
Sustainable
Food Technology

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/2

0/
20

26
 1

2:
36

:4
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Mitigation of apr
aState Key Laboratory of Food Science and

Wuxi, Jiangsu, China. E-mail: min@jiangn

Tel: +86-510-85877225
bJiangsu Province International Joint Labora

Quality Monitoring, Jiangnan University, 21
cChina General Chamber of Commerce Key

Preservation, Jiangnan University, 214122 W
dSchool of Biotechnology, Jiangnan Universi
eHaitong Food Group Company, Cixi, Zhejia

Cite this: Sustainable Food Technol.,
2026, 4, 3188

Received 31st October 2025
Accepted 10th March 2026

DOI: 10.1039/d5fb00839e

rsc.li/susfoodtech

3188 | Sustainable Food Technol., 20
icot quality loss and waste during
high-temperature processing via sonication and
electric field pretreatments

Nida Kanwal,ab Min Zhang, *ac Erum Buxd and Wang Xiaojinge

This study systematically evaluated the sequential application of 2% CaCl2 soaking, sonication (150–300 W,

2–5 min), and pulsed electric field (PEF; 1.5–3.0 kV cm−1, 30–90 min) pretreatments on firmness retention,

weight loss, and bioactive compounds in apricot pieces prior to blanching at 85 °C for 3 min, employing

a response surface methodology (RSM) design encompassing 27 treatments (T1–T27) alongside controls

(C1: blanching only; C2: CaCl2 + sonication; C3: CaCl2 + PEF). Conventional blanching (C1) reduced

firmness to 0.23 N (baseline) and incurred 20% weight loss, while the optimized treatment T10 (200 W/

3 min sonication + 1.5 kV cm−1 30 min PEF) enhanced post-blanching firmness to 0.3335 N, achieving

45% retention (p < 0.05 vs. C1; superior to C2: 20%, C3: 27%), and curtailed weight loss to 9% (55%

reduction). Firmness peaked at moderate sonication/PEF intensities but declined under extreme

conditions due to over-permeabilization, with RSM plots revealing significant quadratic interactions (r =

0.92; firmness-weight loss). Bioactive retention in T10 surpassed C1, yielding a total polyphenol content

(TPC) of 14.9 ± 0.8 mg GAE per g DW (19% higher), a total flavonoid content (TFC) of 6.6 ± 0.4 mg CE

per g DW (25% higher), DPPH scavenging of 54 ± 4.0% (20% higher), and a total anthocyanin content

(TAC) of 3.4 ± 0.2 mg C3G per g DW (36% higher; ANOVA, Tukey's HSD, p < 0.05), outperforming single

pretreatments and correlating strongly with firmness (r = 0.88; TPC-firmness). Fourier-transform infrared

spectroscopy (FTIR) confirmed intensified pectin cross-linking (1730 and 1620 cm−1) and preserved

glycosidic bonds in T10. The enhanced textural stability in T10 was further attributed to PME mediated

demethylation of pectin, facilitating Ca2+–pectin cross-linking and strengthening the middle lamella

structure, while X-ray diffraction (XRD) indicated elevated relative crystallinity (28.2% vs. 19.1% in C1),

underpinning synergistic Ca2+-mediated pectin stabilization, cavitation enhanced impregnation, and

electroporation driven uniformity against thermal degradation. These findings demonstrate combined

pretreatments as a viable strategy to mitigate blanching-induced quality loss in apricot pieces, enhancing

process yield, texture, and nutritional value for sustainable stone fruit processing.
Sustainability spotlight

This research addresses the critical challenge of post-harvest food loss by introducing innovative, non-thermal pretreatments—sonication and pulsed electric
eld—to signicantly reduce quality degradation and waste in apricots during high-temperature processing. By enhancing processing efficiency and extending
shelf-life, this approach directly conserves resources, reduces energy consumption, and minimizes waste, contributing to a more resilient and sustainable food
system.
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1. Introduction

