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ABSTRACT

Chitosan nanoparticles (CS-NPs) have been widely used as sensor manufacturing materials, but until now the
development of chitosan sensors using zinc oxide nanoparticles (ZnO-NPs) has not been carried out. This study aims
to prepare several working electrodes based on chitosan nanoparticles on copper screen-printed electrode substrate
(Cu-SPE) as a thin-film sensor (CS-ZnO) for formaldehyde detection. The sensitivity, selectivity, and
responsiveness of each prepared working electrode were measured using the cyclic voltammetry (CV) method. The
best results for making working electrode (WE) for CS were obtained at 1.5% w/v concentration and the best CS-
ZnO mixture at 0.2% ZnO w/v addition. The CS-ZnO based sensor provided satisfying results. This can be
evidenced by the ability of sensors are able to detect analytes at the lowest concentration, including LoD = 0.18
nM/L, LoQ = 0.59 nM/L, sensitivity 1.54x10 pA/uM, and linear range 1-100x10° uM/L with the correlation
coefficient at r> = 0.96 for n = 5. Due to the obtained result of the chitosan-based sensor, especially CS-ZnO, this
material can be categorized as a sensitive electrochemical sensor for formaldehyde detection purposes, and this
sensor material has some advantages for further development, i.e. economics and efficiency.
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INTRODUCTION
Formaldehyde (HCHO) is intentionally added to various types of food products to prolong shelf life.
Many studies about qualitative and quantitative to study formaldehyde have been conducted, especially
for quantitative analysis, the study focus on using the HPLC, spectrophotometry, polarography and ion
chromatography, gas chromatography (GC), fluorimetry, and mass spectrometer (MS)">*, These methods
are efficient due to expensive, complicated method, requires special handling, requires sample
maintenance and takes a long time in the inspection process*. Within the technological development, an
economical and environmentally technique has been developed, this technique based on the (bio) sensor
application. The examination of formaldehyde for all previously developed sensors mostly done in liquid
and gas form. The use of biopolymer as the sensor for detecting formaldehyde has been conducted using
chitosan, with the presence of formaldehyde dehydrogenase, this sensor using gold as the electrode and
resulted LoD of 3.1°, and when it applied for detecting formaldehyde in seafood matrices, it has LoD of
5-16.8 ppm with 99% of linearity®. The other chitosan-based sensor also showed a satisfying result, i.e.
PEI-chitosan electrodes’, AgPd chitosan-ionic liquid (AgPd/Ch-IL) nanoparticle alloys®. But that sensor
above can be considered as not economics, the exploration of new chitosan-based sensor is still needed.
The use of zinc oxide nanoparticles (ZnO-NPs) can be used as an alternative material to combine with
chitosan. This is due to the several studies that have been conducted by using zinc oxide (ZnO) itself or
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composited with other inorganic materials as electrodes®!®!!. The objective of this study was to prepare
chitosan sensor-based that consisted of chitosan nanoparticle (CS-NPs), and chitosan-ZnO nanoparticle,
the ability of chitosan-based sensor was determined using cyclic voltammetry method. Chitosan is a good
semiconductor electrochemical as a thin-film matrix that able to increase high conductivity, whereas zinc
oxide (ZnO) nanoparticles have been declared as appropriate semiconductors used as a sensor because it
has a unique advantage with high specific surface area, low toxicity, electrochemical activity, and high
conductivity. The addition of ZnO to the chitosan matrix is assumed can increase the thermal stability and
sensitivity of a thin-film sensor.

EXPERIMENTAL
Materials
Chitosan (medium molecular weight) nanoparticle, and zinc oxide nanoparticle (~ 99%), were purchased
from Sigma Aldrich. Acetic Acid (10%), formaldehyde (37%), and copper substrates were provided from
Merck.

