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Abstract: This study evaluated acrylamide (AA) levels and various quality parameters in homemade
fried potatoes prepared in different sizes by integrating principles from the Slow Food Movement
with advanced sensor technology. To this aim, a surface plasmon resonance (SPR) sensor based on a
molecularly imprinted polymer (MIP) was first developed for the determination of AA in homemade
fried potatoes at low levels, and the AA levels in the samples were established. First of all, monolayer
formation of allyl mercaptane on the SPR chip surface was carried out to form double bonds that could
polymerize on the chip surface. AA-imprinted SPR chip surfaces modified with allyl mercaptane were
prepared via UV polymerization using ethylene glycol dimethacrylate (EGDMA) as a cross-linker,
N,N’-azobisisobutyronitrile (AIBN) as an initiator, and methacryloylamidoglutamicacid (MAGA) as
a monomer. The prepared AA-imprinted and nonimprinted surfaces were characterized by atomic
force microscopy (AFM) and Fourier transform infrared (FTIR) spectroscopy methods. The SPR
sensor indicated linearity in the range of 1.0 x 107°-5.0 x 10~8 M with a detection limit (LOD) of
3.0 x 10719 M in homemade fried potatoes, and the SPR sensor demonstrated high selectivity and
repeatability in terms of AA detection. Additionally, the highest AA level was observed in the potato
sample belonging to the T1 group, at 15.37 nM (p < 0.05), and a strong and positive correlation was
found between AA levels and sensory parameters, the a* value, the AE value, and the browning
index (BI) (p < 0.05).
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1. Introduction

Recently, the “Slow Food Movement” has emerged as a global food trend [1,2]. The
core philosophy of this movement, which impacts the entire sector, is clean, healthy, and
fair food. It is an innovative and emerging food concept that prioritizes sustainability
and encourages the consumption of nutritious foods at every stage, from production to
consumption [3]. This ideology aims to support local producers, promote sustainable
farming practices, and offer consumers healthier and tastier food options [4]. The term
“slow food” is seen to overlap with many other specific concepts, such as “local produc-
tion”, “health”, “environmental protection”, and “simplicity” [5]. Although Turkish cuisine
adopted potatoes relatively late, they have become foods of historical and cultural im-
portance. Researchers have also reported that potatoes are used in various dishes using
different cooking techniques in Turkish cuisine [6,7]. These dishes include potatoes pre-
pared using techniques such as roasting, frying, boiling, and roasting, with frying being the
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most commonly used cooking method. Frying potatoes is especially widely used in many
local cuisines throughout Turkey [6]. However, during the frying process, chemical changes
occur due to heat-induced processes such as Maillard and caramelization reactions [8,9].
While these reactions impart characteristic sensory properties to the food, they also lead to
the formation of some undesirable compounds [9-11].

AA has been reported as one of the most undesirable compounds in starch-based foods
due to its toxicity and carcinogenic properties [12,13]. This has led to extensive research on
topics such as the mechanisms of AA formation, its presence in different foods, strategies
to reduce its levels, and methods for its analytical detection [14-20]. This compound has
also been reported in foods at above 120 °C, especially in starch-based products such
as potato chips, French fries, bread, and cookies [21-23]. This compound is essentially
produced by a series of non-enzymatic reactions in foods at high temperatures and in
low-humidity environments [21,24]. The World Health Organization and the International
Agency for Research on Cancer have classified AA as “probably carcinogenic to humans”
(Group 2A) [14,20,25-29]. Numerous studies have investigated the levels of AA in various
foods, including bread, coffee, and biscuits, as well as traditional and street foods [30-32].
Among these food items, potato products were reported to have the highest levels (150 and
4000 pg/kg) of this compound [22,33-37].

Potato products are susceptible to AA formation owing to the significant presence of
precursors in the tubers and the intense thermal processing conditions they undergo [38].
Therefore, given the potential health risks associated with the high consumption rates
of AA-containing French fries, it is imperative to develop fast, specific, convenient, and
sensitive methods for detecting and monitoring the presence of this compound. In this
context, AA determination is performed using mass spectrometric detection, along with
separation methods such as high-performance liquid chromatography or gas chromatogra-
phy [39-41]. However, the major challenge associated with these methods is that they are
time-consuming, expensive, and intricate. Therefore, these difficulties have encouraged
researchers to develop new methods for detection using alternative analytical approaches.
Researchers have recently recommended SPR sensors for AA detection due to their ad-
vantages of being rapid, simple, and having higher sensitivity [42,43]. SPR is an optical
sensor technology that measures changes in the local refractive index to evaluate molecular
binding on a metal surface. SPR sensors utilize the phenomenon of surface plasmons to
detect molecular interactions occurring at the sensor surface. These sensors have a rapid
response time and are capable of the real-time monitoring of biomolecular interactions
without the need for labels. SPR sensors allow for sample preparation, chemical analysis,
and data evaluation simultaneously. Additionally, they enable the simultaneous analysis of
binding and dissociation events in SPR sensors based on molecularly imprinted polymers
(MIPs) [44-46].

