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Abstract

The stability of carotenoids in puff-dried yellow peach powder during commercial storage under different water 
activity conditions was studied. The results showed that when the corresponding water activity was above 0.576, 
the loss of adsorbed water in yellow peach powder was closely related to the crystallinity of the amorphous sugar 
matrix. However, the adsorption isotherms confirmed by water absorption behavior, X-ray diffraction (XRD) pat-
terns, and scanning electron microscopy did not clearly indicate this loss of adsorbed water. The content changes 
of individual carotenoids (lutein, zeaxanthin, β-cryptoxanthin, α-carotene, and β-carotene) during storage fol-
lowed pseudo first-order kinetics, and the degradation of lutein and zeaxanthin occurred quickly over time. The 
stability of total carotenoids gradually increased when the water activity was less than 0.576, but the carotenoids 
degraded sharply when the water activity was between 0.753 and 0.843. The loss of carotenoids was related to the 
water absorption and crystallization of the sugar matrix in the powder.
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Introduction

Numerous studies have shown that colorful fruits and 
vegetables contain a variety of phytochemicals that are 
associated with significant health benefits (Liu, 2013). 
Yellow fleshed peaches are a good source of carotenoids, 
ascorbic acid, and dietary fiber. They have powerful anti-
oxidant and immune-enhancing functions (Falchi et al., 
2013; Fiedor and Burda, 2014). They are widely consumed 
in fresh and processed form, especially as canned fruits. 
However, the high moisture content (approximately 87%) 
of the peach fruit will cause a rapid decline in quality 
after harvest. Therefore, the dehydration process is used 

to preserve peach fruits and improve storage stabil-
ity by reducing water activity (aw) to minimize physical 
and chemical reactions that may occur during storage 
(Mathlouthi, 2001).

Especially in the fruit powder form, because aw becomes 
very low, the moisture content is at a microbiologi-
cal safety level. But, the fruit powder is an amorphous 
dry granular material, which is highly hygroscopic and 
susceptible to water plasticization and glass transi-
tion (Tg), including physical changes, such as collapse 
or powder sticking and sugar crystallization, as well as 
color changes (Fongin et al., 2017). It is also evident that 
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slices was 84 to 86% (w. b.). The fruit slices were blanched 
and stored in a deep refrigerator at -40°C before being 
dehydrated.

Preparation of yellow peach powder  
by explosion-puffing drying

The yellow peach slices were air-dried at 80°C for 2 h, 
stored in a freezer for 12 h, and then puffed and dried 
by using a QDPH-5 Electric Heating-Puffing Equipment 
(Tianjin Materials Technology Limited, Tianjin, China), 
with a puffing pressure difference of 0.1 MPa, vacuum 
drying temperature of 70°C, and vacuum drying time of 
150 min until the moisture content of the final product 
was less than 5%. Thereafter, the samples were stored for 
3 days in a vacuum desiccator, which contained silica gel 
to remove residual water. According to Zouaoui et al. 
(2016), the samples were considered to have “zero” water 
content. The fruit samples were milled and homogenized 
using a grinder until the particle size was in the range of 
100–150 µm. The powder samples were packed in alumi-
num foil and ready for further use.

Water sorption analysis

Puff-dried yellow peach powder (100 mg) was prepared in 
an aluminum pack and stored in a vacuum dryer at ambi-
ent temperature (25°C) for 288 h, which contained dif-
ferent saturated salt solutions: LiCl, CH3COOK, MgCl2, 
K2CO3, NaBr, NaCl, and KCl with RVP of 11.3, 22.5, 32.8, 
43.2, 57.6, 75.3, and 84.3%, respectively (Greenspan, 
1977). Before weighing, each package was covered with 
a lid to minimize the transfer of water released from the 
vacuum dryer through the air. The powder sample was 
weighed at each 24-h interval and water content of each 
sample as a function of time was taken from the average 
weight of triplicate samples.

The data used to analyze the water sorption behavior of 
the puff-dried yellow peach powder were plotted relating 
the water activity (aw) as a function of the environmental 
equilibrium relative humidity and the storage time. The 
Guggenheim-Anderson-De Boer (GAB) mathematical 
model (Equation 1) was fitted to the water sorption data 
using OriginPro 8.5 analysis software (Fan and Roos, 
2017).

