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microwave drying pretreatment
on the quality characteristics and textural structure
of new paocai raw materials

Yage Xing, *ab Tingting Zhang,ab Tianyi Yue,ab Rumeng Yi,ab Qinglian Xuab

and Li Heab
Sustainability spotlight

This study advances SDG 2 and SDG 12 by developing a low-salt, energy-
efficient vacuum–microwave drying pretreatment for paocai raw mate-
rials. Compared with traditional paocai methods, the technology reduces
salt use, minimizes high-salt wastewater discharge, and reduces drying
energy consumption by reducing treatment time. By preserving 84% of
vitamin C under optimal drying conditions (45% water loss), the method
enhances nutritional quality while extending shelf life, supporting
sustainable food preservation practices. The ndings directly contribute
to healthier, resource-efficient pickle production, aligning with consumer
demand for environmentally responsible fermented foods.
Suitable storage of the fresh raw vegetables used in the naturally

fermented Sichuan pickle, paocai, poses a challenge for commercial

producers. The objective of this study was to investigate the effects of

microwave–vacuum drying at different water loss rates (30%, 35%,

40%, 45%, 50% and 55%) on the quality preservation of new-paocai

raw materials. The results showed that as the rate of water loss

increased with this technique, the rehydration rate increased and the

hardness, chewiness and viscosity of the raw vegetables tended to

decrease. At the maximum water loss rate of 55%, the hardness,

chewiness and viscosity of the radish slices decreased to 339.75 g,

238.84 g and 263.53 g, respectively; the highest rehydration ratio was

1.96% and, in comparison with the untreated samples (61.51 mg g−1),

the vitamin C content decreased to 9.83 mg g−1 corresponding to

a loss rate of 84.02%. When water loss exceeded 45% in the radish

slices, the color change and destruction of the shape structure were

obvious, the sensory properties showed a downward trend, and the

springiness reached a maximum value of 0.91 g, exceeding the

untreated sample0s value of 0.85 g. These experimental results

ascertained that paocai raw materials display high rehydration rates,

excellent texture, nutrient retention and optimal quality at a micro-

wave–vacuum drying water loss rate of 45%. The findings of this study

provide a foundation for subsequent experiments and a theoretical

basis for improvements to the industrial production of paocai.
1 Introduction

Paocai, a typical representation of the ancient Chinese art of
vegetable pickling, is a product of spontaneous fermentation of
lactic acid in salt water.1 Since paocai is made from fresh
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vegetables, its production is limited by a variety of environmental
factors, including season, temperature and humidity. In making
traditional paocai, enterprises typically extend the vegetable
storage period by curing the raw materials with high salt, to
achieve a long-term supply. However, this method not only
requires extensive vegetable storage areas but also produces a lot
of high salinity wastewater, which, if le untreated, can disrupt
conventional biochemical treatment systems and lead to serious
environmental pollution.2,3 The problem of highly saline waste-
water is exacerbated by the lack of efficient treatment technolo-
gies, limited comprehensive utilization, high treatment costs,
and signicant resource waste. Other challenges experienced by
traditional paocai producers using salt storage to preserve their
raw vegetable materials include low productivity, higher
production costs, potential instability of avor substances and
uncertainty in microbial species.

In order to reduce these problems, the researchers have
designed a new-paocai production technology to effectively
solve these problems. First, the fresh vegetables are dehydrated
by vacuum–microwave drying, followed by the separate
fermentation of the avor brine. Finally, the dehydrated raw
material and avor brine yield the new-paocai product through
synergistic penetration under high pressure. In the production
of new-paocai, the drying of rawmaterials is a fundamental step
and plays an important role in product quality. Drying not only
extends the shelf life of agricultural products but also reduces
Sustainable Food Technol., 2025, 3, 1309–1318 | 1309
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their volume and weight, thus reducing the storage and trans-
portation space required for agricultural products.4,5 Many
industrial drying techniques have now been developed, but the
drying method may adversely impact the quality characteristics
of fruits and vegetables.6 Therefore, it is important to choose
a suitable drying method for kimchi raw materials. Microwave–
vacuum drying technology is a relatively new technique
combining vacuum drying and microwave drying. The intensive
heating from the microwave and the low boiling point gener-
ated by the vacuum dry the material at a relatively low
temperature over a short duration, maintaining a high level of
the vegetable's original nutritional content and its sensory
quality.7 Consequently, the microwave–vacuum drying tech-
nique has quickly gained popularity in the food industry.

