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Abstract

The influence of various pre-treatments on the physicochemical properties of vacuum-fried
(VF) carrot chips, including blanching (85°C for 3.5 min), blanching combined with drying
(85°C for 3.5 min followed by drying at 70°C for 1 h 30 min), blanching combined with
freezing (85°C for 3.5 min followed by freezing at -20°C for 4 to 5 h), freezing (-18°C
overnight), and edible gum coating (dipping in 1.5% guar gum for 5 min), was compared
with untreated (control) and atmospheric-fried carrot chips. The processing conditions,
such as frying temperature (100°C), frying pressure (9 kPa), and frying time (20 min), were
selected for the pre-treatment study. Refined palm oil was used for vacuum frying, and de-
oiling was carried out at 1000 rpm for 10 min. Quality parameters such as oil content,
moisture content, water activity, total yield, color, and sensory value were determined using
standard procedures. The results revealed that the lowest moisture content (2.15%) and
water activity (0.214) were observed in vacuum-fried carrot chips that underwent the
blanching combined with drying pre-treatment. The lowest oil content (10.04%) was
recorded in vacuum-fried edible gum-coated chips. Frozen pre-treated vacuum-fried carrot
chips had the lowest hardness value of 1.282 N, and the maximum colour values were L*
(38.92), a* (22.85), and b* (27.86). Based on the quality parameters and sensory
evaluation of the vacuum-fried carrot chips, the freezing pre-treatment was found to be
superior among the pre-treatments.
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1. Introduction

Carrots are highly nutritious vegetables consumed raw and in processed forms worldwide.
They are rich in carotene, vitamins, pectin, dietary fibers, and essential minerals, making
them a vital part of a healthy diet. In India, carrot cultivation is region-specific, with certain
varieties adapted for particular climates and terrains. Among them, Ooty-1 is a prominent
variety suitable for cultivation in hilly regions. This cool-season crop develops optimal color
and quality when grown at temperatures between 15°C to 20°C, thriving in deep, loose
loamy soils with a pH range of 6.0 to 7.0. Ooty-1 can be cultivated year-round at elevations
above 1500 m with assured irrigation or during the July-February season at lower
elevations. Known for its high yield potential (25-30 tons per hectare within 100-120 days)
and resilience to pests, this variety ensures consistent quality, making it an excellent choice
for processing into value-added products. The consumption of carrots and their value-
added products has increased steadily due to the recognition of their antioxidant and
anticancer activities (Ikram et al., 2024). However, fresh carrots are highly perishable and
start spoiling within a day after harvest. The post-harvest losses of fresh products, including
carrots, range from 14% due to their highly perishable nature, leading to challenges in
distributing and marketing them (Yeshiwas & Tadele, 2021). The value addition of carrots
is one of the most important technologies to reduce post-harvest losses and overcome
these problems. Nowadays, there is an increasing demand for healthy snacks that provide
nutritious foods to reduce obesity.

In the present era of junk foods, fried foods are gaining significant market
importance. The snack food market has witnessed enormous growth within the food
processing sector in India. This growth reflects the increasing consumer demand for
convenient and enjoyable snack options. Crispy and crunchy snacks produced using frying,
freezing, drying, and other processing methods enhance the acceptability and consumption
of vegetables like carrots. Carrot chips, in particular, stand out as a popular snack due to
their unique sensory attributes, being both dry and crispy.

Despite their potential, there is currently limited availability of ready-to-eat carrot
chips in the market. However, these products have the advantage of a longer shelf life,
making them an attractive option for commercial production (Chen et al., 2018).

Frying is a simple and commonly used method for cooking various foods, such as
chips, french fries, meat, fruits, and vegetables. It involves immersing raw or pre-treated
food items in hot oil at high temperatures (120-200°C) for a short duration (Al Faruq et al.,
2022). Despite its popularity, a significant disadvantage of consuming deep-fried food is
the high oil content, which is associated with several health issues, including
cardiovascular diseases, diabetes, cancer, obesity, and hypertension (Bouchon & Dueik,
2018; Mesias et al., 2021; Al Faruq et al., 2022). Given these concerns, there is a growing
demand for healthy yet tasty snack products with reduced oil content. In this context,
research has been focused on advanced processing technologies to produce high-quality
fried products with lower oil content, free of acrylamide, and aligned with modern health
trends.

