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Abstract

Maintaining the safety and proper labelling of food products is vital for communities around
the world. One of the primary concerns in food safety is the unintentional presence of
porcine derivatives such as gelatine in food products. This issue could affect the labelling
accuracy of food products, religious dietary observances, requlatory compliance, and public
health. Electrochemical immunosensors address this issue by rapidly, portably, and
especially with high sensitivity, detecting porcine gelatine. The electrode was modified with
CeO; nanoparticles (NPs) synthesized via a green method using orange peel extract, which
enhanced the immobilization of the bioreceptor on the electrode surface. Orange peel
extract contains secondary metabolites that can act as stabilizing agents and prevent
agglomeration during the synthesis process. The synthesized CeO, NPs show a cube
morphology, producing an average particle size of 12 nm with 77.31 % crystallinity. The
performance of green synthesized CeO, NPs modified electrode are successful for detecting
porcine gelatine in solution and commercialized gelatine product, resulting in a limit of
detection of 3.53 ppm. These results show the potential of green-synthesized CeO, NPs for
an electrochemical immunosensor for detecting porcine products.
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Introduction

Food adulteration, where unauthorized substances are added or substituted, poses a serious threat
to both food quality and public health. This practice can involve substituting food items with lower-
quality alternatives, adding artificial colorants or preservatives, and misrepresenting the origin of food
products [1]. Deliberate tampering, often for economic gain, introduces harmful agents that go
beyond traditional safety concerns. When harmful substances or inferior ingredients are added to
food, the risk to consumers increases, leading to potential health issues. These can range from mild
discomfort to severe conditions such as allergies, cancer, and neurological disorders. Economically
motivated food fraud not only compromises the integrity of food but also jeopardizes consumer safety
by introducing dangerous contaminants. Non-halal additives can be considered a form of food
adulteration if they are added to food products without proper labelling or if they mislead consumers
regarding the nature of the food. In the context of halal dietary laws, the inclusion of non-halal
substances in food intended for Muslim consumers can be seen as a violation of their dietary
restrictions and can be classified as adulteration. This is particularly relevant when such additives are
not disclosed, leading to a misrepresentation of the food's compliance with halal standards [1]. For
example, porcine gelatine is often used in many processed foods since it possesses excellent gelling,
thickening, and stabilizing properties [2]. However, the inclusion potentially exposes consumers to
harmful pathogens like Hepatitis E Virus [3] and Trichinella spiralis [4]. In addition to the health risks,
the use of pork is particularly concerning in contexts where Halal standards must be upheld, as it is
prohibited in such diets. Ensuring food products are free from such adulteration is critical for
protecting both public health and the cultural dietary needs of many communities.

The detection of gelatine content in food products can be achieved by various methodologies,
including liquid chromatography-tandem mass spectrometry [5], polymerase chain reaction [6,7],
attenuated total reflectance-Fourier transform infrared [8], and enzyme-linked immunosorbent assay
(ELISA), as being among the most specific and frequently employed [9]. However, those techniques
are not without limitations, including prolonged analysis times, costly equipment and reagents, and
an inability to be miniaturized [10]. Electrochemical-based biosensors present a viable alternative to
overcome these limitations. These biosensors are analytical devices designed to measure specific
target analytes in samples such as blood, urine, or other body tissues [11]. Central to biosensor
functionality are bioreceptors that enable specific antigen-antibody interactions (immunosensor),
utilizing components like porcine anti-gelatine and porcine gelatine. Electrochemical immunosensors
provide cost-effectiveness, quick response times, user-friendliness, and the potential for developing
portable and enabling the use of disposable electrodes. Disposable electrodes are essential in
biosensing, as they help maintain sterility and prevent cross-contamination, ensuring analytical
accuracy and user safety. Their single-use also minimizes surface fouling and simplifies workflows,
making them ideal for food safety testing [12,13].