Making of copper electrode substrate (Cu-SPE)

Cupper substrate (Cu) was printed on the circuit board (3x1x0.1 ¢cm®) with copper screen-printed
electrode (SPE) coating process'?. The sensor matrix was printed using a coating method on the surface of
the sensing area on PCB substrate, and using a coating method on the surface of PCB was shown in Fig.-1
below:

10 mm
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’ EI electric——%
B current

Area coat v._uth
Sensor 4 asmm adhesive
PCB L —5mm | g )
ensing
(Printed Circuit Board) Copper Electrode pek
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Fig.-1: Coating method on the surface of PCB
Preparation of Chitosan Nanoparticle (CS-NPs)
Chitosan nanoparticles (1.0% and 1.5% w/v) were prepared in 150 mL of acetic acid 2.0%. The pH of the
solution was adjusted to 4.5'%. The dissolution process was carried out using a magnetic stirrer until the
homogenous solution was obtained.

Preparation of Zinc Oxide Nanoparticle (ZnO-NPs)

Zinc oxide nanoparticles (0.1, 0.2, and 0.3% w/v) were prepared in 25 mL of acetic acid 2.0%. The
dissolution process was also carried out using a magnetic stirrer at room temperature until the
homogenous solution was obtained.

Mixing of Chitosan-Zinc Oxide Nanoparticle (CS-ZnO NPs)

Thin-film matrices that have been prepared previously then carried out the mixing process according to
variations in concentration chitosan 1.5% w/v was mixed with ZnO according to each concentration of
0.1%, 0.2%, and 0.3% w/v. The dissolution process was carried out using a magnetic stirrer with 100-300
rpm rotation speed for 12 hours at room temperature until the solution was mixed homogeneously.

Making of Phosphate Buffer Solution (PBS pH 7.0) and Formaldehyde

The solution of phosphate buffer (PBS) 0.1 M was prepared by mixing 2.89 mL Na,HPO, and 2.12 mL
NaH;PO4 and diluted with distillate water in a 50 mL volumetric flask. The pH of the solution was
adjusted using sodium hydroxide and phosphoric acid (H;PO4) solution'*!, Formaldehyde solution (0.01,
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0.05, 0.1, 0.5, and 1.0% v/v) was prepared from concentrated formaldehyde and diluted using the as-
prepared PBS solution.

Electrochemical sensing Cyclic Voltammetry of CS-NPs, and CS-ZnO NPs

The sensor area on Cu-SPE used has a diameter of 5 mm, in that area, several chitosan-based matrices
were printed by placing 15 pl of chitosan mixture solution, then heating on the hot plate until a thin film
layer was obtained on the sensor area. The obtained chitosan-based sensor was then evaluated using
cyclic voltammetry to see the sensitivity of the electrode as a sensor. The measurement was carried out
using the as-prepared formaldehyde solution. The cyclic voltammetry system has three electrodes
consisting of a working electrode (WE), reference electrode (RE), and counter electrode (CE)'®.

RESULTS AND DISCUSSION

Electrochemical methods of cyclic voltammetry

The electric potential measurement using cyclic voltammetry involves reduction and oxidation
potential'"'®, The detection of formaldehyde (formalin/HCHO)'' using cyclic voltammetry method in
analyte solution involved three components of electrode cell, including working electrodes (WE) in this
study was copper electrodes, the working electrode was chitosan-based matrices that coated on copper’s
surfaces'>?. The working electrodes (WE) are a place where the oxidation reaction occurs, reduction of
analytes, and these reactions are very dependent on the resulting potential value. Meanwhile, the counter
electrode (CE) in form of platinum (Pt) has a function to flow current during the electrolysis process. The
reference electrode (RE) in form of a saturated calomel electrode (SCE) containing Hg>Cl, in a saturated
solution of KCl, as shown in Fig.-2 (a) an electrode whose potential value is known and always stable
with time. Half of the reversible reactions occur on saturated calomel electrode (SCE) that the redox
(reduction/oxidation) reversible reactions as below:

s H, + %2 HgoCl, (s) €> HY + CI' + Hg (E=0.241 Volt)
Hg,Cl + 2¢” €= 2Hg () + 2CI (Anode: Efg_cp_/ug cim = +0.27 Volt)
VH, €«> H +¢ (Cathode)
electrical lead (A) (B)

