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As one of the most popular fried ready-to-eat foods in the world,
chicken nuggets are deep fried. Due to the immersion of the
product in this method, the oil content increases, thus causing
obesity and related diseases. For this reason, reducing the fat of
the product while maintaining the organoleptic properties has
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been given much attention and research. In this study, chicken
nuggets with different batter formulations (wheat flour, rice
flour, and quinoa flour) were fried by two methods (deep and
hot air) in terms of moisture content, oil content, weight loss,
batter absorption rate, and stickiness percentage, color, texture,
viscosity, diameter and sensory evaluation were investigated.
The oil content, moisture content and percentage of adhesion of
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the coating to the core were higher in deep frying than in hot air
frying. Texture, deep fried chicken nuggets had less firmness
and gumminess. The results also showed that the samples coated
with quinoa flour had higher moisture content, batter pickup and
oil content while they experienced lower cooking loss and
coating adhesion to the core. In terms of color, the coating of
quinoa dough showed lower L*, b*, and higher a*. The hardness
of the nuggets coated with quinoa paste was lower than the other
two samples. The results show that hot air frying is generally a
healthy method for producing chicken nuggets and a valuable
alternative for producing fried protein foods. As a gluten-free
grain with high nutritional value, quinoa flour paste can be a
good substitute for wheat in reducing the oil content of fried
products.
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1-Introduction

The shift in lifestyle has led to changes in
dietary patterns and an increased reliance on
ready-to-eat foods (fast food) due to their quick
preparation and availability. Ready-to-eat
foods are considered a category of products
with  unique characteristics and high
acceptance. These properties are related to the
diverse raw materials and the technology used
in the preparation of the food [1-3]. Chicken
nuggets are one of the most widely accepted
fried ready-to-eat foods globally, prepared
through deep-frying, and have become a staple
in many diets [4 and 5]. Deep-frying is one of
the most popular food processing methods
worldwide, altering the sensory and nutritional
properties of food due to the complex
interactions between the food and the oil.
Typically, in deep-frying, foods are immersed
in oil/fat, which results in a high-fat content in
the final product. Since the consumption of
fried foods is unavoidable, reducing fat content
while preserving the organoleptic properties of
fried foods has become a necessity and a focus
of current research in the food industry,
especially given the rising rates of obesity and
cardiovascular diseases [6-12].

Studies have identified two main methods for
reducing the amount of oil in fried foods:
modifying the frying process and altering the
surface properties of the product [12, 13]. In
modifying the frying process, a range of options
have been proposed to replace deep-frying with
systems that can provide higher nutritional
quality. Based on this idea, hot air frying
technology has emerged in the market [9]. In
this method, oil is sprayed onto the foods’
surface, and instead of being immersed in oil,
the product is surrounded by hot air [14-18]. In
other words, the product comes into contact
with less oil compared to deep-frying. As a
result, only a negligible amount of oil remains
on the surface of the product after frying,
making oil absorption during the cooling phase
negligible [10, 17]. Investigations into the
physicochemical properties and flavor of
chicken nuggets during hot air frying and deep-
fat frying have shown that hot air frying results
in lower fat content compared to deep-frying
but requires more time to achieve similar
quality characteristics as its counterpart method
[19, 20].
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Frying impact initiate from the surface of
products [21]. Therefore, oil absorption
primarily occurs in the crust. For this reason,
the characteristics of the food's crust
significantly influence oil absorption. The use
of batter before frying has gained attention in
recent decades due to advantages such as low
cost, simplicity, and minimal equipment
requirements [12, 13]. Wheat flour is the main
component of batter and determines its
functional  properties. These functional
properties depend on the composition and ratio
of starch and protein in the flour. Thus, any
changes in gluten content or the addition of
other proteins can alter the rheology of the
batter and, ultimately, the quality of the product
[22].