Additionally, to further emphasize the portability, screen-printed carbon electrodes (SPCE) are
widely used due to their simplicity, having all three necessary electrode components in one single
chip. However, SPCE is not inherently selective nor active enough for direct bioreceptor
immobilization, leading to the necessity for surface modification of the electrodes to be able to be
used in specific applications [14,15]. It has been reported that SPCEs can be modified with cerium
oxide nanoparticles (CeO; NPs) to enhance the binding of biomolecules [16]. CeO2 NPs exhibit unique
properties, including high thermal stability, substantial oxygen storage capacity, and biocompatibili-
ty [17,18]. The oxidation potential and electronegative oxygen atoms in ceria facilitate interactions
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with biomolecules such as proteins and nucleic acids. These properties render ceria suitable for
applications as an antibacterial agent, catalyst, therapeutic, medicinal, and biosensor material [19].

Methods for synthesizing CeO, NPs include hydrothermal [20], sol-gel [21], and coprecipitation
techniques [22]. To control the size of nanoscale cerium oxide particles and prevent agglomeration, a
particle size regulation technique is essential. Typically, the use of templates like polyvinyl-pyrroli-
done [23] and poly(ethylene glycol) (PEG) polymers assists in synthesizing nanoparticles [24]. These
polymers act as surfactants, reducing particle aggregation during deposition, thus allowing for the
creation of smaller, more uniform particles [24]. However, despite their effectiveness, incorporating
such polymers can have negative environmental impacts [25]. In addition, a diverse variety of organic
solvents, including methanol, acetone, ether, benzene, toluene, esters, halogenated, and nitrated
hydrocarbons, are widely employed in chemical synthesis. These solvents exhibit high volatility,
toxicity, and danger, raising significant concerns for both human health and the environment [26]. The
synthesis of NPs via environmentally friendly methods enhances the advancement of green electro-
chemical sensing platforms. This involves the use of non-hazardous solvents and reagents for green
synthesis, as well as the production of NPs from waste resources.

Green synthesis is a sustainable method for producing materials that utilize environmentally
friendly processes and generates non-toxic by-products. This method often involves biological sources
like microorganisms and plants. Studies have shown that green synthesis of nanoceria can be achieved
using plant extracts that act as both stabilizing and capping agents [27]. Some examples of such plants
include Aloe barbadensis Mill [28], Abelmoschus esculentus [29], lemongrass leaves [30], cassava
tuber [31], banana peel [32] and even fungi like Humicola sp. [33]. The compounds responsible for
facilitating this synthesis are typically primary or secondary metabolites found in these biological
materials. Orange peels are rich in secondary metabolites, including alkaloids, flavonoids, saponins,
tannins, phenols, terpenoids, and steroids, which can inhibit nanoparticle agglomeration [34].
Furthermore, orange peels contain soluble sugars, insoluble polysaccharides, and polyphenols that
function as reducing agents, while carboxylic groups, amino acids, and citric acid act as stabilizing
agents [35,36]. These components make orange peel extract an effective stabilizer in the CeO; NPs
synthesis process.

Herein, we report on the electrochemical immunosensor to detect porcine gelatine utilizing
green synthesized CeO; NPs with orange peel extract as stabilizer.

Experimental

Materials

The materials used for this study included distilled water, Siamese orange peel, cerium nitrate
hexahydrate [Ce(NOs);x6H,0; Merck, France], ethanol 99.8 % (Merck, France), ammonia (Sigma-
Aldrich, Germany), phosphate buffer saline (PBS; pH 7.4; VWR, USA), rabbit anti-porcine gelatine,
skin (Polyclonal; Serum; Sigma-Aldrich, Germany), bovine serum albumin (BSA; Sigma-Aldrich,
Germany), porcine gelatine (Sigma-Aldrich, Germany), potassium chloride (KCl, Merck, Germany),
potassium ferricyanide (Ill) (Ks3[Fe(CN)e] Sigma-Aldrich, Germany), and SPCE DS 150 (DropSense,
Spain) with carbon as working and counter, and silver wire as pseudo-reference electrode.