Saturated calomel electrode

paste of Hg, T Ccu eleCﬁodeﬁ Pt wire
Hg,Cl; and + (g 75

saturated KC1 WE i

smallliltovl‘;u:r q——)
asbestos fiber
saturated KCI1
ceramic frit:D
Fig.-2: Cyclic Voltammetry Process (A) Detail of Saturated Calomel Electrode, (B) Instrument of Cyclic
Voltammetry

The working principle of cyclic voltammetry is shown in Fig.-2, the electric potential controlled by
potensiostat is flowing into the working electrode (CS and CS-ZnO) and comparative electrode (SCE).
The measurement was started by determining the electric field direction based on the electric potential
value in the range of -1000 until +1000 mV. The electrolyte solution is oxidized and continued by
reduction, and conversely.?!"?*
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Copper Electrochemistry in Phosphate Buffer Solution
Working electrode (WE) analysis was performed to evaluate the reactivity of copper electrodes in 0.1 M
phosphate buffer solution (PBS)**%. A copper electrode that reactive in PBS was used as subtractions in
the coating of other working electrode matrices. The use of phosphate buffer and proper pH in the
electrolysis process can increase electricity production on the performance of copper electrodes. Anode
potential (oxidation) in buffer solution can help to minimize the changes of pH. Meanwhile, the cathode
potential (reduction) in the buffer solution can be maintained, as the impact on the pH of the solution will
still stable®. The product of the oxidation and reduction of hydrogen phosphate anion (HPO4*) and
dihydrogen phosphate (H,PO4) can be seen in the reaction below:
HPO?~ + OH™ <==> (P0O}7)” + H,0
2(P0OZ7)” <==> P,04"
(H,PO4)” + OH™ <==> H3POs
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Fig.-3. Oxidation and Reduction Curves of Voltammetry Cell (A) Oxidation, (B) Reduction, (C) Standard Potential
Copper (Cu) Scan Rate 100 mV/s
The potential standard of copper had been evaluated in PBS electrolyte solution to determine the potential
value of cathode/anode peak (Ep) and value of cathode peak or anode peak current (Ip). Measurements
had been made in the potential range of -1,000 mV to 1,000 mV. The measurement results were shown in
Table-1 below:
Table-1: Electric potential and peak currents of copper electrodes in PBS

v(mV/s) | Epa(mV) | Epc(mV) | Ip.(mA) | Ipc (mA) Ipc/Ipa E° (mV) AE, (mV)

100 -15.034 -366.82 0.091 -0.311 -3.418 -190.927 351.786

Figure-3(A) and (B) shows the oxidation and reduction on copper electrodes. The anodic peak indicated
the occurrence of oxidation which was followed by the electron release during the process. This electron
from the anodic process will be entrapped during the reduction at the cathode, the obtained peak is known
as cathodic peak®’. The current value of cathodic and anodic peak obtained from Fig.-3 (C), at a scan rate
of 100 mV/s was -0.311 mA and 0.091 mA, respectively. Meanwhile, the highest potential value was
produced by oxidation reaction at cathodic potential (Epc = -366.82 mV) and the lowest value at anodic
potential was -15,034 mV. Based on the cathodic peak value, it can be concluded as a good result due to
the good reactivity, selectivity, and sensitivity of copper electrodes.

Electrochemical Potential Properties of Chitosan Thin Film

Chitosan (CS) is known as an amine-rich polymer and has an excellent ability to form thin films. A thin-
film of hydrated and dissolved chitosan in a salt solution can increase the conductivity’®*. The
electrochemical potential measurement of chitosan using cyclic voltammetry in this study was carried out
in a phosphate salt solution. Electrochemical potential measurements were performed to two
concentration variations of chitosan. The results of the chitosan electrochemical voltammogram were
shown in Fig.-4 below.

