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ARTICLE INFO ABSTRACT

Keywords: In this work, the spraying of ethanol solution containing phenolic acid (ferulic acid or caffeic acid) was per-
Ultrasound drying formed before subjecting to contact ultrasound-assisted air drying of blackberry. The mass transfer modeling
Blackb?rry ) . ) results revealed that sonication intensified both internal water diffusion and external water exchange during
iﬁ:ﬁi‘;ﬁzﬁi co-pigmentation drying, and ethanol pretreatment enhanced the effective diffusivity of water. Compared with air drying alone,

the drying time for sequential ferulic acid pretreatment and drying with sonication was shortened by 89.2%.
Owing to the co-pigmentation between phenolic acid and anthocyanins, the retention of anthocyanins was
significantly enhanced after dehydration. At the end of drying, the total anthocyanin contents in the ultrasound-
dried samples pretreated with ferulic acid and caffeic acid were 25.3% and 10.5% higher than the sonicated
samples without pretreatments, respectively. Furthermore, drying simultaneously with sonication promoted the
preservation of non-anthocyaninic soluble phenolics including catechin, phloretic acid, rutin in blackberry
compared to air drying alone. Besides, bound phenolics in blackberry were less influences by the applied
dehydration treatments. This study demonstrates that the combination of phenolic acid co-pigmentation pre-
treatment and ultrasound drying could be a promising method to protect anthocyanin pigments during dehy-
dration of berry fruits.

Soluble phenolics
Bound phenolics

1. Introduction

Blackberry (Rubus ursinus Cham.), native to North America, is a tasty
and nutritious Rosaceae plant fruit [1]. However, fresh blackberries are
liable to rot and deteriorate due to high water content and soft outer
skin. Drying is a promising method to process dehydrated blackberries
and extend their shelf-life. Among all the existing drying technologies,
ultrasound-incorporated air drying has been successfully demonstrated
as an effective method to produce quality dried blackberry products
within a short drying period [2]. Although simultaneous air drying and
sonication have several advantages over conventional air drying alone,
the loss of heat-sensitive components still cannot be ignored under
ultrasound-intensified air drying [3-5]. Regarding ultrasound drying of
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blackberries, more efforts are needed to avoid or alleviate the degra-
dation of anthocyanins.

The degradation of anthocyanins is common during the processing
and storage of many fruits and vegetables containing anthocyanin pig-
ments. Many studies assert that exogenous anthocyanins and other
phenolics can form complexes, improving the stability of anthocyanins.
This phenomenon is well-known as the co-pigmentation based on the
molecular interactions [6,7], in which anthocyanins and phenolics
interact to form complex mainly through the non-covalent bond, such as
n-7 stacking, hydrogen bonding and van der Waals interaction [8]. In the
literature, Fan et al. reported that ferulic acids showed preferable co-
pigmentation ability on blackberry wine residue anthocyanin solutions
with the enhanced color intensity and thermostability [8]. Also, Zhang
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et al. demonstrated that the addition of high-concentration gallic acid
enhanced the retention of anthocyanins in blueberry juice from 52% to
66% after 10-days storage at 25 °C [9]. Considering the effectiveness of
co-pigmentation treatment to protect anthocyanins in liquid foods
[8,10], it is also of interest to supplement exogenous phenolics to
potentially alleviate the loss of anthocyanins during the processing of
solid foods. No published studies have reported the influence of exoge-
nous phenolic treatment on anthocyanin stability under food drying.
The exogenous phenolics capable of reacting with anthocyanins include
caffeic acid, ferulic acid, gallic acid, rutin, etc. [8,9].

Phenolics are important bioactive in fruits and vegetables. Phenolics
usually exist in plant cells in both soluble and bound forms, depending
on their locations. Soluble phenolics are mainly located in the vacuoles
of plant cells, which can be easily extracted [11]. Meanwhile, bound
phenolics mostly bind with the cell wall matrix of plant cells through
covalent bonds, such as pectin, cellulose, arabinoxylan and structural
proteins [11]. Both soluble and bound phenolics can benefit human
health. Soluble phenolics possess higher bioavailability than bound
phenolics during digestion due to the easier absorption into the body’s
circulation [12]. Bound phenolics can survive the stomach and intestinal
digestion before reaching the colon and then be utilized by gut microbes
[13]. To date, the changes of soluble phenolics during drying of various
fruits and vegetables have been extensively studied, and the reasons for
the observed variations in the soluble phenolics are also explored in
depth [14,15]. However, only a limited number of studies are focusing
on bound phenolics under drying [16]. Moreover, increasing evidence
shows that the covalent and non-covalent interactions between pheno-
lics and cell walls can affect the stability of phenolics during processing
[16-18]. To produce nutritive dried blackberry products and investigate
the interactions between phenolics and cell walls, it is of significance to
understand the fates of both types of phenolics during dehydration.

In this context, the spraying of ethanol solution containing exoge-
nous phenolic acid (ferulic acid or caffeic acid) was exerted before
subjecting to contact ultrasound-assisted air drying of blackberry. On
the one hand, the moisture transport mechanism under ultrasound
drying was investigated through phenomenological modeling. On the
other hand, the profiles of both soluble phenolics (including anthocya-
nins and non-anthocyaninic phenolics) and bound phenolics in black-
berry at different drying stages were analyzed. This study provides a
reference for future studies of producing dehydrated blackberries with
high retention of anthocyanins and offers some preliminary guidance on
the binding between phenolics and cell walls under drying.

2. Materials and methods
2.1. Materials and chemicals

Fresh blackberry fruits (Rubus americanus Britton, cultivar: Hull) were
provided by the plantation located in Lishui, Nanjing belonging to the
Institute of Botany, Jiangsu Province and Chinese Academy of Science.
Samples were stored in a freezer at —20 °C after reaching the laboratory
in July 2020.