The technology of vacuum frying is the best option for the production of novel
snacks that fulfil consumer demand and meet nutritional requirements (Dueik et al., 2010).
The vacuum frying process is carried out in a closed system, and the samples are fried
under vacuum conditions below atmospheric pressure (below 100 kPa). Due to the low
pressure, the boiling point of the oil and water in the food is reduced (Ren et al., 2022). At
such reduced pressures, the boiling point as well as the smoke point of oil is reduced. The
absence of air during the frying process inhibits oxidation, including lipid oxidation and
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enzymatic browning, and thus retains color and flavor. Vacuum frying offers minimal
changes in oil quality and desired organoleptic properties without loss in nutritional value.
It is widely used for processing various foods, mostly vegetables and fruits. Vacuum frying
offers improvements in the quality attributes of fried foods compared to atmospheric frying
(Saikia et al., 2022). It maintains the color and flavor of the product. Moreover, the oil used
in vacuum frying can be reused several times without affecting its quality, thus increasing
economic feasibility of the process.

Some scientists mainly focus on preserving nutrients, retaining color and flavor,
and reducing oil content during the vacuum frying process. In fact, some quality changes
could take place during the vacuum frying process. To improve the quality of vacuum-fried
products, several pre-treatment methods including blanching, blanching combined with
drying, blanching combined with freezing, freezing, and edible gum coating (1.5%w/v) have
been applied. Blanching is one of the most important pre-treatment methods used to
prevent browning and remove water-soluble sugars from the food surface (Saini et al.,
2023). To improve the product quality of fried food, blanching can produce considerable
improvement in the color of the vacuum-treated samples and can reduce oil absorption.
Blanching combined with drying is the best method to reduce the moisture content and
water activity in chips. This may be due to the removal of moisture from the fried product
during drying. Freezing is one of the popular and oldest methods of food preservation,
which allows retention of the texture, taste, and nutritional values of foods. Gouyo et al.
(2021) stated that during frying of frozen treated samples, free water between the cells
tended to vaporize, and the interspaces left by water evaporation expanded, resulting in
an increase in porosity and reduction in hardness. The main aim of gum coating is to reduce
oil absorption in fried products. Reducing the fat content of fried foods by applying coatings
is an alternative solution to comply with both health concerns and consumer preferences
(Salehi et al., 2021). Hydrocolloids can also be used as coating material for fried food
products to reduce oil absorption (Santos et al., 2023).

Fried snack foods are increasingly popular, yet traditional frying methods present
significant health concerns due to the high oil content, which is linked to obesity,
cardiovascular diseases, and diabetes. Additionally, despite their potential as a nutritious
and shelf-stable snack, ready-to-eat carrot chips are limited in the market. This
underscores the need for innovative frying technologies that can produce high-quality
snacks with reduced oil content while retaining their nutritional and sensory qualities.

Vacuum frying has emerged as a promising solution to address these challenges.
It offers reduced oil uptake and improved product quality and has been widely applied to
various fruits, vegetables, cereals, and meat products. However, there is currently no
literature available on the vacuum frying of carrot chips, specifically focusing on the Ooty-
1 variety, which is commonly cultivated in India. Moreover, the effects of various pre-
treatments on the physicochemical properties of vacuum-fried carrot chips remain
unexplored, highlighting a significant gap in existing research.

Therefore, this research aimed to evaluate the effect of various pre-treatments on
the physicochemical properties of vacuum-fried (VF) carrot chips, such as moisture
content, oil content, water activity, texture, color, and sensory attributes, and to identify the
most effective pre-treatment method for enhancing quality attributes like reduced oil
uptake, improved texture, and superior sensory characteristics, thus meeting consumer
demand for healthier and more nutritious snack options.
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2. Materials and Methods
2.1 Collection of raw materials

The carrots used in this study were procured from the local market in Tavanur, Kerala,
during November, 2023. The selected carrots were of the Ooty-1 cultivar, commonly grown
in South India. These carrots were of medium-long size, with an average length of 20-30
cm and a diameter of 5-6 cm, which aligns with the maturity index for optimal processing.
Carrots with visible defects such as damage, disease, or irregularities were excluded to
maintain uniformity in processing.

The harvested carrots were packed in polythene bags and stored at a temperature
of 0°C and a relative humidity of 95-100% (Camelo, 2004) to preserve their freshness and
prevent deterioration until they were processed. The time between procurement and
processing was kept within 24 h to minimize any loss of quality or nutritional value. The
time between cutting and pre-treatment was limited to a maximum of 30 min to prevent
oxidation and ensure optimal product quality. Refined palm oil (RPO), purchased from M/s.
Fathima Stores in Tavanur, Kerala, was used as the frying medium for vacuum frying in
this study.

