.213, 35.497, 38.712, 48.783, 53.551, 61.419, and 66.013
correspond to index planes (110), (—111), (111), (200), (202),
(020), (220) (Figure 2A), suggesting a monoclinic structure of
CuO (C) nanoparticles (Dhineshbabu et al., 2016). The peaks at
28.234, 35.420, 38.516, 48.650, 57.989, 61.472, 66.020, and 68.056,
with index planes at (110), (—111), (200), (—202), (020), (202),
(—113), and (311) (Figure 2B) correspond to cubic face CuO
(M) nanoparticles (Rejith and Krishnan, 2012). Using Scherrer’s
formula (Equation 4) below (Neethumol et al., 2014):

Ka

b= B (Cos 0) @

where D is the mean size of crystallites (nm), K is a factor 0.9, h
is x-ray wavelength, B is FWHM and 6 is the Bragg angle, the
average particle size for CuO (C) and CuO (M) nanoparticles,
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FIGURE 2 | X-ray diffractogram of (A) CuO (C) nanoparticles, (B) CuO (M) nanoparticles, (C) AloO3 (C) nanoparticles, (D) AloO3 (M) nanoparticles, (E) FeoOg (C)
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estimated from full-width at half maximum of the diffraction
were 21.75 nm and 21.41 nm, respectively.

X-ray diffractograms of Al,O3 (C) (Figure 2C) showed broad
peaks at 38.421, 45.387, and 67.102, indexes at (311), (400), and
(440) plane, correspondent to y-Al,O3 phase (according to PDF
card No. 00-001-1308) (Abbasian et al., 2010). A weak peak was
obtained for Al,O3 (M) (Figure 2D). The peaks indicate fine
crystallinity with an estimated average particle size of 13.05 nm
and 9.01 nm for A,O3; (C) and Al,O3 (M), respectively. The
XRD pattern for iron oxide nanoparticles for both chemical
and microwave synthesis showed that the crystallinity phase
is y-Fe,O3 (Figures 2E,F). The estimated average particle size
for Fe,O3 (C) particles was 14.11nm while that of Fe;O3
(M) was 21.50 nm.

UV-Vis and FTIR Analysis of Synthesized

f-Hematin

In this study, synthetic hemozoin (B-hematin) was used as
biomarker instead of the organism (P. falciparum) due to the
challenges of culturing P. falciparum outside the biological
system. Hemozoin (B-hematin) is a product of hemoglobin
degradation in the bloodstream during infection by the
malaria parasite.

The UV-visible spectroscopy results of hemin chloride
(the starting material for p-hematin) and the synthesized p-
hematin are showm in Figures 3A,B. The wavelength for
maximum absorbance (Amax) for the two molecules is different,
confirming the successful conversion of the hemin chloride
(Figure 3A) to B-hematin (Figure 3B). Hemin chloride has a
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FIGURE 3 | UV-visible spectra (A) Hemin chloride (B) f-Hematin and (C) FTIR spectrum of B-Hematin.

broad absorbance at around 370 nm, while the synthesized f-
hematin has its characteristic charge transfer (or absorption)
band at around 650nm and two broad soret bands at
383 and 400nm. The differences in the absorbance of
the two materials signify successful synthesis of B-hematin
which can be used as a biomarker for the detection of
malaria. The UV-visible result of P-hematin obtained in
this study is in agreement with that reported by Fitch and
Kanjananggulpan (1987) and Laure et al. (2012) for hemozoin
or B-hematin.

The infrared spectroscopy analysis further confirmed the
successful synthesis of B-hematin with hemozoin characteristic
peaks at 1211 and 1664 ¢cm~! (Figure3C) attributed to a
dimeric ferriprotoporphyrin IX aggregate which is identical
to P. falciparum hemozoin. The intense peak at 1,664 cm™!
indicates the presence of C=O stretching, an unidentate

carboxylate coordination onto iron in the B-hematin. The peak
at 1,211 cm™! indicates an axial carboxylate ligand (C-O
stretching frequency) from O-methyl groups linked to various
metalloporphyrins (Slater et al., 1991).