The standards of ferulic acid, caffeic acid, p-coumaric acid, phloretic
acid, p-hydroxybenzoic acid, gallic acid, catechin, myricetin, rutin and
quercitrin were purchased from Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). All other chemicals employed were analytical grade
reagents.

2.2. Drying pretreatments

Before each experiment, blackberries were thawed at 4 °C for 12 h.
After thawing, blackberry pellets with a diameter of 1.5 + 0.1 cm and a
weight of 1.00 g + 0.01 g were prepared. It should be noted that the
difference in phenolic contents of different blackberry fruits cannot be
ignored in this study. Blackberry pellets were used instead of the whole
blackberry fruits to avoid the experimental error due to variations in the
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sample properties. Then, each blackberry pellet was evenly sprayed with
1 mL of ethanol solution containing caffeic acid or ferulic acid (2 g/L).
For comparison, blackberry pellets sprayed with pure ethanol solution
and without any pretreatments were used as the control. The samples
were wrapped in parafilm and equilibrated at room temperature in the
dark for 10 h. Afterwards, blackberry pellets were sent to drying.

2.3. Drying treatment

Drying treatment was performed in a self-assembly hybrid dryer
involving ultrasound irradiation and hot air flow inside (Fig. 1). A 20-
kHz ultrasound probe system made with titanium alloy (5 cm in diam-
eter) was inserted from the top of this dryer. The detailed configuration
of this dryer has been reported in our previous work [19]. For each
drying treatment, approximately 3.0 g of blackberry pellets were placed
on the plate underneath the ultrasonic probe, and the samples were
made to touch the probe gently by adjusting the height of the plate.
During drying, the samples were kept in contact with the ultrasound
probe gently by adjusting the height of the plate periodically.

The probe’s actual emitted ultrasound intensity was 180.1 W/dm?
measured by the calorimetric method [2]. The ultrasound device was
employed in an intermittent mode (5 s on, 5 s off). The air temperature
and velocity from the air inlet were 65 °C and 2.0 m/s, respectively. The
ambient temperature was controlled in the range between 20 and 25 °C
by an air condition (KFR-35GW/(35570)Aa-2, GREE Electric Appliances
Inc., China) in the experiment period, and the air was continuously
dehumidified by a dehumidifier (DH20EE, GREE Electric Appliances
Inc., China). The weight of blackberry pellets was monitored throughout
drying and the water content was then calculated as the mass of water in
the sample divided by the mass of dry matter (DM). The drying process
was terminated when the water content decreased below 2 kg water/kg
dry matter, which is a representative value for the water content of
commercial dried blackberry products. Drying without contact soni-
cation was also performed as a control. Simultaneously with air drying,
the temperature inside the blackberry pellet was recorded by a K-type
thermocouple connected with a datalogger (RDXL12SD, Omega Engi-
neering Inc. USA). All the treatments were conducted in triplicate. All
the dehydration treatments in this study are listed in Table 1.

2.4. Drying kinetic model

The drying kinetic curves were modeled using the diffusion theory
that considers both internal and external mass transfer. In this study,
blackberry pellets with a radius of 7.5 mm were considered as an
approximate spherical geometry. Under the mass transfer modeling, the
radius of the blackberry sphere was discretized into 50 parts after
optimization. Before drying, the water content and temperature are

Fig. 1. Air dryer coupled with ultrasound device used for blackberry drying.
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Table 1
The followed dehydration treatments for blackberry pellets.
Treatment Abbreviation
Air drying AD
Spraying with ethanol solution + air drying E + AD
Spraying with ethanol solution containing ferulic acid + air drying FA + AD
Spraying with ethanol solution containing caffeic acid + air drying CA + AD
Contact ultrasound-assisted with air drying AD-US
Spraying with ethanol solution alone -+ ultrasound-assisted air E + AD-US
drying
Spraying with ethanol solution containing ferulic acid + ultrasound- ~ FA + AD-US
assisted air drying
Spraying with ethanol solution containing caffeic acid + ultrasound-  CA + AD-US

assisted air drying

distributed equally within the samples. Water molecules moved along
the radial direction of blackberry pellet by liquid diffusion and evapo-
rate only on the surface [2]. Moreover, the influence of changes in
temperature on the water effective diffusivity was tentatively neglected
[20]. Based on the above, the one-dimensional diffusion model based on
Fick’s second law specifies the moisture transfer for sphere under air
drying as follows [21-23]:

ow(x,1) 19 [ ow(x1)
o D <x2 ox <x ox ) ) )

where w (x, t) is the water content (kg water/kg DM) at time ¢ (s) and
a given position x (m) within the samples and D, is the water effective
diffusion coefficient (mz/s).

The initial condition is written as:

w(x,t) =wy t=0 ()]

where wy is the water content before drying (kg water/kg DM).
The boundary conditions are expressed as:

ow(x, 1)

5 =0 x=0 3
ow(x,t
Do~ a(5) ~ g) ¥ =R @

where ppy is the dry solid density of blackberry (kg/m®), k is the
external mass transfer coefficient on blackberry surface (kg water/m? s),
ay(x, t) is the water activity on the surface of blackberry pellet and ¢g;r is
the relative humidity of surrounding air.

