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Abstract: The carrot has a high water content, and dehydration is an important means to extend its
edible period and reduce storage and transportation costs. In the case of infrared (IR) drying, the
porosity of the product is low and the structure is compact; the textural properties of the product are
improved by using combined ultrasound and infrared (US-IR) drying; however, there is a lack of
reports on the mechanism of this. Pectin has an important influence on the formation of the textural
properties of fruit and vegetable tissues. In order to investigate the mechanism of the change in
endogenous pectin properties in the carrot cell wall under US-IR drying on the improvement of the
textural properties of the product, different fractions of pectins (water-soluble pectin, chelating pectin,
alkali-soluble pectin) of the carrot were extracted, separated, and analysed. The thermal stability,
component and content changes, Fourier infrared (FTIR), X-ray diffraction (XRD), esterification
degree, molecular weight, monosaccharide composition, Ca ion content, and atomic force microscopy
(AFM) of the pectins were determined. The results showed that the changes in the contents and
properties of the carrot pectins under US-IR conditions had a positive effect on the improvement of
the textural properties of the carrot tissues.

Keywords: ultrasound; infrared drying; pectin; carrot; texture

1. Introduction

The carrot is one of the world’s leading root vegetables. However, the water content of
fresh carrots can be as high as 86% or more, which often results in great resource wastage
and economic loss during their storage and transport. Dehydration and drying is currently
the most effective method to extend the edible period of carrots and reduce their storage
and transport costs [1]. Among the many drying methods, infrared drying (IR) is widely
used for fruit and vegetable drying due to its advantages of having high efficiency and good
controllability. Wu et al. [2] carried out drying studies on carrot slices using IR and hot air,
and found that IR drying has a higher drying rate than hot air drying, and that the products
obtained have better rehydration properties. Bi et al. [3] investigated the effect of IR drying
on the quality of red dates, and the diffusion coefficient and total flavonoid content of
the product were found to be enhanced. However, despite the many advantages of IR
drying, the quality of the final product obtained still suffers from some defects due to its
wavelength, penetration, and thermal effects. Khampakool et al. [4] studied the IR drying
of banana slices and found that the product had a large pore size in the internal region
but a dense structure in the surface layer. Our project team has also previously carried
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out drying studies on carrot slices using IR, and found that the surface cells of carrots
collapsed under IR drying, resulting in irregular deformation and ultimately poor product
texture [1]. Obviously, like other individual drying methods, IR drying alone cannot avoid
the occurrence of the ‘surface hardening phenomenon’, and this texture deterioration will
seriously affect the diffusion rate of the internal moisture to the outside of the material,
so that the internal temperatures of the fruits and vegetables rise too quickly, which will
further lead to the loss of nutrients [5,6].

In order to avoid such textural deterioration, our project team conducted drying
studies on Jackfruit and carrots using an ultrasound combined with infrared (US-IR) drying
method and found that the products obtained were more porous, the cellular structure was
retained and more intact, and the textural properties of the products were significantly
improved [1,7]. Similar experimental results were also found in US-IR drying studies of
potato [8], wolfberry [9], and ginger [10]. In conclusion, the application of an US to the
drying of fruits and vegetables has been widely recognised by scholars worldwide, and the
effect of USs on the quality enhancement of dried fruits and vegetables as well as on the
improvement of the product texture has been intensively studied and reported. However,
what is the role of USs in ‘regulating’ the final textural properties of dried products? The
mechanism of improving the textural properties of the products has not been thoroughly
investigated, which, to a certain extent, limits the application of USs in the actual drying of
fruit and vegetable production.

After reading the literature, we found that among the many factors affecting the tex-
tural properties of fruit and vegetable products, changes in cell wall pectin contents and
traits are the most important influencing factors. Fruit and vegetable cell walls are mainly
composed of pectin, cellulose, hemicellulose, in addition to a small amount of structural
proteins, phenolic compounds, etc. [11]. The textural changes during the processing of
fruits and vegetables are mainly related to the enzymatic and non-enzymatic degradation
of cell wall polysaccharides [12,13], and the changes in the hardness and brittleness of
fruits and vegetables are mainly caused by the changes in the structure and components
of the cell wall, especially the changes in pectin polysaccharides. In addition, lignin and
cellulose are relatively stable in structure during heat treatment, while cell wall pectin is
more sensitive to heat processing, and changes in the pectin content and properties during
drying can significantly affect the texture of fruits and vegetables [14–16]. Huang et al. [16]
showed that the degradation of pectin or the transformation between different types of
pectin may be an important factor affecting the texture of fruit and vegetable end-products.
De Roeck et al. [17] found that the water-soluble pectin content of carrots increased under
a high-temperature treatment, the content of chelating pectin and alkali-soluble pectin
decreased, and the texture of the carrots became soft. In conclusion, the changes in the com-
position and properties of the endogenous pectin in the cell wall during the drying process
of fruits and vegetables are importantly related to the formation of the product’s texture,
and an in-depth study of the effects of USs on the contents and properties of endogenous
pectin in the cell wall of carrots is of great significance in revealing the mechanism of US
synergistic IR drying in regulating the textures of products.

In this study, carrots were used as the object of study; a contact ultrasonic synergistic
infrared simultaneous drying technique was used; a carrot cell wall alcohol-insoluble
material (AIR) was extracted and different pectin fractions (water-soluble pectin, chelated
pectin, alkali-soluble pectin) were isolated; pectin treated with IR alone was used as a
control; the ultrasonic effects on pectin fractions’ contents, functional groups, thermal
stability, esterification, monosaccharide composition, sugar ratios, and micromorphological
properties were analysed, including their molecular weight and microscopic morphology.
The Ca2+ content of the carrot’s AIR and surface layer was measured under different
drying methods to analyse its effect on the texture of carrot products. From the perspective
of pectin modification, the mechanism of the ultrasonic regulation of carrot texture was
initially investigated, with an aim to provide a theoretical basis and scientific evidence for
the application of ultrasonic waves in fruit and vegetable drying.
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2. Materials and Methods
2.1. Sample Preparation and Equipment