2.2 Preparation of sample for vacuum frying

Carrots were manually cleaned, peeled using a hand peeler, and cut into fingers (even
strips) using a vegetable dicer. The average thickness and diameter of the fingers were
less than 3-4 mm and 6-7 mm, respectively. The sliced carrot was subjected to different
pre-treatments, namely: blanching (85°C for 3.5 min, CB), blanching combined with drying
(85°C for 3.5 min followed by drying at 70°C for 1 h 30 min, CBD), blanching combined
with freezing (85°C for 3.5 min followed by freezing at -20°C for 4 to 5 h, CBF), freezing
(-18°C overnight, CF), and edible gum coating (dipping in 1.5% guar gum for 5 min, CGG).
The freezing conditions were designed to evaluate the impact of freezing rates on the
quality parameters of VF-carrot chips. Slow freezing was achieved through overnight
freezing at -18°C, while rapid freezing was conducted at -20°C for 4 to 5 h. These pre-
treatment conditions were selected based on their potential to enhance the
physicochemical properties of the final product. CB was employed to inactivate enzymes
responsible for browning and reduce oil uptake by removing water-soluble sugars through
blanching (Saini et al., 2023). CBD was aimed at lowering moisture content and water
activity, and improving texture and shelf life (Fan et al., 2006). CBF retained color and
enhanced porosity for a crispier product. CF preserved texture and nutritional quality while
increasing porosity during frying (Gouyo et al., 2021). CGG formed a protective barrier,
significantly reducing oil absorption and aligning with the demand for healthier snack
options (Salehi et al., 2021). These five pre-treatments (CB, CBD, CBF, CF, and CGG)
were compared with untreated fried samples (control, CC) and atmospheric fried samples
(100°C for 20 min, CAF).

2.3 Vacuum frying procedure

Based on the previous study by Praveena et al.,, 2024, the combination of frying
temperature (100°C), frying pressure (9 kPa), and frying time (20 min) was selected for the
pre-treatment study of vacuum-frying carrot chips. The pre-treatments were chosen to
reduce the oil uptake by the product during frying and to improve the quality characteristics
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of the fried product. Three kilograms of pre-treated carrot slices were fried in refined palm
oil using the specified operational conditions. For centrifugation, the de-oiling motor rpm
was set to a maximum of 1000 rpm for 10 min. The removal of surface oil from the fried
carrot chips was achieved through the de-oiling process.

2.4 Determination of quality attributes of fried samples
2.4.1 Moisture content

The initial moisture content of the carrot slices was found to be 87% (dry basis). The
moisture content of the pre-treated VF-carrot samples was determined using an infrared
moisture analyzer (MA 160, Sartorius, Germany), as recommended by Saikia et al. (2022).
Initially, a disposable aluminum pan was loaded into the moisture analyzer for calibration.
After calibration was completed, 5 g of ground carrot chips were transferred into the
aluminum pan, and the hood was closed for the moisture analyzer to run the test at 105°C.
Upon completion of the test, which took 5-10 min, the moisture analyzer stopped
automatically and displayed the percentage of moisture content of the tested sample.
Subsequently, the moisture content was also evaluated using the oven-drying method
recommended by AOAC (2019).

2.4.2 Oil uptake

The VF-carrot samples were ground and oven-dried for fat content analysis. The fat content
of the VF-carrot chips was determined using a Soxhlet extractor (Extraction System, B-
811, Buchi, India) with diethyl ether at 65°C for 5 h. On a dry basis, the fat content was
determined as grams of fat per gram of dry solids (Manjunatha et al., 2014). The
experiment was conducted in triplicate to ensure accuracy and reliability. The percentage
of fat was determined using equation (1).

Wt.of fat recovered (g)
Fat Content (%) = Wt. of sample (9) X 100 (1

2.4.3 Water activity

The water activity of the pre-treated VF-carrot chips was determined using a water activity
meter (M/s. AqualLab, Decagon Devices Inc., Pullman, WA, USA). This assessment plays
a critical role in evaluating the moisture content and stability of the carrot chips during the
vacuum frying process.

2.4.4 Texture

A texture analyzer (TA. XT Texture Analyzer, M/s. Stable Micro Systems Ltd.) was utilized
to measure the breaking/penetration force of the food products, which was expressed in
terms of Newtons (N) or grams (g). The hardness of the fried products was determined
using the texture analyzer. During the testing process, a cylindrical/steel ball probe
(P/0.25s), moving at a speed of 5 mm/s over a distance of 5.0 mm, was employed to break
the chips (Yan et al., 2013). Once the probe made contact with the sample, the maximum
force required to rupture the chips was observed and compared between the samples. The
test was performed in triplicate.
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2.4.5 Color

