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Abstract: The objective was to design a feasible drying method to increase the retention rates of
phytoene (PT), phytofluene (PTF) and lycopene (LYC) in tomato powder. The method was to compare
the effects of vacuum freeze-drying (FD), vacuum drying (VD) and hot-air drying (HAD) technologies
on tomato pulp rich in PT, PTF and LYC. When dried by HAD, the retention rates of PT, PTF and LYC
decreased significantly (p < 0.05) only when the water content decreased from 30% to 3.5%. When
dried by VD, the temperatures had no significant effect on the retention rates, and only alkaline
conditions (pH = 9), Fe3+ and Al3+ could significantly reduce the retention rates (p < 0.05). Therefore,
a combined drying process (CDP) was designed: before the water content decreased to 50%, HD
(60 ◦C) technology was used; then, the paste was dried via VD (80 ◦C, 0.08 MPa) technology till
the water content reached 5 ± 2%; loading weight was 40 g (thinkness 5.70 mm) for each batch.
Compared with VD alone, the CDP technology improved the retention rates of PT and LYC by 12%
and 36%, respectively, while PTF decreased by only 6%.

Keywords: phytoene (PT); phytofluene (PTF); lycopene (LYC); drying technology; retention rate

1. Introduction

Carotenoids are major food bioactive compounds in our diets, with antioxidant, anti-
inflammatory and gut health functions [1]. The roles of carotenoids such as lycopene
(LYC), astaxanthin and β-carotene in preventing chronic diseases and inhibiting cancer
have been widely accepted [2–4]. Meanwhile, phytoene (PT) and phytofluene (PTF), known
as the precursors in carotenoid synthesis (Figure A1), and commonly called polyhydrogen
lycopene, have attracted more and more attention [5–8]. PT and PTF are C40 isoprenoid
compounds with fewer conjugated double bonds than downstream metabolites [9] (PT,
PTF, LYC and β-carotene contain 5, 3, 11 and 11 conjugated double bonds, respectively);
their molecular structures are shown in Figure 1, and the physicochemical properties of
PT and PTF are different from those of other carotenoids [10]. For example, both PT and
PTF absorb light in the ultraviolet region of the spectrum, with maximum absorption
wavelengths at 286 nm and 348 nm, respectively. Therefore, they are colorless in the visible
region [11]. The daily intake of PT and PTF constitutes approximately one fifth of the
dietary carotenoids [12,13] and can increase the content in the body through exogenous
intake [6]. PT and PTF have high bioavailability [14,15] and may be the contributing
components of UV protection in the skin [11,16]. Many studies have proven that PT, PTF
and LYC may have synergistic antioxidant effects and potential mechanisms for alleviating
and preventing corresponding diseases [6–8].

Tomato fruit and its products are a major dietary source of LYC and other carotenoids,
which are sensitive to heat, light, oxygen and pH, and might be lost due to isomerization
and oxidative degradation during processing [17]. Tomato powder has a wide range of
applications. It is conducive to storage and transportation, and especially has a higher
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concentration of effective substances. For example, tomato powder is usually used as a
material with remarkable effects in some scientific studies [18]. β-carotene and LYC are the
carotenoids that are often of concern in studies related to tomato powder drying [19,20].
Several studies have found an increase in β-carotene and LYC content in tomato products af-
ter drying treatment compared to fresh tomatoes, and have recognized that this proportion
of increase is due to changes in extractability [20]. However, some studies have found that
different conditions and parameters used in drying treatments may lead to different levels
of LYC degradation [21]. Due to the incomplete understanding of the drying stability of PT,
PTF and LYC, it seems that FD technology is the most reliable method, which can maximize
the retention of bioactive compounds, but it is time-consuming and energy-consuming [22],
and it is not conducive to the retention of LYC [19]. Staged drying seems a good way to
preserve carotenoids, such as adjusting parameters in a single drying process or using
two different drying technologies in succession. A study shows that in HAD technology,
the combination of 90 ◦C (2 h) + 50 ◦C (48 h) yields the highest increase of LYC, up to
2.3 times [19]. Siebert [22] investigated the development of quality parameters (volume re-
tention, rehydration properties) during FD, HAD and microwave vacuum drying, either as
a single or as a serial combination process with a varying changeover point. The combined
drying process (CDP) can achieve the desired product quality parameters, partially with
shorter drying times. It seems that these methods can provide a reference for the selection
of drying methods of tomatoes. Therefore, hot-air vacuum drying technology (CDP) was
selected in this study, and the effects of different process parameters on the retention rates
of PT, PTF and LYC were studied.
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Although there are several studies on the effect of carotenoid content during the drying
process, such as LYC, there is still a lack of systematic studies [19]. In particular, most
studies on the drying process of tomato powder have not considered the loss of PT and
PTF content [23]. The stability between polyhydrogen lycopene and LYC during processing
might be different. On the one hand, during processing, LYC forms crystalline structures
in the tomato with higher concentrations of LYC, and it is more stable. However, there
is no information on the possible deposition forms of PTF [24]. On the other hand, in
tomatoes, the dominant isomers of PT, PTF and LYC are different ((15-cis)-PT, (All-E)-PTF
and (All-E)-LYC, respectively), and the stability of (15-cis)-PT, (All-E)-PTF and (All-E)-LYC
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is also different, which may also contribute to differences in their processing stability [25].
The authors believe that most of the studies concerned with the processing stability of
PT and PTF were conducted in a tomato matrix with high water content, such as tomato
juice and tomato pulp. These studies generally agree that PT and PTF in the tomato matrix
have good processing stability [14,26,27]. However, this conclusion is not consistent with
the structural characteristics of PT and PTF in theory [21]. Although there are already
a few PT- and PTF-enriched products on the market, such as whitening nutricosmetics
and capsules [5], the innovative product development potential is mostly untapped [28].
Therefore, it is necessary to study the retention rate changes of PT and PTF, including LYC,
in drying processing.

The main objective of this research was to design a feasible drying method to increase
the retention rates of PT, PTF and LYC in tomato powder. Firstly, the tomato raw material
rich in PT, PTF and LYC was screened. Furthermore, we explored and compared the effects
on the retention rates in different drying methods and conditions under vacuum drying.
Finally, a feasible drying method (CDP) was designed and parameters were selected from
the perspective of improving the retention rates of PT, PTF and LYC. Some other parameters
related to the quality of tomato powder are also provided, such as 5-hydroxymethyl-2-
furaldehyde (5-HMF) and so on.

2. Materials and Methods
2.1. Main Materials and Instruments

Seventeen varieties of tomato, mainly from the China (Shouguang) International
Vegetable Science and Technology Expo or the vegetable base in Weifang (Shandong,
China). Standards: Phytoene (97.0% CaroteNature), phytofluene (99.2% CaroteNature),
(All-E)-Lycopene (HPLC ≥ 95% Pureone), 5-HMF (>99% Shanghai Aladdin Bio-Chem
Technology Co., Ltd., Shanghai, China). Reagents: Hexane, acetone, methanol, ethyl acetate,
potassium chloride (KCl), zinc sulfate heptahydrate (ZnSO4·7H2O), copper (II) sulfate
pentahydrate (CuSO4·5H2O), calcium chloride anhydrous (CaCl2), magnesium chloride
anhydrous (MgCl2), aluminum chloride (AlCl3), iron (III) sulfate hydrate (Fe2(SO4)3),
iron (II) sulfate heptahydrate (FeSO4). All the above were analytically pure, purchased
from Sinopharm Chemical Reagent Co., LTD. (Shanghai, China). HPLC-grade solvents
for chromatography, including acetonitrile (ACN), methanol and methyltert-butyl ether
(MTBE), were purchased from Oceanpak (Shanghai, China), and ultrapure water was used
for the experiment.