Fresh carrot (variety: Hong Sen) samples were purchased from a local vegetable
market in Jingkou District, Zhenjiang, China. Fresh carrots of a uniform size and maturity
(about 4 cm in diameter) were selected and placed in a refrigerator at 4 ◦C. Before the
experiment, the carrots were washed and peeled, and the middle part of the carrot samples
was selected and sliced into thin slices with a thickness of 5 mm by a food-grade slicer.
Figure 1 shows the equipment used in this experiment (the equipment was developed
by Jiangsu University, Zhenjiang, China), and the carrot slices were placed in the sample
tray (4 slices of carrots at a time, placed in a single layer and not turned over during the
drying process) during the experiment. The IR drying distance was 20 cm, the IR power
was 1200 W, the contact ultrasonic power was 80 W, the frequency was 20 kHz, and the
moisture removal rates of 30%, 40%, and 60% were selected using moisture removal rate
as the drying conversion point. The pectin in the samples after individual IR and US-IR
drying treatments was extracted and analysed to study the effect of an ultrasound on the
pectin components and traits, thus revealing the potential mechanism of an ultrasound’s
influence on the textural and structural regulation of fruits and vegetables.
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Figure 1. A schematic diagram of the ultrasonic synergistic infrared drying equipment. 1. The
infrared power regulator; 2. The infrared transmitter; 3. A carrot slice sample; 4. The material tray;
5. The ultrasonic transducer; 6. The ultrasonic generator.

2.2. Extraction of Carrot Cell Wall Alcohol-Insoluble Residues

Carrot cell wall alcohol-insoluble residues (AIRs) were extracted referring to the
method of Rose et al. [18], with minor modifications. Dried carrot was weighed to be
20 g, 80 mL of a 95% (v/v) ethanol solution was added and homogenised for 90 s. The
homogenate was transferred to a beaker and stirred magnetically at room temperature for
1 h. The homogenate was filtered via pumping and the beaker was rinsed with 80 mL of a
95% ethanol to extract the filtrate. Add 80 mL of acetone to the filtrate, and put it in a fume
hood with magnetic stirring for 1 h. Then, add 80 mL of 95% ethanol and 80 mL of acetone
to the filtrate two times, collect the filtrate, and then transfer the filtrate to an oven at 40 ◦C
and bake until it maintains a constant weight, and then obtain the AIR powder.

2.3. The Separation and Extraction of Carrot Pectin Fractions

The pectin fractions were separated and extracted by referring to the method of
Sila et al. [19], with slight modifications. The dialysis bag (3500 Da, 44 mm) was boiled for
10 min and washed and set aside. Weigh 0.5 g of AIR into 90 mL of distilled water, boil for
10 min, cool to room temperature, and filter. The obtained filtrate was fixed to amount to
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100 mL with distilled water, transferred to a dialysis bag, and dialysed in distilled water for
48 h. The water was changed every 12 h. The retained solution was lyophilised to obtain
the water-soluble pectin fraction.

The filtrate from the previous step was dissolved in 90 mL of 0.05 mol/L of an
EDTA-2Na solution (containing 0.1 mol/L of a sodium acetate solution), filtered after mag-
netic stirring for 6 h at room temperature, and the resulting filtrate was fixed to amount to
100 mL with distilled water, and transferred to a dialysis bag for dialysis. During the first
24 h, the filtrates were dialysed with 0.1 mol/L of a NaCl solution, and during the second
24 h, the filtrates were dialysed with distilled water, and the dialysate was changed every
12 h. The retention solution was lyophilised to obtain the chelate solution. The retained
solution was lyophilised to obtain the chelated pectin fraction.

The filtrate from the previous step was dissolved in 90 mL of 0.05 mol/L of a sodium
carbonate (Na2CO3) solution (containing 0.02 mol/L of a sodium borohydride solution),
and the filtrate was extracted after magnetic stirring for 2 h at room temperature. The
filtrate was volume-determined to amount to 100 mL, and was dialysed in distilled water for
48 h, with water changes every 12 h. The solution was then dried and frozen to obtain the
alkaline-soluble solution. The retained solution was lyophilised to obtain the alkali-soluble
pectin fraction.

2.4. Fourier-Transform Infrared Spectrometry

The functional group information of the carrot AIR was analysed using attenuated
total reflection-Fourier-transform infrared spectroscopy (ATR-FTIR) (Nicolet is50, Thermo
Fisher Scientific, Waltham, MA, USA). An appropriate amount of AIR powder was taken at
the diamond of the ATR attachment and measured over a scanning range of 4000–600 cm−1

with a resolution of 4 cm−1 and an average of 32 scans.

2.5. The Thermodynamic Characterisation of Pectin

The thermal stability of the carrot cell wall AIR was determined by a comprehensive
thermal analyser (STA 499C, Netzsch Geratebau, Selb, Germany). Prior to the TG/DTG
experiments, all samples were dried until they remained a constant weight in an oven at
40 ◦C, about 5 mg of AIR powder was weighed in an uncovered crucible (70 µL
SDT-Q/TA6.5), and measured in the temperature range of 35–600 ◦C, with a ramp rate of
10 ◦C/min, and a nitrogen flow rate of 30 mL/min, to obtain the change in the mass of
the samples.

2.6. The X-ray Diffraction of the Carrot Cell Wall-Insoluble Residues

The X-ray diffraction of the carrot AIR powder was determined using a multifunctional
high-resolution X-ray diffractometer (SmartLab, Rigaku, Tokyo, Japan). The measurement
conditions were as follows: a maximum output power of 9 kW; the target material was a
copper target; the detector was a high-resolution, high-speed, two-dimensional, surface-
probing direct-reading detector; there was an angular scanning range of 5~80◦ (2θ); and a
step size of 0.02◦/s; 5◦/min.