In the current model, the volume shrinkage due to water loss was not
incorporated [20]. The value of a,(x, t) on the blackberry surface was
estimated from the adsorption isotherm curve of the blackberry at 65 °C,
as reported in our previous study [2]. The model was solved numerically
by the “pdepe” function in Matlab, R2009a (The MathWorks, Inc., USA).
Before solving the model, already known values were given to D, and k.
Both values were then optimized until the absolute average deviation
(AAD) value between experimental and calculated water contents in
blackberry reached the minimum:

Z:’zl (|Wi.p - Wi.e|/Wi,z’)

n

AAD (%) = x 100 (5)
At the same time, the coefficient of determination (R?) value is also
calculated:

2
RZ —1- Z?:l (Wivp — Wff) (6)
=1-gEr e
Zi:l (Wie — Wave)
where wy, and w, are the predicted and experimental water contents

(kg water/kg DM), wyy, is the average value of experimental water
contents (kg water/kg DM).
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2.5. Extraction of phenolics from blackberry

2.5.1. Extraction of soluble phenolics including anthocyanins

Soluble phenolics were extracted using the method described by Tao
et al. [24] with some modifications. Aqueous ethanol was selected as a
solvent for extraction. First, blackberry pellets were mixed with 50%
aqueous ethanol (pH 3.5) at 20:1 (mL:g) solvent-to-solid ratio and
mashed in a mortar by hand. Then, the solid-liquid mixture was moved
to an Erlenmeyer flask and incubated under orbital agitation at 150 rpm
and 35 °C for 1 h. The supernatant was collected through centrifugation
at 8000 rpm for 15 min. The procedures mentioned above were repeated
to extract phenolics in the residues using fresh 50% aqueous ethanol at a
solvent-to-solid ratio of 10:1 (mL:g). Lastly, the two supernatants were
mixed and stored in a refrigerator at 4 °C before being subjected to
further analysis.

2.5.2. Extraction of bound phenolics

Bound phenolics were extracted by alkaline hydrolysis following the
method of Tang et al. [25] with some modifications. The blackberry
residues left after the extraction of soluble phenolics were mixed with 4
M NaOH at a solvent-to-solid ratio of 15:1 (mL:g), hydrolyzed for 4 h at
room temperature, acidified to pH 2.0 with 6 M HCl, and then centri-
fuged at 8000 rpm for 15 min. Then, phenolics in the supernatant were
extracted three times with ethyl acetate at a liquid-to-liquid ratio of 1:1
(mL:mL). The extracts were mixed and vacuum-evaporated to remove
ethyl acetate in a rotary evaporator (Xiande Experimental Instrument
Co., Ltd., Shanghai, China) at 35 °C. The residues were subsequently
dissolved in 3 mL of 70% methanol, filtered with a 0.45-pm membrane
and stored at 4 °C until analysis.

2.6. Scanning of visible absorbance spectra of soluble phenolic extracts
after phenolic acid pretreatments

The soluble phenolic extracts after phenolic acid pretreatments were
transferred into cuvettes with a pathlength of 1 cm. Then, the absor-
bance from 400 nm to 700 nm was scanned in a TU-1900 UV-vis
spectrophotometer (Persee General Instruments Co., Ltd, Beijing,
China).

2.7. Identification of phenolic components in soluble and bound phenolic
extracts

The composition of phenolic components in both soluble and bound
phenolic extracts was analyzed by HPLC-QTOF-MS/MS [8]. The UHPLC
system (Nexera X2, Shimadzu, Japan) was coupled to a time-of-flight
mass-mass spectrometer (AB SCIEX TripleTOF 4600-1, Shimadzu,
Japan) with DuoSpray Ion Source. An Ultimate XB-C18 analytical col-
umn (100 x 2.1 mm) with a particle size of 3.0 pm was used. The mobile
phases consisted of phase A (deionized water with 0.1% formic acid) and
phase B (acetonitrile). An elution gradient with a flow rate of 0.4 mL/
min was applied: 0.0 min, 5% B; 2.0 min, 5% B; 19.0 min, 70% B; 21.0
min, 90% B; 25.0 min, 90% B; 25.1 min, 5% B; and 30.0 min, 5% B. The
injection volume and column temperature were 2 pL and 40 °C,
respectively. The calibration of HPLC-QTOF-MS/MS was followed as
reported by Tao et al [24]. The identification was carried out using an
electrospray source operating in positive or negative ionization mode
under the following conditions: full-scan mass range, 50-1500; tem-
perature, 550 °C; pulse frequency, 12.891 kHz; curtain gas, 35.00 PSI;
ion source gas 1, 55.00 PSI; ion source gas 2, 55.00 PSI; ion spray voltage
in negative ionization mode, 4500 V; collision voltage in negative
ionization mode, —40 V; collision voltage error in negative ionization
mode, 20 V; ion spray voltage in positive ionization mode, 5500 V;
collision voltage in positive ionization mode, 40 V; collision voltage
error in positive ionization mode, 20 V. Herein, the MS information
about all the identified blackberry phenolics are listed in Supplementary
Table 1 and Supplementary Table 2.
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2.8. Measurements of total anthocyanin contents

Total anthocyanin contents were measured using the spectrophoto-
metric method of Ivanova et al. [26]. The detailed procedures can be
found in this literature. The results are expressed as mg malvidin-3-O-
glucoside equivalent/g DM.

2.9. Quantification of contents of individual phenolic compounds

2.9.1. Anthocyanins

The contents of individual anthocyaninic compounds were deter-
mined following the HPLC method of Tao et al. and Cui et al. [2,27]. The
analysis was performed in a Shimadzu HPLC system (LC-2010A, Shi-
madzu Corporation, Japan) coupled with an Agilent TC-C18 column
(250 x 4.6 mm, 5 pm). Mobile phases A (0.5% trifluoroacetate water
solution) and mobile phases B (100% acetonitrile) were applied
following an elution gradient at a flow rate of 0.6 mL/min: 0-5 min,
85%-82% A; 5-11 min, 82%-79% A; 11-13 min, 79%-78% A; 13-15
min, 78%-77% A; 15-19 min, 77%-76% A; 19-22 min, 76%-75% A;
22-35 min, 75%-70% A; and 35-45 min, 85% A. The injection volume
was set to 10 pL, and the column temperature was maintained at 30 °C.
The detection wavelength was 520 nm. The standard of each anthocy-
anin was used to construct the calibration curve. The results are
expressed as mg each anthocyanin/g DM. A representative chromato-
graphic plot for blackberry anthocyanins is shown in Supplementary
Fig. 1a.