2.2. Material Pretreatment

Fresh tomatoes were cleaned, cut into pieces, crushed in a blender for 30 s, sieved
through a 1.18 mm sieve only to remove the peel and seeds, and finally formed a pulp. After
detecting the content of PT, PTF and LYC in different varieties of tomatoes, the varieties
(red tomato NO.9 and yellow tomatoes NO. 1, 2, 4, 5) with higher content of PT and PTF
were selected and mixed together to form tomato pulp. This helped to obtain sufficient raw
material with a detectable level of polyhydrogen lycopene (PT and PTF) for the subsequent
experiments, and the content is shown in Table A1.

2.3. Different Drying Methods

First, 30 g tomato pulp was evenly dispersed in several glass Petri dishes with a
diameter of 9 cm and dried under the following drying conditions. The process parameters
were determined based on pre-experiments. (1) Vacuum freeze-drying (FD) (ALPHA
1–2 LD plus, Christ, Germany): The tomato pulp was pre-frozen overnight at −80 ◦C
and then transferred to a preheated vacuum freeze dryer. The parameters were set to
−54 ◦C, 0.52 mbar, and the total drying time was approximately 30 h. (2) Vacuum drying
(VD) (TCHZ-6020, Tongke, Shanghai, China): The temperature was 80 ◦C. The degree
of vacuum was 0.1 mPa. Drying time was approximately 4 h. (3) Hot-air drying (HAD)
(Yuejin, Shanghai, China): The temperature was 80 ◦C. The drying time was approximately
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5 h. Tomato variety screening was carried out under the above vacuum freeze-drying
conditions. The drying terminal point was 5 ± 2% water content.

2.4. The Effect of Temperature, pH Value and Metal Ions under Vacuum Drying

The drying effect under different VD conditions on the retention rates of PT, PTF and
LYC was investigated. Before drying, the tomato pulp was preheated in a 60 ◦C water bath
for 10 min, and then quickly weighed and distributed to the corresponding Petri dishes.
Under the condition of a vacuum degree of 0.1 mpa, the effect of different VD temperatures
(60 ◦C, 65 ◦C, 70 ◦C, 75 ◦C, 80 ◦C, 85 ◦C) on the retention rates was investigated. The
effect of the initial pH (the pH value of tomato juice will change slightly during the drying
process; the initial pH refers to the pH value of fresh tomato raw material before drying) of
tomato pulp on the retention rates was studied under VD conditions of 80 ◦C and 0.1 mPa.
The pH value (pH 3, pH 4.5, pH 6, pH 7.5, pH 9) was adjusted by 2.5 mol/L HCl and
1 mol/L NaOH. Under VD conditions of 80 ◦C and 0.1 mPa, the effect of several metal
ions (Fe3+, Zn2+, Mg2+, Ca2+, Fe2+, Cu2+, K+) commonly added in food processing on the
retention rate was studied. The metal ions mentioned above were added to tomato pulp at
the concentration of 1 mmoL/L, respectively (refer to Wang [29] for the added amount).

2.5. Combined Drying Process

The tomato powder was prepared by hot-air vacuum drying (CDP) technology, i.e.,
when the water content of the tomato pulp was relatively high, the tomato pulp was dried
by HAD to the changeover water content [30], and then was transferred to VD. Before
drying, the tomato pulp was preheated in a 60 ◦C water bath for 10 min, and then quickly
weighed and distributed to the corresponding Petri dishes. The changeover water content,
HAD temperature, VD temperature, VD degree and loading weight (different liquid layer
thickness) were determined successively. During the drying process, the water content was
controlled within the allowable 2% error, and the obtained tomato powder was pulverized
through a 0.85 mm sieve. All samples were sealed in aluminum foil bags and stored in a
−20 ◦C refrigerator until extraction.

2.6. Water Content and Retention Rate

The initial water content was determined by the “National Food Safety Standard—
Determination of Water Content in Foods (China)” [31].

The change in water content during drying was determined as follows:

W =
W1 −W2

W1
× 100 (1)

where W is the water content of the sample, %; W1 is the initial mass of the sample, g; W2
is the mass of the sample during drying or the mass of dry powder, g.

Carotenoid retention rate(%) =
DWafter

DWbefore
× 100 (2)

where DWafter is the carotenoid content of tomato powder or puree after drying treatment,
ug/g dry weight; DWbefore is the carotenoid content in tomato pulp, ug/g dry weight.

2.7. Carotenoid Extraction

Carotenoid extraction from the tomato [24]: Approximately 0.5 g dry matter content of
the tomato powder or other tomato samples was added into a triangle beaker with 20 mL
extraction solvent: n-hexane: methanol: acetone (50:25:25, mL/mL/mL). It was then stirred
with a magnetic stirrer for 20 min. The supernatant was collected by vacuum filtration, and
the residue was filtered and extracted twice until discoloration. The supernatant was com-
bined, and the carotenoid-containing organic phase was separated with a separating funnel
and then concentrated with a rotary evaporator at 40 ◦C and 250 mbar. The concentrate
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was dissolved in ethyl acetate and diluted to the appropriate concentration with methanol:
MTBE (50:50, mL/mL). The solution was filtered through a 0.22 µm polytetrafluoroethylene
membrane filter (PTFE).

2.8. Quantification and Isomer Determination

Isomers of PT, PTF and LYC were analyzed by reversed-phase HPLC with a diode
array detector (Alliance 2695, Waters Corp, Shanghai, China). Separation was performed
on a polymeric C30 column (YMC carotenoids, 5 µm, 250 × 4.6 mm, Shanghai, China). The
column temperature was 30 ◦C, and the injection volume was 0.02 mL. The HPLC method
was developed by Cooperstone et al. [24]. The quantification of PT, PTF and LYC isomers
was performed by peak area determination at 286, 348 and 471 nm, respectively, and by an
external standard curve. The identification was conducted by retention time comparison to
standards and spectroscopic features (Figure 1, Table 1).

Table 1. Identification of PT, PTF and LYC isomers.

Carotenoids
Retention Time

(Min)
Observed

λmax
(In-Line)

(nm)

%III/II a Q Value b

In-Line Reported In-Line Reported

(Z1)-PT 6.34 286 11.14 - - -
(15Z)-PT 9.29 285.5 16.38 - - -

(All-E)-PT ND ND ND 19.05 c, 9.09 d - -
(Z1)-PTF 10.35 332, 347, 364 61.09 52.20 c, 70.50 d - -
(Z2)-PTF ND ND ND 82.20 c, 78.60 d - -
(Z3)-PTF ND ND ND 89.30 c, 80.60 d - -

(All-E)-PTF 11.93 331, 347, 364 84.86 91.40 c, 82.61 d - -
(Z4)-PTF ND ND ND 90.30 c, 78.90 d - -

(13Z)-LYC 29.33 360, 439, 464, 495 - - 0.53 0.58 d, 0.58 e

(9Z)-LYC 31.27 360, 441, 467, 497 - - 0.15 0.14 d, 0.14 e

(All-E)-LYC 33.50 361, 445, 472, 502 - - 0.07 0.06 d, 0.07 e

(5Z)-LYC 33.90 361, 445, 472, 502 - - 0.07 0.06 d, 0.07 e

Values and peak designations were obtained from the chromatograms of the samples. a Taking the minimum
absorbance value between the two peaks as the baseline, the peak height ratio of the right peak and the left peak
relative to the baseline is expressed in the form of a percentage. b Ratio of the maximum height of the Z peak (DB)
to the maximum height of the main absorption peak (DII). c, d, e identified according to previous work in reference
[27,29,32] respectively.