Instruments

The equipment used in this research included laboratory glassware (Pyrex, Indonesia), a
thermometer (GEA, Indonesia), a magnetic stirrer (JOANLAB, China), a hot plate (JOANLAB, China),
a centrifuge (Beckman Model TJ-6 Centrifuge, USA), FTIR (Thermo Scientific Type Nicolet iS5, USA),
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XRD (Bruker D8 Advance LINXEYE XE-T, Germany), TEM (Hitachi H9500, Japan), PSA (Beckman
Coulter LS 13 320, USA), and a potentiostat (Zimmer & Peacock, UK).

Preparation of Siamese orange peel extract

The extraction of Siamese orange peel was performed based on a previously reported method [34],
with slight modifications. In brief, 100 g of clean orange peel was cut into small pieces and dried in an
oven at 60 °C for 24 hours. The dried peel was then soaked in 40 mL of ethanol for 30 minutes and
subsequently filtered to obtain the extract. The schematic representation of this extraction process is
shown in Figure 1.

Orange Peel Extract

Figure 1. Schematic of preparation of Siamese orange peel extract

Synthesis of CeO, nanopatrticles

Cerium nitrate (1.0605 g) is dissolved in 5 mL of distilled water. Then, 1.5 mL of orange peel extract
is added. The solution is stirred for 90 min at 80 °C. Subsequently, 1 M ammonia is added dropwise,
and the mixture is stirred for an additional hour. The solution is then centrifuged for 10 min at
10,000 rpm. The resulting precipitate is washed three times with distilled water and ethanol, and then
centrifuged under the same conditions. The precipitate is then dried in an oven at 60 °C for 24 hours,
followed by calcination at 800 °C for 2 hours. The synthesis of CeO; NPs without orange peel follows
the same method, except that no orange peel extract is added during the synthesis process.

Characterization of CeO; nanoparticles

The synthesized CeO, NPs are characterized using transmission electron microscopy (TEM),
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), particle size analysis (PSA),
and electrochemical methods to assess their physicochemical properties.

Drop-casting on screen-printed carbon electrodes

Bare SPCE was modified by drop-casting 10 uL of 100 ppm CeO; nanoparticle suspension
(equivalent to 1 pg of CeO3) onto the working area (12.57 mm?; theoretical loading of CeO, per
electrode area is 7.96 pg cm), followed by drying at room temperature. Then, 10 pL of antibody is
added and left to incubate for 30 minutes, followed by rinsing with phosphate buffer saline (PBS)
and drying at room temperature. Subsequently, the electrode is incubated with 1 % bovine serum
albumin (BSA) for 15 minutes, rinsed with PBS, and dried at room temperature. For sample
measurement, the electrode is incubated again with 10 L of porcine gelatine solution at a specific
concentration for 30 minutes. The fabrication steps of the electrochemical immunosensor electrode
are illustrated in Figure 2.
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CeO, NPs  Anti-gelatin BSA  Porcine Gelatin

Figure 2. Schematic of electrochemical immunosensor electrode fabrication

Electrochemical measurements

The immunosensor is characterized electrochemically using differential pulse voltammetry (DPV)
to obtain current values over a potential range of -0.3 to +0.5 V at a scan rate of 8 mV s™1. The step
potential (Estep) Was set at 4 mV with a pulse amplitude (Epuise) of 0.025 V and a pulse time (tpuise) of
0.05 s. All potentials in DPV measurements are reported relative to the [Fe(CN)e]*>/[Fe(CN)s]* redox
couple, which also served as an internal reference under measurement conditions using a pseudo-
reference Ag electrode printed on the SPCE.

Results and discussion

The synthesized CeO, NPs are obtained as a solid with a yellowish-white color. In this synthesis
process, the extract of Siamese orange peel acts as a stabilizing agent for cerium ions due to the
abundance of OH groups from glucose present in the extract. These OH groups can donate electrons,
allowing interaction with Ce3* ions in the Ce(NOs)s solution. This interaction forms a complex
between Ce3* ions and OH groups, resulting in more stable coordination bonds, thus reducing the
likelihood of oxidation or precipitation of the ions [31,32,37].