2533
SENSITIVE ELECTROCHEMICAL SENSOR Saisa et al.



RASAYAN J. Chem.
Vol. 13 | No. 4 |2530-2537| October - December | 2020

08

e (S 1%
—CS 1.5%

(A) (B) t=1985s  t=39.82s

1000

0.6

=2
-
1
wn
=
=3
L

=]
o
1

Current (mA)
=
!

Potensial (mV)

=2
=]
L

=500 4

02

Ip.=-0.137 mA

p.=-0371 mA ——C3 1%

—C8 1.5%

b

044

-1000 1 T T T

T T T T T
1000 0 20 40 60 80

-1000 500 0 500
E/mV vs SCE Time (s)

Fig.-4: Cyclic Voltammetry CS in PBS (A) Result Potential Cell Voltammetry CS 1% and 1.5% w/v, (B) Influence
of Time on Potential Variations in CS Concentrations of 1% and 1.5% w/v.

Figure-4(A) shows the highest electric current of cathodic/anodic peak was showed at the chitosan
concentration of 1.5% w/v. The difference in this concentration affects the time needed for analyzing, the
highest the concentration of chitosan the time needed for performing analysis become faster. As shown in
Fig.-4 (B), the analysis time for chitosan with 1.5% w/v of concentration only need 19.85 s (40 min), but
for 1.0% w/v of chitosan needs more time, that was 39.82 s (80 min).

Table-2: Measurement of Reduction/Oxidation Potential and Cathodic/Anodic Peak Currents of Chitosan

[C] CS (%) Epa (mV) Epc (mV) Ipa (mA) | Ipc (mA) Ipc/Ipa E° (mV) A Ep (mV)
1 64.462 -594.09 0.0363 -0.137 -3.774 -264.81 658.552
1.5 55.689 -472.71 0.0685 -0.371 -5.416 -208.51 528.339

Table-2 shows that both concentrations of chitosan produce a sensitive and selective result, especially in
the current of the cathodic and anodic peaks. Based on the values of E and I of these results, chitosan with
a concentration of 1.5% w/v was chosen for further analysis.

Electrochemical Potential of Chitosan-ZnO Thin Film

The addition of ZnO in the chitosan matrix can be used to improve the chemical stability of the sensor.
Zinc oxide was chosen due to its nano-sized and other advantages, i.e. high surface area, low toxicity,
electrochemical potent, and high conductivity.***'The result of cyclic voltammetry analysis was shown in
Fig.-5 and summarized in Table-3. Three different concentrations of ZnO that were added into a chitosan
solution with 1.5% w/v of concentration showed a very reactive result. The best current of the cathodic
peak was obtained at ZnO of 0.2% w/v.

The reduction potential of the chitosan-based sensor at the addition of 0.2% w/v has a greater value than
0.1 and 0.3% w/v. The current of the cathodic and anodic peaks also showed a similar result at the
addition of ZnO 0.2% w/v. Based on these results, the addition of ZnO 0.2% w/v into the chitosan matrix
can be used for further analysis.

Table-3: Measurement of Potential and Peak Currents for Reduction/Oxidation of CS Doped ZnO

[C]ZnO (%) |Epa (mV)| Ep. (mV) | Ip. (mA) | Ipc (mA) Ipc/Ipa E°(mV) |AE p (mV)
0.1 11.59 -444.71 | 0.0275 | -0.1726 -6.2764 -216.56 456.30
0.2 116.57 | -393.06 | 0.1232 | -0.3151 -2.5576 -138.25 509.63
0.3 20.37 -353.01 | 0.0201 | -0.0501 -2.4925 -166.32 373.38
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Fig.-5: Cyclic Voltammogram CS Doped ZnO at Variation of Concentration 0.1%, 0.2%, and 0.3% w/v