2.9.2. Non-anthocyaninic phenolics

The contents of other phenolic compounds except anthocyanins were
determined following the HPLC method of Li et al. [28]. The analysis
was performed in the same Shimadzu HPLC system equipped with an
Inertsil ODS-3 C18 column (250 x 4.6 mm, 5 pm). Mobile phase A was
milli-Q water with 1% acetic acid and mobile phase B was methanol
with 1% acetic acid. The flow rate was 0.6 mL/min. The chromato-
graphic conditions were: 0-10 min, 90%-74% A; 10-25 min, 74%-60%
A; 25-45 min, 60%-35% A; 45-55 min, 35%-5% A; 55-58 min, 5-90%
A; and 58-65 min, 90% A. The detection wavelengths for ferulic acid,
caffeic acid, p-coumaric acid, phloretic acid, p-hydroxybenzoic acid,
gallic acid, catechin were 280 nm, and the detection wavelengths for
myricetin, rutin and quercitrin were 350 nm. The column temperature
was 25 °C and the injection volume was 20 pL. The results are expressed
as mg of each phenolic compound/g DM. The representative chro-
matographic plots for blackberry non-anthocyaninic phenolics are
shown in Supplementary Fig. 1b and c.

2.10. Data analysis

One-way analysis of variance (ANOVA) was conducted in Statistix
9.0 (Analytical Software, Tallahassee, FL, USA) to compare the means of
quality data of blackberry under different treatments. The least Signif-
icant Difference (Fisher’s LSD) test was applied and the significance was
set at p < 0.05. Heatmap plot was generated in Morpheus (https://soft
ware.broadinstitute.org/morpheus/) by Hierarchical Clustering Cluster
analysis. Correlations between the studied data determined by Pearson’s
correlation method were conducted in SPSS 11.5 (SPSS Inc., USA).

The changes in the total anthocyanin content during drying were
fitted using a Weibull model as shown below [29]:

C, = Cyxe™? %)

where C; is the content of total anthocyanins (mg/g DM) during
drying at time (h), k is the degradation rate constant of total anthocy-
anins during drying, Cy is the initial anthocyanin content (mg/g DM),
and f (dimensionless) is the shape constant for Weibull model. The data
fitting process was implemented in Matlab, R2009a (The MathWorks,
Inc., USA).
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3. Results and discussion
3.1. Drying kinetics of blackberry

The initial water content in the blackberry pellet was 7.83 + 0.82 kg
water/kg DM. After all the three ethanol spraying pretreatments, no
significant changes (p > 0.05) in the water content were observed. The
drying kinetic curves of the blackberry are plotted in Fig. 2. As expected,
the water content of blackberry pellets decreased faster under contact
ultrasound-assisted air drying than under air drying alone due to the
cycles of compression and rarefaction created by ultrasound waves on
blackberry [19,30,31]. Meanwhile, in the group of air drying in the
absence of ultrasonic irradiation, the samples pretreated by ethanol
spraying got dried faster than the control samples. However, the dif-
ferences in the drying rates for samples pretreated by different ethanol
solutions were ignorable. Da Cunha et al. [32] and Rojas et al. [33]
reported similar results, where ethanol pretreatment accelerated the air
drying of melon and pumpkin. Spraying with ethanol may change the
permeability of fruit cell membrane and cause the cells to lose water,
thus speeding up the drying process [33]. On the other hand, in the
groups of ultrasound-intensified drying, the drying kinetic curves of the
samples with and without ethanol pretreatments almost overlapped,
indicating that sonication attenuated the promotive effect of ethanol
pretreatment on the subsequent water removal under air drying.
Considering a water content of 2 kg water/kg DM as the drying ending
point, it took approximately 480 min for AD, 330 min for E + AD, 390
min for FA + AD, 360 min for CA + AD, 65 min for AD-US, 55 min for E
+ AD-US, 55 min for CA + AD-US, and 52 min for FA + AD-US to achieve
this point.

Besides, the temperature changes under drying are plotted in Sup-
plementary Fig. 2. In the early stage of drying, the temperature inside
the blackberry increased faster in the presence of sonication. The highest
temperatures for all the treatments were close to each other.

3.2. Mass transfer modeling

In Fig. 2, the predicted curves about the decline of water content in
the blackberry match well with the experimental data. The statistical
indices including AAD% and R? also imply that the simulated results are
accurate (Fig. 3).

Following the diffusion modeling, the mass transfer parameters
including D, and k under different drying treatments are plotted in
Fig. 3. Both D, and k values under the applied drying conditions stayed
within the common ranges for convective drying of many fruits and
vegetables (10'10-1 07 m?/s for D,, 10°-103 kg water/m? s for k)
[20,34,35].

Among all the treatments, k and D, values under ultrasound-assisted
air drying were approximately one order of magnitude higher than air

10 O ap-us
E+AD-US
O Fa+AD-US

O cA+AD-US
A Ap

E+AD
A FA+AD

2 kg watet/
..................... —e oW

Water content (kg water/kg dry

0 50 100 150 200
Time (min)

Fig. 2. Drying kinetic curves of blackberry under different treatments. The
points are the experimentally determined data and the lines refer to the
modeled results.
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Fig. 3. External mass transfer coefficient (a), water effective diffusion coefficient (b) of blackberry during drying, and AAD% (c) and R? (d) values for the assessment
of the modeling quality.

drying without sonication, agreeing with the drying kinetic results. other hand, ethanol spraying pretreatments did not significantly affect
Many studies also report that ultrasound can reduce the internal and the water exchange on the blackberry surface, since the k values for the
external mass transfer resistances to promote drying [36-38]. On the samples with and without ethanol pretreatment were very close in both
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Fig. 4. Spatial distribution of water content within blackberry along with the radial direction at different drying stages.
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cases of drying with and without contact sonication.