Heating during the synthesis process aims to decompose nitrates from the solution into nitrogen
oxide gas and oxygen gas [31]. To control particle size during the core growth process, ammonia
needs to be added gradually and consistently. The addition of ammonia creates a basic environment
in the solution, allowing Ce(lll) to oxidize to Ce(IV) and form Ce(OH)4 precipitate. The final stage of
this synthesis process involves drying to remove water and calcination at high temperatures to
enhance crystallinity, yielding nanoparticles with high activity by converting Ce(OH)a into crystalline
CeO; nanoparticles.

X-ray diffraction (XRD) characterization was performed to determine the crystal characteristics of
the synthesized CeO; NPs using Cu Ka (A = 0.154 nm) at 26 angles ranging from 20 to 80°. The XRD
diffractogram is shown in Figure 3(a), and peaks can be observed at 2 &values of 28.4, 32.9, 47.3, 56.2,
58.9, 69.3 and 76.6°, indicating a face-cantered cubic structure, consistent with the reference JCPDS
34-0394. Each peak corresponds to crystal orientation on the planes (111), (200), (220), (311), (222),
(400), (331) and (420). These results confirm that the crystals produced through the green synthesis
process are CeO; crystals, consistent with the reference, with a crystallinity of 77.31 %.

Figure 3(b) shows the FTIR measurement results of CeO, NPs synthesized without (green) and
with orange peel extract (blue). Both spectra exhibit a peak around 530 cm™ representing Ce-O and
O-Ce-O bonds of CeO,. For CeO, NPs using the green synthesis method, new peaks appear at
wavelengths of 852 and 1059 cm™. These peaks likely represent C-O-C stretching from ring vibra-
tions of the orange peel extract used due to its polyphenol content [36].

Particle size analysis (PSA) was conducted to ascertain the particle size of the synthesized CeO
dispersion (Table S1, Supplementary material). CeO, NPs from green synthesis using orange peel
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exhibit smaller sizes compared to synthesis without peel addition. From these results, it can be
concluded that orange peel extract influences the agglomeration process of CeO; NPs.
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Figure 3. (a) XRD pattern comparison of CeO, NPs and reference. (b) FTIR spectra of CeO, NPs without
orange peel (green), green synthesis with orange peel (blue), and orange peel extract (red)

The particle size of CeO, NPs was further characterized using TEM. CeO; NPs synthesized by the
green synthesis method exhibited the characteristic cubic morphology of CeQ,, as shown in
Figure 4(a). The actual particle size of the CeO2 NPs, which is small and uniform, can also be observed
from the TEM characterization results. In contrast, the TEM results of CeO; NPs without orange peel
in Figure 4(b) show larger and more irregular particles. It can be concluded that orange peel extract
acts as a stabilizing agent that directs the CeO, particle size to be more uniform and prevents
agglomeration during the nucleation and growth process. Figure 4(c) shows the particle size
distribution graph of each particle resulting from green synthesis. The particle size of CeO; NPs with
orange peel ranges from 4 to 22 nm, with an average size of 12 nm based on 100 observed particles.
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Figure 4. TEM results of CeO, NPs (a) without orange peel and (b) with orange peel. (c) Particle size
distribution of CeO, NPs with orange peel
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The characterization results using PSA and TEM showed different particle sizes because TEM
characterizes CeO; NPs in solid form, while PSA characterizes CeO; NPs dispersed in a solution.
Samples in dispersed form have the potential to agglomerate, which may result in different size mea-
surements [31]. Both characterizations are needed to confirm the size of the CeO, NPs formed with
and without a dispersing medium to understand the characteristics of the produced nanoparticles.

