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Abstract: This study applied direct-contact ultrasound-assisted Vacuum Far-Infrared (VFIR) to dry
Cistanche slices, investigating the influence of radiation temperature (45 ◦C, 55 ◦C, 65 ◦C), ultrasonic
frequency (20 kHz, 40 kHz, 60 kHz) and ultrasonic power (72 W, 96 W, 120 W) on the physicochemical
properties, drying characteristics, and microstructure of Cistanche slices. The results showed that the
application of ultrasound had a significant enhancement effect on the drying process, with drying
time decreasing as radiation temperature, ultrasonic power, and ultrasonic frequency increased. The
drying rate curves under three experimental factors exhibited a brief acceleration stage followed by
a deceleration stage. Under different drying conditions, the contents of Iridoid and phenylethanoid
glycosides in dried products were higher than those under natural drying (ND). Specifically, the
content of catalpol at 55 ◦C, 96 W, 40 kHz (0.56 mg/g) and the content of Leonuride at 55 ◦C, 96 W,
60 kHz (0.67 mg/g) increased by 1.81 and 1.9 times, compared to ND. The rest of the nutrient
content and antioxidant activity increased with the increase in ultrasonic frequency. Compared to
ND, ultrasonic-assisted VFIR drying improved the color and rehydration capacity of dried products.
Observation of the microstructure revealed that the application of ultrasound made the interior of
Cistanche slices loose and porous. In summary, ultrasonic-assisted VFIR drying not only enhances
the drying rate but also improves the quality of dried products.

Keywords: direct-contact ultrasound; intensify; cistanche drying; microstructure; physicochemical quality

1. Introduction

Cistanche (Cistanche deserticola Ma), belonging to the Orobanchaceae, is a perennial
parasitic herbaceous plant and a precious medicinal material. It found its primary cultiva-
tion in the tropical and subtropical belts of China, Iran, India, and Mongolia. [1,2]. Due to
its rich bioactive ingredients, it is known as the “desert ginseng” [3] and is often processed
into capsules, wine, tea, and other health products to enter the health food market [4].
Studies have shown that Cistanche has anti-aging, anti-fatigue [5], anti-inflammatory [6],
and analgesic effects. However, fresh Cistanche has relatively high moisture and sugar
content, making it prone to softening and rot. In order to prolong the shelf life and improve
its economic benefits, it is usually subjected to dehydration processing [7]. Natural drying
is the traditional drying method for Cistanche, but it is highly dependent on weather
conditions, and the quality of the dried product is difficult to guarantee. Moreover, pro-
longed natural drying not only causes enzymatic hydrolysis of polyphenol oxidase and
browning of the flesh but also leads to significant loss of effective ingredients such as
phenylethanoid glycosides, severely affecting the medicinal and economic value of dried
Cistanche products [8].

Far-Infrared (FIR) radiation is a form of radiation heating technology that provides
consistent heat and mass transfer direction. When the energy released by the infrared heat
source penetrates the surface of the material, it heats both the surface and the interior of the
material simultaneously, achieving uniform heating and rapid dehydration. Consequently,
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FIR drying offers the benefits of even heating, increased drying efficacy, reduced energy
usage, and superior product quality [9,10]. The depth of penetration depends on the
thickness of the product, the activity of the water and the composition of the product. The
results of Deepika et al. [11] indicated that FIR is ideal for thin-layer drying. Vacuum far-
infrared drying (VFIR) technology employs infrared radiation for heating materials within
a vacuum setting. The addition of a vacuum effectively prevents thermal and oxidative
damage to active substances within the materials under sub-atmospheric pressure, reduces
the loss of heat-sensitive nutrients, lowers the boiling point of water, thereby enhancing
heat transfer rates more effectively [12,13], and thus is widely used in food drying. In recent
years VFIR drying technology has been reported in the processing of agricultural products
such as apples [14], and lemons [15]. Nonetheless, although VFIR plays a substantial role
in facilitating heat transfer throughout the drying process, its capacity to stimulate mass
transfer remains limited. [16]. Hence, there is a need to employ efficient techniques for
enhancing mass transfer in order to improve dehydration rates and product quality.