2.9. pH Value, Color and Power Consumption

pH values of tomato pulp or tomato pulp with adjusted pH values were measured
by a pH meter (Mettler Toledo, Zurich, Switzerland). Ten tomatoes of each variety were
selected randomly, and then three points of each tomato were selected along the equatorial
plane. Tomato powder obtained by CDP was packed in a transparent sealed container,
and three points were selected uniformly. It was measured by a colorimeter (NR60CP,
Shien, Shenzhen, China), and the color parameters were expressed in the color space
CIELAB (L*, a*, b*, H◦). The power consumption of tomato powder obtained by CDP
technology was calculated based on the recorded drying time (Table A4) and the usage of
the instrument nameplate.

2.10. 5-HMF and A420

5-HMF extraction [33]: A volume of 0.5 g tomato powder obtained by CDP was added
to 10 mL of 50% methanol solution. After 3 h of magnetic stirring at room temperature,
it was filtered through a 0.22 µm PTFE membrane filter. The filtrate was diluted 5 times
with 50% methanol–water before detection. The extract could also be used to measure
absorbance at 420 nm, as an indicator of Amadori compound browning (A420) [34]. Next,
5-HMF was quantified using an ultra-high-performance liquid chromatography–tandem
mass spectrometry (UPLC–TQD) system + ESI mode. The injection volume was 1 µL. Sepa-
ration was performed on an ACQUITY C18 (1.7 µm, 2.1 × 100 mm) column, 0.2 mL/min.
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The mobile phase elution procedure referred to Yang [33]. MS detection was accomplished
using multiple reaction monitoring (MRM) analysis (Table A2). The MS/MS analysis was
in the range of 100−200 m/z. Quantitation of 5-HMF in the samples was accomplished by
the 5-HMF standard curve.

2.11. Statistical Analysis

Each sample was extracted in triplicate. The experiments were repeated at least two
times for verification. Duncan’s multiple comparisons were used for comparisons of the
means, and statistical significance tests were conducted at the level of 0.05 (p < 0.05).
One-way ANOVA was used for significance analysis, and the significant differences were
calculated at the level of 0.05 (p < 0.05) (SPSS 26.0, IBM, Chicago, IL, USA). Results are
expressed as mean ± standard deviation (SD). Origin 2018 and Indraw were used for
graphs and charts.

3. Results and Discussion
3.1. Selection of Tomato Varieties

The PT, PTF and LYC content of 17 tomato varieties (number form) was detected
(Table 2). The appearance diagrams are shown in Figure 2. The five varieties with the
highest polyhydrogen lycopene levels (total content of PT and PTF) were No. 5, 2, 9, 1 and
4, from high to low. Among them, the dry weight content of polyhydrogen lycopene in
No. 5 was the highest, reaching 0.06%. The content of PTF in No. 2 was four-times higher
than that of PT at the mature stage. This ratio was reported for the first time. Our results
can provide a basis for further subdividing sources of agricultural substances of PT and
PTF in the future. In order to reveal the possible correlations between the appearance color
of tomato varieties and the content of PT, PTF and LYC, the color parameters (L*, a*, b*,
H◦) of No. 5, 2, 9, 1 and 4 are shown in Table A3. The a* parameter (axis of red–green)
ranged from 1.91 up to 5.91. The b* parameter (axis of yellow–blue) ranged from 6.92 in
red tomato (No. 9) up to 12.75 in orange tomato. The L* (lightness) parameter ranged
from 44.25 to 51.43. The H◦ angle parameter varied from 56.06 in red tomato (NO.9) up
to 81.69 in orange tomato. With the exception No. 9, which was a special red variety, all
varieties were orange. The content of PT and PTF and color characteristics in tomatoes
were similar to those reported in the literature [14,35]. Some studies have shown that
differences in apparent fruit color are correlated with carotenoid accumulation [36]. The
characteristics of orange tomatoes were similar to those of citrus tomatoes produced by
carotenoid isomerase (CRTISO) mutation [37]. White, green and light yellow tomatoes may
not accumulate enough pyrophosphate (GGPP) or PT due to abnormal expression of the
PSY1 gene [38]. With the exception of the variety, factors such as climate, soil moisture and
nutrients, harvest time and maturity status also affect the accumulation of polyhydrogen
lycopene [12].

Table 2. The content of PT, PTF and LYC in 17 tomato varieties.

Tomato Variety
Number PT Content ug/g DW PTF Content ug/g

DW
LYC Content ug/g

DW

No. 1 91.10 ± 6.42 d 275.70 ± 15.02 b 143.77 ± 0.45 c

No. 2 83.53 ± 4.62 d 413.04 ± 7.92 a 20.65 ± 0.35 c

No. 3 ND ND 167.65 ± 1.98 c

No. 4 167.11 ± 4.07 c 93.19 ± 0.56 e 104.17 ± 0.09 c

No. 5 349.17 ± 39.25 a 234.91 ± 6.98 c 163.85 ± 2.33 c

No. 6 ND ND 67.98 ± 0.33 c

No. 7 ND ND 19.05 ± 0.09 c

No. 8 ND ND 20.57 ± 0.23 c
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Table 2. Cont.

Tomato Variety
Number PT Content ug/g DW PTF Content ug/g

DW
LYC Content ug/g

DW

No. 9 249.94 ± 16.75 b 156.58 ± 11.36 d 1145.81 ± 2.14 a

No. 10 73.28 ± 8.71 de 22.66 ± 1.40 g 768.28 ± 1.10 b

No. 11 36.58 ± 5.77 ef 18.99 ± 2.32 gh 1236.80 ± 3.99 a

No. 12 110.58 ± 2.81 d 44.83 ± 0.43 f 1269.15 ± 250.49 a

No. 13 ND ND 1091.35 ± 1.59 a

No. 14 ND ND 10.64 ± 2.20 c

No. 15 26.18 ± 1.34 g 2.16 ± 0.67 h 24.15 ± 3.54 c

No. 16 ND ND ND
No. 17 ND ND ND

Data listed in the table were tested in triplicate and expressed as mean± standard deviation. Different superscripts
in the same column indicate significant differences, according to Duncan test (p < 0.05). ND indicates that the
content is not detected.
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3.2. Different Drying Methods

The retention rates of FD, VD and HAD technology to the terminal point (5± 2%) were
compared under the aforementioned parameters, and the results are shown in Figure 3.
The raw material was the mixed tomato pulp of the five tomato varieties selected. Among
the three drying methods, FD had the best effect on the retention rates of PT, PTF and LYC.
Compared with this, VD had no significant effect on the retention rates of PT, PTF and
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LYC. Preliminary results showed that under vacuum conditions, PT, PTF and even LYC in
the tomato matrix had good thermal stability and could accept a certain degree of thermal
processing. However, the retention rates of PT, PTF and LYC were reduced by around
29% in HAD compared with FD (PT from 20.05% to 37.15%, PTF from 20.10 to 37.62, LYC
from 18.25% to 38.99%). Although some studies have found that the content of LYC in the
product after HAD is higher than that of the original fresh tomato pulp [21,39], it is believed
that HAD has little effect on the lycopene content of tomatoes. In fact, the unextracted
PT, PTF and LYC (approximately 30%) in fresh tomato pulp has actually been consumed,
which can be seen by comparing the different drying methods. The set temperature of both
HAD and VD was 80 ◦C, but the retention rates under VD were significantly higher than
those under HAD. In the process of HAD, oxygen might be the most important factor in
the decline in retention rate.
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Figure 3. The retention rates of PT, PTF and LYC in different drying methods. The raw material was
the mixed tomato pulp of five tomato varieties selected. The water content terminal point 5 ± 2%.
The retention rate was obtained by comparing tomato powder with tomato pulp material. Different
letters of the same carotene indicate significant differences, according to Duncan test (p < 0.05).