Gluten, due to its unique viscoelastic
properties, plays multiple roles in most bakery
products. However, consuming gluten-
containing foods can cause serious medical
complications for individuals with celiac
disease. Therefore, recent studies have focused
on developing specific batter formulations for
coating that are gluten-free while maintaining
nutritional and organoleptic properties similar
to their gluten-containing counterparts [23-26].
Quinoa, as a gluten-free grain, has been used by
researchers as a suitable alternative to wheat
due to its high nutritional value (containing
essential amino acids and protein quality
comparable to milk casein) and its satiety-
inducing properties due to its high porosity
[27]. The present study aims to increase the
variety of gluten-free products by investigating
the effects of batter formulation and frying
method on the physicochemical properties of
chicken nuggets.

2- Materials and Methods

2-1. Preparation of Batter and Chicken
Nuggets

The dry ingredients for the batter of each
formulation (wheat, rice, quinoa) included flour
(98.5% wiw) and salt (1.5% w/w). The dry
ingredients were mixed with water (at 25°C) in
a 3:5 weight ratio. For the preparation of
chicken nuggets, chicken breast was minced
using a meat grinder. For every 92% (w/w) of
meat, 6% (w/w) onion, 1.5% (w/w) salt, and
0.5% (w/w) seasoning (red pepper, garlic
powder, paprika) were added and mixed for two
minutes. This mixture was shaped into cubes
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(1x2x4 cm) and frozen to a temperature below
-10°C. The frozen pieces were immersed in the
batter for 15 seconds, then left at room
temperature (25°C) for 30 seconds to allow
excess batter to drain. The pieces were placed
on a plastic tray and stored at -10°C until frying
[28-30].

2-2. Deep-Frying Process

The deep-frying method used in this study was
based on the procedures previously reported by
Cao et al. (2020) and Faloye et al. (2021) [19,
31]. For deep-frying, an electric fryer (Princess,
NL-5015BH, Tilburg) with a power of 1800 W
was used. Approximately 2.5 liters of frying oil
were added to the fryer and heated for one hour
to reach the desired temperature (180°C). The
samples were placed in a basket inside the fryer
for six minutes to fry. After frying, the samples
were immediately removed from the fryer, and
surface oil was absorbed using oil-absorbent
paper. The samples were allowed to cool to
room temperature before analysis.

2-3. Hot Air Frying Process

For hot air frying, a fryer model (Philips,
HD9248, China) with a power of 1300 W was
used (Figure 3-2). The fryer was preheated for
five minutes at 180°C without adding any
samples. The chicken nuggets were then placed
in the air fryer chamber and removed after 18
minutes [19].

2-4. Physicochemical Analysis

2-4-1. Measurement of Oil and Moisture
Content

Water loss (WL) of the nuggets was determined
using the oven-drying method by measuring the
weight (grams) of the nuggets before frying
(W1) and after frying (W2). The oil content was
measured using the Soxhlet extraction method,
as described by Nagadi et al. The fat content
was determined by measuring the weight
(grams) of the nuggets before frying (W1) and
after frying (W) based on the AOAC method
[28, 32].

1) WL (g 100g™* nugget) = (W1 — W,)/W x100
2) OAC (g 100g* nugget) = (W2 — W1)/W
x100

2-4-2. Total Weight Loss

The chicken nuggets were weighed before
(Wi) and after (Ws) frying using a digital scale
(model HS-300S) to calculate the total weight
loss.

The total weight loss (LT) was calculated
using Equation (3) [33]:

LT=(Wi-Wf)/Wix100

3-4-2. Batter Absorption Factor
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The batter absorption factor (as an indicator of
batter adhesion and viscosity) was measured
using the difference in weight of the chicken
nugget sample (W) before and after coating
(W), calculated using Equation 4 [34, 35].

4) Wet Pickup=( Wqg - Wn)/W;x100

2-4-4. Adhesion percentage of the coating to
the product surface

To evaluate the adhesion percentage (C.P),
fried chicken nuggets were divided into two
parts lengthwise using a knife, and photographs
were taken of the cut surface using a camera.
The adhesion percentage was calculated using
image processing with the ImageJ software
based on the formula (5) provided by Albert et
al. (2009) [36].

5) C. P =(A/T) x 100

A: The surface of the food item that is covered
by the coating, and T: The total surface area of
the food item.