The goal of the molecular imprinting technique is to develop selective materials with
specific chemical functions through the interaction, either covalent or non-covalent, of
functional monomers [47,48]. The molecular imprinting process includes the steps of pre-
complexation, polymerization, and removal of the template molecule. Therefore, specific
polymeric cavities tailored to the analyte molecule are formed. MIPs, frequently employed
in separation and sensor applications, are structures resistant to high pressure, temperature, and
physical stress [49,50], and they also possess an inert structure [47,51]. In the literature, various
sensor techniques based on MIPs have been presented for AA determination. For instance, a
photoelectrochemical sensor based on ZnO/polypyrrole nanocomposites was developed and
applied to potato chips and biscuit samples. As a result, 1.0 x 1071-2.5 x 10~ M with a LOD
of 2.15 x 1072 M was observed [52]. In addition, MIPs based on Fe30, were prepared for
AA enrichment, and the adsorption quantity was obtained at 19.28 mg g~ [53].

Considering the consumption rates of fried potatoes in Turkish cuisine, the potential
formation of AA, which poses health risks and threatens food safety, is one of the significant
risks in the food sector. Therefore, it is important to determine the AA levels in different
sizes and shapes of homemade fried potatoes in an accurate, fast, and simple way. In
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conclusion, one of the aims of this study, considering the increasingly popular Slow Food
Movement in recent years, is to produce homemade fried potatoes that do not harm human
health or the environment, using local ingredients sourced from local farmers. Another
important aim of the study is to develop a fast, simple, and environmentally friendly sensor
that will determine the AA levels in homemade fried potatoes prepared in different sizes
and reveal the AA levels.

2. Material and Methods
2.1. Materials, Chemicals, and Apparatus

The potatoes and olive oil used in the study were sourced from local producers in
Gaziantep as part of the Slow Food Movement. The raw material used in this study
consisted of Solanum tuberosum L. potatoes of the Colomba variety, purchased from a
local farmer in Izmir, Turkey. Extra virgin olive oil was supplied from Komili Co. in
Gaziantep, Turkey. AA (CAS No: 79-06-1), methacrylamide (MA, CAS No: 71938-39-1), pro-
pionic acid (PA, CAS No: 79-09-4), DL-alanine (DL-ALA, CAS No: 302-72-7), L-asparagine
(L-ASP, CAS No: 70-47-3), allyl mercaptane (CAS No: 90 870-23-5), MAGA, EGDMA
(CAS No: 97-90-5), 2-hydroxyethylmethacrylate (HEMA, CAS No: 25249-16-5), AIBN (CAS
No: 78-67-1), phosphate buffer solution (PBS, CAS No: 12352207), sodium chloride (NaCl,
CAS No: 10378-23-1), potassium hexacyanoferrate (CAS No: 13746-66-2), zinc sulfate
(CAS No: 7446-19-7), and hexane (CAS No: 95 110-54-3) were purchased from Sigma-
Aldrich Merck Group Company (St. Louis, MO, USA).

A Bruker-Tensor 27 FTIR spectrometer (Tokyo, Japan) and an AFM Park NX10 (Tokyo,
Japan) were utilized for the characterization studies. Finally, the GenOptics SPR system
from Calgary, AB, Canada, was used for analytical applications, and XanTec bioanalytics
provided SPR chips (Duesseldorf, Germany).

In this study, statistical analyses were conducted on the data (Version 22.0, Minitab
Inc., Enterprise Drive State College, PA, USA). Homemade fried potatoes were produced in
two separate replications, with all analyzed parameters assessed in duplicate. To determine
the differences between fried potatoes of various sizes, analysis of variance (ANOVA)
was used, and Tukey’s post-hoc test was applied when the p-value was less than 0.05.
Additionally, Pearson correlation analysis was conducted to evaluate the relationships
between variables. All results in the study were presented as mean =+ standard error.

2.2. SPR Chip Modification with Allyl Mercaptane

SPR chips were cleaned with acidic piranha solution HySO4:H,O, (3:1, 25.0 mL v/v)
before modification. Following this process, the SPR chips were immersed in the solution
and maintained in a shaking bath for 15 min. The shaking bath is laboratory equipment
made from a container filled with heated water. After washing treatment with ultra-pure
water several times, SPR chips were dried in an atmospheric nitrogen environment. For
the modification of the vinyl groups required for the polymerization process on the chip
surface, 3.0 M allyl mercaptane solution was dropped onto the clean SPR chips, and the
self-assembling monolayer modification process was performed for 36 h. After washing
treatment with ultra-pure water several times, the modified SPR chips were dried and
preserved in an atmospheric nitrogen environment.