Electrochemical Characterization of

Fabricated Nanosensors

The electron transport properties of the Au-MO modified
electrodes in 5mM [Fe(CN)g]4~/[Fe(CN)g]>~ redox probe in
0.1 M PBS (scan rate, 50 mVs~!) were investigated using cyclic
voltammetry experiment. Cyclic voltammetric responses of the
Au-MO modified electrodes (Figure 4) showed the characteristic
one-electron oxidation-reduction peak in the region of 0-0.4V
attributed to [Fe(CN)g]*~/4~ redox probe but with higher
current than that of the bare Au. Also, the characteristic
[Fe(CN)g]?>~/4~ redox peaks at the bare Au electrode were
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FIGURE 4 | Cyclic voltammograms of Au-MO modified electrodes in 5 mM [Fe(CN)B]“*/[Fe(CN)G]S’ redox probe in 0.1 M PBS (scan rate, 50 mV/s).
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similar to those reported by Agboola et al. (2007) for bare Au in
[Fe(CN)g]*~/[Fe(CN)g]>~ solution.

A pair of redox peaks was also observed for the Au-CuO
modified electrode. The redox peaks at regions 0.63 (I) and
0.62V (I’) appeared weak for CuO (C) and can be attributed to
oxidation of CuO to CuyO3 (Zaafarany and Boller, 2009). There
were no observable peaks for the Fe;O3 redox process, probably
because of the faster electron transfer process of Fe;Osz at
the electrode, or overlap between the [Fe(CN)g]*~/[Fe(CN)g]*~
peaks and the Fe304 redox peaks. However, a peak at 0.80 V (II,)
was attributed to reduction of Al O3 nanoparticles.

The oxidation-reduction peaks observed for Au-Fe;O3
modified electrode in [Fe(CN)g]4~/[Fe(CN)¢]>~ solution in this
study were in agreement with the oxidation-reduction peaks
reported by Fayemi et al. (2018) for Fe, O3 modified glassy carbon
electrode. Electrochemical parameters such as formal potential
(E1/2), peak-to-peak separation potential (AEp), the ratio of
anodic and cathodic peak current (I,a/I,c) were determined and
summarized in Table 1. The ratios of the anodic to cathodic peak
current (Ipa/Ipc) for the bare Auand Au-MO modified electrodes
were ~1.0 (unity) which indicates electrochemical reversibility
process. Also, all the Au-MO electrodes have lower peak-
to-peak separation, AEp (80.2-92.6mV) and thus, enhanced
electron transport properties when compared with the bare-
Au electrode (AEp = 93.6). Factors responsible for enhanced
electron transport at the modified electrodes might be the
conductive nature of the metal oxide nanoparticle, its facile
electronic nature, plus the ionic interaction between the metal
oxide nanoparticle and underlying gold (Au) surface. However,
Au-CuO (C) and Au-CuO (M) had the lowest AEp (80.2mV)
and therefore demonstrated the fastest electron transport among

the bare-Au and other Au-MO modified electrodes investigated.
It has been reported that the lower the AEp, the faster the electron
transport at the electrode (Wang, 1994). Although the theoretical
peak-to-peak potential separation value (AEp) is 59 mV for a fast
one-electron process (Wang, 1994), the AEp values for all the
electrodes were greater than that of the theoretical value.

Electrochemical Catalysis of f-Hematin

Using Au-MO Modified Electrodes

The electrocatalytic behavior of the Au-MO modified electrode at
different weights of MO nanoparticles (2.5, 5.0, 7.5, and 10.0 mg)
toward 1.0mM B-hematin in 0.1 M phosphate buffer solution
(pH 9) was investigated using cyclic voltammetric experiment.
Figure 5 presents typical voltammogram obtained using Au-
CuO modified electrodes. As shown in Figure 5A, the bare
Au electrode gave a well-defined B-hematin reduction peak at
—0.64V and current of 17.9 pA not found in PBS (pH 9).
However, modifying the Au electrode with 2.5 mg weight of the
catalyst, Au-CuO (C) gave B-hematin reduction peak at —0.72V
but at very high current (99.7 pA) compared with bare Au (inset
in Figure 5B). Compared with bare Au, the reduction peak of
B-hematin at the Au-CuO (C) modified electrode occurred at a
lower potential (energy) and higher current response (5 times
higher) than those of the bare Au electrode. At 7.5 mg weight
of the catalyst, Au-CuO (C) and Au-CuO (M) current responses
were observed to be 25 and 18 times higher than that at bare
Au (Figures 5B,C).

