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Carbon-based materials continue to pique the interest of many scientists due to their desirable characteristics
such as large surface area, high electrical conductivity, and stability. This study aimed to describe the use of local
coconut shell-based activated carbon (AC) to produce carbon paste electrodes used in the development of glucose
biosensor. Subsequently, the performance of the carbon paste electrode was enhanced by using NiFe204 nano-
particles (NiFe-nps) to improve the electron transfer and redox potential behavior. The results showed that the
best carbon paste electrode contains an activated carbon-paraffin oil ratio of 2:0.75b/b, with 8% of NiFe-nps
added to the activated carbon. The detection of hydrogen peroxide using an AC-NiFez04/CPE electrode
showed an oxidation peak at 0.35 V and reduction peak at —0.5 V, with the optimum operational condition using
100 mM phosphate buffer and optimum pH of 7.5. The glucose oxidase enzyme (GOx) was immobilized on the
AC-NiFez04/CPE electrode for glucose determination, and the modified GOx-AC- NiFez04/CPE showed a linear
response to detect glucose in both the oxidation (0.12 V) and reduction (-0.4 V) peaks. This analysis was con-
ducted using cyclic voltammetry under optimal conditions. The fabricated glucose biosensor did not reveal any
significant difference in detecting glucose in blood samples when compared to the standard method used in the

hospital.

1. Introduction

Diabetes mellitus has recently emerged as the most studied and lethal
degenerative disease. According to WHO, approximately 43% of the 3.7
million deaths caused by diabetes mellitus occur before the age of 70
years, with the percentage of these deaths being higher in developing
countries [1]. According to the Intermnational Diabetes Federation (IDF),
the global prevalence of diabetes mellitus was 424.9 million people in
2017 and is expected to reach 628.6 million in 2045 [2|. Furthermore,
diabetes mellitus was one of the top four comorbid diseases among
Covid-19 patients in Indonesia, in 2020. The percentages of COVID-19
patients who were infected with the disease and those who died from
it were 34.5% and 11.6%, respectively [3].

Early detection of blood glucose is one of the most essential measure
for reducing diabetes mellitus, and the detection is best achieved using
biosensors [4]. The biosensor is an analytical method that combines the
biologically active compound with a transducer to convert biological
interactions into readable signals [5]. Glucose biosensors mostly utilize
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the enzyme of glucose oxidase as biological sensing and coupling with
electrochemical detection. Biosensors are still worth developing because
they offer several advantages such as being easy to prepare in a small
portable system, being relatively inexpensive, having high sensitivity
and selectivity and allowing real-time measurements [6].

Biosensors are typically developed to increase their sensitivity,
selectivity, stability and effectiveness, as well as reduce their production
costs. The performance improvement strategies could be done in the
biological sensing elements (enzymes, antibodies, cells), supporting
materials for sensing immobilization or developing new detectors.
Alternatively, several new materials, such as carbon nanoparticles [7],
gold nanoparticles [ 2] and nickel nanoparticles [9] have been claimed to
improve the performance of biosensors that use electrochemical
detection,.

Carbon-based modified materials have recently received attention
due to their numerous benefits such as large specific surface area, good
electrical conductivity, and stability. Furthermore, some of the carbon
materials that have been explored included nanotubes [7], graphene

2211-7156/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0,).




A. Fatoni et al.

[10], mesoporous [11], carbon black [12] and activated carbon [13].
Preliminary study shows that the activated carbon gotten from local
coconut shells has a high porosity, surface area, and high electronic
conductivity, making it promise to be applied in various technological
innovation.

This study examined the design of a glucose biosensor using acti-
vated carbon as a base material, which is derived from coconut shells.
The aim was to use the activated carbon to produce a carbon paste
incorporated with NiFes04 nanoparticles. There have also been a few
reports of the use of activated carbon from local coconut shells, specif-
ically for biosensor applications.

2. Experimental
2.1. Materials

Activated carbon was prepared from local coconut shell, glucose
oxidase from Aspergillus niger (type II, == 15,000 U/g solid, Sigma)
NiCla.6Hz O (Merck, Germany), FeCls-6H20 (Merck, Germany), glutar-
aldehyde 25% (Sigma), albumin from bovine serum (BSA) (Sigma),
glucose anhydrous (>98.0%) (Sigma), hydrogen peroxide 30% (Merck,
Germany), sodium hydroxide (Merck, Germany), disodium hydrogen
phosphate (Merck, Germany) and sodium dihydrogen phosphate
(Merck, Germany).