2.7. The Determination of Pectin Esterification

The degree of esterification (DE) of the carrot pectin was determined by referring to
the method of Shaha et al. [20], with slight modification; 20 mg of carrot AIR was weighed
in a conical flask, moistened with 1 mL of ethanol, and 20 mL of deionised water was added
to make it fully soluble. An amount of 200 uL of a 0.5% (w/v) phenolphthalein reagent was
added dropwise, and the conical flask was shaken in a shaker at 25 ◦C and 150 rpm for 1 h
to fully dissolve it. Then, this was titrated with 0.02 mol/L of a NaOH solution until a pink
colour appeared for 30 s without fading, and the volume of 0.02 mol/L of a NaOH solution
that consumed V1 was recorded. An amount of 10 mL of a 0.5 mol/L NaOH solution was
added, and it was fully saponifed by using a shaker under 25 ◦C, at 150 rpm, and shaking
vigorously for 2 h. The solution was then dissolved by adding 10 mL of a 0.5 mol/L NaOH
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solution, and then shaking it under 25 ◦C at 150 rpm for 2 h to fully saponify it. An amount
of 10 mL of a 0.5 mol/L hydrochloric acid was added to neutralise until the pink colour
disappears. Then, it was titrated with 0.02 mol/L of NaOH, and when the pink colour
appeared and lasted for 30 s without fading, the titration was ended, and the volume of
the 0.02 mol/L NaOH solution that consumed V2 was recorded. Finally, we calculated the
degree of esterification using the following formula:

DE = V2/(V1 − V2)× 100% (1)

2.8. The Determination of the Calcium Ion Content

About 0.5 mm of the upper surface layer of the dried carrot slices was cut for the
determination of the calcium ion content of the surface layer of the carrot. The calcium
ion content of the surface layer of the carrot was determined via the following method:
accurately weighing 1 g of the upper surface layer of the dried carrot slices in the microwave
dissolution tank, adding 8 mL of nitric acid and leaving it to stand for 60 min, then
covering the safety valve and put the tank into the microwave dissolution instrument.
The parameters of microwave digestion were as follows: 20 min of climbing time, 140 ◦C,
15 min of holding time, half an hour of an acid treatment at 100 ◦C after digestion, and
after the acid treatment, the digestion solution was transferred to a 25 mL volumetric flask.
The tank was washed with deionised water, and the washed solution was combined and
transferred to a volumetric flask. The standard curve was plotted using the calcium ion
standard solution:

y = 2.845x + 1.025 (2)

where R = 0.997. The calcium ion content of the samples was determined using inductively
coupled plasma mass spectrometry (ICP-MS 2030LF, Shimadzu, Kyoto, Japan). The Ca2+

content in the carrot cell wall AIR was determined using the following method: 50 mg of
AIR powder was weighed accurately, and the digestion and determination methods were
the same as those for the determination of the calcium ion content in the surface layer of
the carrot slices.

2.9. Molecular Weight Determination of Pectin

The weight average of the molecular weight (Mw), the number average of the molec-
ular weight (Mn), the molecular weight distribution (Mw/Mn), and the radius of gyra-
tion (Rg) of the different fractions of carrot pectins were determined via Size Exclusion
Chromatography-Multi-Angle Light Laser Scattering (SEC-MALLS) analysis [21]. An accu-
rately weighed 4 mg pectin sample was dissolved in 4 mL of a 0.1 mol/L NaCl solution
(containing 0.02% of a sodium azide (NaN3) solution), passed through a 0.45 µm aqueous
filter membrane, and left to be measured. The detectors included an oscillometric refractive
detector (G136A, Agilent Technologies, Inc., Santa Clara, CA, USA) and an octagonal light
scattering detector (DAWN HELEOS II, Wyatt, Rocklin, CA, USA); the columns were
OHpak SB-806 M HQ and SB-805 HQ in series with OHpak SB-G as a guard column. Data
were analysed using Astra version 6.1.7 software.

2.10. Analysis of the Pectin’s Monosaccharide Composition

The monosaccharide composition of the pectin was determined using high perfor-
mance liquid chromatography (LC-20AT, Shimadzu, Kyoto, Japan) with a pre-column
derivatisation using PMP (1-phenyl-3-methyl-5-pyrazolone). After weighing 2 mg of the
pectin into a 10 mL hydrolysis tube, 2 mL of 2 mol/L of trifluoroacetic acid was added
for acid hydrolysis, sealed with nitrogen, and hydrolysed in an oven at 110 ◦C for 6 h. At
the end of the hydrolysis, the sample was rotary evaporated to dryness, and then 3 mL
of methanol was added to continue the rotary evaporation to dryness, and then added
with methanol for evaporation and repeated for four times. The hydrolysed samples were
subjected to PMP derivatisation, followed by being passed through a 0.45 µm aqueous
membrane and left to be measured.
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Standard monosaccharides and standard glucuronides were selected for the prepa-
ration of standard curves for qualitative and quantitative analyses. Standard monosac-
charides included fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal), maltose
(Mal), glucose (Glu), xylose (Xyl), mannose (Man); standard glycoalkaloid acids included
galacturonic acid (GalA) and glucuronic acid (GluA). The standard curves of various
monosaccharides are shown in Table 1.

Table 1. The standard curves for the standard monosaccharides and aldoses.

Standard Product Time of Peak (min) Standard Curve R2

Mannose 21.053 y = 2.231 × 10−5x + 2.370 0.998
Rhamnose 26.172 y = 2.954 × 10−5x + 0.966 0.998

Glucuronic acid 27.309 y = 2.834 × 10−5x + 3.577 0.997
Galacturonic acid 31.529 y = 7.101 × 10−5x + 0.864 0.996

Glucose 33.458 y = 3.390 × 10−5x − 2.968 0.990
Galactose 36.069 y = 2.752 × 10−5x + 1.202 0.990

Xylose 36.752 y = 1.909 × 10−5x + 2.537 0.990
Arabinose 38.036 y = 1.728 × 10−5x + 3.160 0.990

Fucose 41.237 y = 3.228 × 10−5x + 0.223 0.991

2.11. Sugar Ratio Calculation

Sugar ratios were calculated with reference to the method of Houben et al. [22]. In
order to interpret the data on the composition of carrot monosaccharides, the polymeric
nature of the pectin fraction was characterised by calculating the sugar ratio. The calculation
formula is given below:

Sugar ratio 1 = GalA/(Fuc + Rha + Ara + Gal + Xyl) (3)

Sugar ratio 2 = Rha/GalA (4)

Sugar ratio 3 = (Ara + Gal)/Rha (5)

Sugar ratio 1 is used to characterise the linearity of the pectin; sugar ratio 2 indicates
the percentage of the RG fraction in the pectin polysaccharide; and sugar ratio 3 is used to
measure the degree of the branching of the RG-I.