2-4-5. Color Evaluation

A colorimeter (CR400 Chroma Meter, Minolta
Corporation; Ramsey, NJ, USA) was used to
measure the color values in (L*, a*, and b*)
system. The value (L*) is an indicator of
brightness from black (0) to white (100), the
value (a*) represents red (+a*) and green (a*-),
and the value (b*) represents yellow (+b*) and
blue (b*-). All measurements were performed
in triplicate. Additionally, chroma (C*), hue
angle (which indicates the dominant color, and
the closer this angle is to zero, the redder the
sample appears), and overall color change (AE)
were calculated according to equations 6, 7, and
8 [37].

6) C*=[(a*)2+(b*)2)1/2

7) H*=arctan(b*/a*)

8) 88 = | (iamte — Liomira) + Biamte ~ Deomrr)” + @sampte ~ Gomr)?
2-4-6. Texture Evaluation

A texture analyzer (model TAXTPLUS) was
used to measure the hardness and fracture
distance of chicken nugget pieces, including the
crust. The maximum force value was
considered as the hardness index. The slope of
the curve was used as the strength index, and
the distance from the initial point to the point of
maximum force was used as the displacement
(fracture distance) indicator [38].

2-4-7. Volume Change

Changes in the dimensions of the chicken
nuggets before (Vo) and after frying (V) were
measured using imaging and image analysis
with ImageJ software. Volume changes were
calculated using Equation 9 [39, 40]:

9] AV (%)= (Vo-Vy)/Vox100
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5-2. Statistical Analysis

All tests were performed in triplicate or more
and presented as averages. The obtained data
were analyzed using a factorial design.
Significant differences between groups were
determined statistically using one-way analysis
of variance (ANOVA) and the paired sample T-
test, along with Duncan's multiple range test,
using SPSS 27. Statistical significance was
considered at the level of (P<0.05).

3- Results and Discussion

1-3. Physicochemical Analysis

3-1-1. Measurement of Oil and Moisture
Content

The frying method and different batter
formulations had a significant effect (P<0.05)
on the moisture content of the chicken nuggets
(Figure 1). The highest moisture content was
observed in the chicken nuggets coated with
quinoa flour-based batter. This can be attributed
to the thicker coating of the nuggets with
quinoa flour, which helps retain the moisture in
the chicken nuggets. A similar result was
obtained by Chayawat and Rumpagaporn
(2020) for chicken nuggets coated with rice
bran [37]. Additionally, EI-Sohaimy et al.

(2022) found that quinoa's high water
absorption capacity prevents moisture loss,
thereby preserving the moisture content [30].
Deep-fried nuggets also had higher moisture
content. A similar result was observed by
Ghaitaranpour et al. (2018) in deep frying
donuts [40].

However, the results of some researchers
differed from the present findings. For instance,
Cao et al. (2020) reported a higher moisture
content in hot air fried chicken nuggets. They
attributed this to the lower heat transfer rate in
air frying [19]. Santos et al. (2017) and Teruel
et al. (2015) also obtained similar results in a
study on fried potatoes [42, 43]. The difference
in results compared to the present study can be
attributed, according to the study by Castro-
Lopez et al. (2023), to the longer frying time in
the hot air frying process. They demonstrated
greater moisture loss after 12 minutes in
chicken nuggets and stated that after 12
minutes, the moisture content decreases more
significantly [20]. Since the frying time in the
hot air method in the present study was 18
minutes, the reduction in moisture content can
therefore be linked to this factor.

Moisture content

Moisture content(%e)

wheat flour

110 | BERaw EDesp frying BAir frying

Rice flour

Quinoca flour

Figure 1: The effect of frying method (deep and hot air) and formulation batter (wheat,Rice,quinoa) on Moisture
content (%) of the chicken nuggets, Different letters indicate significant difference (p< 0.05).