Therefore, the changes in the PT, PTF and LYC retention rates during HAD were
monitored (Figure 4). The stability of PT, PTF and LYC during HAD was related to the
change in water content. When the water content decreased from 30% to 3.5%, the retention
rates of PT, PTF and LYC decreased significantly (PT from 97% to 87%, PTF from 120% to
85%, LYC from 68% to 50%), and the decrease was much higher than that in the first 4 h
(almost no decrease was observed). Zhang [21] found that under HAD, after the water
content reached 15%, the LYC content decreased significantly. It was speculated that at low
water content, PT, PTF and LYC lost their water packets and were more easily oxidized
when exposed to air [40]. Lavelli [41] found that LYC was less stable in by-products of
low water or water activity, suggesting that, in parallel, both cis and trans isomers of LYC
auto-oxidize, forming volatile fragments. The effects of thermal treatment at 80 ◦C on
the total LYC concentration in the water-based and oil-based samples were very similar,
provided that the oil had a good ability to isolate oxygen. Therefore, when the heating
temperature was lower or slightly higher than 80 ◦C, water could compete with oxygen for
the active absorption sites [42]. The decrease in LYC retention was always accompanied by
the drying process, and the decrease was more significant than that of PT and PTF. LYC
was affected by both oxygen and temperature [24] and was more prone to isomerization,
which was usually the first step in degradation [43]. In addition to water content, other
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antioxidant components in tomato may also play a role in PT, PTF and LYC resistance to
oxidation [21].
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Figure 4. The change in retention rate and moisture content in hot-air drying (HAD). The raw
material was the mixed tomato pulp of five tomato varieties selected. The retention rate was obtained
by comparing tomato powder or puree after drying treatment with tomato pulp material. Different
letters between columns of the same color are significant (p < 0.05), according to Duncan test.

Sometimes, the retention rates in the data were larger than 100%, which did not
mean that new carotenoids were generated during the drying process. Because carotenoid
synthesis requires the participation of enzymes in tomatoes [9], the drying process has
broken this condition. The retention rate was obtained by comparing the carotenoid content
of processed tomato powder with that of fresh tomato pulp. However, the extraction effect
of PT, PTF and LYC from fresh tomato pulp was inferior to that of tomato powder. Extensive
literature suggests that cell walls and chromoplasts (i.e., the carotenoid-containing plastids)
appear as the major barriers limiting carotenoid diffusion [44]. The process has a positive
impact on carotenoid release from fruit and vegetables, with the loss of the food matrix
structure [18,20,41]. The authors believe that the plant cells in the fresh tomato pulp were
relatively intact and fully packed with water, which affected the penetration of organic
reagents into the plant cell structure to dissolve carotenoids. Therefore, the extracted
carotenoid content of fresh tomato pulp was lower than that of dry powder. Fortunately,
most of the samples in this research were extracted uniformly in dry powder form, which
did not affect the conclusion [42].

3.3. Vacuum Drying Temperature, Initial pH Value of Tomato Pulp and Metal Ions

The effects of different VD temperatures at 0.1 mpa, different initial pH values of
tomato pulp at 80 ◦C and 0.1 mPa and different metal ions with a concentration of 1 mmol/L
at 80 ◦C and 0.1 mPa on the retention rates of tomato powders are shown in Figure 5. The
raw material was the mixed tomato pulp of the five tomato varieties selected. There was no
significant difference in the retention rates of PT, PTF and LYC at the selected temperatures,
65 ◦C (920 min), 70 ◦C (453 min), 75 ◦C (267 min), 80 ◦C (240 min), 85 ◦C (187 min), showing
the good thermal stability of PT, PTF and LYC [14,24]. When the drying temperature
reached 85 ◦C, the retention rates of PT, PTF and LYC in tomato powder were 106%, 103%
and 89%, respectively. Ma [27] and Yu [45] added sulfur-containing compounds, which can
lead to the isomerization of PT, PTF and LYC. At the same time, heat treatment was carried
out, and no change in content was found. A study compared the thermal stability of PT,
PTF, LYC and other carotenoids in orange juice and a simulated system heated at 100 ◦C



Foods 2022, 11, 3333 10 of 16

for 600 min. The content of PT, PTF and LYC in the simulated system was reduced by
approximately 12.50%, 25% and 70.85%, respectively, but there was no change in the fresh
orange juice [46]. The above results indicated that the tomato matrix structure, blocking
carotenoid extraction, might have a protective effect on PT, PTF and LYC [44].
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Figure 5. The effects of different conditions on retention rates of PT, PTF and LYC under vacuum
drying. (A) The effects of different vacuum drying (VD) temperatures under 0.1 mpa; (B) different
initial pH values at 80 ◦C and (C) 0.1 mPa and different metal ions with a concentration of 1 mmol/L
at 80 ◦C and 0.1 mPa on the retention rates of tomato powders. Tomato powder dried directly from
untreated tomato pulp was used as a control. The raw material was the mixed tomato pulp of five
tomato varieties selected. The retention rate was obtained by comparing tomato powder with tomato
pulp material (preheated in a 60 ◦C water bath for 10 min). Different letters between columns of the
same color are significant (p < 0.05), according to Duncan test.

During the VD process, when the pH value was 9, the retention rates of PT, PTF and
LYC in tomato powder (5 ± 2%) decreased by 29%, 13% and 33%, respectively, compared
with the raw tomato pulp (pH 4.28) dried to tomato powder directly without pH treatment.
In a strongly alkaline environment, LYC experienced anionic polymerization and precip-
itation. The structures of PT, PTF and LYC were close, suggesting that they might have
similar reactions [47]. Fortunately, PT, PTF and LYC are rarely used in pH > 7 food systems.