Sensitivity, Linear Range, LoD, and LoQ CS-ZnO Thin-Film Formaldehyde Sensors

The sensitivity, linear range, LoD and LoQ value of CS-ZnO thin-film was determined by the cyclic
voltammetry method for detecting formaldehyde. These parameters are mandatory to determine for
achieving a good material for sensor application®2,
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Fig.-6: CV Curve Voltammogram Electrode of CS-ZnO Formaldehyde Sensors (A) Curve Voltammogram on
Variations of Formaldehyde Concentration, (B) Linear Range CS-ZnO Formaldehyde Sensors

The detection of formaldehyde using chitosan-ZnO thin-film was shown in Fig.-6. The measurement was
performed using a standard solution of formaldehyde, i.e. 1, 5, 10, 50, 100x10-° uM at the scan rate of 100
mV/s. Based on the results in Fig.-6 (A), thin-film CS-ZnO showed a good responsibility for
formaldehyde detection. The linear correlation was obtained between the formaldehyde concentration and
the electrode response produced, especially the current peak and electric potential value.

The chitosan-ZnO can be used as a working electrode due to it able to give a response at the low
concentration of an analyte, about 1.54x10° uA/uM. Afterward, the linear region for detecting CS-ZnO
working electrodes observed based on the influence of formaldehyde concentration on the electrode
potential as shown in Fig.-6 (B), from the measurement, the linear correlation coefficient value was
obtained about > = 0.96 for n = 5 with a linear range limit is 1-100x10~° uM/L%,

Table-4: Comparison of Different Modified Electrodes for Detecting Formaldehyde

Electrode Method S(?}i}tﬁ%y Linear Range (uM.L"")| LOD (nM.L") (nli/?g N Ref.
Nikel-GCE Potentiometric | 22.7 pA/mM 1x10-1x10° M 1.1x10° M - 33
C/Co,P/Pd Amperometric | 617 nA/ppm 1-10 ppm 0.25 ppm - i

Ni/P-CPE Amperometric 43.07 0.02-11.5 mM 5.8 uM - 35
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ZnO nanosheet | Amperometric 2.7 x10* 1x10%-1x1073 210 - 1

CS-ZnO Voltammetry 1.54x10° 1-100x107 0.18 0.59 [This work

The LoD and LoQ value from this measurement was about 0.18 and 0.59 nM/L, respectively*’*. The
working electrode of chitosan nanoparticles (CS-NPs) doped with zinc oxide nanoparticles (ZnO-NPs)
was able to show good selectivity, sensitivity and responsiveness as sensors detecting formaldehyde in
electrolyte solutions.
CONCLUSION

In connection with the results of research and measurements that have been carried out following the
results obtained in the electrochemical process of cyclic voltammetry for the manufacture of thin-film
sensors as work electrodes made from chitosan nanoparticles (CS-NPs) as a basic matrix combined with
the addition of zinc oxide (ZnO) has been successfully carried out in this study. Initial sensor performance
tests were performed on CS-NPs, and CS-ZnO NPs, matrices in a phosphate buffer solution pH 7.0
electrolyte solution, where each electrode giving the best results for CS matrix was obtained at a
concentration of 1.5% w/v, CS-ZnO 0.2% w/v. Analysis of selectivity, sensitivity, linear range, the limit
of detection, and limit of quantification for CS-ZnO thin-film sensors that have been carried out for
detection of formaldehyde (HCHO) in various variations of analyte concentrations. This provides
excellent results as evidenced by the ability of CS-thin film sensors ZnO can detect the analyte at the
lowest concentration with LoD value of 0.18 nM/L and LoQ = 0.59 nM/L. The cyclic voltammetry
method is very appropriate to be used in making CS-ZnO thin-film sensors because it can provide a good
response as a thin-film sensor in the detection of formaldehyde and also the process of making sensor
substrate is very economical and efficient with low preparation costs.
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