High temperature processing such as blanching is indispens-
able in apricot preservation chains but simultaneously drives
substantial quality loss and economic 1waste. Blanching inac-
tivates enzymes and reduces microbial load, yet the associated
thermal load accelerates soening, tissue disintegration, drip
loss, and degradation of color and bioactive compounds, ulti-
mately diminishing product yield and nutritional and sensory
value.1 In the apricot industry, this over soening translates
directly into esh loss during subsequent handling and cutting,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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with weight losses on the order of 20% representing a major
bottleneck for process efficiency and sustainability.2 At the same
time, consumers increasingly demand minimally processed
apricot products with fresh like texture and high retention of
polyphenols, avonoids, and anthocyanins, as well as antioxi-
dant activity, creating a pressing need for technologies that
decouple enzyme inactivation from severe structural and
nutritional damage.3,4

Apricot (Prunus armeniaca L.) is particularly sensitive to thermal
treatments due to its delicate parenchyma tissue and high content
of thermolabile bioactive compounds such as carotenoids,
phenolics, and vitamin C.5 Conventional hot water or hot air
blanching can cause rapid cell wall breakdown, pectin depoly-
merization, and loss of middle lamella integrity,6 resulting in
a marked decrease in rmness and pronounced shrinkage and
drip loss. In apricot pieces and other stone fruits, increasing
processing temperature and time has been associated with color
deterioration, shrinkage, and progressive degradation of phenolic
compounds and ascorbic acid, even when enzymatic inactivation
is achieved.7 These structural and compositional changes not only
compromise texture and appearance but also reduce functional
value, limiting the potential of apricot based products in health
oriented markets.8 Despite numerous process innovations, high
temperature blanching remains one of the least optimized steps
regarding the simultaneous control of rmness, esh yield, and
nutrient retention. To mitigate heat induced quality damage,
recent research has explored a range of physical pretreatments
such as sonication, pulsed electric elds (PEFs),9 and advanced
blanching methods as tools to tailor tissue microstructure prior to
high temperature exposure. Sonication can generate cavitation,
micro-streaming, and mechanical stresses that modify cell walls
and membranes, promote mass transfer, and, when properly
controlled, enhance drying and improve rehydration while
preserving color and bioactive compounds in various fruits.10 For
example, sonication-assisted osmotic dehydration has been
shown to enhance antioxidant retention, maintain brighter color,
and reduce shrinkage in litchi, plums, and other fruits, reecting
a more open and yet structurally resilient microstructure.
However, excessive sonication intensity or exposure can lead to cell
rupture and undesirable soening, andmost studies have focused
on drying rather than on optimizing rmness retention across
a subsequent blanching step.11

PEF has emerged as another promising non-thermal or mild-
thermal technology that uses short, high voltage pulses to
induce electroporation of plant cell membranes.11 In fruits such as
tomatoes, kiwifruit,12 andmango, PEF pretreatment has improved
peeling efficiency and reduced peeling losses whilemaintaining or
even enhancing textural and nutritional quality relative to
conventional blanching or chemical peeling.13 PEF has also been
widely reported to increase the apparent extractability and
measured content of phenolic compounds and anthocyanins,
largely by facilitating diffusion from disrupted cell compartments
into surrounding matrices. Nonetheless, most PEF studies have
targeted processing endpoints such as peeling,13 juice or poly-
phenol extraction, or drying kinetics, rather than the controlled
preservation of fruit esh integrity and rmness during high-
temperature blanching of fresh like pieces.12
© 2026 The Author(s). Published by the Royal Society of Chemistry
In parallel, calcium salt pretreatments especially CaCl2 solu-
tions have long been exploited to strengthen plant tissue by
promoting pectin cross-linking within the cell wall matrix.14