The synthesized CeO, NPs were used to modify SPCE using the drop-cast method for the detection
of porcine gelatine. The modified SPCE was immobilized with anti-porcine gelatine and porcine
gelatine. Each stage of electrode modification and biomolecule immobilization, including the drop-

6 (ec)
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cast of CeO, NPs, immobilization of anti-porcine gelatine, blocking with bovine serum albumin (BSA)
and interaction with porcine gelatine, was characterized using DPV, based on the redox response of
the [Fe(CN)e])3>/[Fe(CN)s]*, which is sensitive to changes in surface properties, particularly those that
affect electron transfer kinetics. DPV characterization showed a decrease in peak current due to the
hindered electron transfer on the electrode surface caused by the immobilization of large biomole-
cules, indicating that the immobilization step was successful (Figure 5). CeO, NPs have been reported
to bind with antibodies without the addition of other agents, allowing more antibodies to bind to the
electrode [15]. These nanoparticles are particularly suitable for immobilization of biorecognition
elements due to their favourable surface chemistry, which enables covalent bonding through amine
groups and residual cysteine present in biomolecules, such as anti-porcine gelatine [38]. In addition
to their ability to form covalent bonds, CeO; NPs exhibit a high isoelectric point (approximately 9.2),
resulting in a positively charged surface under physiological pH conditions. This characteristic
promotes strong electrostatic interactions with negatively charged biomacromolecules, such as
antibodies, which typically possess lower isoelectric points [39,40]. Furthermore, CeO, NPs possess
abundant crystal defects, redox-active Ce3*/Ce*" states, and a high oxygen storage capacity, all of
which contribute to enhanced surface reactivity and coordination ability, making them an excellent
platform for stable and efficient biomolecule immobilization [41]. Subsequently, the anti-porcine
gelatine attached to the electrode can bind to the target gelatine in a lock-and-key manner. The
interactions involved are non-covalent bonds such as hydrogen bonds, electrostatic interactions, and
van der Waals bonds that occur specifically between proteins and their ligands [2].

254

Current, pA.
— — (=]
> h [—]
] ] 1

()
1

-0.2 0.0 0.2
Potential, V vs. Ag

Figure 5. DPV characterization results of SPCE bare (black), SPCE/CeO,/AntiG (red),
SPCE/CeQ,/AntiG/Gelatine (blue) in 0.1 M KCl containing 0.01 M Ks[Fe(CN)s] solution within the potential
range of -0.3 to +0.5 V with Estep = 4 mV; Epuise = 25 mV; tpuse = 0.05 s; scan rate: 8 mV s, The porcine
gelatine-was 10 ppm

Before immobilization with porcine gelatine, the electrode was incubated with 1 % BSA to cover
the unmodified active sites of the electrode, thereby reducing interference in the measurement
results. Figure 5 shows a decrease in current when 10 ppm porcine gelatine is added, as porcine
gelatine is a large, non-electroactive biomolecule that hinders electron transfer processes on the
electrode surface.

Table 1 shows a greater decrease in current response (Ai / %) for gelatine for SPCE modified with
Ce0, NPs synthesized via green synthesis with orange peel extract. The change in Ai refers to the
decrease in current when the target analyte is introduced, compared to the baseline current (blank).
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This value is obtained by subtracting the current measured in the presence of the target from the
blank current, then dividing the result by the blank current, and finally multiplying by 100 to express
it as a percentage. This indicates that the use of orange peel can enhance the performance of the
electrochemical biosensor for detecting porcine gelatine. The corresponding DPV voltammograms
are provided in the supplementary material (Figure S1).

Table 1. Comparison of Ai in CeO, NPs synthesized with and without orange peel

Synthesis results Description Current, pA Ni/ %
. blank 23.21
Without orange peel target 9 05 4.98
. blank 23.84
With orange peel target 5017 15.37

Next, the concentration of CeO; NPs immobilized on the electrode surface was optimized. The
related DPV voltammograms for different concentrations are provided in Figure S2. Table 2 shows
that the concentration of CeO; NPs with the highest Aiis 100 ppm. Ai reflects the amount of target
proportional to its concentration. It can be observed that without the addition of CeO2 NPs (0 ppm),
there is no decrease in current from the sample. This demonstrates that the proposed electro-
chemical immunosensor cannot detect gelatine without the assistance of CeO, NPs binding the
antibody bioreceptor to the electrode surface. This Ai is then used to assess the response change
across various target concentrations (Figure 6a), resulting in the calibration curve for gelatine target
depicted in Figure 6b. The linearity achieved is represented by the regression equation y = 1.3568x +
+2.1408 with R? =0.9912. The LOD obtained in this measurement is 3.53 ppm.