Ultrasound, as a non-thermal processing technique, has been widely applied in food
drying in recent years. Ultrasound is an elastic mechanical wave that can propagate in
gas, liquid, and solid, with strong penetration and vibration characteristics [17]. When
ultrasound energy is transmitted into the interior of the material, the material undergoes
continuous mechanical pressure due to the high-frequency vibration it generates, reducing
the adhesion force of moisture attached to the capillaries inside. This facilitates the flow
and diffusion of moisture, promoting mass transfer within the material [18]. Ultrasound
technology exists in three forms: ultrasound pretreatment, gas-coupled ultrasound, and
direct-contact ultrasound. Among them, gas-coupled ultrasound, as a method of ultra-
sound enhancement, can significantly shorten drying time [19]. However, it suffers from
large energy attenuation and minimal effect on mass transfer, leading to excessive energy
consumption. Direct-contact ultrasound involves placing the material directly on an ultra-
sound radiation plate, where ultrasound energy is transmitted directly into the material
without passing through a gas medium. This method effectively increases the internal mass
transfer rate of the material, reduces ultrasound energy attenuation, and improves energy
utilization. Feng et al. [20] investigated the effects of combined direct-contact ultrasound
and FIR drying on the drying characteristics and quality of ginger. They found that em-
ploying ultrasound notably decreased drying time expedited the movement of free water,
and elevated both antioxidant activity and nutrient levels. Yang et al. [21] investigated the
water migration and microstructure of taro during direct-contact ultrasound-enhanced FIR
radiation drying, and the results showed that the use of direct-contact ultrasound not only
accelerated the drying process of taro but also improved its porosity.

This study applied direct contact ultrasonic technology to VFIR drying of Cistanche
slices, investigating the effects of different drying temperatures, ultrasonic power, and ul-
trasonic frequency on the drying characteristics of Cistanche slices, and evaluating changes
in their quality (Total phenol, total flavonoid and polysaccharide contents, antioxidant
capacity, rehydration ratio and color value) and microstructure.

2. Materials and Methods
2.1. Experimental Materials

Fresh Cistanche was harvested in February 2023 in Jinta County, Jiuquan City, Gansu
Province, China. After cleaning, the Cistanche was immediately placed in a constant
temperature and humidity chamber and refrigerated at 2–4 ◦C. The average water content
of Cistanche was measured according to the official method of AOAC as 72.7%. Cistanche
specimens without surface damage, uniform thickness, and intact appearance were selected
as raw materials. One hour before the experiment, the Cistanche was placed at room
temperature (22 ± 1 ◦C). After washing and draining, the Cistanche was peeled and sliced
to a thickness of 5 mm. Each group of samples weighed 120 ± 0.5 g.
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2.2. Instrument and Equipment

The structure and parameters of the VFIR drying equipment utilized in this experi-
ment are detailed in reference [22]. Three custom ultrasonic generators were used, with
frequencies of 20 kHz, 40 kHz, and 60 kHz, all rated at 600 W (Shenzhen Baist Ultrasound
Technology Co., Ltd., Shenzhen, China).

2.3. Experimental Methods

In this experiment, ultrasonic-assisted VFIR drying technology was used to dry Cis-
tanche slices. Based on the results of preliminary trials, radiation temperature (45 ◦C, 55 ◦C,
65 ◦C), ultrasonic power (72 W, 96 W, 120 W), and ultrasonic frequency (20 kHz, 40 kHz,
60 kHz) were selected as experimental factors for single-factor orthogonal experimental
design. The specific experimental design can be found in Table 1. The specific experimental
design can be found in Table 1. Before the experiment, the equipment was preheated for
10 min to the predetermined parameters. The pre-weighed Cistanche slices were evenly
spread on the vibrating plate for drying. The samples were weighed every 30 min until
the moisture content reached below 10% (wb) [23], with each experimental group repeated
3 times.

Table 1. Single-factor experimental design of ultrasonic-assisted VFIR drying.

Experiments Number Radiation Temperature (◦C) Ultrasonic Power (W) Ultrasonic Frequency (kHz)

1 (ND) —— —— ——
2 55 —— ——
3 45 96 40
4 55 96 40
5 65 96 40
6 55 72 40
7 55 120 40
8 55 96 20
9 55 96 60

The control experiments include natural drying (ND) and VFIR drying. For ND: Place
the samples outdoors and expose them to sunlight. Lay the 5 mm thick slices of Cistanche
slices evenly on drying trays, and record the weight of Cistanche slices every 3 days until
the moisture content decreases to below 10% (wb). For VFIR drying: Dry the samples
at a radiation temperature of 55 ◦C. Weigh the samples every 30 min until the moisture
content reaches below 10% (wb).

2.4. Drying Characteristics
2.4.1. Dry Basis Moisture Content

The moisture content of the dried base in the drying process of the Cistanche was
calculated as follows:

Mt =
Wt − Wd

Wd
(1)

where Mt is the dry basis moisture content of Cistanche slices at time t (%), Wt is the mass
of Cistanche slices at time t (g), Wd is the mass of dry matter in Cistanche slices (g).

2.4.2. Moisture Ratio

The moisture ratio of the Cistanche slices during drying was calculated as follows:

MR =
Mt − M f

Mi − M f
(2)

where MR is the moisture ratio of Cistanche slices, Mi is the initial moisture content of
Cistanche slices (%), and M f is the equilibrium moisture content of Cistanche slices (%).
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Due to the extremely low equilibrium moisture content of Cistanche slices, the Equa-
tion of the MR of Cistanche slices at different drying times is simplified as Equation (3):

MR =
Mt

Mi
(3)

2.4.3. Average Drying Rate

The average drying rate of the Cistanche slices during drying was calculated as follows:

DR =
Mt2 − Mt1

t2 − t1
(4)

where DR is the average drying rate of the Cistanche slices; Mt2, Mt1 is the weight of the
sliced Cistanche at times t2 and t1 (g), t2 − t1 is the time interval between two drying
processes (min).