Compared with traditional hot air drying, vacuum–microwave
drying is characterized by a short drying time, high drying rate
and high rehydration capacity.8 For example, changes in the
color and nutritional value of the sample are inevitable aer hot
air drying, which tends to cause skin browning, hardening,
wrinkling and signicant quality loss.9 Li et al. found that
microwave–vacuum drying was able to preserve the living pro-
biotics, bioactive components, and antioxidant capacities of
fermented napa cabbages better than hot-air drying.10 In a study
on strawberry dehydration, microwave–vacuum drying resulted
in products with less degradation of anthocyanins, avanols and
ascorbic acid in comparison to those produced via convective
drying.11 Microwave–vacuum drying has already been success-
fully applied to reduce the moisture content of numerous vege-
tables and fruits, including blueberries,12 carrots,13 cranberries14

and purple cabbage.15 Due to the reports of its excellent pro-
cessing performance, microwave–vacuum drying was employed
in this study for the dehydration stage of new-paocai production.

The application of vacuum–microwave drying technology in
the new-paocai industry has signicant advantages, such as
shortening the drying time, thus greatly reducing energy
consumption; realizing the preservation and fermentation of
paocai under lower salt concentration, effectively reducing the
amount of salt used; maintaining the color, avor and texture of
paocai; and improving the sensory quality of the product. This
technology not only improves production efficiency and reduces
production costs, but also optimizes the product quality, which
is in line with the modern consumers' demand for health and
environmental protection. Therefore, vacuum–microwave
drying technology is expected to become one of the key tech-
nologies for the future development of the pickle industry. The
aim of this study was to determine the osmotic dehydration
process conditions most suitable for the pretreatment of high
quality new-paocai raw materials by investigating the inuence
of different rates of water loss resulting from microwave–
vacuum drying in terms of the rehydration ratio, texture,
vitamin C content, microstructure, color and sensory attributes.

2 Materials and methods
2.1 Microwave–vacuum drying process

Fresh radishes, uniform in shape and undamaged, were
purchased from a local supermarket in Chengdu, China to be
1310 | Sustainable Food Technol., 2025, 3, 1309–1318
used as samples in this study. Surface soil was removed by
washing the radish samples, which were then washed again,
surface dried and cut into 3 mm thick fan slices. Next, fresh
radish slices (200 g) were carefully and evenly distributed on
a drying tray and placed in a microwave–vacuum drying oven
(HWZ-2B, Tianshui Huayuan Pharmaceutical Equipment
Technology Co., Ltd; Gansu, China) until their water loss rates
were 30%, 35%, 40%, 45%, 50% and 55%, respectively. The
dried samples were then packed into aluminum foil bags,
vacuum-sealed using a vacuum packaging machine and stored
at 4 °C for subsequent testing of the relevant indexes.
2.2 Rehydration ratio

Rehydration ratios were determined according to the method of
Kahraman,16 with some modications. The dried radish slice
samples (5 ± 0.50 g) were placed in 100 mL distilled water
warmed to approximately 40 °C and le to soak for 40 min until
the liquid was fully absorbed. Upon removal, they were gently
blotted with lter paper to remove surface water before weigh-
ing. The assay was repeated three times for each group and the
rehydration ratios were then calculated using eqn (1):