2.2, Apparatus and measurements

The morphology of carbon paste electrodes was examined using
Scanning Electron Microscopy (SEM) (JSM-6510 LA, JEOL, Japan),
operating at 15 kV. A three-electrode system was used for electro-
chemical analysis, along with an Ag/AgCl (3 M KCl) reference electrode
(Metrohm, Switzerland) consist of 3 MKCL, a carbon paste electrode as a
working electrode, and a stainless-steel rod as a counter electrode.
Furthermore, a potentiostat was used to conduct the electrochemical
measurements (Rodeostat, [ORodeo Smart Lab Technology, US).

2.3, Coconut shell activated carbon preparation

The carbonization process was used to create activated carbon (AC),
which involved burning coconut shells at 300 “C for an hour in an
oxygen-depleted environment to remove the organic elements found in
the shells. Consequently, this loss of organic molecules led to the for-
mation of carbon pores and the physical activation of the carbon from
charred coconut shells. The severance of carbon chains from organic
molecules was enabled by intense heat and water vapor, which was used
to remove impurities and impure hydrocarbons from the activated car-
bon during the physical activation process. The resulting carbon was
heated to a temperature of 800-900 °C after the water vapor streaming.
Usually, carbon monoxide, carbon dioxide, and hydrogen are produced
when water vapor reacts with carbon. Lastly, the activated carbon was
pulverized using a mill shaker for 100 min to obtain micrometer-sized

particles.
2.4. NiFe204 nanoparticles (NiFe-nps) preparation

The coprecipitation method [14] was used to synthesize NiFe-nps
with NiCly-6H,0 and FeCly-6H0 as ion provider Ni 2" and Fe **. The
mole fraction ratio used was 1:2, by dissolving 1.188 g of NiCl2.6H20 in
20 mL distilled water and 2,701 g of FeCly.6H,0 in 20 mL of distilled
water in a separate glass beaker. The two solutions were then homo-
geneously mixed, and NaOH precipitation agent was then dropped into
the mixture of Ni and Fe while stirring (1000 rpm) at 85 °C for 60 min.
The resulting nanoparticles were then precipitated continued by
washing distilled water for approximately 7 times of 50 mL. The
retrieved precipitated nanoparticles were dried at 90 °C and the brown
nanoparticles powder was then used for further procedures.
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2.5. Carbon paste electrode manufacture

The carbon paste electrodes (CPE) were made by mixing AC and
paraffin oil 5:4 w/w ratio [15]. Subsequently, the mixture was homog-
enized with a mortar and pestle for 30 min, and the resulting composite
was placed in a 5 mm inner diameter polylactic acid (PLA) tube. The PLA
tube was then added with a 5 mm graphite rod as a connector, and the
lower side of the electrode was polished with HVS paper until a flat and
shiny surface was observed, which indicated that the electrode of carbon
paste electrode from activated carbon (AC/CPE) was ready for use. The
5 mm diameter of carbon paste electrode gives the active surface area of
the electrode of 19.63 ecm™

2.6. Electrode testing on hydrogen peroxide

This test was conducted to determine the sensitivity of the carbon
paste electrode to detect hydrogen peroxide without any modification.
The electrochemical method used was cyclic voltammetry to easily
observe the oxidation and reduction peaks of hydrogen peroxide. The
hydrogen peroxide solution was prepared in 50 mM phosphate buffer
with pH of 7.0 and concentrations of 2,4,6,8 and 10 mM.

2.7. Carbon paste electrode composite optimization

The composition of the carbon paste electrode was optimized by
adding NiFe-nps to improve the electrical conductivity. This optimiza-
tion was carried out in the same way as the manufacture of electrode
paste, with the addition of nanoparticles at various concentrations of 2,
4, 8, and 10% wy/w. The AC was mixed with NiFe-nps at a certain ratio
and homogenized using mortar and pestle for about 30 min. The ho-
mogenous mixture was then added paraffin oil with the best ratio pre-
viously optimized and molded in the electrode cover to get the carbon
paste electrode contains activated carbon and NiFes04 nanoparticles
(AC-NiFes04/CPE). The modified electrodes along with various nano-
particle compositions were then tested with hydrogen peroxide and
compared to carbon paste without NiFe-nps.