2.5. Quality Attributes
2.5.1. Total Phenolic Content (TPC)

TPC was determined using the Folin-Ciocalteu method, with gallic acid as the stan-
dard, based on the method by Beato [24]. Calculate the TPC in Cistanche slices according
to Equation (5):

TPC =
(Cc × Vc2)

(Vc1 × Mc)
(5)

where TPC is the total Phenolic content, Cc is the mass concentration of gallic acid (mg/mL),
Vc1 is the volume of the sample extract used during titration (mL), Vc2 is the volume of the
extraction solution (mL), and Mc is the mass of Cistanche slices’ dry matter (g).

2.5.2. Total Flavonoid Content (TFC)

The TFC in Cistanche slices was assessed utilizing the sodium nitrite-aluminum
nitrate-sodium hydroxide method, following the measurement procedure outlined by
Lay [25], and employing catechin as the calibration standard. Calculate the TFC in accor-
dance with Equation (6):

TFC =
(Cd × Vd2)

(Vd1 × Md)
(6)

where TFC is the total flavonoid content, Cd is the mass concentration of catechins (mg/mL),
Vd1 is the volume of the sample extract used during titration (mL), Vd2 is the volume of the
extraction solution (mL), and Md is the mass of Cistanche slices’ dry matter (g).

2.5.3. Polysaccharide Content (PC)

The content of Polysaccharides in Cistanche was determined using the phenol-sulfuric
acid method, following the method outlined by Dubois [26], with sucrose as the standard
for calibration. The PC in Cistanche slices was calculated using Equation (7):

PC =

(
Cp × Vp2

)(
Vp1 × Mp

) (7)

where PC is the Polysaccharide content, Cp is the mass concentration of polysaccharides
(mg/mL), Vp1 is the volume of the sample extract used during titration (mL), Vp2 is the volume
of the extraction solution (mL), and Mp is the mass of Cistanche slices’ dry matter (g).

2.5.4. Antioxidant Properties

The total antioxidant capacity of organic active substances was determined using the
DPPH method, following the procedure outlined by Nencini [27]. The antioxidant capacity
of the samples was calculated according to Equation (8):

IR =
(A0 − A)

A
× 100% (8)
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where IR is the inhibition rate of the sample solution (%), A is the absorbance of the sample
solution, and A0 represents the absorbance of the solution without the sample.

2.5.5. Phenylethanoid Glycosides and Iridoid

The contents of Phenylethanoid Glycosides and Iridoids in Cistanche were determined
by HPLC. The chromatographic conditions were as follows: Agilent Eclipes XDB-B-C-18
(250 mm × 4.6 mm, 5 µm) column, column temperature of 30 ◦C, volume flow rate of
1.0 mL/min, gradient elution mobile phase of water (A)-acetonitrile (B); 0~6 min, 0~10%
B; 6~10 min, 20~25% B; 10~15 min, 25~30% B; 15~20 min, 30~35% B; 20~24 min, 35~65%
B; 24~26 min, 65~45% B; 26~28 min, 45~10% B; and detection wavelength of 205 mm.
Each experiment was repeated 3 times.

2.5.6. Color Values

The determination of Cistanche’s color characteristics was conducted using a handheld
colorimeter (CR-410, Konica Minolta, Tokyo, Japan), measuring the L, a, and b values before
and after drying. The total color difference, represented by ∆E, indicates the difference in
color between the tested sample and the vibrant color. A smaller ∆E value suggests a better
color for the dried Cistanche product. The ∆E value is calculated according to Equation (9):

∆E =

√
(L∗ − L0)

2 + (a∗ − a0)
2 + (b∗ − b0)

2 (9)

where ∆E is the total color difference of Cistanche slices. L∗, a∗, and b∗ are the brightness,
red-green, and yellow-blue values of fresh Cistanche slices, respectively. L0, a0, and b0
represent the brightness, red-green, and yellow-blue values of dried Cistanche slices.

2.5.7. Rehydration Ratio (RR)

Place 3 g of dried Cistanche slices into a constant temperature water bath at 25 ◦C,
allowing them to soak uniformly for 360 min. Subsequently, transfer them onto clean
absorbent paper to remove surface moisture. Next, weigh the samples after Rehydration
and compare the weight with the dried sample, repeating the experiment three times for
each group. Calculate the RR according to Equation (10):

RR =
G f

Gg
(10)

where RR is the Rehydration Ratio, Gf is the weight of Cistanche slices after removing
surface moisture during Rehydration (g), and Gg is the initial weight of the Rehydrated
Cistanche slices (g).