Moreover, 1 mmol/L Fe3+ and Al3+ significantly reduced the retention rates of PT, PTF
and LYC during VD of tomato pulp. Fe3+ reduced the retention rates of PT, PTF and LYC
by 19%, 16% and 16%, respectively, compared with the raw tomato pulp dried to tomato
powder directly, without the addition of metal ions. Al3+ reduced the retention rates of PT,
PTF and LYC by 22%, 12% and 21%, respectively. However, its effect was lower than that in
acetone solution. Cu2+ and Fe2+, which were reported to work in acetone solution, did not
affect the drying process of tomato powder. Although the calculated concentrations of LYC
were similar compared to those reported [29], AlCl3 catalyzed LYC as a whole molecule
rather than in ion form. AlCl3 is a typical Lewis acid that can activate olefins or alkynes
by forming π complexes [29]. Therefore, it was speculated that the tomato matrix can also
protect against the degradation of PT, PTF and LYC by metal ions. Fe3+ and Al3+ should be
avoided in tomato powder processing [24].
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3.4. Combined Drying Process

According to the earlier research results (Figure 3), compared with FD technology,
VD technology did not significantly reduce the retention rates of PT and PTF in tomato
powder. Compared with the higher cost of FD, it was easier to realize industrial production.
At the same time, it was found that in HAD, the retention rates of PT and PTF changed
significantly only when the water content decreased to a certain value (Figure 4). According
to existing literature, through the serial combination of hot air and freeze drying, LYC and
β-carotene were well preserved and the product quality was improved [48]. Therefore, a
serial combination of hot-air and vacuum drying (CDP) was designed to produce tomato
powder. The raw material was the mixed tomato pulp of the five tomato varieties selected.
The influences of changeover water content, HAD temperature, VD temperature, VD
degree and loading weight on the retention rates are shown in Figure 6.
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Figure 6. The influence of changeover water content, HAD temperature, VD temperature, VD
vacuum and loading weight on retention rates is shown in (a–e), respectively. Besides the parameters
explored, other parameters were as follows: (a) HAD temperature 60 ◦C, VD temperature 80 ◦C, VD
vacuum 0.1 mPa and loading weight 30 g; (b) MTP 50%, VD temperature 80 ◦C, VD vacuum 0.1 mPa
and loading weight 30 g; (c) changeover water content 50%, HAD temperature 60 ◦C, VD vacuum
0.1 mPa and loading weight 30 g; (d) changeover water content 50%, HAD temperature 60 ◦C, VD
temperature 80 ◦C and loading weight 30 g; (e) changeover water content 50%, HAD temperature
60 ◦C, VD temperature 80 ◦C and VD vacuum 0.08 mPa. The raw material was the mixed tomato
pulp of five tomato varieties selected. The retention rate was obtained by comparing tomato powder
with tomato pulp material (preheated in a 60 ◦C water bath for 10 min).
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Meanwhile, the production parameters of tomato powder were also determined,
referring to 5-HMF, A420, power consumption, time and color parameters (Table A4).
Acrylamide was not detected in any samples and no further analysis was performed [49].
According to the previous conclusions, changeover water content was the most important
parameter to be determined first. When the changeover water content was below 50%,
the retention rates of PT, PTF and LYC were significantly reduced. When the changeover
water content was 30%, the retention rate of PT and PTF decreased by nearly 30%, and the
retention rate of LYC decreased by nearly 50% compared with a changeover water content
of 50%. Under the protection of the tomato matrix with high water content (changeover
water content 70% and 60%), the retention rates of PT and PTF did not change significantly,
because oxygen was isolated by water and the effect of heat on PT was relatively weak.

After selecting a suitable changeover water content, the HAD temperature and VD
temperature did not significantly change the retention rates. Combined with 5-HMF,
A420 and other parameters (Table A4), HAD temperature 60 ◦C [50] and VD temperature
80 ◦C [51] were determined as the most suitable process conditions, which were close to
the reported suitable parameters. The data suggested that a VD degree below 0.08 mPa
was conducive to PT retention. Heat might cause the tomato tissue to shrink [20]. When
the loading weight of each batch was 20 g, 30 g, 40 g, 50 g and 60 g, the thicknesses of
the sample in the Petri dish with a diameter of around 94 mm were 2.88 mm, 4.06 mm,
5.70 mm, 7.88 mm and 8.08 mm, respectively. The shrinkage of the upper tissue has a
certain protective effect on PT, PTF and LYC in the lower tissue. However, an excessive
increase in loading weight would prolong the heating time and reduce the retention
rates of PT, PTF and LYC. Compared with PT and PTF, the retention rate of LYC was
more unstable under the influence of multiple parameters; this was because, in terms of
stability, PT > PTF > LYC [15]. The results showed the final parameters: changeover water
content was 50%, HAD temperature was 60 ◦C, VD temperature was 80 ◦C, VD degree
was 0.08 mPa and the loading weight was 40 g (thickness 5.70 mm). The retention rates of
PT, PTF and LYC were 121%, 94% and 130%, respectively. Compared with VD alone, the
CDP technology improved the retention rates of PT and LYC by 12% and 36%, respectively,
while PTF decreased by only 6% (Figure 3). This was because part of the VD at 80 ◦C was
replaced by HAD at 60 ◦C.

Moreover, 5-HFM and A420 were the symbolic substances used to judge the Maillard
reaction process, and they are also harmful substances that might be produced in the
drying process. From the data in Table A4, both were at low levels. From the max–min, the
water content and vacuum degree were the most obvious factors affecting the formation of
5-HMF, while the vacuum drying temperature and vacuum degree were the most obvious
factors affecting the A420 value [52]. A high value of a* indicated that the color of the
tomato powder was reddish, and high values of L* and b* indicated that the color of the
tomato powder was yellowish (Table A4) [53]. Generally speaking, tomato powder with a
significantly higher A420 had a lower a* value.

4. Conclusions

In this study, tomato raw material rich in PT, PTF and LY was obtained. When
comparing the three drying methods, only the HAD technology caused an obvious decrease
when the water content was below 30% (PT from 97% to 87%, PTF from 120% to 85%, LYC
from 68% to 50%). We speculated that the stability of PT, PTF and LYC during HAD was
related to the water content. Then, the drying properties of PT, PTF and LYC under VD were
discussed. It was found that alkaline conditions (pH = 9), Fe3+ and Al3+ could significantly
reduce the retention rate (p < 0.05). The total retention rates of polyhydrogen lycopene
decreased by 22%, 12% and 7% under these conditions, respectively. The retention rates of
LYC decreased by 33%, 15% and 17% under these conditions, respectively. The temperature
did not change the retention rates significantly (p < 0.05; at 85 ◦C, the retention rate of
polyhydrogen lycopene was still 104%). Finally, in order to ensure the retention rates of PT,
PTF and LYC, the CDP was designed and the suitable parameters were determined, where
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the retention rates of PT, PTF and LYC were 121%, 94% and 130%, respectively. This article
mainly provides a feasible drying technology for producing tomato powder rich in PT, PTF
and LYC and with good inspection indexes.
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Table A1. The content of PT, PTF and LYC in mixed raw material.

PT Content ug/g DW PTF Content ug/g DW LYC Content ug/g DW

170.19 ± 4.53 110.91 ± 0.97 1003.62 ± 15.01
Data listed in the table were tested in triplicate and expressed as mean ± standard deviation.
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Table A2. UPLC–MS/MS performance of 5-HMF.

Cone Voltage
(eV)

Collision Energy
(eV)

Molecular
Ion

Quantitative
m/z

5-HMF 30 15 127 127→ 81
30 13 127→ 109

Table A3. The color parameters of No. 1, 2, 4, 5 and 9 tomato varieties.

Tomato
Variety

Number
Color L* a* b* H◦

No. 1 orange 44.45 ± 3.29 3.78 ± 1.57 9.82 ± 1.88 69.50 ± 4.34
No. 2 orange 51.43 ± 2.96 4.25 ± 1.17 12.04 ± 3.12 70.59 ± 1.26
No. 4 orange 48.89 ± 1.50 1.91 ± 0.67 12.75 ± 2.45 81.69 ± 1.26
No. 5 orange 47.35 ± 2.02 5.91 ± 1.43 12.58 ± 2.61 64.83 ± 1.63
No. 9 red (with purple) 44.25 ± 2.64 4.73 ± 1.74 6.92 ± 2.26 56.06 ± 2.53

Table A4. The 5-HMF, A420, power consumption, drying time and color parameters of tomato powder.