Rf ¼ D2

D1

(1)

where D2 is the total weight aer rehydration, and D1 is the
weight of the dried sample.
2.3 Vitamin C analysis

The determination of vitamin C content in radish slices with
different water loss rates was performed with reference to Sun's
method.17 The samples were weighed (4.00 g) and placed in 50mL
brown centrifuge tubes, to which 20mL of 2% acetic acid solution
was added. They were then extracted using an ultrasonic water
bath for 15 min, centrifuged at 4000 rpm for 3 min, and then
transferred to a 50 mL volumetric ask, whereaer the superna-
tant was collected and transferred to the same volumetric ask
twice. Sample extracts were obtained by bringing the volume to
50 mL with 2% acetic acid solution, and they were ltered
through a 0.22 mmmicroporous organic membrane (nylon) prior
to analysis. The ascorbic acid standard was purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China), and
the standard curve within the 0–100 mg mL−1 linear range was
Y = 41.449 X = 8.8159 (R2 = 0.9998).
2.4 Determination of texture

The texture properties of radish samples subjected to different
levels of drying were measured using a TA-XT PLUS texture
analyzer (Stable Micro Systems, Surrey, UK) equipped with a P/
36R probe, according to the method described by Antal,18 but
with minor modication. Additional parameters were set as
follows: induction force, 5.0 g; compression distance, 1 mm;
pre-test, test and post-test speed, 2.0 mm s−1. The sample was
placed on the test table and its pressure peak was determined
(in terms of deformation, time, quality and composition) to
record the hardness, chewiness, gumminess and springiness.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Effects of different water loss rates on the rehydration rate of
radish slices. There are significant differences between groups repre-
sented by different letters on the bar chart (P < 0.05).
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Nine triplicate experiments were performed for each sample,
and the results were averaged.

2.5 Microstructure measurement

Tomeet the requirements of scanning electronmicroscope (SEM)
processing, the radish samples were pre-treated according to the
method of Wang.19 First, the samples were pre-cooled in an ultra-
low temperature refrigerator for 12 h, and then dried for 36 h in
a vacuum freeze-drying machine. SEM analysis was performed
based on the method of Bao,20 with some modications. For
measurement, the pre-treated samples (3.0 mm × 3.0 mm) were
xed on the SEM support and then coatedwith gold–palladium in
an ion sputter coater under vacuum for 3–4min. Aer processing,
the samples were observed with SEM in high-vacuummode at an
accelerating voltage of 3.0 kV, and then examined at magnica-
tions of 50×, 100× and 300× to identify surface characteristics.

2.6 Color assessment

Color assessments were carried out according to the method
described by Xu,21 using the VeriVide DigiEye digital electronic
eye (Nikon Corporation, Japan). The instrument was preheated
and calibrated before the shutter speed and aperture size were
adjusted to RGB values ranging from 215 to 225. The radish
samples were distributed evenly on the white sample plate and
placed in the closed light box, and the ‘Camera-Photo’ window
was then activated to obtain the required images, from which
the L*, a* and b* values were determined. The colors of the
variously dried radish slices were randomly recorded, and color
differences (DE) were calculated using the following formula:

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðL*� L0Þ2 þ ða*� a0Þ2 þ ðb*� b0Þ2

q
(2)

where DE is the difference between the colors of fresh radish
and dried radish; L*, a* and b* are the color parameters of the
sampled dried radish, and L0, a0 and b0 represent the color
parameters of the fresh radish.

2.7 Sensory evaluation analyses

A sensory panel of 16 extensively trained evaluators (8 men and
8 women) was invited to evaluate sensorial properties such as
color, smell, shape, texture, and total points, and sensory
analysis was carried out by using the Hedonic Scale (rating 1–9).

2.8 Data analysis

All experiments were performed in triplicate and the results are
expressed as mean ± standard deviation (SD). The data statis-
tics and graphs were acquired using Excel 2010, SPSS 20.0 and
Origin 2022 soware. P > 0.05 indicates an insignicant differ-
ence, while P < 0.05 indicates that the difference was signicant.