2.5.8. Microstructure

Samples of dried products obtained under different drying conditions were prepared
into 2 × 2 mm2 specimens, securely affixed to the SEM sample stage using conductive tape.
Subsequently, an ion sputter coater was employed to coat the sample surfaces for 90 s. The
electron microscope acceleration voltage was set to 5.0 kV, and the samples were observed
under the scanning electron microscope at a magnification of 300×. Representative fields
were selected for microphotography.

2.6. Statistical Analysis

The drying data of Cistanche slices were integrated using Excel 2010 software. Origin
2021 software was employed for graph plotting. Analysis of variance (ANOVA) was
conducted using SPSS 24.0.
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3. Results and Discussion
3.1. Drying Characteristics
3.1.1. Effect of Different Radiation Temperatures on Drying Characteristics

The drying characteristic curves under different radiation temperatures can be seen in
Figure 1 (The ultrasonic frequency and ultrasonic power remain constant at 55 ◦C and 96 W).
At radiation temperatures of 45 ◦C, 55 ◦C, and 65 ◦C, the times required for Cistanche slices
to dry to below the safe moisture content were 390 min, 240 min, and 150 min. Compared
to 45 ◦C, the drying times at 55 ◦C and 65 ◦C were shortened by 38.46% and 61.54%.
Observing the drying curves, it can be seen that with the increase in radiation temperature,
the moisture content exhibits a decreasing trend, and the drying rate increases with higher
temperatures, resulting in shorter drying times. This is because increasing the radiation
temperature increases the temperature difference between the material and the drying
medium, improving the vapor pressure difference between them, which promotes moisture
diffusion and evaporation, thereby accelerating mass transfer, shortening drying time, and
increasing drying rate. Additionally, as the radiation temperature increases, Cistanche
slices absorb more radiation energy during the drying process, which also increases the
drying rate. Furthermore, it was observed that the drying rate curves at different radiation
temperatures did not have a clear constant rate stage but mainly concentrated on the
falling rate stage. This is because, during drying, the free water content of Cistanche slices
continuously decreases, while bound water, due to its association with large molecules such
as proteins and polysaccharides, is difficult to remove, resulting in a decrease in drying
rate. Initially, the drying rate increases and then decreases, with the drying mechanism
shifting to internal diffusion control [28].
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3.1.2. Effects of Different Ultrasonic Powers on Drying Characteristics

The drying characteristic curves under different ultrasonic powers can be seen in
Figure 2 (The radiation temperature and ultrasonic frequency remain constant at 55 ◦C
and 40 kHz). At ultrasonic powers of 72 W, 96 W, and 120 W, the required drying times
for Cistanche slices were 300 min, 240 min, and 210 min. By observing the curves, it is
evident that ultrasonic power has a significant influence on the drying process. This is
because ultrasound causes high-frequency vibrations and turbulence inside Cistanche slices,
reducing their ability to adsorb water and enhancing water mobility [29]. Additionally,
the compression and expansion caused by ultrasound, known as the “sponge effect”, and
the formation of micro-jets reduce the thickness of the heat and mass transfer boundary
layer, improving the diffusion efficiency inside Cistanche slices and increasing the heat
transfer rate [30]. As the ultrasonic power increases, the required drying time further
decreases. This is because, with the increase in ultrasonic power, more ultrasonic energy is
generated, enhancing the ultrasonic diffusion and mass transfer strengthening effect on
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water. Although increasing ultrasonic power can increase the drying rate, the strengthening
effect of ultrasound weakens as the moisture content decreases. At the high moisture
content stage, due to the high content of free water, ultrasound easily penetrates into the
interior of Cistanche slices and propagates therein, which facilitates the propagation of
ultrasound. However, as the internal moisture of the sample evaporates and the moisture
content decreases, the effect of ultrasound weakens, resulting in a significant decrease in the
enhancement effect on moisture diffusion and drying rate [31], manifested as a continuous
decrease in drying rate.
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3.1.3. Effects of Different Ultrasonic Frequencies on Drying Characteristics