However, it is interesting to note that the reduction of B-
hematin at Au-Fe,O3 and Au-Al,O; modified electrodes still
occurred at a lower potential (energy), although at a lower
current response compared with the bare Au electrode (not

Frontiers in Chemistry | www.frontiersin.org

February 2019 | Volume 7 | Article 89


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Obisesan et al.

Detection of Malaria Biomarker (3-Hematin)

TABLE 1 | Cyclic voltammetric data obtained for the modified electrodes in 5 mM [Fe(CN)g] =3/~ in 0.1 M PBS.

Electrode Ipc (LA) Ipa(iLA) Ipa/lpc Epc (MV) Epa (MV) E° (mV) AEp (mV)
Bare Au 171 18.8 1.1 143.4 237.0 190.2 93.6
Au-CuO (C) 31.1 37.4 1.2 143.4 223.6 183.5 80.2
Au-CuO (M) 21.5 23.1 1.1 143.4 223.6 183.5 80.2
Au-Fe203 (C) 20.7 23 1.1 143.4 236.0 189.7 92.6
Au-Fe203 (M) 19.9 19.6 1.0 136.2 223.6 179.9 87.4
Au-Al208 (C) 18.8 20.4 1.1 141.6 223.6 182.6 82.0
Au-Ai2083 (M) 30.3 30.5 1.0 142.4 228.8 185.6 86.4
A 2 B
——Bare-Au in PBS 650 ==—Au-CuO 2.5 mg (C)
15 ~Bare-Au in -Hematin A0 S mg ©)
= Au-CuO 7.5mg (C)
450
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FIGURE 5 | Typical cyclic voltammetry evolution of: (A) Bare Au in 0.1 M PBS (pH 9) and 1.0 mM B-Hematin solution. (B,C) Are Au-CuO (C) and Au-CuO (M) (MO
weights: 2.5-10.0 mg) modified electrodes in 0.1 M PBS (pH 9) containing 1.0 mM B-Hematin solution.

shown). The reason for the low B-Hematin reduction current
at Au-Fe;O3 and Au-Al, O3 electrodes cannot be established
at the moment but could be attributed to the formation of
passive layers of Fe;O3 and Al; O3 films on Au electrode, thereby
hindering electron transport at the electrode after catalysis. The
reduction peak observed for p-hematin can be attributed to the
reduction of Fe (III) atom at the center of the biomarker which is

electrochemically active, to iron (II). Monti et al. (1999) reported
the reduction of B-Hematin [(Fe (III) protoporphyrin IX)] to
[Fe (II) protoporphyrin IXa] at —0.6 V using a bare platinum
electrode as the working electrode, which is in agreement with
the —0.64 V reduction potential recorded for f-Hematin at the
bare Au electrode in this study. No oxidation peak was observed
for B-hematin, suggesting irreversible electrochemical reaction.
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In general, this result indicates that modifying Au with MO
nanoparticles increases its electrode catalysis toward malaria
biomarker (B-hematin), with enhanced sensitivity in terms of
high reduction current and at lower energy. The remarkable
results obtained undoubtedly proved the electrocatalytic sensing
of Au-MO modified electrodes toward f-hematin. The results
obtained confirmed the potential of the developed sensors for the
detection and quantification of B-Hematin (malaria biomarker)
or the parasite in biological fluids.

Scan Rate Study
Cyclic voltammetric experiments were carried out with a view
to establishing the effect of scan rate (v) (scan rates ranging
from 25 to 500 mV/s) on the reduction current of B-hematin
(I1mM) (Figure S1). It was observed that f-hematin reduction
peak increases with an increase in scan rates. Using the Randles-
Sevtik equation below, we obtained a linear plot of current (Ip)
vs. the square root of scan rate v'/? (inset in Figure S1).
Ip= 2.69 x 10°n*2D"2v"2AC (5)

The non-zero intercept of the plots suggests that the electrode
kinetic process is not completely controlled by the rate of
diffusion of B-hematin from the solution to the surface of
the electrode. Similar studies in literature have associated such
deviation from diffusion to adsorption of reaction intermediates
at the electrode surface. Adekunle and Ozoemena (2010)
reported adsorption of DEAET intermediate at electrode
surface during catalysis of the analytes using SWCNT-Ni
modified electrode.