2.3. AA-Imprinted SPR Chip Preparation

Firstly, the MAGA-AA complex at a 2:1 molar ratio in the presence of PBS (2.0 mL,
pH 6.0) was prepared under strong stirring for 1 h. After the transfer of the solution,
including AIBN (2.0 mg), HEMA (1.0 mL), and EGDMA (1.0 mL), into the complex solution,
the resultant dispersion as polymerization solution was interacted with nitrogen gas to
provide an inert environment. After dropping the prepared above dispersion (100.0 uL) on
the clean SPR chips via the spin-coating method with a rotation speed of 6000 rpm for a
duration time of 2 min at 25 °C, UV polymerization was carried out for 20 min at 25 °C.
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The prepared SPR chip was tagged as MIP/SPR chips. AA non-imprinted SPR chips were
prepared without the AA molecule (NIP/SPR) using the same procedure.

2.4. AA Removal from MIP/SPR Chips and Analysis Process

An amount of 1.0 M NaCl of the desorption agent was selected to break the electro-
static/hydrogen bond interactions. For this, AA-imprinted SPR chips were immersed into
a 1.0 M NaCl solution (20.0 mL) under magnetic stirring for 20 min. After 20 min, the SPR
chip was dried at 25 °C under nitrogen gas.

After MIP/SPR chip placement into the SPR cell, PBS (2.0 mL, pH 6.0) was first
passed for 10 min at a 1.0 mL min~! flow rate to equilibrate the SPR system. Then,
each AA adsorption solution (from 1.0 nM to 50.0 nM) was passed on the MIP/SPR
chip for 40 min with a 1.0 mL min~! flow rate until a constant resonance. Finally, the
desorption process was completed using 1.0 M NaCl solution for 10 min. These steps of
adsorption/desorption/regeneration were repeated for each AA amount.

2.5. Cooking Condition of Homemade Fried Potatoes and the Procedure of AA Analysis

In the study, potato samples were prepared using three different cutting methods,
namely T1 (rondel), T2 (large dice), T3 (medium dice), and T4 (wedge), due to their impact
on AA formation in fried potatoes. The raw potatoes to be used in the study were stored in
a dark thermostat room at 4 °C and at 70.0% relative humidity until use. The homemade fried
potatoes were prepared under conditions determined through preliminary trials. Potato tubers
(medium-sized tubers) were washed with tap water, cleaned, and then peeled. Afterwards,
the peeled potatoes were cut into T1 (rondel-50 x 3 mm), T2 (large dice-20 x 20 x 20 mm),
T3 (medium dice-12 x 12 x 12 mm), and T4 (wedge-70 x 10 x 10 mm) sizes. Next, the
potato samples were then soaked in water containing 1.0% NaCl for 15 min to remove
starch and then dried to remove surface moisture. Finally, each dried potato sample was
fried separately in a pot (1.0 L of oil). When the oil reached an initial temperature of
180.0 & 0.5 °C, 200.0 g of potatoes were fried. The frying temperature and cooking time
were measured during the frying of the potato samples. The potato samples were fried
in a deep pan at 180.0 £ 0.5 °C for the following durations: T1 for 11 min, T2 for 15 min,
T3 for 13 min, and T4 for 14 min. After frying, the samples were filtered on a wire sieve
for 5 min and allowed to cool at 20 °C. Except for color and sensory analyses, all samples
were homogenized using a blender and stored at 4 °C until analysis. In this study, all
experiments were run in duplicate.

The samples were extracted using the method established by Verma and Yadav [54].
The fat of the finely ground potato samples was removed with hexane (repeated again two
times), and 1.0 g was weighed into a 15.0 mL centrifuge tube. Then, 10.0 mL of ultra-pure
water was added and centrifuged at 10 °C and 10,000 rpm for 10 min. After centrifugation,
the filtrate was transferred to another centrifuge tube, and 0.5 mL of Carrez I and Carrez II
solutions were added, respectively, and centrifuged again at 10.0 °C at 10,000 rpm for
10 min. Carrez I solution was prepared by dissolving 15.0 g of potassium hexacyanoferrate
in 100.0 mL of water, and Carrez II solution was prepared by dissolving 30.0 g of zinc
sulfate in 100.0 mL of water. After centrifugation, the remaining filtrate was kept in a hot
water bath at 40 °C for 15 min to evaporate the water in the filtrate, and then it was filtered
with 0.45 um cellulose acetate syringe filter paper. Finally, the filtrates were diluted with
PBS (pH 6.0) to fall within the prepared linearity range for the SPR sensor and were made
ready for AA analysis.