2.8. Modified electrode detection test on hydrogen peroxide

This test was conducted to determine the sensitivity of the modified
electrode tested to hydrogen peroxide. Consequently, the Cyclic Vol
tammetry (CV) method was employed, and the test solution was
hydrogen peroxide in 50 mM phosphate buffer pH 7. The hydrogen
peroxide concentration used was 0-10 mM.

2.9. Optimization of the cyclic voltammetry method

Cyclic voltammetry optimization was conducted to determine the
optimal condition of the electrochemical cell with a scan rate. Deter-
mination of the optimal condition of the electrolyte solution was carried
out with the concentration of 5 mM H203 solution in phosphate buffer
pH of 7. The scan rate used was 0.05 to 0.2 V/s to see the optimum
oxidation-reduction potential current. Then measurements were made
using the CV method with the potential used between 1 to —1 Volt, every
3 repetitions.

2.10. Buffer pH and concentration optimization

This test was conducted to determine the optimal conditions for
electrochemical cells with varying buffer pH and concentration. The
modified electrode was used to measure the hydrogen peroxide using CV
with various buffer pH (6.0 — 8.0) and concentration (25 - 200 mM).
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2.12. Testing of modified electrodes with GOx enzyme at various glucose
concentrations

This test was conducted to determine the sensitivity of the modified
electrode containing the glucose oxidase (GOx) enzyme after an elec-
trochemical test on a glucose standard solution. The GOx was immobi-
lization on the AC-NiFe,0,/CPE was performed according to the
previousstudy [16]. In brief, 25 pL glucose oxidase enzyme (5 U/ul) was
mixed with 7.5 pL (5 mg/250 pL) of bovine serum albumin (BSA) in
phosphate buffer and 10 pL of 2.5% glutaraldehyde. The mixture was
then dropped onto the surface of the activated carbon electrode and
allowed to dry at room temperature. The excess of glucose oxidase
enzyme was rinsed with phosphate buffer and the resulting the immo-
bilized glucose oxidase on the carbon paste electrode of activated carbon
and NiFe,04 nanoparticles (GOx- AC-NiFe,0,/CPE) was kept at the
refrigerator at 4 "C for later use. Glucose solution with concentrations
ranging from 1 to 10 mM was tested. The linearity, limit of detection and
limit of quantification were further calculated from the responses of the
glucose standard solution.

2.13. Glucose determination in blood samples

Blood plasma as real samples were collected from the Wijayakusuma
hospital, Purwokerto, Indonesia. Before blood analysis, a standard curve
of glucose solution was prepared. The blood plasma samples were then
dissolved five times in 50 mM phosphate buffer pH 7.0 to reduce the
possibility of matrix effect. The plasma samples were then analyzed
using the optimal GOx-AC-NiFez04/CPE condition, and the oxidation
peak of 0.12 V was used to determine the glucose concentration. The
results of glucose determination of plasma samples using the modified
electrode were statistically compared to the results of the hospital's
standard spectrophotometric method using Wilcoxon Signed-Rank test.

3. Results and discussion
3.1. NiFez04 nanoparticles preparation

The co-precipitation method was used in this study to synthesize
NiFe-nps, with FeCly, FeCly as precursors and NaOH as precipitation
agent [17]. The NiFe,0,4 nanoparticles should be formed in the alkaline
condition [18], therefore, NaOH was added dropwise until the pH
reached 11. The resulting NiFe,0,4 nanoparticles were brown powder.
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3.2, Carbon paste electrode preparation