Calcium ions can interact with free carboxyl groups of homo-
galacturonan chains to form “egg-box” structures, thereby
increasing pectin rigidity, reducing solubilization during heating,
and improving rmness retention in blanched fruits and vegeta-
bles. Endogenous pectin methylesterase (PME) contributes to this
reinforcement by catalyzing the demethylesterication of homo-
galacturonan domains,15 increasing the density of Ca2+-accessible
carboxyl groups and thereby promoting more extensive pectate
network cross-linking during thermal processing. Yet, calcium
treatments alone oen fail to fully counteract the disruptive effects
of prolonged heating and associated acid or enzyme catalyzed
pectin depolymerization, particularly in so fruits such as
apricot.16 Moreover, the interaction between Ca-mediated tissue
stabilization and emerging physical pretreatments such as soni-
cation and PEF has not been systematically characterized for stone
fruits undergoing industrially relevant blanching conditions.
Taken together, the literature highlights three critical gaps that
constrain the development of robust, high quality apricot pro-
cessing chains. First, while numerous studies have evaluated the
impact of drying methods, storage conditions, or single pretreat-
ments on apricot quality, there is a lack of integrative work that
explicitly targets blanching-induced over soening and associated
esh loss in fresh like apricot pieces. Second, most investigations
examine sonication, PEF, or CaCl2 pretreatments in isolation,
making it difficult to understand potential synergistic or antago-
nistic effects when these technologies are combined and sequen-
tially applied prior to high-temperature processing. Third, despite
frequent reporting of color and global antioxidant metrics, limited
attention has been paid to quantitative relationships between
pretreatment conditions, rmness retention and esh yield, and
specic nutritional markers such as total polyphenols, avonoids,
and anthocyanins aer blanching. As a result, processing deci-
sions are oen guided by qualitative observations rather than by
optimized,mechanistically informed treatment combinations that
jointly minimize waste and preserve nutritional and textural
quality.

Although the above technologies have each shown promise
in other fruits, their combined and mechanistically guided
application to apricot remains largely unexplored. Unlike many
fruits, apricot tissue exhibits high pectin solubility and rapid
thermo-soening even under mild heat, making it an excellent
model to study the interplay between calcium mediated rein-
forcement and physical membrane disruption under combined
pretreatments.15,17 Exploring the synergistic effects of sonica-
tion, PEF, and CaCl2 in this context not only addresses an
industrially relevant challenge, esh loss during blanching, but
also advances a mechanistic understanding that has not been
established in previous fruit systems. The present study
addresses these gaps by systematically investigating the miti-
gation of apricot quality loss and waste during high tempera-
ture blanching through the combined application of CaCl2
soaking, sonication, and pulsed electric eld pretreatments.
Firm ripe apricots were selected and standardized by size,
soluble solids, and maturity stage to minimize biological
Sustainable Food Technol., 2026, 4, 3188–3202 | 3189
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variability and enable robust comparisons among treatments.
The process sequence, CaCl2 soaking, sonication in CaCl2
solution, PEF application to apricot pieces, followed by
blanching at 85 °C for 3 min, was designed to emulate indus-
trial blanching while allowing mechanistic interrogation of how
each pretreatment step modulates tissue integrity and
compound retention. By varying sonication power (150–300 W),
sonication time (2–5 min), PEF intensity (1.5–3.0 kV cm−1), and
PEF duration (30–90 min) within a structured response surface
methodology design, this work explores a broad processing
space and identies optimal combinations for concurrent
physical and nutritional quality preservation.

This study innovates by explicitly quantifying rmness reten-
tion, esh loss reduction, and detailed nutritional proling rela-
tive to conventional blanching controls. The structured
experimental design systematically evaluates pretreatment inter-
actions across a broad processing space to identify optimal
combinations that simultaneously enhance structural integrity
and preserve bioactive compounds. Overall, this work contributes
to the high impact literature on fruit processing by (i) focusing on
a thermally sensitive stone fruit and a technologically relevant
high-temperature blanching step; (ii) systematically combining
CaCl2 soaking, sonication, and PEF into an integrated pretreat-
ment strategy; (iii) quantifying their effects on rmness retention,
esh loss, and key nutritional and antioxidant markers following
blanching; and (iv) identifying optimal pretreatment combina-
tions that minimize waste while enhancing nutritional quality
relative to conventional blanching. By clarifying the interplay
between treatment intensity, exposure time, tissue integrity, and
bioactive retention, the study offers actionable guidance for
designing low-waste,18 high-quality apricot processing operations
and provides a transferable framework for applying combined
non-thermal pretreatments to other heat sensitive fruits in
modern food supply chains.
2. Materials and methods
2.1 Sample preparation