3 Results and discussion
3.1 Effects of different drying parameters on the radish
rehydration rate

Rehydration refers to the recovery process in dried products
aer water absorption. It was found that the different rates of
© 2025 The Author(s). Published by the Royal Society of Chemistry
water loss affected the rehydration performance of the radish
samples, as shown in the rehydration rates in Fig. 1, and it was
evident that the rate of rehydration increased in correlation
with an increased rate of water loss. At water loss rates of 30%
and 35%, the results showed that there was no signicant
difference between the radish slices (P > 0.05), However, their
rehydration rates were signicantly lower than those of the
other treatment groups (P < 0.05), at 1.43% and 1.5%, respec-
tively. When the radish water loss rate was 55% aer the
microwave–vacuum drying treatment, the sample rehydration
rate was signicantly higher than that of the other treatment
groups (P < 0.05), reaching 1.96%; this means that the weight of
the rehydrated radish sample was 1.96 times the weight of the
dried sample, representing a 96% increase in weight during the
rehydration process. A moisture content decrease from 70% to
65% resulted in the most signicant increase in rehydration
rate, reaching 0.16; however, when the moisture content
decreased from 55% to 50%, the increase in rehydration rate
was insignicant at just 0.03.

Rehydration aims to restore the moisture properties of fresh
fruit by bringing the dried product into contact with a rehydra-
tion solution.22 During this process, the transfer of water from
the solution to the internal cellular structures of the sample,
and the movement of soluble solids from the fruit to the solu-
tion can take a long time. Furthermore, these processes can be
inuenced by varying pretreatments, drying methods, and
drying and rehydration conditions.23 In this study, the increase
in microwave–vacuum drying time increased the evaporation
rate of water and formed large vapor pressure in a short time,
which enhanced the tissue expansion of radish slices and
gradually improved their rehydration.24 In the study of squid
shreds, the rehydration rate of vacuum–microwave drying was
signicantly higher than that of hot air drying and solar
drying.25 In addition, rates of rehydration are affected by the
structural integrity of samples. Rehydration can greatly improve
Sustainable Food Technol., 2025, 3, 1309–1318 | 1311
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the texture deterioration and structural damage caused by
drying, thereby increasing the quality of dried radish slices;
however, the loss of nutrients due to drying did not change
signicantly as a result of rehydration, and an increase in
volume and quality was found to result in a corresponding
decrease in the amount of nutrients per unit volume and mass.
3.2 Effects of different drying parameters on radish texture

Hardness, chewiness, gumminess and springiness were
selected as evaluation indexes in the texture prole analysis,
based on the characteristics of new-paocai texture and radish.
Fig. 2 shows that the textural parameters varied in the radish
slices with different rates of water loss. Increasing water loss
resulted in a signicant decrease in the hardness values of the
samples, with the lowest decrease being 56.85% decrease while
the highest was 97.15%. Compared with the untreated radish
(11 927.22 g), the hardness of radish slices with a 30%water loss
rate decreased to 5146.03 g, while at the maximum water loss
rate of 55% the hardness of the radish slices was just 339.75 g.
The chewiness and gumminess values of the dried samples
were similar to those of their hardness, decreasing signicantly
with the increase in the water loss rate and reaching their lowest
values at 238.84 g and 263.53 g, respectively. Conversely, the
springiness of the radish slices was different from the other
indexes. With the increasing water loss rate, the elasticity of the
dried radish slices increased gradually, reaching a maximum
value of 0.91 g. When the water loss rate exceeded 45%, the
springiness value of the radish samples rose above that of the
untreated samples, which was 0.85 g.