The color of the VF-carrot chips was determined using a Hunter Lab Colorimeter —
ColorFlex EZ diffuse model. It operates on the principle of light focusing on the sample and
measures reflected energy from the sample across the entire visible spectrum. The
colorimeter has standard observer curves for red, green, and blue colors. This colorimeter
expresses the colors using L*, a*, and b* values. The L* value represents lightness, ranging
from 0 (blackness) to 100 (whiteness), where a* represents positive values for redness and
negative values for greenness, while b* represents positive values for yellowness and
negative values for blueness (Pathare et al., 2013). The color of the VF-carrot chips was
measured using the CIELAB scale at a 10° observer angle with D65 illuminant and a 50
mm diameter measuring space. The sample was placed in a glass jar and filled up to the
mark. The filled glass jar was then placed on the CIELAB scale. The deviation in color of
the samples from the standard was observed and noted in triplicates. The total color
change (AE) was determined based on equation (2) (Kurian et al., 2021).

8E = [t~ 1)+ (o~ )" + (b, ~ )’ (2)

Where,
Lr, ar, br = values of L*, a*, b* before frying, and
Lf, af, bf = values of L*, a*, b* after frying.

2.4.6 Sensory analysis

The sensory analysis is the most important step for accepting or rejecting products by
consumers. The sensory analysis of the product was evaluated using food quality attributes
such as texture, color, flavor, taste, and overall acceptability (Ruiz-Capillas & Herrero,
2021). For sensory evaluation, a nine-point hedonic scale was used, and a scorecard was
provided to highlight the good characteristics of pre-treated VF-carrot chips. The sensory
evaluation of VF-carrot chips was conducted by a panel of 15 judges. The sensory
evaluation protocol was approved by the institutional review board of Kelappaji College of
Agricultural Engineering and Technology, Kerala Agricultural University, and all
participants provided informed consent before the evaluation.

2.4.7 Statistical analysis

The data obtained from the experiments were statistically analyzed using IBM-SPSS
Statistics 26.0. Measurements were performed in triplicate (n = 3) for each pre-treatment
condition, with moisture content values measured across three separate trials to ensure
reliability and account for variability. Analysis of variance (ANOVA) was performed to
determine significant differences among the pre-treatment methods. A significance level of
o = 0.05 was set to assess the statistical significance of the results. Post-hoc comparisons
were conducted using the Tukey HSD test to analyze differences between treatment
groups.
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3. Results and Discussion

The changes in the quality parameters of VF-carrot chips provided with different pre-
treatments were compared with untreated and atmospheric fried samples.

3.1 Moisture content of VF-carrot chips

Moisture content is a crucial parameter that indicates the stability of the product during
storage and represents the total amount of moisture present in the food. The moisture
content of the vacuum-fried (VF) carrot chips is shown graphically in Figure 1. Moisture
content values (n = 3) for each pre-treatment were recorded and analyzed. The data
presented represent the mean of three trials, with standard deviations (SD) calculated to
assess variability.

The pre-treatments had a significant (p < 0.05) effect on the moisture content of
VF-carrot chips. As depicted in Figure 1, the moisture content ranged from 2.15% to
10.25%. The moisture contents for pre-treated VF-carrot chips were as follows: CB
(3.59%), CBD (2.15%), CBF (2.93%), CF (2.67%), CGG (6.82%), CC (3.27%), and CAF
(10.25%). The highest moisture content (10.25%) was observed in CAF, followed by CGG
(6.82%). The high moisture content in CAF may be due to higher frying temperature, which
resulted in minimal moisture removal and potential charring of the product (Maity et al.,
2014). For the CGG pre-treatment, the higher moisture content could be attributed to the
water-binding capacity of the guar gum used for coating, which formed a barrier around the
carrot slices, limiting water evaporation during the pre-treatment process. Conversely, the
lowest moisture content (2.15%) was found in VF-carrot chips pre-treated with CBD, which
was likely due to moisture removal during the drying step. A similar trend was observed in
VF-banana chips that underwent pre-treatment before frying (Udomkun & Innawong,
2018).
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cB CBD  CBF CF CGG cc CAF

Pre-treated carrot chips

Figure 1. Effect of different pre-treatments on moisture content of VVF-carrot chips. Moisture
content (%) is presented with error bars representing standard deviations. Statistically
significant differences between treatments are denoted by different letters (a, b, ¢, d, e, f
and g), as determined by Tukey HSD post-hoc analysis (p < 0.05 for groups sharing the
same letter); (CB: Carrot with blanching; CBD: Carrot with blanching cum drying; CBF:
Carrot with blanching cum freezing; CF: Carrot with freezing; CGG: Carrot with edible gum
coating; CC: Carrot untreated (control sample); CAF: Carrot with atmospheric frying).
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3.2 Oil content of VF-carrot chips