2.12. Microscopic Morphology of Pectin

According to the method of Zhang et al. [23], with slight modification, 1 mg of different
fractions of carrot pectin was accurately weighed and configured into a 10 µg/mL pectin
solution. Twenty µL of the pectin solution (10 µg/mL) was pipetted onto the mica sheet
and placed in a fume hood for 2 h. Afterwards, the microscopic morphology of the pectin
was scanned using an atomic force microscope (Multimode 8, Bruker, Billerica, MA, USA)
in ScanAsyst mode with a scanning range of 1 µm and a scanning frequency of 0.640 Hz.
The pectin was then analysed using NanoScope Analysis V1.8 software for offline analysis.

2.13. Statistical Analysis

All experiments were repeated at least in triplicate, and data were expressed as the
mean ± Standard Deviation (SD). The difference in results was evaluated using a one-way
analysis of variance (ANOVA) with Duncan’s multiple-range test. All statistical tests were
analysed using SPSS 26.0 (IBM Corporation, Chicago, IL, USA) at the significance level
of p = 0.05.

3. Results and Discussion
3.1. The Effect of Ultrasonic Co-Operative Infrared Drying on the FTIR of Carrot AIR

Infrared spectroscopy is one of the most commonly used spectroscopic techniques
for the study of plant cell wall materials, and the combination of Fourier transform
and infrared (FT-IR) provides a simple, fast, and sensitive tool for the identification of
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compounds [24]. The FT-IR spectra of carrot AIRs under different drying methods are
shown in Figure 2. The broad peak at 3335 cm−1 is caused by the hydroxyl (–OH) stretching
vibration of polysaccharides or polyphenols, and the absorption peak near 2900 cm−1

is caused by the C–H stretching vibration [25]. The absorption peaks near 1740 cm−1,
1610 cm−1, and 1235 cm−1 are characteristic absorption peaks of pectin, representing the
stretching vibrations of the C=O of the free carboxyl group, the C=O of the esterified
carboxyl group, and C–O, respectively [26], whereas the absorption peaks near 1370 cm−1

and 1320 cm−1 are caused by the stretching vibrations of –CH2 in the dextran linkages and
the xylan chains in cellulose and hemicellulose, respectively [24]. The larger absorption
peaks occurring near 1020 cm−1 are characteristic absorption peaks of the sugar rings in
pectin [26]. Synchronised drying using US-IR did not significantly alter the functional
groups in the carrot AIR and its spectral bands were not significantly shifted. In addition,
Fourier-transform infrared spectroscopy can be used to analyse the degree of the esterifica-
tion of the pectin, which can be calculated from the relative area sizes of the absorption
peaks located at 1740 cm−1 and 1610 cm−1 [13]. From the peak areas in the figure, it can
be seen that the degree of the esterification of the pectin decreased after the application
of the US treatment, which is consistent with the results in 3.6 (the effect of the ultrasonic
co-operative infrared drying on the change of carrot pectin fraction content). In addition,
similar findings were obtained by Hastuti et al. [27].
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Figure 2. The Fourier infrared spectra of the carrot AIRs under different treatment conditions. (Note:
‘Fresh’ denotes fresh samples; IR denotes infrared; US + IR denotes ultrasound combined with
infrared; 30%, 40%, and 60% denote the moisture removal amounts, which are the same hereafter).

3.2. The Effect of Ultrasonic Co-Operative Infrared Drying on the Thermal Stability of Carrot AIR

Heat treatment causes changes in the basic structure of the cell wall pectin, which
affects the textural properties of fruits and vegetables, and it is essential to study the ther-
mal stability of the carrot AIR. Thermogravimetry (TG) is a technique used to analyse
the thermal stability of compounds by detecting the change in the sample’s mass with
temperature [28]. The AIR-TG curves of the carrot samples for different drying treatments
are shown in Figure 3a. The weight loss of the carrot AIRs in the temperature range of
35–600 ◦C for all conditions showed three phases, and similar results have been reported
by other researchers [29]. The first stage is within 35–180 ◦C, which corresponds to the loss
of water and some volatile compounds, amounting to about 10%; the second stage is within
180–400 ◦C, which is the thermal decomposition of the pectin, the breakage of the glycosidic
bond of the galacturonic acid and the decarboxylation of the carboxylic acid moiety, accom-
panied by the production of various gaseous constituents and gaseous coke, which leads
to a rapid loss of mass, amounting to about 55%; and the third stage is within 400–600 ◦C,
the stage of slow mass loss, which is mainly brought about by the decomposition of more
stable compounds such as cellulose and lignin [30,31]. In the second stage of the TG of
the thermal decomposition of pectin, the weight loss of the US synergistically treated AIR
was lower, suggesting that carrot pectin is more thermally stable under the action of an
ultrasound, which has been attributed by some researchers to structural changes in the
pectin [30]. The DTG curves were obtained by taking the first-order derivatives of the TG
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curves (e.g., Figure 3b), which is also known as the differential thermogravimetry (DTG)
method, and this can more accurately reflect the thermal decomposition behaviours, rates,
and thermal stabilities of the samples [32]. The DTG curves of the carrot AIRs from different
treatments showed two distinct peaks, which corresponded to the mass loss due to polar
small molecules (e.g., water) and pectin degradation, respectively. From the peak shapes
and positions of the DTG curves, it can be seen that the samples treated with IR alone
reached the temperature of the second stage (pectin degradation) more quickly, indicating
that they were less thermally stable. In addition, the rate of pectin degradation was lower
for the US co-treated samples at the same temperature.
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3.3. The Effect of Ultrasonic Co-Operative Infrared Drying on Carrot AIR X-ray Diffraction