Most previous studies have shown that drying treatment
exerts a considerable effect on the texture of fruits and vegeta-
bles. On the one hand, hardness is considered to be related to
the force required to chew during consumption; it depends on
the distance from skin to esh, and hardness values are higher
in the outer regions of the sample, closer to the skin. This
phenomenon is related to the composition of the biological
Fig. 2 Effects of different water loss rates on the texture of radish
slices. Values with different letters (a–f) in color columns represent
that they are significantly different from each other (P < 0.05).

1312 | Sustainable Food Technol., 2025, 3, 1309–1318
material that constitutes the skin, and particularly the cell-wall
polysaccharides, which provide higher mechanical resistance.26

On the other hand, drying treatment removes part of the water
present in and between the cells of fruit and vegetable samples,
reducing the lling and support of plant structures such as the
cell wall, which leads to the disruption of cells and other
structural tissues and results in the reduction of hardness.
Hence, the effect of a particular drying method on hardness is
highly signicant for maintaining produce quality. Some
studies have indicated that microwave–vacuum drying treat-
ment signicantly reduced the hardness of longan fruit,
corncob and blueberry fruits compared to other high-
temperature drying methods.12,27,28 Springiness is a measure of
recovery aer compression caused bymastication and the speed
of return to the original state aer the removal of the deforming
force. In a study of dried pears reported by Guiné et al.,29 the
water content of the fruit continuously reduced during the
drying process accompanied by a simultaneous increase in
sugar concentration, which caused the pears to soen. This
concurs with the results of this work, in which the springiness
value of the dried radish slices increased signicantly with the
decrease in moisture. Similarly, Kotwaliwale et al.30 reported
that as the degree of dryness increased in mushrooms, their
springiness gradually increased. Furthermore, the drying
process signicantly reduced the chewiness of the radish slices
in this study, once again due to the substantial reduction in
their hardness.
3.3 Effects of different drying parameters on vitamin C
content

Retention of vitamin C content is an important indicator for
evaluating different processing and storage methods for fruits
and vegetables, and dry weight-based vitamin C content more
accurately reects the effect of drying treatments on nutrient
retention. Fig. 3 shows the changes in vitamin C content in
radish with different water loss rates aer microwave–vacuum
drying. The results showed that the vitamin C content in fresh
radish slices was as high as 61.51 mg g−1; however, the vitamin C
content in the treated groups of radish slices decreased signif-
icantly with rising rates of water loss (P < 0.05). Compared with
the untreated samples, when the water loss rate of the drying
samples was 55%, their vitamin C loss rate reached 84.02%,
leaving a content of just 9.83 mg g−1. The highest loss of vitamin
C content, a decrease from 50.51 mg g−1 to 36.26 mg g−1, was
observed when the water loss rate increased from 30% to 35%.
This phenomenon may be related to the water distribution in
the cells. Compared with other groups, the loss of vitamin C
content was the smallest, at just 5.29 mg g−1, when the water loss
rate rose from 40% to 45% in the dried radish slices.

Vitamin C is an unstable and water-soluble compound that
is easily degraded at high temperatures and in the presence of
excessive levels of oxygen, light and enzymes.31 A study con-
ducted by Gamboa-Santos et al.32 showed that two most
important factors in vitamin C loss in processed fruit and
vegetables are temperature and drying time.33 Demiray et al.34

proved that vitamin C is susceptible to oxidation in the presence
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effects of the water loss rate on vitamin C content in radish
slices. There are significant differences between groups represented
by different letters on the bar chart (P < 0.05).

Fig. 4 Effects of different water loss rates on microstructure of radish
slices. CK represents untreated (0%) and A, B, C, D, E, and F represent
radish water loss rates of 30%, 35%, 40%, 45%, 55%, and 55%,
respectively, with tail 1 for 100 and tail 2 for 400.
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of high temperature and that its degradation rate increases
incrementally with increasing drying temperature. Compared to
other drying methods, the ability of a microwave eld to
generate heat throughout a food matrix can decrease its drying
time by up to 90%, thus effectively reducing the loss of vitamin
C.35,36 Vacuum microwave drying treatment retains more
bioactive compounds such as vitamin C, total avonoids and
total phenols in jujube powder compared to hot air drying
treatment.37 Another important factor inuencing vitamin C
degradation is the parameter of water activity. At high levels of
activity, water content can dilute vitamin C concentration,
inducing a low rate of degradation.38,39 In this study, water loss
in the drying radish was found to decrease its protective ability,
subsequently accelerating the degradation of vitamin C,
concurring with the abovementioned analyses.