	 =
− − +

w

m w w w

CKam
m (1 Ka )(1 Ka CKa )

	 (1)

where m was the equilibrium dry basis moisture content, 
g·g-1; aw was the water activity, mm was the monolayer 
molecular layer moisture content, g·g-1; and C and K were 
model parameters.

chemical reactions will be delayed due to the fact that 
the reactants are diluted in a highly viscous medium 
(Bhandari and Howes, 1999). Due to the highly unsatu-
rated structure, carotenoids in yellow peach powder are 
prone to degradation during storage owing to their expo-
sure to oxygen, high temperature, and light or prooxi-
dant molecules. These attributes have been investigated 
in various food and model systems (Lavelli et al., 2007; 
Oliveira et al., 2015; Prado et al., 2006). It is interesting 
that the loss of carotenoids was also related with the 
crystallization of high-sugar food matrix, but the mois-
ture content of the amorphous phase was a major deter-
minant of carotenoid retention (Elizalde et al., 2002). 
Harnkarnsujarit and Charoenrein (2011) reported that 
the stability of β-carotene in freeze-dried mango powder 
was affected by different relative vapor pressure (RVP) 
conditions. Lavelli et al. (2007) observed a decrease in 
rate constants of β-carotene with an increase of water 
activity up to about 0.314 in freeze-dried carrots. Prado 
et al. (2006) also found that β-carotene was mainly lost 
when it was stored at higher relative humidity. Although 
several studies were dealing with the kinetics of the 
crystallization from amorphous sugar and related to the 
storage conditions (Buera et al., 2005; Udomkun et al., 
2015), little was known about the carotenoid stability of 
yellow peach powder as affected by water activity and 
sugar crystallization.

Explosion-puffing drying is a promising dehydration 
method gradually applied to the preparation of fruit 
powder, which can save drying time and energy as well 
as change the texture of dried fruit products (Lyu et al., 
2015; Rahman, 2001). The purpose of this study was to 
investigate the changes in sugar crystallization and carot-
enoid retention rate in puff-dried yellow peach powder 
stored under different water activities, in order to clarify 
the relationship between sugar crystallization and carot-
enoid stability in yellow peach powder. It provides a the-
oretical basis for increasing the carotenoid retention rate 
of fruit powder during storage.

Materials and Methods

Raw materials

The yellow peach (Amygdalus persica L.) variety “Jinhui” 
was obtained from the Peach Central Production Area 
of the Institute of Horticulture, Jiangsu Academy of 
Agricultural Sciences, Nanjing, China. Generally, the 
total soluble solid content of yellow fleshed peach fruits 
was estimated to be between 10 and 20°Brix. Peach 
fruits were picked by hand when they were commer-
cially mature and evaluated by peel color. The harvested 
yellow peach fruits were peeled and pitted and cut into 
1  cm thick slices. The initial moisture content of the 
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Statistical analysis

All experiments were in triplicate and the results were 
calculated as the average value ± standard deviation of 
triplicate measurements. One-way analysis of variance 
(ANOVA) and Duncan’s multiple range test were used 
to compare the samples. Significance was defined at P < 
0.05. Statistical analyses were performed using SAS 9.3 
software (Inc., Cary, NC).