The carbon paste electrode (AC/CPE) was created by mixing AC
(Fig. 1a) with paraftin oil. The AC was molded into a paste using paraffin
oil as an adhesive. The greater amount of paraffin oil used, the softer the
carbon paste and the lower the electrical conductivity. However, the
lower of paraffin oil ratio, the greater the electrical conductivity pro-
duced, but the more difficult it would be obtaining the paste. Therefore,
the formation of carbon paste formation requires accurate proportion to
get the best carbon paste. The ratio of AC and paraffin oil used were
2:1.5, 2:1, and 2: 0.75. The best condition was a ratio of 2:0.75 (b/b),
whereas the lower ratio was too dry and difficult to make the paste. The
carbon paste electrode was prepared using an insulator with a diameter
of 10 mm, with a hole of 5 mm for the electrode, and the thickness of the
carbon paste of 2 mm. The connector used is graphite with a diameter of
5 mm (Fig. 1b). The carbon active used in this research was local co-
conut shell carbon active with special treatment of customized milling
process. The carbon active showed a structure showed a phase trans-
formation from cubic to the rhombohedral crystal structure. The acti-
vated carbon was also showed large specific surface area and improve
microwave absorption [19].

3.3. Modification of AC-NiFe;0,/CPE

The glucose biosensor based on the use of glucose oxidase enzyme
with electrochemical detection principle according to the reaction
below [7]. Therefore, the study for developing glucose biosensor
modification could be performed by easily direct detection of the
hydrogen peroxide in the buffer solution. The hydrogen peroxide could
be electrochemically detected using the oxidation or reduction [20]
peaks using cyclic voltammetry method.

Cilucose axxlase

Glucose + 0; ———————— H05 + gluconic acid

electrade

H,0, — 2H" +0,42e”

The electrochemical detection used three electrode system of Ag/
AgCl (3 M KCl) reference electrode, a counter electrode and fabricated
carbon paste as working electrode. The carbon paste used activated
carbon as main building material and NiFe-nps as conductivity
enhancer. The nanoparticles used in this study were added to the carbon
paste to increase its conductivity. The nanoparticles added were NiFe-
nps at concentration of 2,4,6,8 and 10% w/w. The results showed that
NiFe-nps of 2 to 8% had a significant increase in conductivity

Carbon Paste

Insulatar

Graphite connector

Fig. 1. The morphology of activated carbon from coconut shell (AC) was observed using a scanning electron microscope (a). The design of carbon paste electrode for
glucose biosensor using an insulator from polylactic acid (PLA) printed using a 3D printer and a graphite rod as a connector (b).
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significantly, while higher concentration did not (Fig. 2).

The morphology of the carbon paste and carbon paste electrodes
containing NiFe-nps was observed using an electron microscope. There
was not much difference between carbon paste and carbon paste with
NiFe-nps. This could be due to the small proportion of addition of
nanoparticles, only about 10% and because both, activated carbon and
NiFe-nps, were conductive materials with varying sizes (Fig. 3).

The modified AC/CPE electrode with and without NiFe-nps were
determine the electrochemical properties using hydrogen peroxide. The
AC-NiFez04/CPE electrode showed a higher oxidation peak with a
higher background current compared to the activated carbon paste
electrode without NiFe-nps (Fig. 4). Therefore, the nickel ferrite nano-
particles were improved the electron transfer rate of the modified
electrode.

3.4. Modified electrode for hydrogen peroxide determination

The carbon paste electrodes were tested for performance in various
comparisons using hydrogen peroxide at a concentration of 1 mMina5
mM phosphate buffer solvent with a pH of 7.0. The applied potential
mention in the electrochemical method used was versus Ag/AgCl (3 M
KCl) reference electrode.

The test was carried out using a cyclic voltammetry method with a
potential range of —1 to 2 V, scan rate of 0.1 V/s and three-times
scanning. The carbon paste electrode showed an increasing oxidation
peak with increasing of hydrogen peroxide concentration (Fig. 5). The
oxidation peak was observed at about 0.35 V and the reduction peak
decreased by about —0.5 V.