The drying characteristic curves under different ultrasonic frequencies can be seen
in Figure 3 (The radiation temperature and ultrasonic power remain constant at 55 ◦C
and 96 W). By observing the curves, it is found that under the 60 kHz frequency, the
Cistanche slices require the shortest drying time with the fastest drying rate, which is 27.3%
shorter than that under the 20 kHz frequency. With the increase in ultrasonic frequency,
the required drying time decreases, and the drying rate increases. When Cistanche slices
are placed on the vibrating plate, the radiated ultrasonic energy directly penetrates the
interior of the sample, and the propagation of ultrasound exceeds the attraction of liquid
molecules, forming numerous microbubbles in the liquid due to cavitation effects. These
bubbles are distributed throughout the liquid and undergo implosive collapse when they
expand to a critical size [32]. The instantaneous collapse generates extreme temperatures
and pressures, which not only significantly accelerate chemical reactions in the surrounding
medium but also affect the tightly adsorbed moisture in the capillaries inside the Cistanche
slices, facilitating the removal of strongly attached moisture, enhancing the fluidity of
microtubes, and accelerating the internal moisture flow rate [33]. Additionally, ultrasound
can induce a series of rapid alternating contractions and expansions in solid media, ex-
panding and creating new microchannels, making internal water migration easier [13]. In
Figure 3, it is observed that the drying rate curves under different frequencies exhibit a brief
acceleration phase followed by a distinct deceleration phase. This is because as the internal
moisture of the sample evaporates, the content of free water significantly decreases. This
leads to an increase in the internal moisture diffusion resistance of the sample, an increase
in the ultrasonic transmission attenuation coefficient, and a decrease in the drying rate [34].
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3.2. Effect of Ultrasound-Assisted VFIR Drying on Quality Attributes of Dried Cistanche Slices
3.2.1. Total Phenolic Content (TPC)

The effect of different drying conditions on TPC can be seen in Figure 4a. Under each
ultrasonic condition, the TPC is higher than that of VFIR drying. The highest TPC was
53.18 mg/g, corresponding to a drying condition of 55 ◦C, 96 W, 60 kHz. As the radiation
temperature and ultrasonic power increase, the TPC initially rises and then decreases.
Phenolic compounds are a class of thermosensitive substances with antioxidant properties.
At lower temperatures, the drying time of the material is longer, leading to significant
degradation of phenolic compounds under the action of polyphenol oxidase and peroxidase.
With the increase in temperature, the drying time significantly shortened, leading to
a corresponding reduction in the time of oxidative reactions and an increase in TPC.
However, when the temperature is too high, the rapid increase in the degradation rate of
phenolic compounds due to high temperatures leads to a decrease in TPC [35]. The addition
of ultrasound shortened the drying time., thereby reducing the degree of polyphenol
degradation. It also breaks covalent bonds, releasing antioxidants, thus increasing the
TPC of Cistanche slices [36]. However, high-power ultrasound will instead decrease TPC.
This is because high-intensity ultrasound generates free hydroxyl radicals to degrade
polyphenols, damaging phenolic compounds and their antioxidant activity in extracts [37].
With the increase in ultrasonic frequency, the TPC continues to increase. Proper ultrasound
enhancement can disrupt cell structure [38], causing polymers in the Cistanche cell wall
to break down and release more cell wall phenolic compounds or adsorbed phenolic
compounds, thereby increasing TPC.

3.2.2. Total Flavonoid Content (TFC)

The effect of different drying conditions on TFC can be seen in Figure 4b. At 55 ◦C,
96 W, 60 kHz, the TFC reached its highest at 59.17 mg/g, which increased by 57.96% com-
pared to the dried product obtained from VFIR drying. When the radiation temperature
increased from 55 ◦C to 65 ◦C, the TFC decreased from 48.00 mg/g to 23.62 mg/g. At
lower radiation temperatures, the drying time is longer, leading to continuous degradation
reactions of flavonoids in the samples. Increasing the temperature significantly shortens
the drying time, inhibits the activity of flavonoid oxidase, facilitates the decomposition of
cellular components, releases a large number of flavonoid compounds, and thus preserves
the TFC. However, excessively high temperatures enhance the activity of flavonoid compo-
nents and increase the degradation rate, thereby unfavorable for maintaining flavonoid
substances [39]. When the ultrasonic power increased to 120 W, the TFC decreased to
28.93 mg/g. Although increasing the ultrasonic power enlarges the mass transfer chan-
nels of the material, it also enlarges the intercellular gaps [14], accelerating the release of
flavonoid substances from the cells. Meanwhile, flavonoid compounds, due to their abun-
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dant hydroxyl groups, are easily oxidized, leading to a decrease in the TFC in Cistanche
slices [40]. With the increase in ultrasonic frequency, TFC shows an upward trend. This is
because increasing the ultrasound frequency enhances the effect of ultrasound [18], reduces
the resistance of moisture outward migration channels in Cistanche slices, shortens drying
time, and consequently reduces the oxidation degradation reaction time of flavonoids.