In both groups of ultrasound-incorporated drying and air drying
alone, the D, values for drying coupled with ethanol spraying pre-
treatments were higher than without any pretreatments, demonstrating
that the spraying of pure ethanol solution or phenolic acid in ethanol
solvent facilitates the movement of water molecules inside blackberry
[32]. For instance, the D, value for E + AD (0.4 x 108 m?/ s) was 3.0-fold
greater than that for AD (0.1 x 108 mz/s), and the D, value for FA + AD-
US (7.5 x 10 m?/s) was 257% higher than AD-US (2.1 x 10 m?/s).

3.2.1. Moisture distribution within blackberry under different drying
treatments

The data matrix from numerical simulation was coded to visualize
the moisture distribution within the blackberry pellet at various drying
stages (Fig. 4). As can be seen, the water content gradually decreased
from the center of sphere to the outer surface. This is a common phe-
nomenon, since the outer surface surrounded by hot air always gets
dried first, and then the concentration gradient drives water to move
from the interior to the surface [39]. Meanwhile, the interior water
concentration gradient was attenuated with drying, implying that the
forces driving the water movement got weakened with the loss of water.
As a result, the drying rate usually decreases gradually and the falling
rate period is dominant throughout the drying process. At the same
drying stage, the interior water distributions of ethanol-pretreated
samples were similar to the counterparts without ethanol pretreat-
ment. However, the internal water contents in ultrasound-treated sam-
ples were obviously lower than in non-ultrasound processed samples.
This result further proves that ultrasound treatment can speed up the
drying process and significantly shorten drying time. Furthermore, the
water distribution in ultrasound-treated samples tended to be uniform
faster than that in samples dried by air drying alone.

3.3. Qualitative evaluation of the co-pigmentation between anthocyanins
and phenolic acids after pretreatments

The absorbance spectra of the blackberry soluble phenolic extract
after phenolic acid pretreatments in the visible range (400-700 nm) are

A =330 nm

max

0.7 7 ),,=534nm

pd

=535 nm

% max

N
~
—

Apan=331 nm

“max

Absorbance
= S S
— [\ ) w
T T T

(=]
[=]
—

400 450 500 550 600 650 700

Wavelength (nm)

—: Without any pretreatment
: Spraying with cthanol solution

——: Spraying with ethanol solution containing ferulic acid
: Spraying with ethanol solution containing caffeic acid

Fig. 5. Visible absorbance spectra of the soluble phenolic extract from black-
berry after pretreatments.
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plotted in Fig. 5. In all the spectra, a peak always exists in the range of
500-600 nm, representing the presence of anthocyanins [29]. The Apqx
for samples without pretreatment, pretreated by ethanol alone, pre-
treated by ferulic acid in ethanol, and pretreated by caffeic acid in
ethanol, are located in 530, 531, 534 and 535 nm, respectively. The
phenolic acid pretreatment shifted the maximum visible absorption of
anthocyanins to longer wavelengths, referred to as the bathochromic
effect [40]. Similarly, Zhao et al. reported that the maximum absorption
wavelength of cyanidin-3-O-glucoside in red wine was shifted from 513
nm to 517 nm in the presence of gallic acid, owing to the co-
pigmentation of anthocyanins with phenolic acid [41]. Thus, it can be
speculated that the co-pigmentation reaction might have taken place
between blackberry anthocyanins and exogenous phenolic acids after
the applied pretreatments.

On the other hand, the intensity of maximum absorption peaks
attenuated for samples receiving the pretreatments, reflecting a decline
in the anthocyanin content after the pretreatments. The influences of
spraying ethanol containing phenolic acids on blackberry anthocyanin
have been discussed in the following section.

3.4. Phenolic profile in soluble phenolic portion

3.4.1. Anthocyanins

Anthocyanins are mainly located in the vacuole, belonging to the
portion of soluble phenolics [42]. The variations in the contents of total
anthocyanins and individual anthocyanins in blackberry pellets under
drying are plotted in Fig. 6. Based on Fig. 6a and b, there is a slight loss
of anthocyanins (7.0-17.7%) after subjecting to the three ethanol
spraying pretreatments, owing to the dissolution of anthocyanins in
ethanol and the washing effect of ethanol [43,44]. Total anthocyanin
contents under all the dehydration treatments were decreased with air
drying, as anthocyanins are heat-sensitive [45,46]. Meanwhile, the
sprayings of ethanol solutions containing ferulic acid or caffeic acid,
simultaneous sonication with drying, and their combinations all allevi-
ated the loss of anthocyanins compared to direct drying without any
pretreatments and sonication. At the end of drying, the retentions of
anthocyanins in the samples dried by E + AD, E + AD-US, AD, CA + AD,
AD-US, CA + AD-US, FA + AD, FA + AD-US were 37.3%, 44.2%, 53.5%,
54.1%, 57.5%, 63.5%, 64.0%, and 72.0%, respectively. Generally, in the
ultrasound-treated samples, high retention of anthocyanins has been
noted as the samples are exposed to hot air for a short time only [2,46],
while the protective effects of both ferulic acid and caffeic acid on an-
thocyanins can be attributed to the co-pigmentation reaction between
exogenous phenolic acid molecules and anthocyanins, causing a
hyperchromic effect and subsequently enhance anthocyanin stability
[9,47,48]. Moreover, ferulic acid pretreatment is more effective than
caffeic acid pretreatment to preserve blackberry anthocyanins during
drying, since the total anthocyanin content in only air dried samples
with ferulic acid pretreatment (12.28 + 0.32 mg/g DM) was signifi-
cantly (p < 0.05) higher than only air dried samples with caffeic acid
pretreatment (10.39 + 0.15 mg/g DM). Besides, the combination of
phenolic acid spraying and contact sonication provided a stronger pro-
tective effect on anthocyanins than individual treatments, implying a
synergistic effect between phenolic acid co-pigmentation pretreatment
and contact sonication under drying to protect anthocyanins. In the
literature, the co-pigmentation treatments using phenolic acids as re-
agents have been widely proved as an effective method to protect an-
thocyanins in liquids, such as berry wines and juices [8,9]. Our current
results also demonstrate that the co-pigmentation pretreatment can
protect anthocyanin pigments during air drying of berry fruits.