3-1-2. Oil Content

Figure 2 shows that batter formulation and
frying method have a significant effect
(P<0.05) on oil content as well. The oil content
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in the hot air-fried chicken nuggets was
significantly lower than that in the deep-fried
ones.
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Qil content

Ol content (%&)
=

wheat flour

BRaw MDeep frying BEAw fryng

Quinoa flour

Figure 2: The effect of frying method (deep and hot air) and formulation batter (wheat, Rice, quinoa) on Qil
content (%) of the chicken nuggets, Different letters indicate significant difference (p< 0.05).

The reason for this is the reduced contact of the
chicken nuggets with oil during hot air frying,
which prevents significant oil accumulation on
the nugget surface, thereby reducing its
absorption during the cooling phase [17]. This
result is consistent with the findings of previous
studies [17, 19, 43, and 45]. The nuggets coated
with quinoa flour also had significantly lower
oil content (12.1%). This can be attributed to
the high moisture content of the quinoa-coated
samples, as the moisture level of the food is an
important factor in oil absorption during frying.
Generally, higher oil absorption is observed in
samples with lower moisture content after
frying process. These results confirm the
relationship between moisture removal and oil
absorption. Similar findings were obtained by
several researchers, including Chayawat and
Rumpagaporn (2020) and Pinkaew and
Naivikul (2019) [34, 37].

3-1-3. Weight Loss

Figure 3 shows the effect of frying method and
batter formulations on weight loss. The quinoa-
coated samples had significantly (P<0.05) less
weight loss. This phenomenon can be attributed
to the thicker coating and the high water
absorption capacity of the quinoa-coated
nuggets, which results in less heat penetration
during frying and, therefore, prevents moisture
loss and ultimately reduces weight loss [30].
The hot air frying method also had a significant
effect on the weight loss of the chicken nuggets,
which contrasts with the results of Castro-
Lopez et al. (2023) on chicken nuggets fried
using both hot air and deep frying methods [20].
As stated in the moisture content section, this
discrepancy can be attributed to the longer
frying time in the hot air technique, as moisture
loss increases after 12 minutes of frying. Since
the frying time in the hot air method in the
present study was 18 minutes, this can explain
the greater reduction in moisture content and,
consequently, the increased weight loss.

100

Total weight loss

20
70
60
50
40
30
20
10 A

Total weight loss(%e)

gp 4 BDeepfrying EAir frying

wheat flour

Rice flour

Quinoa flour

Figure 3: The effect of frying method (deep and hot air) and formulation batter (wheat,Rice,quinoa) on Total
weight loss (%) of the chicken nuggets, Different letters indicate significant difference (p< 0.05).

3-1-4. Batter Absorption
Different batter formulations had a significant
effect (P<0.05) on the coating absorption index
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on the surface of the chicken nuggets (Figure
4). The quinoa flour batter had the highest
absorption in the chicken nugget coating. This
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can be attributed, in line with the study by EI-
Sohaimy et al. (2022), to quinoa's high water
absorption capacity, which increases the

viscosity of the batter and, as a result, enhances
batter absorption [30].

60

Absorption of biter

30 A

40 A

30

20 A

10 A

Absorption of batter (%)

wheat flour

Quinoa flour

Figure 4: The effect of frying method (deep and hot air) and formulation batter (wheat,Rice,quinoa) on
Absorption of batter (%) of the chicken nuggets, Different letters indicate significant difference (p< 0.05).

3-1-5. Adhesion Percentage of the Coating to
the Product Surface

The adhesion of the coating to the product
surface is one of the key factors in evaluating
the final quality of nuggets. Figure 5 shows the
results of evaluating the effect of different
batter formulations and frying conditions on the

adhesion percentage of the coating to the
product surface, which was obtained using
image processing and equation 5. Both
variables had a significant effect (P<0.05) on
the adhesion percentage of the coating to the
product surface.

| coating adhesion percentage

g

coating adhesion percentage (%0)
@
=}

wheat flour

Rice flour

Quinoca flour

Figure 5: The effect of frying method (deep and hot air ) and formulation batter (wheat, Rice, quinoa) on coating
adhesion percentage(%) of the chicken nuggets, Different letters indicate significant difference (p< 0.05).