3.2.3. Polysaccharide Content (PC)

The effect of different drying conditions on PC can be seen in Figure 4c. At 55 ◦C,
96 W, 40 kHz, the maximum PC reached 351.58 mg/g, which represented a 39.12% increase
compared to the dried product obtained from VFIR drying. The PC showed a trend of first
increasing and then decreasing under different radiation temperatures. At 45 ◦C, the lower
drying temperature led to lower drying efficiency, thus increasing the time for polysac-
charides to undergo Maillard reaction with free amino acids in the material, resulting in
polysaccharide degradation. However, at 65 ◦C, 96 W, and 40 kHz, the excessively high
radiation temperature intensified polysaccharide cleavage into monosaccharides, while
accelerating the Maillard reaction rate, leading to a decrease in PC [41]. Except for the
temperature at 65 ◦C, the PC under other conditions was higher than that of ND. This
may be because the addition of ultrasound significantly increased the water solubility of
polysaccharides, exposing more hydrophilic groups to hydration due to the disruption of
non-covalent intramolecular and intermolecular bonds [42]. Additionally, the sonoporation
effect of ultrasound creates pores in the cell membrane, which allows more polysaccha-
rides to be released from the cells. Chemat et al. [32] observed visible cell membrane
permeabilization when applying ultrasound to yeast, and obtained higher extraction rates.
Furthermore, ultrasound causes degradation of the cell wall and disruption of cell structure,
which not only promotes the release of polysaccharides but also increases the accessibility
of solvents, thereby enhancing the PC. When the ultrasonic power increased to 55 ◦C,
120 W, 40 kHz, PC decreased to 260.27 mg/g, which was because the high ultrasonic
power induced more intense mechanical effects, causing the destruction of Cistanche cells,
ultimately leading to a decrease in PC [43]. As the frequency increased, the PC first in-
creased and then slightly decreased. Studies by Chen et al. [44] showed that increasing the
ultrasonic frequency can effectively improve the cavitation, thermal, and mechanical effects
of ultrasound, enhancing the diffusion rate of solvents and accelerating the dissolution of
polysaccharides, thereby increasing the extraction rate of polysaccharides.

3.2.4. Antioxidant Capacity

The effect of different drying conditions on antioxidant capacity can be seen in
Figure 4d. The antioxidant capacity is represented by inhibition rate (IR), with higher
IR indicating stronger antioxidant capacity. Niwa et al. [45] demonstrated that FIR radi-
ation can break covalent bonds, releasing antioxidants such as flavonoids, carotenoids,
tannic acid, ascorbic acid, albumin, or polyphenols from polymers, thereby enhancing
antioxidant activity. The lowest IR was 34.92% at 65 ◦C, 96 W, 40 kHz. As the radiation
temperature and ultrasonic power increased, the IR first increased and then decreased.
Firstly, the increase in radiation temperature altered the structure and content of some
monophenolic and flavonoid compounds in Cistanche slices, enhancing their ability to
scavenge free radicals [22]. However, excessively high temperatures cause degradation of
antioxidants, leading to a decrease in antioxidant capacity. Secondly, ultrasonic cavitation
causes microbubbles to implode or collapse, resulting in local increases in temperature and
pressure, thereby reducing antioxidant capacity [46]. As the ultrasonic frequency increased,
the IR significantly increased, which may be because the application of ultrasound can
increase the hydroxyl group content, enhancing antioxidant capacity [47]. Additionally, it
was observed that the change trend of antioxidant capacity was similar to that of TPC. This
is because phenolic compounds, as the most active antioxidant derivatives in plants, are
considered antioxidants [48]. Other studies have also reported a highly positive correlation
between phenolic compounds and antioxidant activity [49].
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3.2.5. Phenylethanoid Glycosides and Iridoid

Phenylethanoid glycoside is one of the most researched types of active compounds in
Cistanche currently. As a major active ingredient of Cistanche, it has positive effects such
as antioxidation, liver protection, myocardial protection, neuron protection, and memory
enhancement [50]. Iridoid is also one of the main chemical components of Cistanche, exhibit-
ing antibacterial, anti-inflammatory, and analgesic effects [43]. The changes in Iridoid and
Phenylethanoid glycoside components in Cistanche slices under different drying conditions
can be seen in Figure 5. It can be observed that the content of Iridoid and Phenylethanoid
glycosides in the dried products obtained by ultrasonic-assisted VFIR drying is higher than
that of ND. The maximum contents of Catapol, Leonurusoside, Rhodioloside, Echinacoside,
Poliumoside, Verbascoside and Isoacteoside increased by 47.84%, 47.47%, 37.06%, 34.62%,
24.2%, 26.43% and 32.49%, respectively, compared to ND. Except for slightly lower levels of
Rhodioloside and Isoacteoside under certain conditions, the rest of the active ingredients in
the dried products obtained from ultrasonic-assisted VFIR drying are higher than those
in VFIR drying. Since these two types of components are extremely sensitive to light and
heat, when the radiation temperature increases from 55 ◦C to 65 ◦C, the high-temperature
environment causes severe damage to the cell materials. The content of Phenylethanoid
glycosides such as Poliumoside, Isoacteoside, Leonurusoside, and Catalpol decreased by
11.43%, 13.1%, 32.12%, and 28.7%. The slight decrease in Verbascoside and Echinacoside
content is mainly due to the high temperature damaging the hydrolytic enzymes, prevent-
ing the conversion of Echinacoside to Verbascoside [51,52]. Secondly, because Verbascoside
and Isoacteoside are structural isomers, the increase in radiation temperature promotes
the conversion of Isoacteoside to Verbascoside. When the ultrasonic power increased from
96 W to 120 W, the content of Poliumoside, Isoacteoside, Echinacoside, Leonurusoside,
and Catalpol decreased by 11.12%, 8.5%, 17.38%, 27.29%, and 23.91%. This may be due to
the excessive ultrasonic power and the resulting instantaneous high temperature, which
destroyed the molecular structure, resulting in a decrease in content.
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3.2.6. Color Values