The kinetic data about total anthocyanin degradation exhibited in
Fig. 6 were well fitted to Eq. (7)with satisfactory accuracy (Supple-
mentary Table 3). The parameter k reflects the degradation rate constant
of anthocyanins under each dehydration treatment [49]. It can be seen
that the k values under ultrasound-incorporated drying were always
higher than under air drying alone, indicating that the degradation of
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Fig. 6. Changes in the contents of total anthocyanins and individual anthocyanins during drying. (a): total anthocyanins under air drying alone; (b): total antho-
cyanins under ultrasound-assisted air drying; (c): cyanidin-3-O-glucoside under air drying alone; (d): cyanidin-3-O-glucoside under ultrasound-assisted air drying; (e):
peonidin-3-0-glucoside under air drying alone; (f): peonidin-3-O-glucoside under ultrasound-assisted air drying.

blackberry anthocyanins got intensified under ultrasound field. Simi-
larly, Tiwari et al. reported that the concentration of cyanidin-3-O-
glucoside in grape juice treated with ultrasound at an amplitude of 61
pm (11.83 mg/100 mL) was significantly lower than without ultrasonic
treatment (13.39 mg/100 mL) [50]. However, since the drying time was
markedly shortened by contact ultrasound, the anthocyanin retention
after ultrasound-assisted drying was still higher than at the end of air
drying alone. On the other hand, among all the ultrasound treatments, k
values for coupled phenolic acid co-pigmentation pretreatments and
contact sonication (0.323 for FA + AD-US, 0.406 for CA 4 AD-US) were
lower than drying without any pretreatments (0.535 for AD-US). Also,
under air drying in the absence of sonication, k values for AD were even

lower than FA + AD and CA + AD. Thus, ultrasound and the selected
phenolic acid co-pigmentation pretreatments demonstrate synergy to
protect blackberry anthocyanins again.

Apart from total anthocyanins, the changes in the two individual
anthocyanins in blackberry pellets under drying are plotted in Fig. 6¢-f.
According to the mass spectrometry results (Supplementary Table 1),
cyanidin-3-0O-glucoside and peonidin-3-O-glucoside are two major an-
thocyanins in the studied blackberry variety. Fresh blackberries were
rich in cyanidin-3-O-glucoside (11.44 + 2.07 mg/g DM), accounting for
about 60% of total anthocyanin content. Under exposure to hot air, the
patterns for the changes in the contents of both cyanidin-3-O-glucoside
and peonidin-3-O-glucoside in blackberry pellets are similar to the total
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anthocyanin content. Both phenolic acid co-pigmentation pretreatments
and contact sonication enhanced the retentions of cyanidin-3-O-gluco-
side and peonidin-3-O-glucoside after drying. Moreover, the loss of
peonidin-3-0-glucoside is comparable to cyanidin-3-O-glucoside under
each dehydration treatment. Taking contact ultrasound-intensified air
drying without pretreatment for example, the magnitudes for the losses
of peonidin-3-O-glucoside and cyanidin-3-O-glucoside at the end of
drying remains in the range between 35.1% and 37.6% (from 2.71 +
0.41 mg/g DM to 1.69 + 0.19 mg/g DM for peonidin-3-O-glucoside,
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from 11.44 + 2.07 mg/g DM to 7.42 + 0.63 mg/g DM for cyanidin-3-O-
glucoside).

3.4.2. Non-anthocyaninic phenolics

Besides anthocyanins, another 4 flavonoids (catechin, rutin, myr-
icetin and quercitrin) and 4 phenolic acids (p-hydroxybenzoic acid,
phloretic acid, p-coumaric acid and ferulic acid) have been identified in
the portion of soluble phenolic extract from blackberry following the
HPLC-QTOF-MS/MS results (Supplementary Table 1). In the fresh
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Fig. 7. Changes in the contents of soluble phenolics during drying. (a): catechin under air drying alone; (b): catechin under ultrasound-assisted air drying; (c):
phloretic acid during under air drying alone; (d): phloretic acid under ultrasound-assisted air drying; (e): ferulic acid under air drying alone; (f): ferulic acid under

ultrasound-assisted air drying.
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blackberry sample, the amounts of soluble catechin (22.24 + 3.63 mg/g
DM) and phloretic acid (6.29 + 1.12 mg/g DM) were significantly higher
than other soluble phenolic compounds. The amounts of other soluble
phenolics in fresh blackberry are in the range from 0.02 + 0.00 to 0.92
=+ 0.09 mg/g DM. This result is consistent with the studies of Schulz, who
reported that flavonoids are the main phenolics of blackberry [51].
The changes in the contents of soluble catechin, phloretic acid and
ferulic acid during drying are plotted in Fig. 7. Meanwhile, a heatmap
coupled with Hierarchical Clustering analysis is also generated to visu-
alize the variations arising from other soluble phenolics at different
drying periods (Fig. 8). The original data in Fig. 7 and Fig. 8 are sum-
marized in Supplementary Table 4. It must be explained that catechin
and phloretic acid were excluded from the heatmap, since their