Factor Standard 5-HMF A420

Power
Consum-

ption/kWh
Time/h

Color Parameters

L* a* b* H◦

Changeover
water

content

70% 15.31 ± 1.21 a 0.10 ± 0.00 d 11.96 6.83 45.42 ± 0.76 abc 9.02 ± 0.54 a 5.25 ± 0.39 a 30.21 ± 1.37 a

60% 12.19 ± 1.14 b 0.24 ± 0.01 c 12.64 6.83 46.40 ± 0.36 c 9.00 ± 0.07 a 3.52 ± 0.16 b 21.38 ± 0.88 b

50% 10.74 ± 0.85 b 0.17 ± 0.01 e 14.12 7.30 47.32 ± 0.64 a 9.94 ± 0.65 a 4.04 ± 0.11 b 22.20 ± 0.85 b

40% 3.80 ± 0.09 c 0.25 ± 0.00 b 14.41 7.35 44.84 ± 0.40 ab 5.55 ± 0.57 b 3.58 ± 0.35 b 32.84 ± 2.33 a

30% 5.24 ± 0.20 c 0.38 ± 0.01 a 16.79 8.08 46.09 ± 0.66 bc 5.67 ± 0.14 b 2.45 ± 0.19 c 30.21 ± 1.37 a

Hot-air
drying tem-

perature

40 ◦C 12.34 ± 1.56 a 0.34 ± 0.01 a 24.40 13.22 41.76 ± 0.05 a 15.59 ± 0.46 a 14.90 ± 0.44 ab 30.21 ± 1.37 a

50 ◦C 13.37 ± 1.17 a 0.33 ± 0.01 a 17.73 10.55 41.48 ± 1.15 a 13.78 ± 0.63 b 12.57 ± 0.53 c 21.38 ± 0.88 b

60 ◦C 10.74 ± 0.85 a 0.17 ± 0.01 d 13.56 8.88 41.32 ± 0.64 a 13.94 ± 0.65 b 14.04 ± 0.11 b 22.20 ± 0.85 b

70 ◦C 6.63 ±0.11 b 0.22 ± 0.02 c 9.56 7.28 41.12 ± 0.43 a 13.96 ± 0.37 b 11.53 ± 0.62 c 32.84 ± 2.33 a

80 ◦C 10.82 ± 0.70 a 0.29 ± 0.01 b 8.15 6.72 41.33 ± 0.49 a 15.89 ± 0.72 a 15.76 ± 0.67 a 22.11 ± 0.29 b

Vacuum
drying tem-

perature

65 ◦C 6.15 ± 0.10 b 0.19 ± 0.00 c 13.99 8.92 42.88 ±2.07 b 8.54 ± 1.45 a 3.71 ± 0.65 a 43.71 ± 0.24 ab

70 ◦C 5.00 ± 0.42 c 0.25 ± 0.01 b 13.51 7.85 43.13 ± 0.56 b 7.32 ± 0.80 ab 3.38 ± 0.69 a 42.38 ± 0.20 bc

75 ◦C 4.24 ± 0.25 a 0.21 ± 0.01 c 13.32 7.43 46.65 ± 1.39 a 7.62 ± 0.42 a 2.66 ± 0.38 a 42.20 ± 0.85 c

80 ◦C 10.74 ± 0.85 a 0.17 ± 0.01 d 13.17 7.10 46.65 ± 0.56 a 6.94 ± 0.65 ab 3.38 ± 0.83 a 39.53 ± 0.77 d

85 ◦C 8.58 ± 0.75 b 0.60 ± 0.01 a 13.07 6.87 46.11 ± 0.61 a 5.66 ± 0.08 b 2.30 ± 0.06 a 44.76 ± 0.69 a

Vacuum
drying

vacuum

0.06 mPa 10.44 ± 1.03 b 0.57 ± 0.01 c 14.31 7.98 44.76 ± 0.17 a 6.99 ± 0.06 ab 2.00 ± 0.28 b 23.46 ± 0.72 a

0.07 mPa 16.10 ± 0.20 a 0.79 ± 0.02 a 14.41 8.20 45.01 ± 0.98 a 6.59 ± 0.20 ab 2.35 ± 0.07 b 24.50 ± 2.20 a

0.08 mPa 5.09 ± 0.23 c 0.63 ± 0.01 b 14.28 7.90 44.97 ± 0.39 a 6.44 ± 0.22 b 11.09 ± 0.32 a 19.15 ± 1.62 b

0.09 mPa 15.67 ± 1.84 a 0.48 ± 0.01 d 14.22 7.78 44.20 ± 0.82 a 7.25 ± 0.64 a 2.45 ± 0.37 b 22.20 ± 0.85 ab

0.1 mPa 10.74 ± 0.85 b 0.17 ± 0.01 e 14.22 7.78 45.40 ± 0.36 a 7.00 ± 0.07 ab 2.52 ± 0.16 b 22.09 ± 0.23 ab

Loading
weight

20 g 11.89 ± 0.94 a 0.13 ± 0.00 c 6.24 4.37 43.60 ± 0.58 ab 10.74 ± 0.10 a 4.96 ± 0.19 ab 15.91 ± 1.97 b

30 g 10.64 ± 0.57 ab 0.19 ± 0.01 b 12.81 7.22 47.32 ± 0.64 a 9.94 ± 0.65 ab 4.04 ± 0.11 b 19.64 ± 1.05 ab

40 g 8.99 ± 0.87 ab 0.22 ± 0.00 c 12.15 7.63 42.86 ± 0.88 c 10.69 ± 0.11 a 5.58 ± 0.13 a 21.73 ± 0.59 a

50 g 10.93 ± 0.84 ab 0.23 ± 0.00 d 18.90 10.33 41.47 ± 2.34 c 8.76 ± 0.74 b 4.79 ± 0.52 ab 18.78 ± 2.96 ab

60 g 8.33 ± 0.91 b 0.21 ± 0.00 a 37.07 19.43 45.82 ± 0.24 ab 9.21 ± 0.80 b 4.67 ± 0.88 ab 21.38 ± 0.88 a

Tomato powder produced using CDP technology was tested. The raw material was the mixed tomato pulp of
five tomato varieties selected. Besides the explored parameters, other parameters are the same as in Figure 6.
Different letters in the same column under the same factor indicate significant differences, according to Duncan
test (p < 0.05).
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17. Luterotti, S.; Bicanic, D.; Marković, K.; Franko, M. Carotenes in processed tomato after thermal treatment. Food Control 2015,
48, 67–74. [CrossRef]

18. Mapelli-Brahm, P.; Stinco, C.M.; Meléndez-Martínez, A.J. Comparative study of the bioaccessibility of the colorless carotenoids
phytoene and phytofluene in powders and pulps of tomato: Microstructural analysis and effect of addition of sunflower oil. Food
Funct. 2018, 9, 5016–5023. [CrossRef]

19. Martínez-Hernández, G.B.; Boluda-Aguilar, M.; Taboada-Rodríguez, A.; Jover, S.S.; Marin-Iniesta, F.; López-Gómez, A. Processing,
Packaging, and Storage of Tomato Products: Influence on the Lycopene Content. Food Eng. Rev. 2016, 8, 52–75. [CrossRef]

20. Jorge, A.; Leal, E.S.; Sequinel, R.; Sequinel, T.; Kubaski, E.T.; Tebcherani, S.M. Changes in the composition of tomato powder
(Lycopersicon esculentum Mill) resulting from different drying methods. J. Food Process. Preserv. 2018, 42, e13595. [CrossRef]