2.6. Chemical and Physicochemical Parameters of Homemade Fried Potatoes

The moisture (950.46), fat (991.36), protein (955.04), and ash (920.153) contents of
the samples were analyzed following the methods outlined by the Association of Official
Analytical Chemists (AOAC) [55]. The pH was measured by dipping a pH electrode into
a suspension of 10 g of potato samples homogenized with 100 mL of distilled water for
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one minute using a homogenizer (Hanna HI 221, Ann Arbor, MI, USA). In addition, the
carbohydrate content was calculated using the following formula:

Carbohydrate content (%) = 100 — (Moisture(%) + Protein(%) + Fat(%) + Ash(%))

2.7. Sensory Properties in Homemade Fried Potatoes

Each homemade fried potato’s sensory evaluations were conducted between 2:30 PM
and 3:30 PM. Panelists were selected from students and staff in the field of food science, and
the panel consisted of 16 members, aged 1841 years (5 female and 12 male), all from Hasan
Kalyoncu University (Gaziantep, Turkey). Before the panel, all participants were asked to
sign a written and verbal informed consent form to participate in the sensory tests. Panelists
were asked to rate homemade fried potatoes of different sizes based on the intensities of
the organoleptic properties: uniformity of blush, crispness, mealiness, oiliness, taste, and
color (1 = extremely low intensity, 2 = low intensity, 3 = regular intensity, 4 = high intensity,
5 = extremely high intensity) [33]. Additionally, panelists were asked to rate the general
acceptability of the homemade fried potatoes using a 5-point hedonic scale (1 = ‘extremely
dislike’, 5 = ‘neither like nor dislike’, and 9 = ‘extremely like’) [56]. Potato samples were
deep-fried and immediately presented to the panelists. The sample temperature was
75.0 £ 1.0 °C. In addition, the panelists were given samples in random numbers.

2.8. Color Evaluation

The surface color of the homemade fried potatoes of different sizes was determined
using a Colorimeter CR-300 (Konica Minolta, Osaka, Japan). The L* value of the samples
was used to indicate lightness, the a* value to indicate redness, and the b* value to indicate
yellowness. The experiment was at room temperature, with each potato sample being
taken from five different points. Additionally, the total color differences (AE) and browning
index (BI) values of the fried potato samples were calculated using Equations (1) and (2)

below [54,57]:
se= s () + (1)) 0

BI = 100(x — 0.31)/0.172 (2)

where
X = (a* +1.75 L*) / (5.645 L' +a" —3012 b*)

3. Results and Discussion
3.1. Chemical Composition of Homemade Fried Potatoes

The raw potato used in this study had an initial chemical composition of 18.83%
dry matter, 12.77% protein, 0.23% fat, 4.55% ash (wet basis), and pH 6.5. The chemical
composition and pH value results of fried potatoes of different sizes are summarized in
Table 1. Significant differences were found between the moisture contents of different sizes
of fried potatoes, with values ranging from 21.84% to 55.31% (p < 0.05). The highest amount
of moisture was determined for T4, followed by T2, T3, and T1, at 55.08%, 47.90%, and
21.84%, respectively. According to these results, T1 had the highest moisture loss (59.33%),
while T4 had the lowest moisture loss (25.86%).

The fat content of fried potatoes varies significantly depending on the frying conditions
and the size and characteristics of the potatoes. The fat content in homemade fried potatoes
of different sizes varied between 28.15% and 30.18% (p < 0.05). When examining the
oil absorption percentage of fried potatoes, the lowest oil uptake rate was observed in
the T1 group at 28.15%, while the highest rate was observed in the T4 group at 30.18%.
According to the literature, oil absorption during frying may be linked to the amount of
moisture that evaporates. As water and other compounds exit the potatoes during frying,
oil is absorbed in return. Consequently, potatoes that lose less moisture tend to absorb
less oil, as the reduced water release results in lower oil uptake by the product [58-60].
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Conversely, as the moisture content of the product decreases, the amount of AA produced
at a given temperature increases [61]. These findings are consistent with data reported by
other researchers [58]. A study examining the impact of slice thickness on the oil uptake
properties of French fries found that oil uptake increased with larger slice thickness [62].

Table 1. Compositional, physical, and chemical parameters of cooked homemade fried potatoes of
different sizes.

Parameters T1 T2 T3 T4

pH 6.3140.012 6.30 +0.022 6.29 +0.012 6.29 4 0.02 2
Moisture (%) 21.84 +0.742 55.08 + 0.92 P 47.90 £0.29 ¢ 55.31 +0.39 4
Protein (%) 6.98 & 0.06 7.01 4 0.08 @ 7.02 +0.882 6.90 +0.40
Fat (%) 28.15 4 0.04 © 30.06 + 0.51° 28.96 +0.04P°  30.18 +0.082
Ash (%) 26440012 2.57 4+ 0.09 2,50 +0.332 2.394+0.12°

Carbohydrate (g/100 g DW) 51.68 £0.05° 11.75+£0.13 ¢ 2614+ 021" 11.68 +0.05 €

a-d; Means followed by different lowercase letters in the same row are significantly different. T1: (50 x 3 mm)
T2: (20 x 20 x 20 mm), T3: (12 x 12 x 12 mm), T4: (70 x 10 x 10 mm).

3.2. Color Attributes of Homemade Fried Potatoes

The main reaction contributing to the color formation in fried potatoes is the Maillard
reaction [63]. Therefore, determining the color parameters in fried potatoes is crucial, as it
can serve as an indicator for AA levels and consumer acceptance. Table 2 shows the color
measurement data for fried potato samples of various sizes. In this study, it was found that
the L* value of fried potatoes prepared in different sizes ranged from 51.09 to 69.01, the a*
value ranged from 3.94 to 11.78, and the b* value ranged from 33.58 to 36.02.