In general, the hot air frying method and the use
of quinoa flour in the batter significantly
reduced the adhesion of the coating to the core
(Figure 6). This can be attributed to the
thickness of the coating with quinoa flour and
moisture retention in the samples. According to
the study by Ghaitaranpour et al. (2024), which
examined the effect of coating formulation on
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the structural changes of turkey nuggets during
frying [40], it can be explained that the batter
forms a layer that prevents moisture from
escaping during frying. This phenomenon leads
to an increase in vapor pressure beneath the
coating layer, causing the coating to detach
from the food surface, and consequently
reducing the coating adhesion.
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Figure 6: The effect of frying method (hot air and deep) and formulation batter (wheat flour, rice flour, quinoa
(%). 1(hot air frying wheat), 2(hot air frying rice), 3(hot air frying flour) on coating adhesion percentage
quinoa), 4(deep frying wheat), 5(deep frying rice), 6(deep frying quinoa).

3-1-6. Color

The color of fried products is an important
factor that plays a key role in determining the
final quality of cooked products, in addition to
consumer acceptability [45]. Various changes
such as moisture loss, oil migration, frying
temperature, frying time, and the Maillard
reaction affect the color of the product and
influence the appearance of the food [20]. Color
measurements were obtained using the (L*, a*,
and b*) system. The L* value, which ranges
from 0 (black) to 100 (white), is primarily
associated with non-enzymatic browning
reactions [46], and lower L* values indicate
darker products, which are essentially linked to
browning reactions. The b* parameter, ranging
from -b* to +b*, represents a color change from
blue to yellow. a* is another color channel in
the a* b* L* color space. The values +a* and -
a* represent red and green, respectively. This
parameter is directly affected by the browning
reactions [48-46].

In the present study, batter formulation and
frying method had a significant effect (P<0.05)
on color parameters (Table 1). The quinoa flour
batter-coated nuggets showed lower L*, b*, and
Hue angle, and higher a*, and AE values. This
can be attributed to the high protein content of
quinoa, as the high protein content increases the
reaction between reducing sugars and amino
acids, leading to a darker product [47, 49].
Regarding the frying method, the hot air frying,
with an 18-minute frying time, showed higher
L*, a*, Hue angle, and AE values, and lower b*
and C* index values compared to deep frying
with a 6-minute frying time. This is explained
by the study by Castro-Lopez et al. (2023),
which linked the longer frying time of chicken
nuggets fried by hot air to this outcome [20], as
non-enzymatic browning during air frying
occurs much more slowly than in deep frying.
Other researchers also reported similar results
[19].

Table 1: The effect of frying method (deep and hot air) and formulation batter (wheat,Rice,quinoa) on color
parameters of the chicken nuggets. The results were expressed as mean + standard deviation. Different letters

indicate significant difference (P< 0.05).

. Type

:Qt’[']';% of L a* H* c* AE
batter
Wheat b a d c c b
fonr  5761£34°  113+19°  30.62:08° 87.87+36° 30.68:07° 28.11#31

Deep ]ff(')ffr 62.74+2.08" 3.24+0.7%  30.62+0.70 83.96+1.2% 30.74+0.8° 21.47+0.7%
Qf‘:(')rl‘]‘:a 35.04+1.5° 10.2740.4° 2534+0.8"  67.08+1°  27.34+1"  65.93+0.4°
"fvlg‘fﬁt 63.52+47.8"  1.2540.3° 30.49+2.9° 02.67+0.6° 20.53+2.9° 21.03+9.5%

hot air :
fch')f]er 55.14+7.6° 7.07+4.6 27.87+15¢ 76.2148.6® 28.97+2.4% 18.96+1.4°
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Quinoa

flour 38.53+3.4°

10.42+2.6¢

24.22+.6°

68.8116.6°  26.44+1.2°  64.71+3.7°

3-1-7. Texture

Water evaporation, protein denaturation, starch
gelatinization, and other reactions are factors
that influence the texture changes of products
during the frying process [19]. According to
Table 2, the frying method and batter
formulation had a significant effect (P<0.05) on
the hardness and gumminess of the chicken
nugget texture. The deep-fat fried chicken
nuggets coated with quinoa flour-based batter

showed less hardness (0.30£0.1), which can be
attributed to both the frying time and the
moisture content of the chicken nuggets during
the frying process [20, 43]. Furthermore,
according to a study by Chayawat &
Rumpagaporn (2020) on rice bran-coated
chicken nuggets, it can be stated that products
with thicker coatings have a softer texture due
to moisture retention [37].