To further confirm the adsorption phenomenon, Tafel value
(b) for the electrodes was obtained from plot of (Ep) vs. (log v)
using the Tafel equation (Equation 6) below:

b
E, = (E) log v + constant (6)

Also, from Tafel value b = slope of the Tafel plot, charge transfer
coeflicient (o) was estimated using the relationship:

2.3RT
anF

Slope = (7)
where b = Tafel value, R = gas constant, T = temperature (in
kelvin), o = charge transfer coefficient, n = number of electron
and F = Faraday’s constant.

The Tafel values (mVdec™!) and the charge transfer coefficient
(a) in parenthesis are 1037.2 (0.06), 1042.6 (0.06), 296.2 (0.20),
279.6 (0.21), 174.6 (0.33), 301.8 (0.20) for Au-CuO (C), Au-
CuO (M), Au—Fe203 (C), Au—F6203 (M), Au—Ale3 (C), and
Au-Al,O3 (M) electrodes, respectively. The Tafel values are
higher than 118.0 mV/dec for a one-electron process (Fayemi
et al,, 2018). High Tafel value had been attributed to adsorption
of reactants or intermediates on the electrode surface (Ju and
Leech, 2000). Therefore, it can be inferred from this study that
there was adsorption of B-hematin or its intermediate on the
surface of the Au-MO electrodes during electrocatalysis. It was
also observed that the o values obtained were lower than the

value 0.5 for standard reaction mechanism, which indicates that
the reaction may be a neutralization reaction, while a value
<0.5 means the reaction is an ionization reaction (Akira et al.,
1989). Thus, the lower a values obtained in this study suggest
an ionization reaction of the MO and B-hematin. This further
confirms the redox process at the electrodes whereby at one point
or the other, the MO nanoparticles and the analytes changed
from one ionic state to the other with the resultant flow of
electrons. The number of electrons (n) involved for each Au-
MO electrode was calculated to be one (1). This also suggests
that one electron was involved in the reduction of Fe’* at
the center of the analyte (B-hematin) by the MO catalyst on
Au electrode. Thus, the following mechanism is suggested for
the reduction of B-hematin. Assuming the metal ion M"* in
MO nanoparticles are represented as Cu?t, Fe’*, and AI*Y,
respectively, therefore, the proposed mechanism is presented
below using M?* as example:

The interaction of the MO nanoparticles with aqueous
B-hematin results in the formation of MO-f-hematin
adducts (intermediates):

(MO); + Fe’ T PPIX(4q) — [(MO);F Fe’ " PPIX]yqduct

(8)

The adduct undergoes an internal rearrangement leading to
the reduction of Fe’T at the center of f-hematin to Fe** and
oxidation of (MO)?* and (MO)3* simultaneously:

[(MO)F Fe* T PPIX],dduce — (MO)J +Fe? TPPIX +e~

9

Equation 9 represents the one-electron process which is the
rate-determining (slow) step. The catalyst is regenerated by the
reduction process represented in Equation (10) below:

(MO)}: +e” — (MO)F (10)
Stability Studies

The stability of the Au-MO modified electrodes in p-hematin was
confirmed by repetitive cycling of the electrodes in a solution of
B-hematin at a scan rate of 50 mV/s. It was observed that the
current response at Au-CuO (C) electrode increases by 16.63%
after 20 cycles probably due to surface activation (Figure S2A).
The electrode was kept in a refrigerator at —4.0°C after use
in B-hematin for 2 weeks and run again in the analyte, the
current dropped by 14.20% (Inset in Figure S2A). This might
be attributed to fouling (or poison) effect of the catalyst at the
surface of the electrode after many uses. Similar effects have been
noticed and reported for chemically modified electrodes (Ojani
etal., 2005). However, the current drop is insignificant and there
is assurance of the stability and reusability of the electrode with a
reliable result. Other Au-MO electrodes studied showed a drop in
B-hematin current after (20 cycles) (Figures S2B-F). The order
of the current drop is: Au-Al,O3 (M) (7.02%) < Au-Al,O3 (C)
(10.61%) < Au-CuO (M) (15.96%) < Au-Fe;03 (C) (17.37%) <
Au-Fe; O3 (M) (41.37%) (Figure S2).
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In general, except for Au-Fe,O3 (M) with a high current
drop (41.37%), all other developed sensors investigated have
demonstrated good stability in the analyte with minimum
current drop after 20 cycles. The high decrease in current
response observed on Au-Fe;O3; (M) electrode can be
attributed to the poisoning of the electrode surface during
the repetitive cycling due to formation of degradation products
of B-hematin.

Electroanalysis Study

The effect of change in concentration of f-hematin on current
response at Au-MO modified electrodes was studied using square
wave voltammetric (SWV) and chronoamperometric techniques
(Figures S3, S4). The square wave analysis was carried out for

a concentration range of 1.96-9.91 wM. The result showed
that for all the electrodes, current increases with increase in
the concentration of f-hematin, 1.96-9.91 uM in PBS (pH 9.0)
(Figures S3A-F). The plot of current response (I) vs. f-hematin
concentration gave a linear relationship (inset in Figures S4A-F).
From these plots, limit of detection (LoD = 3.3 8/m) and limit of
quantification (LoQ = 10 8/m) where “3” is the relative standard
deviation of the intercept of the y-coordinates from the line of
best fit, and “m” the slope of the same line, were determined
for the electrodes. The LoD values obtained are 0.83, 0.83, 1.08,
0.77, 0.71, and 0.43 ug/mL for Au-CuO (C), Au-CuO (M), Au-
F6203 (C), Au—Fe203 (M), Au—Ale3 (C), and Au—A1203 (M)
electrodes, respectively; while the LoQ values are 2.52, 2.52,
3.02, 2.32, 2.15, and 1.30 pg/mL for Au-CuO (C), Au-CuO (M),
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FIGURE 6 | Interference study of (A) Au-CuO (C), (B) Au-CuO (M) in 1 mM B-Hematin and Different Concentration of Antiserum VI.
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Au-FezO3 (C), Au-FeZO3 (M), Au-A12 03 (C), and Au-A1203 (M)
electrodes, respectively. It was observed that Au-Al,O3 (M) has
the lowest LoD (0.43 pg/mL) and LoQ (1.30 pg/mL).

The LoDs recorded in this work are higher than 2.5 x
107> pg/mL and 4.0 x 107> pg/mL reported for Plasmodium
falciparum histidine-rich protein 2 (PfHRP 2) detection on screen
printed gold electrode (Gikunoo et al., 2014; Aver et al., 2017).
Although the LoD is higher for the present study, the use of
chemical biomarkers such as p-hematin should be encouraged
because they are stable, affordable (cheaper), and easily available
than PfHRP 2.

From the chronoamperometry study (Figure S4) and using
the Cottrell equation (Bard and Faulkner, 2001), the plots of Ip
vs. t~1/2 for different concentrations of p-hematin were linear.

nFAD”2C

(11)
nth

Ip=
where n is the number of electrons involved in the reaction,
F is the Faraday Constant F (96,500 C/mol), and A is the
experimentally determined area of the electrode, C is the bulk
concentration of the p-hematin (mol/cm?), while t is time (s), and
D is the diffusion coefficient (cm?/s). The diffusion coefficient
(D) of B-hematin at the electrode was obtained from the slope
of the curve as: Au-CuO (C) (3.5 x 1072 £ 0.0006 cm?/s), Au-
CuO (M) (1.4 x 1072 + 0.001 cm?/s), Au-Fe;03 (C) (3.3 x
1072 + 0.0004 cm?/s), Au-Fe;O3 (M) (2.4 x 1072 + 0.0005
cm?/s), Au-ALO; (C) (0.5 x 1072 £ 0.0002 cm?/s), and Au-
ALO3 (M) (0.5 x 1072 £ 0.0002 cm?/s). The results obtained
indicate that diffusion of f-hematin was best favored at Au-CuO
(C) electrode and least favored at Au-Al, O3 electrodes (chemical
and microwave synthesized). Also, the Au-MO electrode catalytic
rate constants (k) toward B-hematin reduction were estimated
from the relationship below (Bard and Faulkner, 2001):