Table 2. Color parameters of homemade fried potatoes of different sizes.

L* a* b* AE BI
Fresh potatoes ~ 69.01 +0.15 0.38 + 0.05 21.05 £ 0.08 - -
T1 51.09 +£0.122 11.78 £0.302 33.58 £0.987 24.67 £0.732 120.36 +=1.242
T2 54.82 4+ 0.51° 714 +£030% 3548 £0.41° 21.35+£0.162 105.39 +0.192
T3 51.45+0.85% 8.35 4 1.12 b¢ 36.02 £2.772 2457 £1.44° 11540 +0.122
T4 59.19 £1.21°¢ 3.94+£042°¢ 34.45+2.48° 15.92 +1.21° 8155+ 0.17P

47¢: Means followed by different lowercase letters in the same row are significantly different. T1: (50 x 3 mm)
T2: (20 x 20 x 20 mm), T3: (12 x 12 x 12 mm), T4: (70 x 10 x 10 mm).

Preparing fried potatoes in different sizes resulted in significant differences, especially
in L* and a* values (p < 0.05). It was observed that in thinner and smaller potato samples
(T1 and T3 groups), the frying process increased the a* value and resulted in a lower L*
value (p < 0.05). Additionally, in fried potatoes, the browning index (BI), another parameter
used to measure the extent of color change due to the Maillard reaction, was observed to
be highest in the T1 group and lowest in the T4 group (p < 0.05).

The AE value indicates the color difference between fresh potatoes and fried potato
samples prepared in different sizes. Lower AE values suggest that the fried samples are
closer in color to fresh potatoes. Our findings show that the size of the fries significantly
affects the color parameters, with notable color changes observed between fries of different
sizes and fresh potatoes. Specifically, the AE values measured in this study reveal that the
size of the potatoes affects color changes, with significant differences observed between the
T1 and T4 groups (p < 0.05). Our study found similar results to those reported in the study,
showing that the size of the potato strips significantly affected the color parameters [64].
Comparable color results have also been documented in commercial French fries sold in
local markets in India [54] and in fried potato strips [63].
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3.3. Sensory Properties of the Homemade Fried Potatoes

The sensory analysis, which is a crucial factor in assessing the quality of fried potato
strips, demonstrated the significant impact of size on various sensory parameters [65,66]. The
evaluation focused on four different sizes and shapes of fried potato samples: 50 x 3 mm,
20 x 20 x 20 mm, 12 x 12 X 12 mm, and 70 x 10 x 10 mm, as detailed in Table 3.

Table 3. Sensory assessment results of the homemade fried potatoes.

Sensory Parameters

Treatment Blush Crispiness Mealiness Oiliness Taste Color f\):ce:;:;bility
(Scores 1-5) (Scores 1-5) (Scores 1-5) (Scores 1-5) (Scores 1-5) (Scores 1-5)
(Scores 1-5)
T1 3.53 +£0.072 4.08 +£0.072 2.68 +0.072 4.04+0.032 4054+ 0.012 402+0.102 441+ 0.062
T2 2514 0.02¢ 191 +021b 3.72 +£0.032 2.70 £ 0.01P 3.134+0.03P 3.09 + 0.07° 296+ 0.04°
T3 324 +0.01° 3.24 £0.082 3.714+0.062 2.87 +£0.03P 3.18 +0.02° 3.66 4 0.04 2 3294+ 021°
T4 2.70 +0.01¢ 230+ 0.06° 3784+ 0.01° 3.65+0.11°2 3.06 +0.14° 3.0440.11° 298+ 0.13"

a=¢: Means followed by different lowercase letters in the same row are significantly different (p < 0.05).

T1: (50 x 3 mm) T2: (20 x 20 x 20 mm), T3: (12 x 12 x 12 mm), T4: (70 x 10 x 10 mm).

In this study, all sensory parameters were affected by the different sizes and shapes.
(p < 0.05). The results indicate that preparing fried potatoes in different sizes improved
characteristics such as color uniformity, crispiness, mealiness, oiliness, taste, and color.
Among the different sizes, the 50 x 3 mm slices (T1 group) generally showed superior
performance in overall acceptability, taste, blush, crispiness, oiliness, and color, as evidenced
by higher sensory scores (p < 0.05). This suggests that the 50 x 3 mm size provides a better
balance of sensory attributes, which likely contributes to its higher overall acceptability.
According to the literature, color is the primary quality attribute assessed by consumers
and plays a crucial role in product acceptance [62,67]. Consequently, the T1 group provided
a more attractive color compared to the other groups (p < 0.05).

In contrast, the T2 group (20 x 20 x 20 mm) received lower scores across many
evaluated parameters, highlighting that larger sizes may not perform as well in terms of
sensory quality. This could be due to the increased oil absorption and less favorable textural
properties associated with larger slice sizes, which might affect their crispiness and overall
sensory appeal.