The oil content is one of the most important parameters in snack foods. A lower oil content
in food helps reduce health risks associated with diseases. The oil content of pre-treated
(vacuum-fried) VF carrot chips is depicted in Figure 2. The oil content of the VF-carrot chips
varied significantly (p < 0.05) with the pre-treatments. From Figure 2, it is evident that the
oil content of pre-treated VF-carrot chips ranged between 10.04% and 30.05%. The
maximum oil content of 30.05% was observed in the CAF, followed by the CC (25.11%),
and CF (14.48%) pre-treated VF-carrot chips. The high oil absorption in CAF chips is not
conducive to human consumption and is considered unsafe. The maximum oil absorption
in CAF chips might be due to the high frying temperature and frying time. The oil content
in the VF-chips was lower than that in CAF chips (Figure 2). The reason for the higher oil
absorption in CF pre-treated chips might be due to an increase in porosity caused by the
evaporation of ice crystals during frying (Fan et al., 2006). The obtained results were
consistent with Ranasalva and Sudheer (2017), who observed a similar trend of oil
absorption in frozen pre-treated VF-banana chips. The lowest oil content of 10.04% was
noted in the VF-carrot chips pre-treated with CGG. This reduction in oil absorption may be
due to the coating of carrot slices (1.5% w/v) with guar gum, which significantly reduced oil
absorption. Yu et al. (2016) reported a similar trend of oil reduction (51.80%) in guar gum-
coated VF-potato chips. The oil content of the VF-carrot chips pre-treated with CB, CBD,
and CBF was 13.24%, 12.64%, and 13.98%, respectively. The oil content of VF-carrot
chips was notably lower than many commercially available fried snack products. For
instance, conventional deep-fat fried potato chips typically exhibit oil contents of 35% to
40%, primarily due to the higher frying temperature and extended frying times (Pedreschi,
2012). Similarly, atmospheric-fried banana chips were reported to have oil contents ranging
from 30% to 38% (Ranasalva & Sudheer, 2017). By contrast, vacuum-fried fruit chips such
as pineapple and shiitake mushroom chips had oil contents in the range of 18-25% under
optimized conditions (Perez-Tinoco et al., 2008; Ren et al., 2018). Vacuum frying reduces
oil absorption due to lower frying temperatures and the use of a de-oiling process, unlike
atmospheric frying. The basic mechanism of oil absorption in the chips, or the amount of
moisture loss from the chips, was directly proportional to the amount of oil entering into the
chips (Liu et al., 2021). A higher frying temperature during the atmospheric frying process
resulted in the scorching of samples, more oil absorption, and negligible moisture removal
from them.

3.3 Water activity of VF-carrot chips

Water activity (aw) plays a vital role in food, facilitating its safety and stability concerning
the growth of microorganisms and chemical reactions. The water activity of VF-carrot chips
varied significantly (p < 0.05) with the pre-treatments. The water activity of pre-treated VF-
carrot chips is graphically represented in Figure 3. Water activity of the pre-treated VF-
carrot chips ranged between 0.214 to 0.324, which was well below the threshold limit of
0.6. Water activity levels below 0.6 are considered safe for storage as they inhibit the
growth of most bacteria, yeasts, and molds (Tapia et al., 2020). The water activity of the
pre-treated VF-carrot chips, namely CB, CBD, CBF, CF, and CGG, were 0.316, 0.214,
0.292, 0.225, and 0.324, respectively. A water activity of 0.287 and 0.310 was observed in
the CC chips and CAF chips, respectively. The highest water activity of 0.324 was observed
in VF-carrot chips, pre-treated with CGG. This may be due to the formation of a thin layer
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Figure 2. Effect of different pre-treatments on oil content of VF-carrot chips. Oil content
(%) is presented with error bars representing standard deviations. Statistically significant
differences between treatments are denoted by different letters (a, b, c, d, e, fand g), as
determined by Tukey HSD post-hoc analysis (p < 0.05 for groups sharing the same
letter); (CB: Carrot with blanching; CBD: Carrot with blanching cum drying; CBF: Carrot
with blanching cum freezing; CF: Carrot with freezing; CGG: Carrot with edible gum
coating; CC: Carrot untreated (control sample); CAF: Carrot with atmospheric frying).