L

(12)
Thust

where Iy and Ipug are the currents of analyte and buffer
respectively, C is the analyte bulk concentration, k is the
catalytic rate constant and t is the elapsed time. The result
obtained follows the order: Au-CuO (C) (1.3 M/s), Au-CuO
M) (1.2 M/s), Au-Al,O3 (M) (0.6 M/s), Au-Fe;O3 (M)
(0.5 M/s), Au-Al,O3 (C) (0.5 M/s), and Au-Fe,O3 (C) (0.3
M/s) The results suggest Au-CuO (C) having better catalytic
activity toward the analyte, and that may explain its enhanced
performance toward the detection of hematin as demonstrated in
this study.

Interference Study

Detection of p-hematin on the Au-MO modified electrodes
in the presence of Salmonella typhi VI antisera was carried
out using cyclic voltammetry at a constant concentration
of B-hematin (1.0mM) and varying concentrations of the
antiserum. It is interesting to know that P-hematin and
antiserum VI could be detected simultaneously with well-
defined signal separation of the analytes at their respective
potential. A representative cyclic voltammograms using Au-
CuO modified electrode is presented in Figure 6. On the other

TABLE 2 | B-Hematin and S. typhi antiserum VI signal potentials at Au-MO
modified electrodes and the corresponding signal/peak difference.

Electrodes B-hematin (mV) Antiserum VI (mV) Peak difference (mV)
Au-CuO (C) -910 —-410 500

Au-CuO (M) -900 —400 500
Au-Feo O3 (C) —600 —380 220
Au-Fes O3 (M) —680 —330 350
Au-AloO3 (C) . - Broad peak
Au-AloO3 (M) 565 375 190

TABLE 3A | Recovery analysis of B-hematin in human urine samples (n = 4).

Sample  Amount added (WM)  Amount detected (LM) Recovery (%)
Urine 1 10.00 11.41 £ 219 113.58 + 1.37
Urine 2 10.00 8.98 + 1.83 90.26 + 3.22
Urine 3 10.00 9.27 £1.12 93.21 £7.22
Urine 4 10.00 9.56 + 2.48 95.61 £ 4.50
Urine 5 10.00 10.19 £ 2.10 102.38 + 2.18

TABLE 3B | Concentration of B-hematin (mM) in serum samples.

Mice serum samples infected
with Plasmodium
berghei (n = 4)

Human serum samples
diagnosed with malaria
parasite (n = 4)

Sample Concentration found Concentration found
(mM) (mM)

Serum 1 4.28 £ 0.11 1.20 £ 0.30

Serum 2 3.75 £ 0.21 0.65 + 0.020

Serum 3 3.73+0.24 0.88 +£0.10

Serum 4 4.80 +£0.57 1.15+0.20

Serum 5 3.60 £ 0.33 1.35+0.20

hand, this signal separation was not possible using the bare
Au electrode. This result further confirmed the importance
of chemically modified electrodes in sensor applications as
it enhances the sensitivity and selectivity of bare electrodes.
The respective analytes detected potentials and their signal
separation at Au-MO electrodes are presented in Table 2. Au-
CuO (both chemical and microwave synthesis) gave the highest
current response and the best potential separation (500 mV)
(Table 2). The result, therefore, suggests that the developed
sensors can reliably be used for simultaneous detection of the
malaria parasite and typhoid bacteria in clinical samples without
signal interferences.