Apricot (Prunus armeniaca L.) fruits,19 Youyi cultivar, were
procured from a local market in Wuxi, Jiangsu Province, China,
affiliated with Jiangnan University. Mature fruits of uniform
size (approximately 40–50 mm equatorial diameter) and
consistent ripeness (rm ripe stage, total soluble solids 12–15°
Brix) were selected to minimize variability in physicochemical
Table 1 RSM design matrix for combined CaCl2–sonication–PEF pretre

Samples CaCl2 2% Sonication (W min−1)

T1-T9 Yes 150/2

T10-T18 Yes 200/3
T19-T27 Yes 300/5
C1 (control) No None
C2 Yes 200/3
C3 Yes None

3190 | Sustainable Food Technol., 2026, 4, 3188–3202
properties across replicates. Post-procurement, fruits were
immediately transported to the laboratory in insulated
containers at 4± 1 °C and stored at 2–4 °C with 85–90% relative
humidity for up to 24 h prior to processing, ensuring minimal
physiological changes and microbial growth while maintaining
rmness and quality. Fruits were thoroughly rinsed under
running potable water to remove surface contaminants, fol-
lowed by surface sterilization with 0.1% (w/v) sodium hypo-
chlorite for 1 min and two subsequent rinses with sterile
distilled water. Pits were aseptically removed using a stainless
steel knife. Fruit esh was excised into pieces of 2 × 2 × 2 cm3

(about 8 g per piece) with a Laboratory Manual Bench Cutting
Knife (TOB New Energy, China) to ensure uniform geometry and
reproducible surface area-to-volume ratio for treatment expo-
sure. Prepared samples were randomly allocated into treatment
groups (n = 12–15 per group), each corresponding to a pre-
dened combination of sonication power (W), PEF strength
(kV cm−1), and exposure duration (min), with untreated
controls included for baseline comparison.
2.2 Methodology: RSM design matrix

Apricot pieces were rst soaked in 2% CaCl2 solution (at room
temperature) and then subjected to sonication in the same
solution at specied power (150, 200, or 300W) and duration (2,
3, or 5 min). Post-sonication, pieces were removed from the
solution, cooled down, and subjected to PEF treatment (pieces
only) at intensities of 1.5, 2.5, or 3.0 kV cm−1 for 30, 60, or
90 min. Finally, samples underwent blanching at 85 °C for
3 min. The control (C1) received only blanching without
pretreatments; C2 and C3 tested individual sonication or PEF
effects, respectively. Table 1 details the RSM20 design encom-
passing 27 combinatorial treatments (T1–T27) across sonica-
tion (150–300 W, 2–5 min) and PEF (1.5–3.0 kV cm−1, 30–90
min) parameters following 2% CaCl2 soaking (25 ± 2 °C for 10
minutes), plus controls C1–C3.
2.3 Sonication pretreatment

Sonication was performed using a lab-scale ultrasonic water
bath (SK3300H, KUDOS Analytical Instrument Co., Ltd, Jiangsu,
China; 20 kHz frequency; nominal powers of 150 W, 200 W, or
300 W) equipped with automatic temperature control and an
inbuilt digital thermometer. Apricot piece samples (about 100 g,
12–15 pieces per treatment) were processed via indirect contact
atments prior to apricot blanching (27 treatments + 3 controls)

PEF (kV cm−1 min−1) Blanching

1.5/30, 2.5/30, and 3.0/30 85 °C/3 min
1.5/60, 2.5/60, and 3.0/60
1.5/90, 2.5/90, and 3.0/90
(Same 9 combinations as above) 85 °C/3 min
(Same 9 combinations as above) 85 °C/3 min
None 85 °C/3 min
None 85 °C/3 min
1.5/30 85 °C/3 min

© 2026 The Author(s). Published by the Royal Society of Chemistry
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immersion in a covered water bath container. Treatments T1–
T9 received 150 W for 2 min each, T10–T18 received 200 W for
3min each, and T19–T27 received 300W for 5min each, with all
27 treatments processed separately. The system maintained 25
± 2 °C throughout via integrated thermostat regulation. Post-
sonication, samples were immediately cooled to 4 °C prior to
subsequent PEF treatments.