Ultrasonics Sonochemistry 80 (2021) 105788

inclusions can visually attenuate the influences of drying treatments on
other soluble phenolics. Meanwhile, caffeic acid and ferulic acid con-
tents were also analyzed individually, since exogenous caffeic acid and
ferulic acid were added before drying. Similar to anthocyanins
mentioned above, the spraying pretreatment of ethanol solution con-
taining phenolic acid led to the losses of catechin and phloretic acid due
to the liquid washing effect (Fig. 7a-d). For example, the catechin con-
tents decreased from 22.24 + 3.63 mg/g DM to 17.21 + 3.03, 19.90 +
0.75, and 18.04 + 0.18 mg/g DM after the spraying pretreatments of
ethanol alone, ethanol containing ferulic acid, and ethanol containing
caffeic acid, respectively. Also, the spraying of exogenous caffeic acid or
ferulic acid markedly increased their contents in blackberry pellets. The
amounts of ferulic acid and caffeic acid were enhanced from 0.09 + 0.02
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to 1.06 + 0.06 mg/g DM and from 0 to 1.95 + 0.33 mg/g DM, respec-
tively. Generally, the catechin content exhibited a continuous declining
trend during the whole air-drying process with and without sonication.
The loss of catechin could be attributed to the enzymatic degradation
with the participation of peroxidase and polyphenol oxidase, non-
enzymatic degradation, as well as both [16,52]. At the end of drying,
the catechin contents in the samples dried by E + AD, CA + AD, AD, FA
+ AD, CA + AD-US, E + AD-US, AD-US and FA + AD-US were 7.69 +
1.48, 8.37 + 0.29, 8.70 + 2.14, 10.10 + 1.73, 10.22 + 2.18, 10.23 +
1.84,13.55 £ 1.03 and 13.63 + 1.38 mg/g DM, respectively. Thus, it can
be concluded that contact sonication alleviated the loss of catechin due
to the shortened exposure to hot air [2,53,54]. In contrast, phenolic acid
co-pigmentation pretreatment did not provide any protective effect on
catechin.

Regarding phloretic acid, their contents in non-ultrasound treated
samples declined gradually throughout the drying process (Fig. 7c and
d). At the same time, the contents of phloretic acid in blackberries which
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received both the applied pretreatments and sonication were stable in
the first 0.5 h of drying, followed by a decreasing trend. No significant
positive effects of ultrasound and phenolic acid co-pigmentation pre-
treatment on soluble phloretic acid were found, since the differences in
phloretic acid content among all the samples after drying were negli-
gible. Furthermore, the losses of soluble ferulic acid were observed in all
the dehydration treatments (Fig. 7e and f). However, the soluble ferulic
acid content in the samples pretreated with exogenous ferulic acid
spraying increased significantly from 1.06 + 0.06 to 1.45 + 0.31 mg/g
DM within the first 0.5 h of contact ultrasound-intensified drying.
Several researchers have also reported increasing soluble phenolic
components in fruits and vegetables under air drying [15,55]. Contact
ultrasound-intensified drying may benefit the release of bound phenolics
from the cell matrix [2,15]. The increase in phenolic acid content may
also be due to synthesis reactions and the transformation (degradation)
of anthocyanins to phenolic acids during the drying process [56].
Regarding other minor soluble phenolic components, losses of rutin,
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myricetin, quercitrin, and p-hydroxybenzoic acid were noted at the end
of all the dehydration treatments. In contrast, the changes of p-coumaric
acid contents were insignificant (Fig. 8a). Myricetin and rutin exhibited
an increase at first and subsequently a decline during ultrasound-
enhanced air drying periods. The plot from cluster analysis also veri-
fied the losses of soluble phenolics during drying, since the distance
between fresh and dried samples generally increased with drying time
(Fig. 8b). According to the distance between samples before and after
drying, it can be found that the amounts of indicated soluble phenolics in
the AD-US processed samples were higher compared to other samples at
the end of drying (Fig. 8b).

Considering the amounts of all the detected soluble phenolics
(excluding anthocyanins and ferulic acid), the sum of phenolic contents
in FA + AD-US, AD-US, E + AD-US, FA + AD, CA + AD-US, AD, E + AD
and CA + AD treated samples were 19.78, 18.00, 14.79, 14.36, 13.91,
12.74, 11.56 and 11.12 mg/g DM. These results further confirm that
contact ultrasound could enhance the retention of the indicated soluble
phenolic components in the blackberry pellets during air drying. Also,
the spraying of the phenolic acid solution provided a moderate positive
effect on non-anthocyanin soluble phenolics.

3.5. Phenolic profile in bound phenolic portion

Theoretically, the interactions between phenolics and blackberry cell
walls can affect the stability of phenolics during drying [57]. Thus, the
bound phenolics in blackberry at different drying stages were removed
from the cell walls and analyzed quantitatively. Based on Supplemen-
tary Table 2, 8 bound phenolic compounds were identified by HPLC-
QTOF-MS/MS, including six phenolic acids (caffeic acid, phloretic
acid, gallic acid, p-hydroxybenzoic acid, p-coumaric acid and ferulic
acid) and two flavonoids (catechin and myricetin). The original data in
Fig. 9 are prepared in Supplementary Table 5. Among them, the content
of phloretic acid was the highest (0.10 £+ 0.01 mg/g DM), followed by
catechin (0.06 + 0.01 mg/g DM), myricetin (0.06 + 0.02 mg/g DM),
gallic acid (0.06 + 0.01 mg/g DM) and caffeic acid (0.02 + 0.01 mg/g
DM). Overall, blackberry possessed higher amounts of soluble phenolics
than insoluble phenolics.