of gum solution over the chips, leading to high moisture content in the chips
(Ayustaningwarno et al., 2018; Manoharan et al., 2024). Guar gum, a high-molecular-
weight polysaccharide composed of galactomannan units, plays a key role in this
phenomenon. It has a high affinity for water due to its hydrophilic nature, enabling it to form
hydrogen bonds with water molecules. When guar gum is applied as a coating, its
galactose side chains and mannose backbone interact with water, creating a gel-like
network that immobilizes water molecules and reduces their availability for evaporation or
microbial activity. This binding mechanism contributes to the higher water activity observed
in guar gum-coated samples compared to other pre-treatments (Yu et al., 2016; Salehi et
al., 2021). Conversely, the lowest water activity was noticed for VF-carrot chips (0.214),
pre-treated with CBD. This may be caused by moisture removal during drying (Fan et al.,
2006). The moisture content and water activity of the chips exhibited the same trend
concerning the pre-treatments. The observed water activity values of VF-carrot chips were
below the threshold limit and considered safe. The results obtained were supported by
studies carried out by Ren et al. (2018) and Perez-Tinoco et al. (2008), who observed the
closest values of aw for VF-shiitake mushroom chips (0.38 aw) and pineapple chips (0.29
aw), respectively. Ren et al. (2018) observed that both vacuum frying and atmospheric
frying exhibited safe levels of water activity values for storage.

3.4 Hardness of VF-carrot chips
The texture of VF-carrot chips, measured as hardness, is a critical factor in sensory

evaluation. A lower hardness value generally indicates higher crispiness, which is a
desirable attribute for fried snacks. The hardness of the pre-treated VF-carrot chips is



Babu et al. Curr. Appl. Sci. Technol. , Vol. ... (No...), 0264433

0.4

0.35

0.25 -
0.05 I
0
cB CBD CBF CF CGG cc CAF

Pre-treated carrot chips

o
w

Water Activity
o
R <}
(¥, ] N

o
=

Figure 3. Effect of different pre-treatments on water activity of VF-carrot chips. Water
activity is presented with error bars representing standard deviations. Statistically
significant differences between treatments are denoted by different letters (a, b, ¢, d, e, f
and g), as determined by Tukey HSD post-hoc analysis (p < 0.05 for groups sharing the
same letter); (CB: Carrot with blanching; CBD: Carrot with blanching cum drying; CBF:
Carrot with blanching cum freezing; CF: Carrot with freezing; CGG: Carrot with edible
gum coating; CC: Carrot untreated (control sample); CAF: Carrot with atmospheric

frying).

depicted in Figure 4. From Figure 4, it is observed that the hardness of VF-carrot chips
ranged from 1.282 to 1.969 N. The lowest hardness of 1.212 N was obtained in VF-carrot
chips pre-treated with CF. It was stated that during the frying of frozen treated samples,
free water between the cells vaporized, and the interspaces left by water evaporation
expanded, resulting in an increase in porosity and reduction in hardness (van der Sman &
Schenk, 2024). Praveena et al. (2024) reported that VF-jackfruit chips had obtained a lower
hardness value for frozen pre-treated samples. In vacuum-fried carrot chips, hardness is
inversely related to moisture content. Lower moisture content results in less water acting
as a plasticizer in the food matrix, leading to increased structural rigidity and higher
hardness values. For instance, the lowest moisture content (2.15%) observed in carrot
chips pre-treated with blanching combined with drying (CBD) corresponded to the highest
hardness value (1.969 N). Conversely, chips pre-treated with freezing (CF), which retained
slightly higher moisture (2.67%), exhibited the lowest hardness value (1.282 N). This trend
was consistent with prior studies indicating that dehydration processes reduce the water
content, thereby increasing the density and compactness of the food matrix, leading to
greater resistance to mechanical deformation (Fan et al., 2006; Maity et al., 2014). The
highest hardness value of 1.969 N was noted in VF-carrot chips, pre-treated with CBD.
This was caused by the removal of moisture before frying, making the chips compact and
hard. Praveena et al. (2024) reported that samples of low hardness values (breaking force)
were of high crispiness. The ascending order of hardness values of VF-carrot chips from
other pre-treatments viz., CBF, CB, and CGG were 1.432 N, 1.512 N, and 1.358 N,
respectively. The CC and CAF chips had hardness values of 1.301 N and 1.452 N which
were lower than the CGG VF-carrot chips. The effect of pre-treatments had a significant (p
< 0.05) effect on the hardness of the VF-carrot chips.

10
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Figure 4. Effect of different pre-treatments on hardness of VF-carrot chips. Hardness (N)
is presented with error bars representing standard deviations. Statistically significant
differences between treatments are denoted by different letters (a, b, c, d, e, fand g), as
determined by Tukey HSD post-hoc analysis (p < 0.05 for groups sharing the same
letter); (CB: Carrot with blanching; CBD: Carrot with blanching cum drying; CBF: Carrot
with blanching cum freezing; CF: Carrot with freezing; CGG: Carrot with edible gum
coating; CC: Carrot untreated (control sample); CAF: Carrot with atmospheric frying).