Table 2. Comparison of Ai at different concentrations of CeO, NPs

Concentration, ppm Description Current, pA Ai ] %
0 blank 21.42
target 23.98
blank 23.56
100 16.66
target 19.63
blank 22.79
300 target 19.92 12.58
30 20
(a) O T—— (b)
1.5 ppm
254 =5 ppm [
=10 ppm 154 ”~
7
g 20 4 P
. ”
3. o
= 151 & 104 s
c — ~
CILJ < P .
5 10+ -
O 5 P
5 -2
0 L] L] L] L L] 0 L] L L] L L]
-0.2 =0.1 0.0 0.1 0.2 0.3 0.4 0 2 4 6 8 10
Potential, V vs. Ag Porcine gelatine concentration, ppm

Figure 6. (a) DPV voltammograms of porcine gelatine concentrations (1, 2.5, 5 and 10 ppm) in 0.1 M KCI
containing 0.01 M Ks[Fe(CN)s] solution within the potential range of -0.3 to +0.5 V with Esep =4 mV;
Epuise = 25 mV; touse = 0.05 s; scan rate: 8 mV s, (b) Calibration curve of the electrochemical immunosensor
for detecting porcine gelatine
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Selectivity was assessed by comparing the immunosensor's response to commercial bovine
gelatine under the same conditions. The comparison of DPV voltammograms between commercial
bovine gelatine and porcine gelatine is shown in Figure 7. Table S2 shows that the Ai of commercial
porcine gelatine samples is higher compared to commercial bovine gelatine, with a selectivity for
porcine gelatine of 67.48 %. These results demonstrate that the modified electrode can specifically
detect commercial porcine gelatine, as evidenced by the markedly higher signal resulting from the
selective binding of anti-porcine gelatine antibodies. The present findings could serve as a preli-
minary step in verifying the halal status of a food product.
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Figure 7. DPV characterization results of SPCE/CeO,/AntiG/blank (black), SPCE/CeO,/AntiG/bovinegelatine
(red), SPCE/Ceria/AntiG/porcinegelatine (blue) in 0.1 M KCI containing 0.01 M Ks[Fe(CN)s] solution within
the potential range of -0.3 to +0.5 V with Estep = 4 MV; Epuise = 25 mV; tpuse = 0.05 s; scan rate: 8 mV s

Conclusions

This study successfully demonstrates the green synthesis of CeO, NPs using Siamese orange peel
extract, producing nanoparticles with a cubic morphology, an average particle size of 12 nm, and a
crystallinity of 77.31 %. The use of orange peel extract as a stabilizing agent effectively prevented
nanoparticle agglomeration, resulting in uniform and well-dispersed CeO, NPs suitable for
electrochemical applications. The synthesized CeO, NPs were utilized to modify SPCE, enhancing the
immobilization of bioreceptors for the electrochemical immunosensor detection of porcine gelatine.
The developed sensor exhibited a limit of detection of 3.53 ppm with a selectivity of 67.48 % for
porcine gelatine, demonstrating its potential for accurate food authentication. These findings highlight
the effectiveness of green-synthesized CeO, NPs in improving biosensor performance while promot-
ing environmentally friendly material synthesis, contributing to the advancement of sustainable and
sensitive electrochemical sensing platforms for food safety monitoring.

Supplementary material: Additional data are available electronically on article page of the journal's
website: https.//pub.iapchem.org/ojs/index.php/JESE/article/view/2698, or from the corresponding
author upon request.
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