21. Chang, C.-H.; Liu, Y.-C. Study on Lycopene and Antioxidant Contents Variations in Tomatoes under Air-Drying Process. J. Food
Sci. 2007, 72, E532–E540. [CrossRef] [PubMed]

22. Siebert, T.; Gall, V.; Karbstein, H.P.; Gaukel, V. Serial combination drying processes: A measure to improve quality of dried carrot
disks and to reduce drying time. Dry. Technol. 2018, 36, 1578–1591. [CrossRef]

23. Mapelli-Brahm, P.; Meléndez-Martínez, A.J. The colourless carotenoids phytoene and phytofluene: Sources, consumption,
bioavailability and health effects. Curr. Opin. Food Sci. 2021, 41, 201–209. [CrossRef]

24. Cooperstone, J.L.; Francis, D.M.; Schwartz, S.J. Thermal processing differentially affects lycopene and other carotenoids in
cis-lycopene containing, tangerine tomatoes. Food Chem. 2016, 210, 466–472. [CrossRef] [PubMed]

25. Meléndez-Martínez, A.J.; Paulino, M.; Stinco, C.M.; Mapelli-Brahm, P.; Wang, X.-D. Study of the Time-Course of cis/trans (Z/E)
Isomerization of Lycopene, Phytoene, and Phytofluene from Tomato. J. Agric. Food Chem. 2014, 62, 12399–12406. [CrossRef]

26. Yan, B.; Martínez-Monteagudo, S.I.; Cooperstone, J.L.; Riedl, K.M.; Schwartz, S.J.; Balasubramaniam, V.M. Impact of Thermal
and Pressure-Based Technologies on Carotenoid Retention and Quality Attributes in Tomato Juice. Food Bioprocess Technol. 2017,
10, 808–818. [CrossRef]

27. Ma, L.; Yang, C.; Jiang, X.; Wang, Q.; Zhang, J.; Zhang, L. Sulfur-Containing Compounds: Natural Potential Catalyst for the
Isomerization of Phytofluene, Phytoene and Lycopene in Tomato Pulp. Foods 2021, 10, 1444. [CrossRef]

28. Meléndez-Martínez, A.J.; Mapelli-Brahm, P. The undercover colorless carotenoids phytoene and phytofluene: Importance in
agro-food and health in the Green Deal era and possibilities for innovation. Trends Food Sci. Technol. 2021, 116, 255–263. [CrossRef]

http://doi.org/10.1016/j.nutres.2021.09.005
http://www.ncbi.nlm.nih.gov/pubmed/35091276
http://doi.org/10.1016/j.jfca.2018.01.002
http://doi.org/10.3945/an.110.000075
http://doi.org/10.1186/s12970-021-00415-7
http://doi.org/10.1007/s13530-020-00035-9
http://doi.org/10.1016/j.molp.2014.12.007
http://doi.org/10.1016/j.abb.2015.01.003
http://doi.org/10.1024/0300-9831.75.1.54
http://doi.org/10.1016/j.jfca.2011.07.005
http://doi.org/10.3390/nu13124436
http://www.ncbi.nlm.nih.gov/pubmed/34959988
http://doi.org/10.1111/1750-3841.15682
http://www.ncbi.nlm.nih.gov/pubmed/33856048
http://doi.org/10.1016/j.foodchem.2017.02.074
http://doi.org/10.15761/GOD.1000149
http://doi.org/10.1016/j.foodcont.2014.06.004
http://doi.org/10.1039/C8FO01208C
http://doi.org/10.1007/s12393-015-9113-3
http://doi.org/10.1111/jfpp.13595
http://doi.org/10.1111/j.1750-3841.2007.00570.x
http://www.ncbi.nlm.nih.gov/pubmed/18034723
http://doi.org/10.1080/07373937.2017.1418374
http://doi.org/10.1016/j.cofs.2021.04.013
http://doi.org/10.1016/j.foodchem.2016.04.078
http://www.ncbi.nlm.nih.gov/pubmed/27211672
http://doi.org/10.1021/jf5041965
http://doi.org/10.1007/s11947-016-1859-y
http://doi.org/10.3390/foods10071444
http://doi.org/10.1016/j.tifs.2021.07.028


Foods 2022, 11, 3333 16 of 16

29. Wang, Q.; Yang, C.; Liu, Y.; Zhang, J.; Zhang, L. Efficient E/Z conversion of (all-E)-lycopene to Z-isomers with a high proportion
of (5Z)-lycopene by metal salts. LWT Food Sci. Technol. 2022, 160, 113268. [CrossRef]

30. Li, Y.; Li, J.; Fan, L. Effects of combined drying methods on physicochemical and rheological properties of instant Tremella
fuciformis soup. Food Chem. 2022, 396, 133644. [CrossRef]

31. National Health and Family Planning Commission of the People’s Republic of China. National Food Standard Safety-
Determination of Water content in Foods, GB 5009.3-2016, 12. Available online: https://kns.cnki.net/kcms/detail/detail.
aspx?dbcode=SCSF&dbname=SCSF&filename=SCSF00056374&uniplatform=NZKPT&v=DoBnvSYYuSs2Z8y4Gt2jqJNnr1
XKQQjIiF6LRe1UoyUMVrkV6BJfzsfulQmYIsry (accessed on 31 August 2016).

32. Melendez-Martinez, A.J.; Stinco, C.M.; Liu, C.; Wang, X.-D. A simple HPLC method for the comprehensive analysis of cis/trans
(Z/E) geometrical isomers of carotenoids for nutritional studies. Food Chem. 2013, 138, 1341–1350. [CrossRef] [PubMed]

33. Yang, C.; Zhang, S.; Shi, R.; Yu, J.; Li, S.; Tao, G.; Tsao, R.; Zhang, J.; Zhang, L. LC-MS/MS for simultaneous detection and
quantification of Amadori compounds in tomato products and dry foods and factors affecting the formation and antioxidant
activities. J. Food Sci. 2020, 85, 1007–1017. [CrossRef] [PubMed]

34. Ajandouz, E.; Desseaux, V.; Tazi, S.; Puigserver, A. Effects of temperature and pH on the kinetics of caramelisation, protein
cross-linking and Maillard reactions in aqueous model systems. Food Chem. 2008, 107, 1244–1252. [CrossRef]

35. Coyago-Cruz, E.; Corell, M.; Moriana, A.; Mapelli-Brahm, P.; Hernanz, D.; Stinco, C.M.; Beltrán-Sinchiguano, E.;
Meléndez-Martínez, A.J. Study of commercial quality parameters, sugars, phenolics, carotenoids and plastids in differ-
ent tomato varieties. Food Chem. 2019, 27, 480–489. [CrossRef]

36. Meléndez-Martínez, A.J.; Fraser, P.D.; Bramley, P.M. Accumulation of health promoting phytochemicals in wild relatives of
tomato and their contribution to in vitro antioxidant activity. Phytochemistry 2010, 71, 1104–1114. [CrossRef] [PubMed]

37. Ben Shlush, I.; Samach, A.; Melamed-Bessudo, C.; Ben-Tov, D.; Dahan-Meir, T.; Filler-Hayut, S.; Levy, A.A. CRISPR/Cas9 Induced
Somatic Recombination at the CRTISO Locus in Tomato. Genes 2020, 12, 59. [CrossRef]