3.4 Effects of different drying parameters on the radish
microstructure

The microstructures of produce can provide direct evidence of
the effects of drying treatment on the surface of samples. In this
study, the effects of different water loss rates on the micro-
structure of new-paocai raw materials were studied via SEM, the
results of which conrmed that the microstructures of the
radish samples were signicantly affected. As shown in Fig. 4
(CK1 and CK2), the gullies and texture on the surface of the
control samples were clear, with an easily recognizable network
of organizational structures. In contrast, with the increase in
water loss rate, the three-dimensional structure of the surface of
the radish slices gradually attened, blurring the grain and
making the network difficult to discern. When the water loss
rate exceeded 50%, severe cell deformation, weakened unifor-
mity and dislodged cell contents due to tissue swelling could be
clearly observed, as shown in Fig. 4 (E and F). Moreover, obvious
honeycomb pore structures appeared, creating large pores in
the surface material of the radish slices, as observed at 100×
magnication of the images, indicating an excessive loss of
water. At a magnication of 400×, the gullies and three-
© 2025 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2025, 3, 1309–1318 | 1313
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dimensional texture had clearly disappeared, leaving a at
network structure indicative of structural collapse. Considering
the results of the above SEM observation, 45% was selected as
the best water loss rate for drying radish.

Fresh radish is a high-moisture food comprising 93.40 ±

0.23% water, which is well retained. Principal stress is induced
during the drying process, caused by changes in the moisture
and temperature gradients, and these microstructural changes
lead to the deformation of the radish. Zotarelli et al.40 reported
that drying leads to shrinkage and collapse in approximately
half of the fruit structure due to microstructural stresses
produced by large gradients in moisture in the material, which
cause capillary collapse and irreversible structural changes.
During drying, water content migrates from intracellular and
intercellular spaces to the dry surface environment, causing the
overall tissue deformation and volume reduction that is usually
dened as material shrinkage.41 Such shrinkage occurs for two
reasons: rst, because the tissue is unable to maintain its
structural integrity when the areas previously occupied by water
are continuously emptied and air-lled, causing the structure to
become at;42 and, second, because the external skin structure
collapses and shrinks.43 In general, increased tissue dehydra-
tion and signicant deformation of cell texture is associated
with cell collapse due to the loss of cell turgor pressure during
prolonged drying.44 In terms of its spatial distribution, water in
fresh tissues can be categorized into three types, namely inter-
cellular water, intracellular water and cell wall water. Cell
rigidity is mainly dependent on the distribution of water
between cells, so intracellular water loss decreases turgor
pressure, while intercellular water loss leads to the breakdown
of cell-to-cell mutual support force.41,45 Thus, the direct loss of
water causes structural collapse in radish raw materials.
3.5 Effects of different drying parameters on radish color

Color is among the most signicant sensory evaluation indi-
cators for most foods, and undesired color changes are clear
evidence of an adverse effect on their quality. As shown in Fig. 5,
the radish samples underwent various color changes during the
Fig. 5 Electronic eye measurement of radish slices with different water