Results and Discussion

Water sorption behavior

Figure 1a showed the water sorption behaviors for puff-
dried yellow peach powder under various experimental 
RVP conditions at 25°C. The samples at intermediate RVP 
level (aw > 0.43) normally absorbed water until reaching 
a constant weight. At the RVP levels of 57.6–75.3%, dif-
ferent behaviors were observed after 192 h, indicating 
that some absorbed water was released from the sample. 
Harnkarnsujarit and Charoenrein (2011) also found the 
same behavior in freeze-dried mangoes at the RVP level 
of 43.2–68.9%, and at 100 h, an obvious unexpected peak 
of water sorption was observed. It was speculated that the 
relevant moisture absorption caused the glass transition 
temperature (Tg) to drop below room temperature (25°C), 
and sugar crystallization in the powder form might occur 
(Buera et al., 2005; Iglesias et al., 2017). The steady-state 
water content of puff-dried yellow peach powder was 
plotted as a function of aw (Figure 1b), and the GAB model 
fitted well with the experimental data (R2 = 0.9937) below 
aw 0.43. In this region, water had a predominant influence 
on the powder stability; it could dissolve constituents for 
being in the form of free molecules, which accelerated 
the undesirable reactions. The results obtained with the 
GAB model for puff-dried yellow peach powder were 
similar to those reported in other studies carried out with 
several fruits such as strawberry (Janowicz et al., 2007), 
apple, pear, melon (Agudelo-Laverde, 2012), and papaya 
(Udomkun et al., 2015). Moreover, the water sorption 
of the puff-dried yellow peach powder was 1.43% higher 
than that of the hot-air dried samples, indicating that the 
puff-dried yellow peach powder was more hygroscopic 
during storage. The porous structure generated during 
explosion-puffing drying could certainly explain their 
higher water sorption (Lyu et al., 2015).

Crystallization behavior

The XRD patterns for puff-dried yellow peach powder 
stored at the RVP levels of 11.3, 32.8, 57.6, and 84.3%, 
respectively, for 192 h were shown in Figure 2. Peak inten-
sity for puff-dried yellow peach powder stored at 11.3% 

X-ray diffraction

The X-ray diffraction (XRD) analysis of puff-dried yellow 
peach powder was performed with an X-ray diffractom-
eter (D2 ADVANCE, Bruker, Germany) with nickel-
filtered Cu Kα radiation of λ = 1.54056 Å wavelength and 
operated at 30 kV and 10 mA, as described by Zeng et al. 
(2016) with some modifications. The scattered radiation 
was detected in the angular range of 4–50° and a diffrac-
tion angle of 2θ, with a scanning speed of 5° (2θ)/min and 
step size increase of 0.02° 2θ/0.5 S. The types of sugar 
crystals formed in yellow peach powder were identified 
from the location of the characteristic peaks in XRD 
patterns.

Scanning electron microscope

A scanning electron microscope (SEM) (FEI Quanta 200, 
FEI Company, Hillsboro, OR, USA) was used to exam-
ine and photograph the morphological characteristics 
of the puff-dried yellow peach powder at an accelerating 
voltage of 20 KV. The samples were observed at 1000× 
magnifications. The powdered samples were sprinkled 
on a double-sided stick tape placed on aluminum stubs 
and were covered with a gold-palladium layer (E-1010, 
Hitachi, Japan) in high vacuum.

Changes of carotenoid content in yellow peach powder 
during storage

The puff-dried yellow peach powder wrapped in an alu-
minum foil bag was placed in evacuated desiccators with 
different RVP conditions, and stored at an ambient tem-
perature of 25°C for 90 days. Samples taken at each stor-
age interval were kept in a freezer (−20°C) until used for 
carotenoid analysis in triplicate.

Carotenoids in fruit powder samples were extracted 
and determined according to the previous method 
(Song et al., 2016a, b). Shortly, 1 g of sample powder was 
weighed and mixed with 30 mL of hexane-ethanol-ac-
etone-toluene (10: 6: 7: 7) and allowed to keep at room 
temperature in the dark for 4 h. After that, 2 mL of 40% 
KOH-methanol solution was added, placed under nitro-
gen gas for complete saponification, and then 30 mL of 
n-hexane and 38 mL of 10% of sodium sulfate were added 
for partitioning of the carotenoids. The upper layer con-
taining carotenoids was collected and analyzed by C30-
HPLC-DAD-MS. The identification of carotenoids was 
accomplished by comparing retention time, maximum 
ultraviolet (UV)-visible absorption, electron ionization, 
and chemical ionization mass spectroscopy fragmenta-
tion modes.
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RVP was extremely low, indicating that the sugar was crys-
tallized slightly, and there was no obvious change in the 
physicochemical properties under such conditions. After 
192 h of storage at 32.8% RVP, there was a sharp peak in 
the XRD pattern, confirming the appearance of the crys-
tal structure. The crystal formation at 57.6% RVP became 
more obvious. It was implied that the period of losing 
sorbed water could be regarded as the crystal growth stage, 
and the loss of adsorbed water had a good correlation with 
the crystallization of the amorphous sugar matrix.