Figure 7: The effect of frying method (deep fat-frying and air frying) and formulation batter (wheat,Rice,quinoa)
on Textural attributes of the chicken nuggets. The results were expressed as mean + standard deviation. Different

letters indicate significant difference (P< 0.05).

Frying method Type of batter Hardness cohesiveness Gumminess
wheat flour 1.17+0.3 0.75+0.08° 0.88+0.3%

Deep fat frying Rice flour 0.65+0,23b¢ 0.80+0.07° 0.52+0.2%
Quinoa flour 0.30+0.1° 0.84+0.03° 0.25+0.3?
Wheat flour 140,30 0.54+0.12 0.55+0.2%

Hot air frying Rice flour 1.45+0.5¢ 0.80+0.04° 1.19+0.5¢
Quinoa flour 0.51+0.4%® 0.86+0.02° 0.44+0.2%

3-1-8. Volume Changes

The frying method and different batter
formulations have a significant effect (p<0.05)
on nugget volume changes (Figure 7). The
deep-fat fried chicken nuggets coated with
quinoa flour-based batter showed the least
volume change (4.5%). This can be attributed
to the moisture content of the chicken nuggets

fried by the deep-frying method and the quinoa
flour coating. Ghaitaranpour et al. (2024) also
mentioned in their study on the effect of coating
on turkey nuggets that during the frying
process, the size of the food decreases due to
moisture evaporation, which leads to structural
disruption and, consequently, changes in the
dimensions of the food [40].

Volume changs

50
B Deep frying

40 4

e

Velume change (%)

DAr frymg

Rice flour

Quinoa four

Figure 7: The effect of frying method (deep and hot air) and formulation batter (wheat,Rice,quinoa) on volume
change (%) of the chicken nuggets, Different letters indicate significant difference (p< 0.05).

9-1-3. Sensory Evaluation

The sensory characteristics of a food product,
such as color, appearance, taste, and texture,
influence the consumer acceptance of the fried
product. Therefore, sensory evaluation of the
samples is very necessary. In the present study,
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the effect of the frying method and batter
formulation on the sensory evaluation (color,
appearance, taste, texture, and overall
acceptance) of chicken nuggets was
investigated. As observed in Figure 8, the
frying method and different batter formulations
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had a significant effect (P<0.05) on the sensory
characteristics of fried nuggets.

(General acceptance

texture
---- wheat air
wheat deep

~-=--- Rice @ir

appearance
tasts
=== =n quinoa air
Rice deep —— quinoa deep

Figure 8:Effect of frying method (deep fat-frying and air frying) and different batter (wheat,Rice,quinoa) on
chicken nuggets sensorial characteristics. Different letters indicate significant difference (p< 0.05).

Deep fat fried chicken nuggets showed greater
consumer acceptance. In other words, the oil
content has effective influence on acceptability
of samples. Qil contributes to a shiny color, a
pleasant taste, a desirable texture, and, in
general, positive acceptance by the consumer.
These changes in the properties of the products,
including chicken nuggets, can be attributed to
the physical and chemical changes that occur
during the deep frying process. Similar results
have been reported by other researchers [20, 33,
43]. A significant effect (P<0.05) of the
formulation on the color, appearance, and taste
of the coated samples was observed. The
chicken nuggets coated with quinoa flour based
batter had the lowest acceptance, which could
also be due to the darkening of the product
coated with the batter. Similar results have been
reported by other researchers [50, 51].

4- Conclusion

The results of the present study showed that
although chicken nuggets fried by the hot air
method contained less oil compared to the
deep-fried ones, they required more time to
achieve similar quality characteristics as deep
frying. Additionally, this study showed that the
use of a gluten-free batter formulation (quinoa),
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