1314 | Sustainable Food Technol., 2025, 3, 1309–1318
different drying treatments. The color of the control group was
naturally white, with a clear pattern, a smooth surface and the
best three-dimensional structure. Compared to the control
group, the dried radish slices exhibited different degrees of
yellowing and curling at the corners, and these changes became
more obvious with the increase in the rates of water loss,
particularly once the losses exceeded 45%. As shown in Table 1,
DE reached its maximum value at a water loss rate of 55%, at
10.13 ± 0.78, which was signicantly higher than that of the
other groups (P < 0.05). Color lightness in the dried radish slices
was measured and reported as the L* value. The fresh samples
were signicantly brighter than the dried samples, indicating
that the characteristic brightness of the radish slices gradually
decreased with increasing water loss. The a* values did not
differ signicantly (P > 0.05) between the treatment group with
the lowest rate of water loss and the control group; however,
substantial differences (P < 0.05) were observed in the groups
where water loss exceeded 45%, probably due to the loss of
water and external surface oxidation. The b* value indicated
increasing yellowness in the samples as the degree of dryness
increased, rising from 0.18 to 8.60 as the water loss rate
increased from 30% to 55%.

The Maillard reaction, to which the increase in a* and
b* values of the treated radish slices was attributed, has been
identied as the main non-enzymatic browning reaction that
oen occurs during the food drying process.46 Liu et al.47 found
that the Maillard reaction caused the color of dried Pleurotus
eryngii slices to darken with the increase in drying temperature.
Drying fruits and vegetables at high temperatures over extended
periods causes greater degradation of heat-sensitive bioactive
compounds, such as carotenoids, and subsequently increases
colour change in the dried products. Wang et al.48 reported that
the blanching of pepper resulted in a decrease in its L* value,
which was attributed to red pigment degradation and cell
destruction. Color changes are also signicantly linked to water
loss, the collapse of cell structures and the degradation of
nutrients.49 Furthermore, studies have shown that shrinkage
and structural deformation that occurs during drying may
loss rates.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Determination of color differences in radish slices with different water loss rates. Values are means ± SD. Values with different letters
(a–f) in the same column are significantly different from each other (P < 0.05)

Water loss rates (%) DE L* a* b*

CK — 88.90 � 1.92e 1.44 � 0.58a 0.18 � 0.30a

30 2.80 � 0.40a 86.81 � 0.70de 1.59 � 0.38a 1.83 � 0.46b

35 2.66 � 0.39a 87.48 � 0.41cd 1.17 � 0.25a 2.38 � 0.23c

40 4.04 � 1.88b 85.69 � 1.88bcd 1.81 � 1.12ab 2.32 � 0.24c

45 4.69 � 0.75b 86.00 � 0.53bc 3.10 � 1.36bc 3.21 � 0.28d

50 7.52 � 0.69c 84.82 � 0.67ab 3.62 � 1.46c 5.90 � 0.52e

55 10.13 � 0.78d 83.60 � 0.88a 3.05 � 0.83bc 8.60 � 0.41f
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result in the transfer of photons, absorption of brightness or
a decrease in reected and diffused light due to the reduction of
moisture during drying, which may explain the drastically
diminished luminosity in the radish slices, which reduced their
L* values.50 The signicant color changes observed in this
study's microwave-vacuum dried radish slices were the same as
those reported by Setiady,51 and greater degrees of drying led to
more pronounced changes in DE, a* and b*.
3.6 Effects of different drying parameters on sensory
evaluation

The sensory evaluation results for the radish slices with
different water loss rates aer microwave–vacuum drying
treatment are presented in Fig. 6, in which it can be seen that,
with increasing rates of water loss, the sensory properties of all
samples showed a downward trend. For example, the sensory
score of the 30% water loss group was signicantly higher than
that of the other groups (P < 0.05), at 8.07, followed by the other
samples at 7.88, 7.48, 7.26, 6.73 and 6.08. When the water loss
rate was 35%, the sample color value was signicantly higher
Fig. 6 Sensory evaluation results of radish tablets with different water
loss rates.