The crystallinity of the carrot AIR powder was determined using X-ray diffraction
and the results are shown in Figure 4. All samples were semi-crystalline in nature with a
characteristic diffraction peak near 2 θ at 21.5◦, indicating that the crystalline structure of the
pectin was similar for the different treatments, which is in agreement with the experimental
results of Sucheta et al. [25]. Take the example of 60% water removal occurring (Figure 4b)
and compare the diffraction peak near 21.5◦. The intensities of the peaks of the fresh samples
were all increased after the drying treatment, indicating an increase in the crystallinity of
the pectin, and it can be observed from the figure that the crystalline peaks of the pectin
of the samples treated with IR alone were slightly higher than those of the ultrasonically
synergistic condition, but the difference was not significant. Therefore, the effect of an US
on the crystallinity of carrot pectin is not significant and the drying treatment has a greater
effect on the crystallinity, which corresponds to the results found via FTIR.
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3.4. The Effect of Ultrasonic Co-Operative Infrared Drying on the Esterification Degree of
Carrot Pectin

The DE of pectin is of great interest as an important factor in the ability to bind
cations and is therefore important to fruit and vegetable textures [33]. The degree of the
esterification of the carrot pectin under different treatment conditions is shown in Figure 5a.
The esterification degree of fresh carrot pectin was about 79%, which is a high amount
of esterification in the pectin. After both the IR and US-IR drying treatments, the degree
of the esterification of the carrot pectin decreased. According to Sajjaanantakul et al. [34],
this was mainly due to the demethoxylation reaction of pectin at high temperatures. In
addition, carrot pectin DE was lower under US-co-operative IR drying, with 12.07%, 7.63%,
and 7.00% lower DE at 30%, 40%, and 60% water removal, respectively, compared to
the IR drying-alone group, which may be due to the higher temperature during US-IR
drying, on the one hand, and the activation of pectin methylesterase inside the carrot by
the US, on the other hand. Compared to high methoxy pectin, pectin with low esterification
contains more negatively charged carboxyl groups (–COOH), resulting in easier binding
with divalent cations such as Ca2+ to form a cross-linked network structure [35]. Under
the action of an US, the binding of pectin with a low esterification to divalent cations can
improve the cross-linking of the pectin, which, in turn, improves the inter-cellular adhesion
between carrot cells, and therefore the obtained product has a better texture [36,37]. In
addition, according to Sila et al. [19] the lower the degree of the esterification of pectin, the
worse its water solubility, and completely demethylated pectin showed water insolubility,
whereas all carrot pectin esterification degrees decreased after drying treatment, and the
decrease in the esterification degree was more significant under US-IR conditions, which
implies that the pectin solubility became poorer, which explains the trend of the change in
Section 3.6 (the effect of ultrasonic co-operative infrared drying on the change in the carrot
pectin fraction content) where a decrease in WSP content occurred.

3.5. The Effect of Ultrasonic Co-Operative Infrared Drying on the Calcium Ion Content in
the Surface Layer and the AIR of the Carrot Samples

Calcium ions (Ca2+) play an important role in plant cells, where they function as a
signal transducer, enabling cells to maintain cell wall integrity in the face of stress [38]. They
are also capable of binding to de-esterified pectin to form cross-linked structures, thereby
increasing cell wall rigidity [39]. Figure 5b,c shows the Ca2+ content in the surface layer and
the AIR of the carrot slices under different drying conditions. It was found that the Ca2+

content of the US-IR-drying group was significantly higher than that of the IR-alone group
at the same time, and the Ca2+ content increased by 8% and 4% at drying durations of 30 min
and 50 min, respectively, which suggests that CUS promotes Ca2+’s migration to the surface
of the carrot slices, which may contribute to the improvement of the textural structure of
the carrots under US-IR drying conditions. According to Christiaens et al. [37,40], Ca2+ can
be involved in the changes in the textural properties of broccoli by forming cross-linking
structures with pectin. In addition, the Ca2+ content in both the AIR and the surface layers
of the carrot slices increased after the application of a drying treatment compared to fresh
samples. It was observed that the Ca2+ content of the carrot AIR under US was higher than
that under IR alone at different moisture removal rates, and the Ca2+ content increased
by 33%, 5%, and 12% at the 30%, 40%, and 60% moisture removal rates, respectively. The
increase in the Ca2+ content in the AIR under the effect of an US indicates that more Ca2+

is retained in the carrot cell wall, making it easier to combine with demethylated pectin,
which is involved in the carrot’s textural changes [41].
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Figure 5. Curves of esterification degree and Ca2+ content of carrot AIR. (a) The carrot pectin
esterification under different drying conditions; (b) the calcium ion content in the upper surface layer
of the carrot slices; (c) the calcium ion content in the carrot AIR. Note: Letters a–e represent significant
differences between the data (p < 0.05).
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3.6. The Effect of Ultrasonic Co-Operative Infrared Drying on the Change in the Carrot Pectin
Fraction Content

Huang et al. [16] showed that the degradation of pectin or the transformation between
different types of pectin may be an important factor affecting the texture of fruit and
vegetable end-products. The variation in pectin yield is closely related to the drying method,
and the yield and the percentage of the components of carrot pectin under different drying
methods are shown in Figure 6. The yields of water-soluble pectin (WSP), chelated pectin
(CSP), and alkali-soluble pectin (NSP) changed after the drying treatments; the WSP content
was found to be higher under IR drying alone, and according to De Roeck et al. [17], the
WSP content of carrots increased under high-temperature treatments, while the content
of CSP and NSP decreased, and the texture of the carrots became softer, whereas the WSP
yield was significantly lower under US-IR conditions, which was attributed to the fact
that as drying proceeded, part of the WSP would be leached out with the carrot juice, and
part of it would be degraded or transformed with the prolongation of the drying time. It
has been shown that the decrease in WSP content during drying leads to a decrease in its
supportive effect on the tissue, as well as an increase in the viscoelasticity and plasticity
of the tissue, which, together with the faster rate of water dissipation, makes it easier
to form more porous structures [42]. In contrast, the increased temperature and water
migration rate under US-IR conditions resulted in lower carrot WSP yields and higher CSP
and NSP yields compared to those under IR drying. In an intact cell wall structure, WSP is
cross-linked to the cell wall through non-covalent or non-ionic bonds, CSP binds to calcium
ions in the cell wall through ionic bonds, and NSP binds to cell wall polysaccharides such
as cellulose and hemicellulose through covalent bonds [14,43]. Obviously, CSP and NSP
are more cross-linked with cell wall substances. It has been shown that CSP plays a key
role in the formation and maintenance of the textures of fruit and vegetable products,
and its content is positively correlated with hardness, and NSP content is also positively
correlated with the hardness of fruits and vegetables, while, on the contrary, WSP content is
negatively correlated with hardness [17]. Combined with the changes in the percentage of
pectin fractions (Figure 6d), it can be found that the proportion of CSP and NSP increased
significantly under US-IR conditions, while the proportion of WSP decreased significantly,
which may also be the reason for the better quality of carrot texture under US-IR conditions.