38. Fraser, P.D. The biosynthesis and nutritional uses of carotenoids. Prog. Lipid Res. 2004, 43, 228–265. [CrossRef]
39. Toor, R.K.; Savage, G.P. Effect of semi-drying on the antioxidant components of tomatoes. Food Chem. 2004, 94, 90–97. [CrossRef]
40. Saini, R.K.; Bekhit, A.E.-D.A.; Roohinejad, S.; Rengasamy, K.R.R.; Keum, Y.-S. Chemical Stability of Lycopene in Processed

Products: A Review of the Effects of Processing Methods and Modern Preservation Strategies. J. Agric. Food Chem. 2020,
68, 712–726. [CrossRef]

41. Lavelli, V.; Torresani, M.C. Modelling the stability of lycopene-rich by-products of tomato processing. Food Chem. 2010,
125, 529–535. [CrossRef]

42. Chen, J.; Shi, J.; Xue, S.J.; Ma, Y. Comparison of lycopene stability in water- and oil-based food model systems under thermal- and
light-irradiation treatments. LWT Food Sci. Technol. 2009, 42, 740–747. [CrossRef]

43. Colle, I.; Lemmens, L.; Van Buggenhout, S.; Van Loey, A.; Hendrickx, M. Effect of Thermal Processing on the Degradation,
Isomerization, and Bioaccessibility of Lycopene in Tomato Pulp. J. Food Sci. 2010, 75, C753–C759. [CrossRef]

44. Page, D.; Labadie, C.; Reling, P.; Bott, R.; Garcia, C.; Gaillard, C.; Fourmaux, B.; Bernoud-Hubac, N.; Goupy, P.; Georgé, S.; et al.
Increased diffusivity of lycopene in hot break vs. cold break purees may be due to bioconversion of associated phospholipids
rather than differential destruction of fruit tissues or cell structures. Food Chem. 2018, 274, 500–509. [CrossRef]

45. Yu, J.; Gleize, B.; Zhang, L.; Caris-Veyrat, C.; Renard, C.M.G.C. Impact of onions in tomato-based sauces on isomerization and
bioaccessibility of colorless carotenes: Phytoene and phytofluene. Food Funct. 2020, 11, 5122–5132. [CrossRef]

46. Lu, Q.; Peng, Y.; Zhu, C.; Pan, S. Effect of thermal treatment on carotenoids, flavonoids and ascorbic acid in juice of orange cv.
Cara Cara. Food Chem. 2018, 265, 39–48. [CrossRef] [PubMed]

47. Dai, S.H. Measurement of the Spectra and Research of the Physicochemical Properties for Lycopene. Master’s Thesis, Sichuan
University, Chengdu, China, June 2006.

48. Jorge, A.; Almeida, D.M.; Canteri, M.H.G.; Sequinel, T.; Kubaski, E.; Tebcherani, S.M. Evaluation of the chemical composition and
colour in long-life tomatoes ( Lycopersicon esculentum Mill) dehydrated by combined drying methods. Int. J. Food Sci. Technol.
2014, 49, 2001–2007. [CrossRef]

49. Liu, F.; Cao, X.; Wang, H.; Liao, X. Changes of tomato powder qualities during storage. Powder Technol. 2010, 204, 159–166.
[CrossRef]

50. Demiray, E.; Tulek, Y.; Yilmaz, Y. Degradation kinetics of lycopene, β-carotene and ascorbic acid in tomatoes during hot air drying.
LWT Food Sci. Technol. 2013, 50, 172–176. [CrossRef]

51. Colle, I.J.; Lemmens, L.; Van Buggenhout, S.; Met, K.; Van Loey, A.M.; Hendrickx, M.E. Processing tomato pulp in the presence of
lipids: The impact on lycopene bioaccessibility. Food Res. Int. 2013, 51, 32–38. [CrossRef]

52. Ikrang, E.G.; Umani, K.C. Optimization of process conditions for drying of catfish (Clarias gariepinus) using Response Surface
Methodology (RSM). Food Sci. Hum. Wellness 2019, 8, 46–52. [CrossRef]

53. Shemesh, K.; Zohar, M.; Bar-Ya’Akov, I.; Hatib, K.; Holland, D.; Isaacson, T. Analysis of carotenoids in fruit of different apricot
accessions reveals large variability and highlights apricot as a rich source of phytoene and phytofluene. Fruits 2017, 72, 185–202.
[CrossRef]

http://doi.org/10.1016/j.lwt.2022.113268
http://doi.org/10.1016/j.foodchem.2022.133644
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=SCSF&dbname=SCSF&filename=SCSF00056374&uniplatform=NZKPT&v=DoBnvSYYuSs2Z8y4Gt2jqJNnr1XKQQjIiF6LRe1UoyUMVrkV6BJfzsfulQmYIsry
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=SCSF&dbname=SCSF&filename=SCSF00056374&uniplatform=NZKPT&v=DoBnvSYYuSs2Z8y4Gt2jqJNnr1XKQQjIiF6LRe1UoyUMVrkV6BJfzsfulQmYIsry
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=SCSF&dbname=SCSF&filename=SCSF00056374&uniplatform=NZKPT&v=DoBnvSYYuSs2Z8y4Gt2jqJNnr1XKQQjIiF6LRe1UoyUMVrkV6BJfzsfulQmYIsry
http://doi.org/10.1016/j.foodchem.2012.10.067
http://www.ncbi.nlm.nih.gov/pubmed/23411252
http://doi.org/10.1111/1750-3841.14979
http://www.ncbi.nlm.nih.gov/pubmed/32167581
http://doi.org/10.1016/j.foodchem.2007.09.062
http://doi.org/10.1016/j.foodchem.2018.10.139
http://doi.org/10.1016/j.phytochem.2010.03.021
http://www.ncbi.nlm.nih.gov/pubmed/20457456
http://doi.org/10.3390/genes12010059
http://doi.org/10.1016/j.plipres.2003.10.002
http://doi.org/10.1016/j.foodchem.2004.10.054
http://doi.org/10.1021/acs.jafc.9b06669
http://doi.org/10.1016/j.foodchem.2010.09.044
http://doi.org/10.1016/j.lwt.2008.10.002
http://doi.org/10.1111/j.1750-3841.2010.01862.x
http://doi.org/10.1016/j.foodchem.2018.08.062
http://doi.org/10.1039/D0FO00505C
http://doi.org/10.1016/j.foodchem.2018.05.072
http://www.ncbi.nlm.nih.gov/pubmed/29884392
http://doi.org/10.1111/ijfs.12501
http://doi.org/10.1016/j.powtec.2010.08.002
http://doi.org/10.1016/j.lwt.2012.06.001
http://doi.org/10.1016/j.foodres.2012.11.024
http://doi.org/10.1016/j.fshw.2019.01.002
http://doi.org/10.17660/th2017/72.4.1

	Introduction 
	Materials and Methods 
	Main Materials and Instruments 
	Material Pretreatment 
	Different Drying Methods 
	The Effect of Temperature, pH Value and Metal Ions under Vacuum Drying 
	Combined Drying Process 
	Water Content and Retention Rate 
	Carotenoid Extraction 
	Quantification and Isomer Determination 
	pH Value, Color and Power Consumption 
	5-HMF and A420 
	Statistical Analysis 

	Results and Discussion 
	Selection of Tomato Varieties 
	Different Drying Methods 
	Vacuum Drying Temperature, Initial pH Value of Tomato Pulp and Metal Ions 
	Combined Drying Process 

	Conclusions 
	Appendix A
	References