3.5 Color values of VF-carrot chips

The color of the VF-carrot chips, expressed by L* (lightness), a* (redness), and b*
(yellowness) values, strongly influences visual appeal, which is a key factor in sensory
evaluation. The color values (L*, a*, and b*) of the VF-carrot chips varied significantly (p <
0.05) with different pre-treatments, as shown in Table 1. The mechanisms behind color
changes during each pre-treatment are influenced by temperature, moisture content, and
the retention of pigments. Blanching (CB) helps in enzyme inactivation, reducing oxidative
browning but may lead to carotenoid loss, contributing to a decrease in L* and b* values.
The subsequent drying in blanching combined with drying (CBD) increases the
concentration of pigments due to moisture reduction, enhancing L* and a* values but can
decrease b* values due to the loss of water-soluble pigments. Freezing after blanching
(CBF) preserves the natural color by limiting enzyme activity and oxidation, resulting in
higher a* and b* values. Freezing alone (CF) also helps maintain color, as it prevents
pigment degradation, resulting in lighter and more vibrant chips. The edible gum coating
(CGG) forms a protective barrier that reduces oxidation and moisture loss during frying,
leading to better color retention, as seen in higher L* and b* values. These mechanisms
are supported by studies that highlight the impact of pre-treatment conditions on pigment
stability and overall color quality of fried products (Fan et al., 2006; Praveena et al., 2024).
Figure 5 represents the effects of the color values of pre-treated VF-carrot chips. From
Table 1, it is observed that the CF pre-treated VF-carrot chips recorded a maximum L*
(lightness) value (38.92+1.22), followed by CBF (37.38+1.05), CC (37.08+1.20), CB
(36.37£1.12), and CGG (35.15+£1.18) chips. The CF pre-treatment produced light-
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Table 1. Effect of pre-treatments on the color values (L*, a*, b*, and AE) of VF-carrot chips
(CB: Carrot with blanching; CBD: Carrot with blanching cum drying; CBF: Carrot with
blanching cum freezing; CF: Carrot with freezing; CGG: Carrot with edible gum coating;
CC: Carrot untreated (control sample); CAF: Carrot with atmospheric frying)

Pre- L* (Lightness) a* (Redness) b* AE (Color
Treatment (Yellowness) Difference)
CB 36.37+1.12b 18.02+0.85° 23.28+1.02¢ 13.98+0.90°
CBD 34.58+1.35¢ 17.24+0.92¢ 19.91+1.084 20.89+1.102
CBF 37.38+1.052b 20.42+0.782 26.71+1.15° 11.41+0.88¢
CF 38.92+1.222 22.85+0.902 27.86+1.102 11.15+0.75¢
CGG 35.15+1.18bc 18.61+0.87° 23.94+1.05¢ 16.43+0.95°
CC 37.08+1.202%° 21.87+0.852 25.48+1.08° 12.15+0.82¢
CAF 30.20+1.40¢ 16.44+0.88¢ 20.28+1.124 22.80+1.252

Note: Different superscript letters (a, b, ¢, d) indicate significant differences (p < 0.05) as
determined by Tukey HSD post-hoc analysis.

Figure 5. Final appearance of VF-carrot chips (CB: Carrot with blanching; CBD: Carrot
with blanching cum drying; CBF: Carrot with blanching cum freezing; CF: Carrot with
freezing; CGG: Carrot with edible gum coating; CC: Carrot untreated (control sample);
CAF: Carrot with atmospheric frying)

colored chips; a desirable characteristic for acceptance by consumers. CAF chips had the
lowest L* value (30.20+1.40), followed by CBD pre-treatment (34.58+1.35). The low L*
value in CAF chips resulted from non-uniform frying and frying at high temperatures,
resulting in dark-colored chips. The final appearance of pre-treated VF-carrot chips is
shown in Figure 5 to visually demonstrate the variations in their color. Fan et al. (2006)
stated that the L* value decreased in blanching combined with drying pre-treatment due to
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the loss of carotene content by air drying. Carotene content imparts yellowness and
redness to the carrot chips. The color of vacuum-fried carrot chips is closely related to the
retention of carotenoids, which are the primary pigments responsible for the orange and
yellow hues. Carotenoids, including beta-carotene, contribute significantly to the L*
(lightness), a* (redness), and b* (yellowness) values observed in the samples. Higher
carotene content generally correlates with more vibrant and intense color values. For a*
(redness), the highest value was recorded in CF pre-treated chips (22.85+0.90?), followed
by CC (21.87+0.85), CBF (20.42+0.78), CGG (18.61+0.87), and CBD (17.24+0.92). The
higher redness in CF-treated samples may be attributed to the preservation of carotenoid
pigments during the freezing process. Chips treated with CAF had the lowest a* value
(16.44+0.88), likely due to pigment loss and uneven frying conditions. The b* value of the
VF-carrot chips was observed to be maximum for the CF (27.86+1.10) pre-treatment,
followed by CBF (26.71+£1.15), CC (25.48+1.08), CGG (23.94+1.05), CB (23.28+1.02), and
CAF (20.284+1.12). The minimum b* value was observed in the VF-carrot chips for CBD
pre-treatment (19.91+1.08). The decrease in b* values might be due to the reduction of
carotenes present in the carrot. The change in AE (color difference) was comparatively
less in CF (11.15+0.75) and CBF (11.41+0.88), suggesting that these treatments preserved
the natural color of the carrot chips, whereas the highest color change (22.80+1.252) was
observed in CAF, reflecting significant color alterations due to higher frying temperatures.
Praveena et al. (2024) reported similar results on the color analysis of vacuum and
atmospheric fried jackfruit chips.