The study’s findings align with previous research, which found that thinner slices
(0.2 mm) of French fries achieved higher overall acceptability compared to thicker slices
(0.3 mm, 0.4 mm, and 0.5 mm). This suggests that slice thickness is a critical factor in
determining the sensory quality of fried potatoes, as thinner slices tend to be crispier and
more evenly cooked, enhancing their sensory attributes [68]. Therefore, the results support
the idea that adjusting slice thickness can significantly impact the sensory performance of
fried potatoes.

3.4. FTIR, and AFM Characterizations of MIP/SPR

FTIR spectra demonstrated the developed MIP/SPR chip (Figure 1A). The absorption
bands at 3600 cm !, 2910 cm 1, 1452 ecm ™1, 1720 em !, and 1419 cm ! corresponded to
the -OH stretching mode, MAGA monomer’s saturating -CH stretching, -NH bonding
attributing to amide, the carboxyl-carbonyl stretching band, and the -COO- stretching
mode, respectively. These results were in alighment with the literature [69]. According to
the AFM images, including the bare SPR chip (Figure 1B) and the MIP/SPR chip (Figure 1C),
the surface thicknesses were determined as 3.96 £ 0.05 and 20.73 = 0.06 nm, respectively,
verifying AA-imprinted polymer formation on the SPR chip.
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Figure 1. (A) FTIR spectra of MIP/SPR chip; AFM images of (B) bare SPR chip and (C) MIP/SPR chip.

3.5. pH Effect on the MIP/SPR Chip

Since the degree of light polarization in SPR sensor applications is significantly affected
by the method pH, pH optimization is a significant parameter. MAGA, which was preferred
as the monomer in this study, is a carboxylic acid-based chemical agent and was used in
the anionic phase at low pH values. In such cases, the monomer-analyte interaction was
at its maximum, providing the increase in sensor affinity. On the other hand, at high pH
values, the sensor affinity decreased owing to the analyte molecule ionization. Hence, pH
6.0 was selected as the optimum pH value for future AA applications (Figure 2A,B) [47].
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Figure 2. (A) SPR sensorgrams for 10.0 nM AA at different pHs of PBS. (B) Effect of pH on MIP/SPR
chip: (a) adsorption; (b) desorption; (c) regeneration.

3.6. Linearity Range of the MIP/SPR Chip

SPR is an excellent method for observing changes in the refractive index in the im-
mediate vicinity of a metal surface. SPR sensors are suitable for examining only a limited
distance or a fixed volume on the metal surface. In order to perform a selective determina-
tion by SPR, the sensor surface can be modified with some modifiers, such as a molecularly
imprinted polymer that can selectively recognize the target component. If the sensor surface
is properly modified, the target analytes migrate away from the surface while the ligand
remains on the surface. It is possible to perform multiple assays using the same sensor
chip with a regeneration solution without inhibiting the activity of the ligand [70]. SPR
signals were linear in a range from 1.0 to 50.0 nM AA, and the calibration equation of
y (AR) = 0.9998x (Caa, nM) — 0.7131 is shown in Figure 3. The limit of quantification (LOQ)
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and LOD values were 1.0 x 1072 M and 3.0 x 10~!? M, respectively. According to Table 4,
the developed SPR sensor performed AA analysis with great sensitivity compared to other
techniques presented in the literature. In addition, performing AA analysis instantly and
with high selectivity can lead to the prediction of important health problems, such as
muscle weakness and sensory and reflex losses.

a b
50 | e 4
== 1.0 nMAA
== 5.0 NMAA 50 ,
| e 7.5 1M AA u
14 30 == 10.0 nM AA %
< . 50.0 nM AA ¢
20 - 2 " y=09998x — 0.7131
] R2=0.9993
10 M i - A_:“C 00-‘ 0 20 30 4 50
. ¢ AA concentration / nM
0 ,W: - voveTt e
0 10 20 30 40 50 60

Time (min)

Figure 3. Effect of AA concentration on MIP/SPR chip. Inset: Calibration curve of AA concentrations
of MIP/SPR chip in the presence of pH 6.0 of PBS (from 1.0 nM to 50.0 nM AA): (a) adsorption;
(b) desorption; (c) regeneration.

Table 4. The comparison of the MIP/SPR chip’s performance for AA determination.

Linear Range LOD

Method ™) ™) Ref.