3.7. The Effect of Ultrasonic Co-Operative Infrared Drying on the Monosaccharide Composition
and the Sugar Ratio of Carrot Pectin

Pectin is a structurally complex polysaccharide with galacturonic acid (GalA) as
its main chain, different types of monosaccharides attached to its main chain in vari-
ous ways to form side chains, and researchers have cumulatively isolated and identified
17 monosaccharides from pectin [42,44]. Since some of the monosaccharides are very low
in pectin, we therefore selected seven types of monosaccharides and two types of uronic
acids to be analysed in this study. The results of the changes in the neutral sugar and uronic
acid contents of the carrot pectin under different drying methods are shown in Table 2. The
neutral sugar and uronic acid contents of the carrot pectin varied significantly with different
drying methods. GalA, for example, is the main constituent unit of pectin, so it can be used
to measure the content change of a certain pectin. Under IR drying alone, the GalA content
of WSP was higher, indicating that pectin mostly existed in the form of hypergalacturonic
acid glycan (HG), and the pectin content and linearity of WSP were higher. In contrast, the
GalA content of WSP was significantly lower under ultrasonication conditions compared
to IR alone, while the GalA content of CSP was significantly higher, indicating that WSP
was severely degraded and partially transformed into CSP with a higher chelating capacity,
which is consistent with the results of the change in pectin fractions in Section 3.6.
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Table 2. The contents of the neutral sugars and uronic acids of the three fractions of pectin extracted
from the carrots under various blanching conditions.

Pectin Types Conditions
The Contents of Neutral Sugars and Uronic Acids (mg/g AIR)

Man Rha Glu Man Xyl Ara Man GluA GalA

WSP

Fresh 2.36 ± 0.2 e 3.42 ± 0.4 h 2.81 ± 1.0 bc 14.07 ± 3.1 l 8.66 ± 1.0 k 6.40 ± 0.1 b 0.78 ± 0.1 fg 2.10 ± 0.2 i 38.79 ± 2.7 klm
IR-30% 2.63 ± 0.0 d 3.26 ± 1.2 h 264.74 ± 34.0 a 20.03 ± 0.3 k 8.24 ± 0.2 k 5.45 ± 0.1 c 5.03 ± 0.1 a 2.39 ± 0.0 h 47.22 ± 1.2 hi
IR-40% 2.60 ± 0.1 d 3.45 ± 0.2 h 5.45 ± 0.1 bc 23.61 ± 0.9 ij 9.92 ± 0.1 j 4.32 ± 0.2 d 0.57 ± 0.2 gh 2.01 ± 0.1 i 36.67 ± 0.8 lm
IR-60% 5.30 ± 0.1 a 5.25 ± 0.0 g 265.38 ± 0.8 a 26.46 ± 0.3 gh 10.72 ± 0.4 j 0.71 ± 0.0 n 0.54 ± 0.3 gh 2.83 ± 0.0 g 48.24 ± 1.0 h

US + IR-30% 3.05 ± 0.1 b 1.48 ± 0.1 i 2.54 ± 0.4 c 15.47 ± 0.8 l 5.58 ± 0.4 l 3.37 ± 0.1 f 0.10 ± 0.0 ij 1.08 ± 0.1 k 21.11 ± 1.1 n
US + IR-40% 3.13 ± 0.0 b 0.96 ± 0.0 ij 3.19 ± 0.1 bc 11.91 ± 0.1 m 5.51 ± 0.0 l 2.28 ± 0.0 i 0.05 ± 0.0 j 1.12 ± 0.0 k 18.70 ± 0.0 n
US + IR-60% 2.76 ± 0.0 c 0.59 ± 0.0 j 2.78 ± 0.0 bc 8.46 ± 0.0 n 3.74 ± 0.0 m 0.87 ± 0.0 m 0.06 ± 0.0 ij 0.79 ± 0.0 l 5.14 ± 0.0 o

CSP

Fresh 1.94 ± 0.1 g 9.02 ± 0.2 d 1.56 ± 0.1 c 27.79 ± 0.0 g 17.17 ± 0.0 g 2.16 ± 0.0 i 1.09 ± 0.1 def 3.07 ± 0.1 f 108.19 ± 2.7 b
IR-30% 1.41 ± 0.0 k 2.69 ± 0.4 h 2.85 ± 0.4 bc 6.78 ± 1.3 n 7.95 ± 0.8 k 7.38 ± 0.2 a 0.46 ± 0.2 ghi 1.73 ± 0.0 j 40.23 ± 2.8 jkl
IR-40% 1.61 ± 0.0 ij 5.21 ± 0.2 g 0.90 ± 0.0 c 19.31 ± 0.2 k 15.56 ± 0.2 h 1.71 ± 0.0 kl 0.61 ± 0.3 g 2.42 ± 0.1 h 82.85 ± 3.5 d
IR-60% 2.39 ± 0.0 e 5.45 ± 0.1 fg ND 14.32 ± 1.7 l 13.00 ± 0.9 i 3.04 ± 0.0 g 1.12 ± 0.1 defg 3.50 ± 0.0 c 74.85 ± 9.4 e