3.6 Sensory analysis

The sensory evaluation was conducted to assess the texture, color, flavor, taste, and
overall acceptability of the vacuum-fried carrot chips. A panel of 15 judges was selected
based on their prior experience in sensory analysis and their ability to evaluate food
products. The judges were screened for normal sensory acuity (i.e., no known smell or
taste impairments) to ensure reliable and consistent evaluations.

Prior to the sensory evaluation, the judges underwent a brief training session,
where they were familiarized with the specific sensory attributes they were to evaluate.
They were trained on how to use the nine-point hedonic scale for rating each attribute. This
training ensured consistency across evaluations and allowed the panelists to become
accustomed to the product characteristics being assessed.

All samples were served at room temperature (approximately 24°C) to maintain
consistency and eliminate any temperature bias. The samples were presented to the
judges in a random order to minimize any potential order effects during the evaluation
process.

The sensory scores of VF-carrot chips with various pre-treatments are shown in
Figure 6. The highest sensory scores were noted for pre-treated VF-carrot chips compared
to the CC and CAF. The pre-treatments CF (9.0) and CBF (8.7) were noted for their highest
overall acceptability, followed by other pre-treatments, namely CB (8.3) and CBD (7.6) for
VF-carrot chips. The lowest sensory score was observed in CAF (5.8), followed by CGG
(6.1) and the CC (6.7) chips. For the CF pre-treated sample, all sensory attributes such as
color and appearance (8.8), texture (8.6), flavour (8.5), taste (8.8), and overall acceptability
(9.0) were recorded as the highest values. Chips pre-treated with freezing (CF) exhibited
the lowest hardness (1.282 N), which corresponded to their highest sensory scores for
texture (8.6) and overall acceptability (9.0). Conversely, pre-treatments like blanching
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Figure 6. Effect of pre-treatment on sensory scores of VF-carrot chips (CB: Carrot with
blanching; CBD: Carrot with blanching cum drying; CBF: Carrot with blanching cum
freezing; CF: Carrot with freezing; CGG: Carrot with edible gum coating; CC: Carrot
untreated (control sample); CAF: Carrot with atmospheric frying)

combined with drying (CBD) resulted in higher hardness, leading to lower sensory ratings
due to the chips having a less crispy and more compact texture. Also, CF pre-treated chips
displayed the highest L* value (38.92), indicating a light and appealing appearance, which
was highly rated by the sensory panel (color and appearance score: 8.8). Chips with darker
or less vibrant colors, such as those treated with atmospheric frying (CAF), had lower
sensory scores, likely due to uneven frying and non-uniform color. The CBF and CB pre-
treatment chips had similar values. The CF pre-treated VF-carrot chips exhibited superior
quality characteristics compared to other pre-treated samples.

4. Conclusions

In this study, the effects of various pre-treatment methods on the quality attributes of
vacuum-fried (VF) carrot chips were evaluated. Among all the pre-treatments, freezing (CF)
emerged as the most effective method, yielding chips with superior sensory characteristics
(overall acceptability score: 9.0), lower hardness (1.282 N), and better color retention (L*:
38.92+1.2223, a*: 22.85+0.90?, b*: 27.86+1.10?; p<0.05). The lowest oil content (10.04%)
was observed in edible gum-coated chips (CGG), and blanching combined with drying
(CBD) resulted in the lowest moisture content (2.15%) and water activity (0.214). These
findings indicate that vacuum-frying with appropriate pre-treatments can produce high-
quality, healthier carrot chips with reduced oil uptake and prolonged shelf stability, offering
significant potential for commercial snack production.
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