3.5. Buffer optimization

The buffer pH and concentration were optimized to achieve the best
conditions for the determination of hydrogen peroxide. The pH of the
solution affects the behavior of electroactive compounds on the oxida-
tion and reduction reactions in electrochemical systems. In this study, a
variation of pH 6 to 8. The 6 to 8 range has been selected for further
application of the modified electrode using glucose oxidase enzyme.
Buffer pH of highly acidic or alkaline could destroy the enzyme struc-
ture, thus resulting in a low response of glucose oxidase. The results
showed that pH 7.5 had the highest change in oxidation peak change
compared to other pH values, while measuring the oxidation of
hydrogen peroxide at a concentration of 5 mM (Fig. 6a). The concen-
trations of the phosphate buffer have been reported to affect the

540

Odixation peak (pA)
F - F - w w w
8 8 8 5 8

s
3
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electrochemical determination of hydrogen peroxide. The mechanism
could be occur through the phosphate-mediated binding site or the
phosphate free precursor site [21]. In this study, 25 to 200 mM was used.
The results further showed that an increase in buffer concentration from
25 to 100 mM indicating an increase in the difference in oxidation peak
currents of hydrogen peroxide. However, the higher buffer concentra-
tions did not result in an increase in the oxidation peak (Fig. 6b). For
further study, the 100 mM of buffer concentration was used, since the
responses was higher than 25 and 50 mM. The selection of low buffer
concentration of 100 mM instead of 150 mM and 200 mM was also due
the following reason (1) to eliminate the possible interference of buffer
capacity in electroanalysis and (2) to reduce the use of relatively
expensive buffer as electrolyte [22].

3.6. Glucose measurement

Glucose oxidase (GOx) has been immobilized on the AC-NiFes04/
CPE electrode using glutaraldehyde as a crosslinker and bovine serum
albumin as a stabilizing agent. The use of albumin and glutaraldehyde
has been previously reported to offer excellent maintenance the glucose
oxidase immobilization in the glucose biosensor [7]. The glucose stan-
dard solution was measured using cyclic voltammetry under previously
obtained optimal conditions.

Fig. 7A shows the cyclic voltammogram of the modified electrode
used to detect standard glucose solution ranging from 2 to 10 mM. Both
oxidation and reduction peaks increase with the addition of glucose
concentration. Furthermore, the oxidation peak at 0.12 V had the
highest sensitivity with a slope of 32.01x (Fig. 7B) compared to reduc-
tion peaks at —0.35V and —0.4 V (Fig. 7C-D). However, reduction peaks
are preferable in glucose biosensors development to avoid the common
interference that appear at the oxidation potential, such as 4-acetamin-
ophen at 0.6 V [23], ascorbic acid at 0.4 V and uric acid at 0.5 V against
Ag/AgCl (3 M KCl) reference electrode [10].

The reduction peaks were then analyzed at —0.35 V and 0.4 V to get
the best equation needed to determine glucose. The reduction potential
of —0.35 V was chosen for potential a lower reduction potential close to
zero volts to avoid the possible electroactive interferences. The presence
of NiFes04 nanoparticles in the carbon paste electrode improves the
electrocatalytic performance of the modified working electrode. The
nanoparticles and activated carbon of the carbon paste electrode pro-
vided a large number of molecules for electron transfer of hydrogen
peroxide detection with a redox potential close to zero, which is similar
to the previously reports on metallized carbon [24] to avoid the

530
450
2 4 6 8 10

Nickel ferrit nanoparticles added (% b/b)

Fig. 2. Effect of the NiFe;04 nanoparticles addition on the AC-NiFe;0,/CPE performance.
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Fig. 3. Scanning electron microscope image of carbon paste electrode (A) and Carbon paste with NiFe-nps modified electrode (B).
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Fig. 4. AC/CPE modified electrode with NiFe-nps for hydrogen peroxide
determination (a) and without the addition of NiFe-nps (b). The baseline
without hydrogen peroxide was shown in ¢ and d voltammogram respectively.

unwanted electrochemical reactions of common interfering substances.
Additionally, the reduction potential at —0.4 V was also analyzed
because the CV voltammogram showed that the larger peak increased
with an increase in the reduction potential. Thereafter, the reduction
peaks changes at —0.4 V with increasing glucose concentration showed
better sensitivity and coefficient of determinant with the regression
equation of y = -21.11x — 259.46 and coefficient of determination of R*
= 0.9905. The calculated limit of detection and limit of quantification
were 1.1 mM and 3.7 mM respectively. Table 1 compares the fabricated
glucose biosensor to previously reported carbon paste electrode / acti-
vated carbon-based amperometry glucose biosensor. Most of modified
electrode with activated carbon or carbon paste electrodes had rela-
tively high applied potentials of about 0.4-0.55 V, while this study had a

Current Density (pA/cm?)
e oM
w B & B B

=]

low applied potential of 0.12 V or negative applied potential of —0.35 to
—0.4 V. The low applied potential in the amperometric glucose
biosensor has a great advantage of avoiding the common electroactive
interferences such as uric acid and ascorbic acid.