2.4 Pulsed electric eld (PEF) pretreatment

PEF pretreatment was carried out using a lab-scale PEF system
comprising a high voltage pulse generator, capacitor bank,
switching unit, and a customized treatment chamber designed
for solid fruit pieces. Apricot pieces assigned to PEF treatments
were positioned within the chamber in a non-immersed
conguration, ensuring that samples were not in direct
contact with the electrodes and were not suspended in a liquid
medium, while maintaining a xed parallel plate electrode gap
of 5 cm to achieve the desired electric eld strengths. The
applied electric eld intensity was set at 1.5, 2.5, or 3.0 kV cm−1,
delivered as monopolar pulses with a pulse width of 50 ms and
a pulse repetition frequency of 10 Hz, and the total treatment
times were 30, 60, or 90 min depending on the experimental
combination, corresponding to a specic energy input of
approximately 2.7 kJ kg−1. These operating conditions fall
within the range reported for moderate-intensity PEF treat-
ments aimed at inducing reversible or limited irreversible
electroporation in plant tissues while avoiding extensive struc-
tural destruction. The selection of eld strength, pulse width,
frequency, and treatment duration was guided by previous PEF
studies on fruits and vegetables focused on texture preservation
and mass transfer enhancement, complemented by preliminary
trials on apricot that identied processing windows capable of
enhancing rmness retention and reducing soening without
causing visible burning, excessive tissue breakdown, or unde-
sired heating. During treatment, voltage and current waveforms
were periodically monitored using an oscilloscope and a current
probe to verify pulse stability and to calculate specic energy
input, and the chamber temperature was kept below the
threshold for noticeable thermal effects by intermittent opera-
tion and external cooling as needed. Extended 30–90 min
exposures used cumulative low energy pulses (2.7 kJ kg−1 total)
for solid piece diffusion (vs. ms for liquids), with monitored
waveforms conrming no electrolysis (no Cl2 evolution),
temperature rise less than 50 °C via cooling and energy 10×
lower than high intensity PEF. Immediately aer completion of
PEF exposure under each condition, apricot samples were
removed from the chamber and subjected to high temperature
blanching.

2.5 Blanching

Blanching was performed using a controlled-temperature water
bath system (KUDOS Analytical Instrument Co., Ltd, Jiangsu,
China) equipped with an integrated thermostat, digital ther-
mometer, and insulated cover to maintain precise heating and
minimize evaporative losses. Pretreated apricot pieces
(approximately 100 g per batch, 12–15 pieces) were gently
© 2026 The Author(s). Published by the Royal Society of Chemistry
immersed in 300 mL of deionized water (electrical conductivity
<1 mS cm−1) within heat-resistant borosilicate glass beakers
(ratio of sample mass to water volume: 1 : 3), ensuring complete
submersion without overcrowding to facilitate uniform heat
penetration. The beakers were then placed in the preheated
water bath, and the system temperature was rapidly stabilized at
85 ± 1 °C under continuous stirring and monitoring, with
blanching conducted for exactly 3 min from the moment the
sample core temperature reached 85 °C (veried by inserting
a ne tip thermocouple into representative pieces). This time–
temperature combination was selected based on preliminary
optimization trials and literature precedents for achieving
peroxidase inactivation in stone fruits while limiting excessive
soening and nutrient leaching. Upon completion, beakers
were immediately transferred to an ice water bath (0–2 °C) for
rapid cooling to below 10 °C within 1 min, followed by gentle
draining on sterile mesh screens to remove surface moisture
without mechanical agitation. Treated samples were then
patted dry with lint-free paper, weighed for yield calculations,
and allocated for subsequent physicochemical analyses, with all
operations replicated (n = 12–15 per treatment group) under
aseptic conditions to prevent microbial contamination.