The L*, a*, and b* values of fresh Cistanche are 68.84, 2.51, and 21.58. The changes
in color parameters under different drying conditions can be seen in Figure 6. The ∆E
values under different drying conditions are all greater than 5, indicating that ultrasonic-
assisted VFIR drying significantly alters the color of Cistanche slices. At 55 ◦C, 96 W, and
60 kHz, the minimum ∆E value is obtained at 5.28. VFIR drying has the same heat transfer
direction as the mass transfer direction, resulting in a shorter drying time and less oxidative
browning of the material. Moreover, drying the samples in a vacuum environment reduces
the occurrence of browning caused by oxidation. The addition of ultrasound can also slow
down the rate of browning reaction and maintain the original color of the sample [16]. The
b* values of the samples after ultrasonic-assisted VFIR drying are all lower than those of
the fresh samples, indicating that ultrasound affects the yellowness value of Cistanche
slices. With the increase in temperature, the ∆E initially increases and then decreases.
This is because, under low-temperature conditions, excessively long drying times lead
to significant damage to the active substances (such as anthocyanins, carotenoids and
sugars) in Cistanche, affecting the color. As the temperature increases, the drying time is
significantly reduced. The activity of oxidases in the material is also inhibited, reducing
the production of melanoidin-like substances and lowering the color difference value.
However, excessively high temperatures exacerbate the Maillard reaction, resulting in the
production of melanoidin-like substances [53], increasing the degree of browning of the
material and raising the color difference value. Additionally, the mechanical action and
cavitation effect of ultrasound increases the intercellular space and widens the micropores,
causing surface damage to the material [54]. Therefore, the effective contact area between
the material and the ultrasonic medium increases, resulting in a change in color.
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3.2.7. Rehydration Ratio (RR)

The RR is an important parameter for measuring the degree of tissue structure damage
during the drying process. A higher value indicates less damage to the material’s tissue
structure and higher integrity [55]. The variations of RR under different drying conditions
can be seen in Figure 6. The maximum RR is 3.22, obtained under the conditions of 55 ◦C,
96 W, and 60 kHz. It can be observed that the RR under various conditions is higher
than that of ND. This is because the vacuum conditions contribute to the generation of
greater internal stress during the drying process, resulting in more pores in the material
and enhancing its rehydration capability [56]. With the increase in radiation temperature
and ultrasonic power, the RR shows a trend of first increasing and then decreasing. This
is because high temperature and excessive ultrasonic power damage the structure of the
material, causing surface cells to lose vitality and forming dense tissue, thereby increasing
the resistance to internal water flow and reducing rehydration capability. With the increase
in ultrasonic frequency, the RR shows an upward trend. In the study by Liu et al. [31]
on ultrasound-assisted hot air drying of purple sweet potatoes, they also observed sur-
face damage and collapse of the samples caused by ultrasound, leading to a decreased
rehydration capacity. This may be because high-frequency ultrasound can induce stronger
cavitation and mechanical effects, widening the pores and microchannels, thereby reducing
the resistance to water transfer and enhancing rehydration capability [29].

3.2.8. Microstructure

The microstructure of the material has a significant impact on the mass transfer and
quality characteristics during the drying process. The microstructures under different
drying conditions can be seen in Figure 7. The surface of Cistanche slices obtained by
ND (Figure 7a) is smooth, dense, and contains a small amount of debris. This is because,
under ND, continuous shrinkage accompanied by the removal of moisture causes surface
hardening. This dense structure reduces the internal water diffusion path, increases the
resistance to water diffusion, and ultimately leads to a lower dehydration rate. After the
addition of ultrasound, the surface of Cistanche slices becomes loose and porous, indicating
the presence of microchannels induced by ultrasound in the tissue, which can accelerate
the internal heat and mass transfer and water diffusion of the sample. Starch granules on
the surface of the sample were observed to gelatinize [57] under conditions of 55 ◦C, 120 W,
40 kHz (Figure 7g) and 65 ◦C, 96 W, 40 kHz (Figure 7e), forming a dense barrier layer
adhering to the surface, with cell tissue being disrupted and forming large cavities, accom-
panied by a significant degree of fracturing. This is because high-temperature conditions
cause varying degrees of stress concentration on the Cistanche slices’ surface, exacerbating
damage to the pore structure [58]. Moreover, excessive ultrasonic power leads to intense
compression and expansion of the tissue, with cavitation effects causing significant impact
and damage to the tissue structure, resulting in a decrease in its rehydration capacity, which
corroborates the previously measured lower rehydration ratio.
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4. Conclusions