US + IR-30% 2.82 ± 0.0 c 6.18 ± 0.0 ef ND 22.79 ± 0.1 ij 16.86 ± 0.4 g 2.86 ± 0.0 h 1.48 ± 0.4 cd 3.97 ± 0.0 a 114.24 ± 3.4 b
US + IR-40% 2.64 ± 0.0 d 6.11 ± 0.1 ef ND 22.31 ± 0.1 j 19.22 ± 0.2 f 2.73 ± 0.0 h 1.33 ± 0.14 cde 3.68 ± 0.0 b 90.90 ± 0.9 c
US + IR-60% 2.39 ± 0.0 e 4.87 ± 0.0 g ND 18.93 ± 0.3 k 15.10 ± 0.3 h 2.18 ± 0.0 i 0.79 ± 0.2 f 3.22 ± 0.0 e 138.21 ± 0.6 a

NSP

Fresh 1.52 ± 0.0 j 18.53 ± 0.2 a 16.51 ± 0.0 b 92.49 ± 0.2 b 37.93 ± 0.0 c 1.58 ± 0.0 l 1.39 ± 0.6 cde 2.81 ± 0.1 g 47.60 ± 2.1 hi
IR-30% 1.66 ± 0.0 hi 18.79 ± 0.3 a ND 107.70 ± 0.1 a 60.62 ± 0.2 a 1.77 ± 0.0 k 2.00 ± 0.1 b 2.93 ± 0.1 g 45.34 ± 2.1 hij
IR-40% 1.75 ± 0.0 h 15.64 ± 0.2 b ND 79.14 ± 0.1 c 42.63 ± 0.2 b 2.01 ± 0.0 j 1.55 ± 0.1 c 3.31 ± 0.1 e 54.16 ± 3.6 g
IR-60% 1.74 ± 0.0 h 12.55 ± 0.4 c ND 66.43 ± 0.3 d 38.69 ± 0.2 c 1.77 ± 0.0 k 1.44 ± 0.0 cde 2.87 ± 0.1 g 43.19 ± 2.9 ijk

US + IR-30% 1.95 ± 0.1 g 6.78 ± 1.3 e 0.04 ± 0.0 c 24.82 ± 3.5 hi 17.38 ± 1.2 g 3.70 ± 0.1 e 0.19 ± 0.0 hij 2.83 ± 0.0 g 36.19 ± 0.7 m
US + IR-40% 2.10 ± 0.0 f 12.34 ± 0.1 c ND 58.39 ± 0.1 e 34.44 ± 0.0 d 2.26 ± 0.0 i 1.07 ± 0.0 ef 3.46 ± 0.0 cd 59.62 ± 0.0 f
US + IR-60% 2.15 ± 0.0 f 9.72 ± 0.0 d ND 37.33 ± 0.2 f 26.94 ± 0.0 e 2.17 ± 0.0 i 1.29 ± 0.1 cde 3.34 ± 0.0 de 55.79 ± 0.2 fg

Note: ND: Not detected. Different letters in the same column indicate significant differences between the data
(p < 0.05).

In order to better interpret the results of the monosaccharide composition, the sugar
ratios were calculated as shown in Table 3, which can reflect the structural information
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of pectin. Sugar ratio 1 can reflect the linearity of the pectin; sugar ratio 2 can reflect the
change in the main chain, i.e., the proportion of the Rhamnogalacturonan (RG)-type of
pectin in the whole pectin; and sugar ratio 3 reflects the ratio of the RG-I-branched chain to
the Rha [45]. As can be seen from the table, the linearity of the WSP molecules decreased
under all conditions, while the linearity of CSP and NSP increased to varying degrees,
suggesting that the chain of WPS molecules was broken during drying, which resulted in
its conversion to CSP. In addition, WSP had the highest degree of branching among the
different pectins; this made it less bound to other substances in the cell wall and easier to
extract. Compared to IR drying alone, WSP molecules were less linear and more branched
under US-IR drying; the percentage of RG-I pectin decreased in the CSP; and NSP was
more linear, had less RG-I pectin, and was less branched. Combined with the change in the
esterification degree, it was speculated that the carrots under ultrasonication had better
textural properties probably due to the fact that the longer pectin molecular chain and the
lower number of branched chains under the low esterification degree made it easier to
cross-link with Ca2+ [46].

Table 3. The sugar ratios of the three fractions of pectin extracted from the carrots under various
blanching conditions.

Pectin Types Conditions
Ratio of Sugars

1 2 3

WSP

Fresh 1.164 0.088 5.981
IR-30% 1.124 0.069 7.804
IR-40% 0.876 0.094 8.088
IR-60% 1.104 0.109 5.178

US + IR-30% 0.812 0.070 12.762
US + IR-40% 0.902 0.051 14.786
US + IR-60% 0.375 0.114 15.851

CSP

Fresh 1.890 0.083 3.320
IR-30% 1.593 0.067 5.269
IR-40% 1.954 0.063 4.039
IR-60% 2.491 0.059 3.185

US + IR-30% 2.277 0.054 4.152
US + IR-40% 1.758 0.067 4.101
US + IR-60% 2.685 0.043 4.331

NSP

Fresh 0.313 0.389 5.076
IR-30% 0.238 0.414 5.824
IR-40% 0.384 0.289 5.189
IR-60% 0.357 0.291 5.433