The evolution of bound phenolics during drying is plotted in Fig. 9a.
No obvious declines in the amounts of bound phenolics after phenolic
acid co-pigmentation pretreatment could be observed. During all the
dehydration treatments, the changes in the contents of bound p-
hydroxybenzoic acid, p-coumaric acid are negligible. At the end of
drying, the amounts of phloretic acid in the samples dried by E + AD, FA
+ AD and CA + AD, gallic acid in the samples dried by CA + AD and E +
AD and myricetin in the samples dried by E + AD and CA + AD-US were
significantly lower than the counterparts in the samples before drying.
For example, CA + AD-US treatment resulted in decreased myricetin
from 0.05 + 0.01 to 0.02 + 0.01 mg/g DM and E + AD treatment
decreased phloretic acid from 0.09 £ 0.00 to 0.06 &+ 0.01 mg/g DM. The
loss of these bound phenolics could be attributed to their trans-
formations to soluble phenolics by the disruption of covalent bond be-
tween bound phenolics and cell walls during drying [58]. Besides, the
contents of caffeic acid in CA + AD-US processed sample, gallic acid in
CA + AD-US processed sample, and catechin in AD-US, FA + AD, CA +
AD-US and CA + AD processed samples were even increased at the
beginning of drying. After drying, the content of ferulic acid in FA + AD
processed samples was 200% higher than before drying. An increment of
the bound phenolics in blackberry pellets might be due to the experi-
mental error, soluble phenolics being converted to bound phenolics by
condensation reactions [58] and other unknown reasons. Due to the lack
of literature, more studies are needed to explore the changes of the
bound phenolics during the dehydration of various fruits.

At the end of drying, the sums of all the bound phenolics in the
samples dried by FA + AD (0.439 mg/g DM), E + AD-US (0.387 mg/g
DM) and FA + AD-US (0.373 mg/g DM) were higher than the total
amount of bound phenolics in fresh blackberry (0.342 mg/g DM).
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Instead, the samples dried by AD (0.335 mg/g DM), CA + AD-US (0.330
mg/g DM), AD-US (0.292 mg/g DM), E + AD (0.288 mg/g DM) and CA
+ AD (0.278 mg/g DM) possessed less amounts of total bound phenolics
than fresh blackberry. In Fig. 9b, the dried samples treated by AD, AD-
US, E + AD and CA-AD were clustered, implying that the composition of
bound phenolics in these samples is similar and can be differentiated
from other samples after drying. The sample dried by FA + AD is located
underneath all the dried blackberry pellets, confirming that this sample
contains a higher amount of bound phenolics than other samples.
However, no obvious effect of phenolic acid co-pigmentation pretreat-
ment and contact sonication on the bound phenolic profile can be
observed.

3.6. Correlation analysis between drying parameters and blackberry
phenolic composition

The above-exhibited results indicate that the stability of phenolics in
blackberry varies with the applied drying methods. The dehydration
treatments, especially contact sonication, also affected the water content
and temperature inside blackberry profoundly. Since the retention of
phenolics in blackberry is dependent on the environment (water content
and temperature) and drying time, a correlation analysis was performed
in Fig. 10 to explore the relationship between the processing variables
(water, temperature and time) and phenolic variables (contents of total
anthocyanins, total soluble phenolics excluding anthocyanins, and total
bound phenolics). It can be found under drying both with and without
contact sonication, the time and temperature are negatively correlated
with the amounts of soluble phenolics with significance (p < 0.01), and
the water content is positively correlated with soluble phenolics. These
results confirmed that the soluble phenolics in blackberry could degrade
with the increased drying time and temperature, and the environment
with high water activity can also facilitate the degradation reactions.
The absolute correlation coefficient values for soluble phenolics-
temperature (0.789) and soluble phenolics-time (0.839) under drying
with sonication were higher than the values for soluble phenolics-
temperature (0.578) and soluble phenolics-time under air drying alone
(0.789). Instead, the correlation coefficients between water content and
soluble phenolics under sonication (0.787 for anthocyanins-water,
0.763 for soluble phenolics-water) were lower than the counterparts
in the absence of sonication (0.825 for anthocyanins-water, 0.859 for
soluble phenolics-water). Based on these data and high retention of
soluble phenolics under sonication, it can be deduced that contact
sonication mainly inhibits the loss of soluble phenolics in blackberry
through speeding up the loss of water instead of shortening the time
exposed to hot air. Besides, the fast loss of water under sonication can
weaken the destructive effect of temperature increase on the stability of
phenolics.

On the other hand, the correlation relationships between bound
phenolics and the processing variables were all insignificant, indicating
that drying with and without sonication exhibited an insignificant in-
fluence on the stability of bound phenolics.

4. Conclusion

This study demonstrates that the combination of phenolic acid co-
pigmentation pretreatment and ultrasonication during drying effec-
tively shortens the drying time of blackberry and enhances the retention
of anthocyanins in dehydrated blackberry. From the mass transfer
perspective, ultrasound can exert positive influences on D, and k during
drying, while ethanol pretreatment containing phenolic acids merely led
to the increment of D,. Co-pigmentation reactions between blackberry
anthocyanins and exogenous phenolic acids occurred after the applied
pretreatment, thus providing an extra protective effect on blackberry
anthocyanins under exposure to hot air. The obtained results verify that
the phenolic acid co-pigmentation pretreatment can be utilized to pre-
serve anthocyanins during the processing of solid foods. On the other
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hand, this study is also concerned with the evolutions of soluble and
bound phenolics during novel drying of blackberry. Sonication allevi-
ated the loss of soluble phenolics under air drying, whereas phenolic
acid co-pigmentation pretreatment had no significant effect on non-
anthocyaninic soluble phenolics during drying. All the dehydration
treatments exerted weak influence on the bound phenolics during dry-
ing. The contents of some soluble and bound phenolics changed irreg-
ularly throughout the whole drying process or in a certain drying period.
The cell wall is an important matrix to separate soluble and bound
phenolics. The plant cell walls can combine phenolics through covalent
and non-covalent bonds, affecting phenolic stability. Thus, the in-
teractions between phenolics and plant cell walls at different drying
stages is an interesting topic and will be the focus of our next study.
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