The surface structures of the puff-dried yellow peach 
powder were presented in Figure 3. Figure 3A referred to 
the prior storage, and it demonstrated that there were no 
coarse precipitated particles in the amorphous structure. 
The samples stored at 11.3% RVP showed a soft surface 
but almost no coarse particles. As seen in Figure 3B–E, it 
was obvious that the samples at 32.8% RVP showed many 
coarse particles, and the large agglomerate with rough 
surfaces and interparticle adhesion were observed on the 
samples stored above 57.6% RVP. The rough and rigid 
crystal state on the rough surface could be determined as 
the structural basis of sugar crystals (Alves et al., 2010). 
Therefore, those features indicated that crystallization 
was induced during storage, depending upon the dif-
ferent RVP levels. The crystallization process depended 
on the degree of supersaturation of the system, which in 
turn depended on the temperature, concentration, and 
sugar solubility. In this study, the main sugars in yellow 
peach powder are sucrose (54–75% of the total SSC), glu-
cose (9–21%), fructose (3.25%), and sorbitol (4–11%); a 
high proportion of sucrose crystallized and released all 
the water that affected the hygroscopicity of yellow peach 
powder (Bassi et al., 2016; Buera et al., 2005). In addition, 
yellow peach powder also contained pectin and organic 
acids, which affected the final water content after sugar 
crystallization.
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Figure 1.  Water sorption behaviour of puff-dried yellow-fleshed peach powder. 
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Figure 2.  X-ray diffraction patterns of puff-dried yellow-
fleshed peach powder during the 8-day storage at 25 oC 
under different RVP conditions: (A) un-crystallized samples; 
(B) 11.3% RVP; (C) 32.8% RVP; (D) 57.6% RVP; (E) 84.3% RVP.

The degradation of carotenoids

The degradation of total carotenoids in puff-dried yel-
low peach powder was studied under different storage 
RVPs as seen in Figure 4. The first-order rate constants 
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Figure 3.  Scanning electron micrographs of puff-dried yellow-fleshed peach powder during the 8-day storage at 25 oC under 
different RVP conditions: (A) un-crystallized samples; (B) 11.3% RVP; (C) 32.8% RVP; (D) 57.6% RVP; (E) 84.3% RVP.

of total carotenoids versus aw were plotted to show a 
typical U-shaped curve for most oxidation reactions. 
As aw increased to 0.328, a decrease in the rate constant 
was observed. In the aw range of 0.328–0.576, the carot-
enoids in fruit powder showed the maximum stability. 

The decrease in the rate constant of carotenoids could 
be explained by the glass-rubber transition, which was 
assumed when the yellow peach powder was stored under 
aw 0.113; it was in a glassy state and subsequently changed 
into a rubbery state when stored at aw 0.576 (Fan  and 
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gradually lost. Lutein lost 34.4% after storage at 25°C for 
90 days, whereas zeaxanthin, β-cryptoxanthin, α-, and 
β-carotene lost 27.5, 22.2, 12.4, and 16.3%, respectively. 
The linear correlation coefficients (R2) ranged from 0.899 
to 0.975 (Figure 5), confirming that the degradation of 
each carotenoid was also following the first-order reac-
tion. Przybysz et al. (2017) also determined a first-or-
der reaction for the degradation of both α-carotene and 
β-carotene. A similar degradation behavior was found 
between β-cryptoxanthin, α-, and β-carotene, whereas 
lutein and zeaxanthin were found to degrade faster. It 
appeared that different types of carotenoids exhibited 
different susceptibilities to oxidation, and oxycarot-
enoids were more labile (Song et al., 2018). In addition, 
the carotenoid content of puff-dried yellow peach pow-
der during storage varied according to its tested water 
activity. A spontaneous loss of carotenoids was observed 
in puff-dried yellow peach powder at all RVP levels 
during storage (Table 2). It was generally shown that high 
rate constants for individual carotenoids in fruit powder 
were all at high RVP levels. The RVP levels in the range of 
43.2–57.6% corresponded to the lower degradation rate 
constants, indicating the maximum carotenoid stability; 
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Figure 4.  Observed and fitted values of the first-order deg-
radation rate constants for total carotenoids in puff-dried 
yellow-fleshed peach powder at various water activities (aw).