US + IR-30% 0.685 0.187 4.209
US + IR-40% 0.549 0.207 4.914
US + IR-60% 0.720 0.174 4.065

3.8. The Effect of Ultrasonic Co-Operative Infrared Drying on the Molecular Weight of Carrot Pectin

The molecular weight of pectin is closely related to its rheological properties, gel
properties, bioactivity, and ion-binding capacity [35]. The changes in the molecular weight
of carrot pectin under different drying conditions are detailed in Table 4. The molecular
weights (Mws) of the WSP and NSP of the fresh samples were lower, while the Mw of
CSP was the largest, and the Mws/Mns of WSP, CSP, and NSP were 1.575 (±1.722%),
1.735 (±1.369%), and 2.227 (±2.386%), respectively, which indicated that the molecular
weight distributions were more concentrated, and the polymers were of a high purity and
more consistent with the length of the pectin chains. The decrease in the Mw of WSP
under IR conditions may be due to the occurrence of the β-elimination reaction, where
the molecular chain is broken, resulting in a smaller molecular weight. The Mw of WSP
became larger under US conditions, which may be related to the conversion of WSP to
CSP or NSP. The CSP’s Mw became larger after drying, and the molecular weight of CSP
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under the US condition was larger than that under the IR alone, and the distribution was
more concentrated, while, according to Sila et al. [14], the larger the molecular weight
of the pectin, the more significant its cross-linking effect. Combined with the changes in
the contents of the pectin components, the WSP content accounted for a small percentage
under US-IR conditions, but the molecular weight was larger; the NSP’s molecular weight
was small but its content accounted for a large percentage. And, according to the Mw/Mn,
the molecular weight distribution of CSP and NSP was more uniform and concentrated
and the polymer state was purer under US-IR conditions compared to the IR alone, and
a similar situation occurred in the US treatment of apple pectin [47]. From the root mean
square radius of the rotation (Rg) of the three fractions of pectin, the Rg values of WSP and
NSP were comparable in the two drying conditions, whereas the Rg of CSP was the largest
in the US condition, which may be related to the length of the molecular chain of the pectin
polymers, and this is also related to the degree of branching of the pectin.

Table 4. The molecular weights of the carrot pectin fractions under different drying conditions.

Pectin Types Mw (×105 Da) Mn (×105 Da) Mw/Mn Rg(nm)

WSP
Fresh 1.815 (±0.72%) 1.152 (±1.56%) 1.575 (±1.72%) 42.5 (±3.7%)

IR-60% 1.709 (±1.08%) 1.045 (±1.00%) 1.636 (±1.47%) 52.1 (±3.7%)
US + IR-60% 3.550 (±0.64%) 1.707 (±0.77%) 2.080 (±1.00%) 50.9 (±2.3%)

CSP
Fresh 3.029 (±0.71%) 1.746 (±1.17%) 1.735 (±1.37%) 64.8 (±1.7%)

IR-60% 3.303 (±0.73%) 2.068 (±1.18%) 1.597 (±1.39%) 73.1 (±1.4%)
US + IR-60% 3.495 (±1.10%) 2.643 (±1.22%) 1.322 (±1.65%) 85.8 (±1.6%)

NSP
Fresh 1.216 (±0.90%) 5.463 (±2.21%) 2.227 (±2.39%) 45.4 (±4.0%)

IR-60% 5.679 (±0.42%) 1.962 (±1.23%) 2.895 (±1.30%) 55.4 (±1.3%)
US + IR-60% 2.858 (±0.90%) 1.212 (±2.39%) 2.358 (±2.55%) 55.8 (±2.7%)

3.9. The Effect of Ultrasonic Co-Operative Infrared Drying on the Micro-Morphological Changes in
Carrot Pectin

Atomic force microscopy (AFM) is capable of observing microstructures from a mi-
crometre to a nanometre scale, and it reflects the undulation of the sample surface through
the change in the interaction force between atoms, which is very suitable for the observation
of the microscopic morphology of pectin in this study [48]. The atomic force microscopy
images of the different components of pectin are shown in Figure 7. Fresh carrot WSP
was aggregated and showed relatively obvious nodes, which is consistent with the results
reported by Cybulska et al. [49] for carrot WSP, and is usually caused by intermolecular
interactions [50]. The appearance of some chain-like structures in WSP after IR drying
alone suggests the possibility of depolymerisation. In contrast, the WSP under US condi-
tions showed the worst degree of cross-linking, breaking into very small structures. For
the CSP fraction, fresh CSP showed a reticulated structure with thick pectin chains and
some cross-linking. Some aggregates appeared after IR drying alone, but the pectin chains
became finer and partially broken, suggesting that some degree of degradation may have
occurred as well. In contrast, the CSP under the US-IR drying better maintained the original
morphological characteristics. The NSP of the fresh samples had obvious main chains
and side chains, and the degree of aggregation was large, forming very thick and obvious
aggregated chains, and the chain height value was the largest. As drying proceeded, the
NSP chains began to depolymerise from the aggregates and the entanglement of the side
chains could be observed. The NSP chains under different conditions showed a regular
mesh structure cross-linked with each other, but the NSP was more dense under the US
conditions, and Cybulska et al. [49] showed that this NSP structure may be typical for fruits
and vegetables.
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4. Conclusions

In this study, the mechanism of action for the improvement of the texture and structure
of the carrot slices under US-IR drying was investigated from the point of view of the
changes in the traits of endogenous pectins in the cell wall, using carrots as the object of
study. The component content, functional groups, thermal stability, esterification, monosac-
charide composition, sugar ratio, molecular weight, and microscopic morphology of carrot
AIR as well as the WSP, CSP, and NSP amounts and features were analysed using IR-treated
pectin alone as a control. The Ca2+ content of the carrot AIR and surface layer under differ-
ent drying methods was determined to analyse its effect on the texture of carrot products.
It was found that the yield and percentage of WSP in carrot slices was significantly reduced
under US conditions, while the yields and percentages of CSP and NSP were increased,
resulting in higher intercellular adhesion and the carrot slices being less susceptible to
intercellular sliding deformation. The monosaccharide composition showed a significant
decrease in the galacturonic acid content of WSP and a significant increase in the galactur-
onic acid content of CSP, suggesting that the US facilitated the conversion between pectin
fractions. The DE of the pectin was significantly reduced under US-IR drying, and the
sugar ratio analysis revealed that the CSP and NSP had high degrees of linearity and low
degrees of branching, which was conducive to the cross-linking of pectin with divalent
cations. In addition, the Ca2+ content in the AIR was significantly higher under US-IR
drying, as well as the Ca2+ content in the surface layer of the carrot slices, suggesting that
Ca2+ may be retained in the carrot cell wall in a bound form, thus improving the textural
properties of the carrots. However, X-ray diffraction and FTIR results did not reveal the
generation of new functional group structures. In conclusion, US-IR drying had a large
effect on the components, contents, and properties of the carrot pectin, and the changes in
these factors played a positive role in the adhesion between cells and the stability of the
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cellular structure, which may be an important factor in the improvement of the textural
properties of fruits and vegetables (the porosity of the product, its microstructure, and its
rehydration, etc.) by using USs in drying. The preliminary elucidation of this mechanism is
important for the further development of the use of USs in fruit and vegetable drying.
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