ANALYTICAL APPLICATION OF THE
DEVELOPED SENSORS (AU-MO)

Recovery Analysis

Since the Au-CuO (C) modified electrode demonstrated superior
and impressive electrochemical properties in terms of current
response at lower energy with remarkable signal separation of
the analytes without interference, its potential for analytical
application in real life sample matrices was tested. Au-CuO (C)
modified electrode was used for the detection of B-hematin in
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FIGURE 7 | (A) Typical SWV analysis of B-hematin in mice serum sample (B) Calibration curve for B-hematin determination in unspiked human urine sample using
standard addition method (SAM).

urine samples (already screened negative) for malaria parasite  spiking the infected serum samples with standard concentrations
infection. Five (5) urine samples were spiked with 10 M of  of B-hematin, the current response increased with increases in
the p-hematin solution and the spiked samples current response  concentration (Figure 7A) and the current plot vs. concentration
at the Au-CuO (C) electrode was determined using square  was obtained (Figure 7B). From the plot, the concentrations of
wave voltammetry techniques. It is interesting to know that  B-hematin in the unspiked human and animal serum samples
the B-hematin was successfully detected in the spiked urine  were estimated (Table 3B). The concentrations of f-hematin in
samples at around —0.75V (Figure S5B). The procedure was  the five animal sera analyzed were in the range 3.60 £ 0.33 to
repeated four (4) times for each urine sample, while B-hematin ~ 4.80 £ 0.57 mM, while that in human sera were within the range
concentration in the spiked urine samples was determined  of 0.65 £ 0.02 to 1.35 £ 0.20 mM. The concentrations found
by extrapolating the current measured from the regression in the five human sera samples closely resembled one another
equation of B-hematin standard calibration curve (inset of and suggest the consistency and reliability of the developed
Figure S5A). The percentage recovery of the analyte in the sensor to detect the parasite quantitatively in human serum
urine samples was calculated and presented in Table 3A. The  within the allowable threshold. Although the animal parasite was
percentage recovery ranged from 90.26 £ 3.22 to 113.58 &+  detected at much higher concentrations in the sera, the trend also
1.37%, which falls within the recovery range (75-110%) expected  suggests the possible threshold within which the parasite can exist
for a reliable analytical procedure The result therefore further  in animals.

confirms the suitability and reliability of the Au-MO developed Cyclic voltammetry technique was also used to confirm
sensors for detection of B-hematin (malaria biomarker) in real ~ the presence of B-hematin in human serum using Au-
life samples. CuO (C) electrode and the reduction peak was successfully

observed at around —0.82V (inset in Figure S6). Infected
Determination of g-Hematin in Mice and animal serum was also spiked separately with each of S. typhi
Human Serum antiserum VI for simultaneous detection in the presence of

In a similar study, Au-CuO (C) modified electrode was used  the malaria biomarker (8-hematin) (Figure $6). The developed
for detection of B-hematin in the serum of infected mice and  sensor successfully separated p-hematin from the antiserum
human sera diagnosed with malaria parasite using square wave ~ with well-defined signal separation of 250mV (Figure S6).
voltammetry technique. The procedure followed the standard ~ The results also confirmed the potential of the Au-MO
addition method (SAM). B-hematin peak was observed at developed sensors as a device for detection and quantification
around —0.80 V in animal serum and —0.91 V in human serum  of the malaria parasite and typhoid bacteria in human serum
(Figure 7). This peak was absent in animal serum that was not ~ sample with little or no diagnosis confusion of malaria and a
infected with malaria parasite (control serum, Figure 7A). After different antiserum.
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CONCLUSION

This study describes the electron transport and electrocatalytic
properties of both chemically and microwave synthesized metal
oxide nanoparticles (MO) (where M = Cu, Fe, and Al)
deposited on gold electrode toward the detection of malaria
biomarker (B-Hematin) in clinical samples (e.g., blood serum,
urine etc.). The study demonstrated that electrocatalysis of
B-hematin was more favored on Au-electrode modified with
CuO nanoparticles (chemical and microwave synthesized). The
outstanding properties of the Au-CuO electrodes compared
to others include enhanced current response at lower onset
potential for catalysis, high electrochemical stability in the
analytes (resistance to electrode fouling) and good signal
separation between malaria and typhoid biomarkers (i.e., little
or no interference) during detection. Au-CuO (C) gave the best
sensing properties toward the detection of B-hematin in urine
and blood serum. The sensor showed well-defined peaks of p-
hematin and S. typhi antiserum VI in the clinical samples and
was able to detect both analytes simultaneously with a potential
separation of 250 mV in serum.
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