© 2025 The Author(s). Published by the Royal Society of Chemistry
than those of the other treatment groups (P < 0.05), reaching
7.79. Water loss can also signicantly affect the smell of
radishes and, as the rate of water loss increased in the samples,
their smell score gradually decreased, with the lowest smell
score reaching just 5.77. Smell, shape and texture scores were
not signicantly different (P > 0.05) in the water loss rate groups
of 40% and 45%; however, in the groups where water loss
exceeded 45%, a sharp decrease in sensory scores was evident.
This phenomenon may be attributed to the excessive dehydra-
tion caused by microwaving the radish slices, which substan-
tially affected their microstructure, causing signicant
structural collapse and texture soening. Color changes and
shape wrinkles were also obvious in the groups with water loss
rates between 30% and 45% compared to the control samples,
which would affect consumer evaluation of the quality of radish
paocai. The above comprehensive evaluation indicated that the
group treated with a water loss rate of 45% was optimal for
consumer demand.

Sensory evaluation is a vital index for the quality of post-
harvest fruits and vegetables. In this study, the sensory score of
the microwave–vacuum dried groups were signicantly inu-
enced by the microwave dehydration of the radish slices, which
substantially destroyed their texture, making recovery difficult.
The microwave–vacuum drying treatment, performed in a light-
proof, low-oxygen environment, averted color damage to
a certain extent, and was consistent with the ndings of Bai
et al.52 when treating P. eryngii with different drying methods.
However, the higher rate of water loss deepened the color,
resulting in a lower color score, possibly due to surface oxida-
tion of the radish. Microwave–vacuum drying, as well as longer
drying times, can cause greater degradation of heat-sensitive
bioactive compounds, such as carotenoids, which would have
subsequently intensied the colour changes in the radish
samples. In combination with hot drying, microwave–vacuum
drying has the effect of removing smells from the material, in
this study reducing the fragrance of the treated groups of
radish. High temperature also caused certain biochemical
reactions that affected the smell of the radish slices, resulting in
a decreased radish smell score with increasing rates of water
loss. Changes in shape and texture are similar to those in color,
smell and the total score, mainly due to cell collapse and texture
soening caused by dehydration. The lower the water content of
radish, the more serious its tissue collapse and cell wall
damage.
Sustainable Food Technol., 2025, 3, 1309–1318 | 1315
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4 Conclusion

The results of this study clearly demonstrated the signicant
effects exerted by the drying process on the nutrients, appear-
ance and texture of raw radish slices for the production of
paocai. The measurements showed that the rehydration rate
and DE increased during microwave–vacuum drying, while the
vitamin C content and hardness signicantly decreased with
the gradually increasing rate of water loss compared to the
fresh, untreated radish slices. However, when the water loss rate
exceeded 45%, the radish samples exhibited pronounced
structural collapse, resulting in lower sensory scores than those
of the lower water loss groups. Aer comprehensive evaluation,
the radish group with a water loss rate of 45% was selected as
the most suitable for subsequent paocai production, as its
overall performance was better than those of the other test
groups and it facilitated the recovery of various original quali-
ties during penetration. In conclusion, this study not only
provides a theoretical basis for selecting optimal pretreatment
conditions in new-paocai production, but also carries direct
industrial implications. The application of vacuum microwave
drying can signicantly reduce energy consumption by short-
ening drying time and decrease the reliance on high-salt storage
methods; it also aligns with growing consumer preferences for
healthier, lower-sodium fermented foods. These ndings can
serve as a guide for improving production efficiency and
sustainability in the pickle industry.
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Methods with the Application of Vacuum Microwaves on
the Bioactive Compounds, Color, and Antioxidant Activity
of Strawberry Fruits, J. Agric. Food Chem., 2009, 57, 1337–
1343.

12 M. Zielinska and A. Michalska, Microwave-assisted drying of
blueberry (Vaccinium corymbosum L.) fruits: Drying
kinetics, polyphenols, anthocyanins, antioxidant capacity,
colour and texture, Food Chem., 2016, 212, 671–680.

13 K. Soares De Mendonça, J. L. Gomes Corrêa,
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