We conducted a study of direct contact ultrasound-assisted VFIR drying of Cistanchis
slices by using radiation temperature (45 ◦C, 55 ◦C, 65 ◦C), ultrasonic frequency (20 kHz,
40 kHz, 60 kHz) and ultrasonic power (72 W, 96 W, 120 W) as test factors. It was found
that with the increase in radiation temperature, ultrasonic power, and ultrasonic frequency,
the drying time could be shortened to varying degrees. The condition with the shortest
required drying time is 55 ◦C, 96 W, 60 kHz. However, during the drying process, as
the moisture content of the Cistanche slices decreased, the cavitation and mechanical
effects of ultrasound weakened, leading to a significant decrease in the enhancement effect.
The drying rate curve showed a brief acceleration stage followed by a deceleration stage,
without a clear constant-speed stage. The content of Iridoid and Phenylethanol glycosides
in Cistanche-dried products obtained by ultrasonic-assisted VFIR drying was higher than
that of ND. The maximum contents of Catapol, Leonurusoside, Rhodioloside, Echinacoside,
Poliumoside, Verbascoside and Isoacteoside increased by 47.84%, 47.47%, 37.06%, 34.62%,
24.2%, 26.43% and 32.49%, respectively, compared to ND. The highest PC was achieved
under the condition of 55 ◦C, 96 W, 40 kHz, reaching 351.58 mg/g. The maximum values of
TPC, TFC, and antioxidant activity were all achieved under the condition of 55 ◦C, 96 W,
60 kHz, with values of 53.18 mg/g, 59.17 mg/g, and 59.94%. Quality analysis showed that
the increase in ultrasonic frequency significantly improved these qualities. Compared to
VFIR drying, ultrasounic-assisted VFIR drying improved the color and rehydration capacity
of Cistanche slice-dried products, with a minimum ∆E value of 5.28 achieved under the
condition of 55 ◦C, 96 W, 60 kHz. However, the improvement in ∆E was not significant
under the condition of high ultrasonic power of 55 ◦C, 120 W, and 40 kHz. It was observed
in the microstructure that with the addition of ultrasound, the interior of the material
became loose and porous. However, the gelatinization of starch caused by excessive power
and temperature hindered the migration of moisture, reducing the rehydration capacity. By
comprehensively considering the drying characteristics and physicochemical qualities, the
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optimal drying conditions for Cistanche slices were 55 ◦C, 96 W, and 60 kHz. Subsequent
research will focus on how to support experimentally obtained results with theoretical
results, such as theoretical derivations and modeling simulations.
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58. Aydoğdu, A.; Sumnu, G.; Sahin, S. Effects of Microwave-Infrared Combination Drying on Quality of Eggplants. Food Bioprocess
Technol. 2015, 8, 1198–1210. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.foodcont.2014.05.012
https://doi.org/10.1016/j.ijbiomac.2019.03.056
https://www.ncbi.nlm.nih.gov/pubmed/30857960
https://doi.org/10.1271/bbb.56.324
https://doi.org/10.1007/s10973-018-6991-7
https://doi.org/10.3389/fphar.2021.782962
https://doi.org/10.1055/s-0028-1088349
https://www.ncbi.nlm.nih.gov/pubmed/19034829
https://doi.org/10.1016/j.lwt.2021.113037
https://doi.org/10.1016/j.fbp.2014.08.008
https://doi.org/10.1007/s13197-014-1352-4
https://www.ncbi.nlm.nih.gov/pubmed/25892759
https://doi.org/10.3389/fnut.2022.824822
https://doi.org/10.1007/s11947-015-1484-1

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Instrument and Equipment 
	Experimental Methods 
	Drying Characteristics 
	Dry Basis Moisture Content 
	Moisture Ratio 
	Average Drying Rate 

	Quality Attributes 
	Total Phenolic Content (TPC ) 
	Total Flavonoid Content (TFC ) 
	Polysaccharide Content (PC ) 
	Antioxidant Properties 
	Phenylethanoid Glycosides and Iridoid 
	Color Values 
	Rehydration Ratio (RR ) 
	Microstructure 

	Statistical Analysis 

	Results and Discussion 
	Drying Characteristics 
	Effect of Different Radiation Temperatures on Drying Characteristics 
	Effects of Different Ultrasonic Powers on Drying Characteristics 
	Effects of Different Ultrasonic Frequencies on Drying Characteristics 

	Effect of Ultrasound-Assisted VFIR Drying on Quality Attributes of Dried Cistanche Slices 
	Total Phenolic Content (TPC ) 
	Total Flavonoid Content (TFC ) 
	Polysaccharide Content (PC ) 
	Antioxidant Capacity 
	Phenylethanoid Glycosides and Iridoid 
	Color Values 
	Rehydration Ratio (RR) 
	Microstructure 


	Conclusions 
	References