Table 1.  Change in the content of individual carotenoids in yellow-fleshed peach powder during 90-day storage at aw = 0.576.

Time
(days)

Lutein
(µg/g d. w.)

Zeaxanthin
(µg/g d. w.)

β-Cryptoxanthin
(µg/g d. w.)

α-Carotene
(µg/g d. w.)

β-Carotene
(µg/g d. w.)

0 7.78 ± 0.02a 16.88 ± 0.01a 11.83 ± 0.01a 5.41 ± 0.01a 9.53 ± 0.01a

30 6.25 ± 0.05b 14.23 ± 0.08b 10.74 ± 0.08b 4.99 ± 0.02b 8.66 ± 0.07b

60 5.70 ± 0.11c 13.56 ± 0.13c 10.04 ± 0.14b 4.87 ± 0.01b 8.45 ± 0.14b

90 5.10 ± 0.02c 12.22 ± 0.14d 9.19 ± 0.01c 4.74 ± 0.03b 7.98 ± 0.01c

Different letters in the same row indicate significant differences (p < 0.05).

Roos, 2017). When the samples were in the glassy state, 
high porosity of matrices for puff-dried fruit powder 
allowed oxygen diffusion and, therefore, carotenoids 
degraded quickly (Prado et al., 2006; Selim et al., 2000).

However, when the fruit powder was stored above aw 
0.753, the degradation rate of carotenoids increased, and 
the highest rate constant was determined at aw 0.843. 
This was attributed to the water absorption between the 
randomly spaced molecules in the noncrystalline system, 
which increased the oxidation rate by increasing the fluid-
ity of the reactants (Alves et al., 2010; Lavelli et al., 2007). 
Obviously, the loss of carotenoids was related with the 
water absorption and crystallization of the sugar matrix 
from the powder. Buera et al. (2005) explained that when 
the matrix was amorphous, chemical reactions were 
delayed because the reactants were diluted in a highly vis-
cous medium. Elizalde et al. (2002), and Harnkarnsujarit 
and Charoenrein (2011) found that matrix crystallization 
resulted in the loss of some encapsulated bioactive com-
pounds, which made them more susceptible to oxygen 
exposure and subsequent degradation.

As shown in Table 1, with prolonged storage time, all 
individual carotenoids in puff-dried yellow peach powder 
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Figure 5.  Kinetic evolution of lutein (), zeaxanthin (), 
β-cryptoxanthin (▲), α-carotene (▼), and β-carotene (×) in 
yellow-fleshed peach powder at aw = 0.576 as a function of 
storage time.
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however, it was not precisely located within the esti-
mated average value for each water activity. The oxidative 
degradation of carotenoids in fruit powder during stor-
age was strongly related to the occurrence of oxygen at 
each RVP level. The oxidative degradation followed a free 
radical mechanism wherein water absorption and crys-
tallization influenced the oxidation modes of carotenoid 
loss (Buera et al., 2005).

Conclusions

Our study revealed that the loss of sorbed water in puff-
dried yellow peach powder was well correlated with the 
crystallization of an amorphous sugar matrix at a corre-
sponding RVP greater than or equal to 57.6%. The XRD 
pattern and SEM image of the sample confirmed sharp 
peak patterns when the powder was stored at 57.6 and 
84.3% RVP, indicating the formation of high amounts of 
crystals in amorphous samples. Moreover, the carotenoid 
stability of the puff-dried yellow peach powder during 
storage increased as the RVP level increased up to 57.6% 
and sharply decreased at the RVP level of 75.3–84.3%. 
The degradation of carotenoids was related to the crys-
tallization of sugar and water activity during storage. 
Thus, the control of water activity might be important for 
improving the carotenoid stability of puff-dried yellow 
peach powder.
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