Au@Ag NPs SERS sensor 1.0 x 1078 -1.0 x 1073 1.27 x 107° [71]

Colorimetric aptasensor 1.0 x 1078-1.0 x 10~* 1.53 x 107° [72]

CuNCs/GSH 5.0 x 1076-3.0 x 1074 1.48 x 10~° [73]

CDs/DNA 1.0 x 1077-1.0 x 1073 241 x 1078 [74]

PEC-MIP sensor 2.50 x 10710-1.04 x 107 1.70 x 1072 [75]

Fluorescent sensor based on ssDNA and GelRed 1.0 x 107°-9.5 x 1073 3.0 x 107° [76]
MIP/SPR chip 1.0 x 107°-5.0 x 10~8 3.0 x 10710 This study

3.7. Recovery of MIP/SPR Chip and AA Content

The SPR sensor, which was prepared for sample analysis and designed to mea-
sure the AA level in different-sized fried potato samples (T1, T2, T3, and T4), was ap-
plied to the samples. The obtained AA amounts are summarized in Table 5. Moreover,
the recovery values close to 100.00% proved that the developed SPR sensor was pre-
pared with high specificity for AA. When examining the mean AA content, it was found
that the highest levels were measured in T1 (15.37 £ 0.01 nM) samples, followed by
T3 (10.79 £ 0.04 nM), T2 (5.31 = 0.03 nM), and finally, T4 (3.89 £ 0.08 nM) samples. As ob-
served, the preparation of fried potatoes in different sizes and shapes significantly affected
AA formation (p < 0.05). In the study, the mean AA content was found to be highest in the
T1 fried potato sample, which had dimensions of 50 x 3 mm. The European Commission’s
Regulation (EU) 2017 /2158 sets benchmark levels for AA in various foods, establishing a
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benchmark level of 500 pg/kg for ready-to-eat French fries. It was determined that the AA
content in the analyzed fried potato samples was below this benchmark level established by
the European Food Safety Authority (EFSA). The wide variation in AA formation among
individual fried potato samples is directly related to the surface area-to-volume effect and
frying conditions [77]. The size and shape of the fried potatoes are critical for AA formation,
as it primarily occurs in the surface layer [33,78]. This also supports the differences in
AA concentrations observed in our study among differently sliced fried potatoes (Table 3).
Consequently, the highest levels of AA were observed in the T1 group, which had a larger
surface-to-volume ratio. Similar results were observed by Narvus-Varli and Mortas, who
applied different preprocessing and cooking techniques to potato slices. The AA concen-
trations in the potato slices subjected to soaking and cooked by deep frying were found
to have a mean of 1.18 pug/kg [79]. In a study conducted by Michalak et al., the mean AA
contents of ready-to-eat frozen French fries of different sizes and shapes (crinkle, thick-
cut, shoestring, cubes, and wedges) were determined to be 539 + 45, 568 + 41, 685 + 15,
392 £ 18, and 451 & 19 ug/kg, respectively, with AA concentrations being higher com-
pared to cube-cut fries [33]. In another study, it was reported that the AA concentrations
in commercially available fried potato strips ranged between 82.0 and 4245.6 ug/kg [80].
As observed in the literature, the concentration of AA can vary significantly even within
the same food samples. These variations may be attributed to several factors, including
the variety of potatoes, food composition, the cooking temperature/time, the cooking
method, and other variables [61]. Our findings revealed that frying potatoes of different
cuts and shapes affects AA levels. However, these results also highlight the importance of
developing sensors, such as imprinted SPR, to measure these levels effectively, accurately,
and easily.

Table 5. Recovery results of AA (1 = 6).

Treatment Added AA Found AA * Recovery
(nM) (nM) (%)
T1 - 15.37 4 0.01 2 -
2.00 17.38 + 0.02 100.06 + 0.06
4.00 19.36 + 0.06 99.95 + 0.03
6.00 21.36 + 0.08 99.95 + 0.02
T2 - 531+ 0.03b -
2.00 7.32 +0.04 100.14 + 0.03
4.00 9.30 + 0.05 99.89 + 0.01
6.00 11.32 £+ 0.07 100.09 + 0.01
T3 - 10.79 + 0.04 € -
2.00 12.78 + 0.05 99.92 + 0.07
4.00 14.80 + 0.05 100.07 £ 0.09
6.00 16.80 + 0.03 100.06 + 0.04
T4 - 3.89 +0.08 4 -
2.00 5.90 + 0.02 100.17 + 0.07
4.00 6.90 £ 0.07 100.15 + 0.07
6.00 9.88 + 0.03 99.90 + 0.03

a-d; Means followed by different lowercase letters are significantly different (p < 0.05). * Recovery = Found
AA, nM/Real AA, nM different (p < 0.05). T1: (50 x 3 mm) T2: (20 x 20 x 20 mm), T3: (12 x 12 x 12 mm),
T4: (70 x 10 x 10 mm).

3.8. Selectivity, Repeatability, and Reusability of MIP/SPR Chip

The high selectivity of the prepared MIP/SPR chip is shown in Figure 4A,B. Selectivity
tests were carried out in the presence of MA, PA, DL-ALA, and L-ASP. These chemicals
were chosen as competitive agents because they are likely to be found in potato samples to-
gether with AA. As anticipated, the SPR sensor designed specifically for AA demonstrated
minimal sensitivity to other agents that were chemically similar to AA. In fact, although
the concentration of other agents was 100 times higher than the concentration of AA, the
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developed SPR sensor showed more specificity for AA. This was proof that the molecular
imprinting technique provided high selectivity to the target molecule. k and k’ values were
greater than 1; hence, the imprinting factor on the SPR chip surface was high (Table 6).

a b
10| p—————~——7 A| 1B
| = AA
8 —- £ — MA
— MA A
x 6 —y o 6 == DL-ALA
< — DLAA < L-ASP
4 L 4
21 c 2 a bc
ettt v V]
0""“""33-"-' o~ et _f,f‘_‘*pr:_e:: o_&~;w+.::
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (min) Time (min)

Figure 4. Selectivity tests: SPR sensorgrams of (A) MIP/SPR chip and (B) NIP/SPR chip in
10.0 nM AA, 1000.0 nM MA, 1000.0 nM PA, 1000.0 nM DL-ALA, 1000.0 nM L-ASP: (a) adsorp-
tion; (b) desorption; (c) regeneration.