3.6. Glucose measurement in blood samples

The fabricated glucose biosensor using GOx-AC-NiFe,0,/CPE elec-
trode was validated for glucose determination in blood samples. Sub-
sequently, six blood plasma samples were collected from local hospital
laboratory. The results showed the comparison of the glucose concen-
tration of blood plasma samples obtained using fabricated glucose
biosensor with the standard (spectrophotometric) method using a re-
agent based on glucose oxidase and peroxidase [30,31] performed in the
hospital laboratory (Table 2). The Wilcoxon Signed-Rank test also
revealed that there was no significant difference between the fabricated
glucose biosensor and the standard method (P = 0.05). The blood
glucose measurement was another important analytical performance
which showed the reliability of the fabricated glucose biosensor. The
composition of the activated carbon and nanoparticles used could be
applied in the electrode fabrication in both solid electrode and screen-
printed electrode in the future application of glucose biosensor.

4. Conclusion

The carbon paste electrode for the electrochemical glucose biosensor
was made of composite AC and NiFe-nps. The optimal condition ob-
tained were the AC — paraffin oil ratio of 2:0.75 and the addition of NiFe-
nps of 8% w/w. The buffer phosphate used was optimum at a pH of 7.5
and a concentration of 100 mM. The modified electrode also detected
was a success to detect standard glucose with a linear response at 2 mM
to 10 mM. Furthermore, the fabricated glucose biosensor also produced

s

¥ = 2,5008x + 19,807
R*=0,9312

3
K0, (mMm)

Fig. 5. Cyclic voltammogram of carbon paste electrodes in various concentrations of hydrogen peroxide (1-5 mM) in phosphate buffer (A). The linearity of
increasing oxidation peak with the hydrogen peroxide concentration at 0.35 V vs Ag/AgCl (3 M KCI) (B).
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Fig. 7. Glucose determination using GOx-AC-NiFez0,4/CPE electrode showed increasing oxidation and reduction peaks by cyclic voltammetry (A). The recorded
potential of the oxidation and reduction peaks marked with black arrow. The increasing peaks with the glucose concentration showed at 0.12 V for oxidation
(primary y axis), —0.35 V and —0.4 V vs Ag/AgCl (3 M KCI) for reduction potential (secondary y axis) (B).

Table 1
Comparison of activated carbon / carbon paste electrode for amperometry
glucose biosensor.

Table 2
Blood glucose concentration obtained by fabricated biosensor and standard
spectrophotometric method performed in the hospital laboratory.

Electrode structure Linear range Applied potential Reference
GOx-PINPs-PAA- 20 pM-2.3 mM 0.2V 25]
aSPCEs

GOx/MCPE 0.5 pM-10 puM 0.4V 26]
AuNi@AC 0.41 pM-1.7 0.55 V 27]

mM
Ni-Pd@AC/GCE NCs 0.01 mM-1 mM 0.5V [28]
NiO-HAC/GCE 10 pM-. mM 0.55 V [29]
FMPS-Gly 0.5mM - 10 0.5V 16]

mM
GOx-AC-NiFe,0,/ 2-10 mM 012V, —0.35 V and This work

CFE 04V

GOx, glucose oxidase; PINPs, platinum nanoparticles; PAA, poly azure a; MCPE,
modified carbon paste electrode; AuNi, Au-Ni alloy; AC, activated carbon; Ni,
nickel; Pd, palladium; GCE, glassy carbon electrode; NCs, nanocomposites; HAC,
heteroatom-enriched activated carbon; FMPS, 4-formyl-3-methoxyphenoxy-
methyl)polystyrene; gly, glycine: Gr, graphite.

similar responses in the detection of glucose in blood sample when
compared to the standard method used in the hospital. The highlight
finding in this research was the use of local activated carbon with special
treatment for glucose biosensor application with showed a good
analytical performance with a low-cost material.
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