Table 6. k and k’ values of MIP/SPR and NIP/SPR chips (1 = 6).

MIP NIP
AR k AR k K’
AA 10.0 = 0.02 - 0.20 £ 0.03 - -
MA 1.00 £ 0.01 10.00 0.15 £ 0.01 1.33 7.52
PA 0.75 £ 0.03 13.00 0.10 £ 0.02 2.00 6.50
DL-ALA 0.50 £ 0.06 20.00 0.05 £0.01 4.00 5.00
L-ASP 0.25 £ 0.02 40.00 0.01 £ 0.01 20.00 2.00

Analyte concentrations: 10.0 nM AA, 1000.0 nM MA, 1000.0 nM PA, 1000.0 nM DL-ALA, 1000.0 nM L-ASP. k
(selectivity coefficient) = ARAA / ARinterfering chemical and K’ (relative selectivity coefficient) = kyip, knip-

For the repeatability test of the developed MIP/SPR chip, five consecutive cycles in
the presence of 10.0 nM AA were completed, and the obtained SPR signals for each cycle
were almost close to each other with a relative standard deviation of 0.44%, providing high
repeatability (Figure 5).

Lastly, for the reusability test of the developed MIP/SPR chip, 30 consecutive SPR
signals of a developed MIP/SPR chip were observed in the presence of 10.0 nM AA; SPR
signals with a relative standard deviation of 0.21% confirmed the high reusability.
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Figure 5. Repeatability of MIP/SPR chip in 10.0 nM AA. (a) adsorption; (b) desorption; (c) regeneration.

3.9. Pearson Correlation Analysis Results

Figure 6 presents the correlation matrix showing the relationships between the inde-
pendent variables in our study. Specifically, variables with positive correlations above 0.90
with AA and those with negative correlations below 0.90 were focused on, and it was found
that the majority of these correlations were statistically significant (p < 0.05). A strong
positive correlation was observed between the AA levels in potatoes and the parameters of
blush (0.96), crispiness (0.96), color (0.99), taste (0.90), and overall acceptability (0.92). Addi-
tionally, when examining the correlation results with color parameters, positive correlations
were determined with the a* value (0.92), and strong positive correlations were found with
the AE (0.81) and BI (0.78) values. Conversely, a negative correlation (—0.81) was found
between the L* value and AA levels. In summary, darker (lower L*), redder (higher a*), and
browner (higher BI) fried potatoes tended to have higher AA levels. Furthermore, the total
color difference (AE) was strongly related to AA, indicating that significant color changes
during frying were associated with increased AA formation. Conversely, a strong negative
correlation was found between the AA levels of fried potatoes of different sizes and their
moisture levels (—0.93) and fat contents (—0.99). This indicates that samples with higher
moisture and fat contents tended to have lower AA levels. This inverse relationship can be
attributed to the fact that higher moisture content may diminish the extent of the Maillard
reaction, which is a critical process in AA formation.

In conclusion, the strong correlations between instrumental color parameters (L*, a*,
BI) and AA content highlight that color changes and darkening are significant factors
affecting AA formation. The association of dark and red hues with higher AA levels
indicates that color changes and darkening of the potatoes during frying may increase AA
accumulation. Additionally, the relationship between sensory attributes such as crispiness
and taste with higher AA levels suggests that the cooking conditions and processing times
of the potatoes are closely related to AA formation. These correlation results highlight
that controlling AA levels in fried potatoes may have adverse effects on the product’s
sensory attributes.
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Figure 6. Pearson correlation analysis results. AA: Acrylamide, Overall acceptability: Overall
acceptability, Ph: pH.

4. Conclusions

This study successfully evaluated the AA levels and various quality parameters of
homemade fried potatoes prepared in different sizes by integrating principles from the Slow
Food Movement with advanced sensor technology. A novel and rapid method utilizing a
SPR sensor based on a molecularly imprinted polymer was developed for detecting low
levels of AA. Importantly, the results indicate that AA forms at higher levels in thinner
and smaller potato slices. This highlights the significant impact of slice size and thickness
on AA formation during frying. These findings underscore the importance of carefully
considering potato slice dimensions in cooking practices to effectively manage AA levels
while maintaining sensory quality. The integration of advanced sensor technology with
traditional food preparation principles provides a comprehensive approach to enhancing
food safety and quality in homemade fried potatoes.
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