2.6 Firmness measurement

Firmness of blanched apricot pieces was determined using
a TA.XTC texture analyzer (BosinTech, China) equipped with
a 50 N load cell, following the standardized compression
protocol described by Gull et al., 2021. Individual pieces were
centrally positioned on a heavy duty test platform with the
attest face downward, and a cylindrical TA/2 probe (5 mm
diameter) was applied perpendicularly to compress the sample
to 30% strain. Instrument parameters were set as follows:
a trigger force of 3.0 g, a pre-test speed of 2.0 mm s−1, a test
speed of 1.0 mm s−1, a post-test speed of 2.0 mm s−1, and a 10 s
data acquisition interval to capture peak force stability.
Maximum compression force (N) was recorded as the rmness
index,21 with measurements performed in triplicate per sample
(n= 12–15 per treatment group) at ambient temperature (20± 2
°C) and a relative humidity of 50–60%, ensuring minimal
dehydration between replicates. Firmness retention (%) was
calculated relative to the untreated blanched control (C1).

2.7 Weight loss measurement

Weight loss due to blanching-induced moisture evaporation
and tissue soening was quantied gravimetrically for each
apricot sample using an analytical balance (precision ± 0.001 g;
Mettler Toledo, China) with reference to the protocol outlined
by Abidi et al. (2023).22 Uniform batches of pre-treated apricot
pieces were weighed immediately prior to immersion in the
blanching setup, subjected to the full pretreatment sequence
(CaCl2 soaking, sonication, and PEF) followed by hot water
blanching at 85 °C for 3 min, and then rapidly cooled in an ice
bath (0–2 °C) for 1 min, surface-drained on sterile mesh sieves
for 30 s, and gently patted dry with lint-free absorbent paper to
remove excess moisture without compressing the tissue. Final
mass (MfM_fMf) was recorded within 2 min post-cooling to
Sustainable Food Technol., 2026, 4, 3188–3202 | 3191
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minimize post-blanching evaporation artifacts. Absolute weight
loss (WL, g) was calculated asWL=M0−MfWL=M_0−M_fWL=

M0−Mf, and percentage weight loss (WL%) was determined
using eqn (1):

WL = ((M0 − Mf)/M0) × 100 (1)

where M0M_0M0 is the initial mass before blanching and
MfM_fMf is the nal mass aer blanching and cooling.
Measurements were conducted in triplicate per treatment
group, with samples handled under controlled humidity
conditions (50–60% RH) at 20 ± 2 °C to ensure reproducibility,
enabling direct assessment of pretreatment efficacy in miti-
gating blanching-associated food waste (FW).
2.8 Extraction of polyphenolic compounds

A 1 g sample of apricot tissue was placed into a 100 mL amber
glass bottle. To this, 50 mL of an 80% methanol solution,
containing 0.1% hydrochloric acid, was added. The mixture was
stirred for 1 hour using a magnetic stirrer to ensure thorough
mixing. Aerward, the mixture was centrifuged at 4400 rpm for
10 minutes. This extraction process was repeated three times,
and the resulting supernatants were combined. The pooled
extract was concentrated to a nal volume of 1 mL, transferred
to a graduated amber bottle, and diluted with 80% methanol to
a total volume of 15 mL to prepare the test solution.
2.9 Determination of total polyphenol content (TPC)

TPC was quantied using the Folin-Ciocalteu colorimetric
method as outlined in previous studies by Raposo et al., 2024
with slight modications.23,24 For this assay, 25 mL of the sample
(both test and gallic acid standard solutions) were pipetted into
a 96-well microplate. Next, 125 mL of 0.2 N Folin–Ciocalteu
reagent was added to each well, followed by shaking and
allowing the reaction to proceed at room temperature for 6
minutes. Subsequently, 100 mL of 0.075 g mL−1 sodium
carbonate solution was added, mixed thoroughly, and incu-
bated in the dark for 60 minutes. The absorbance was measured
at 765 nm. Gallic acid standard solutions of 0.01, 0.03, 0.06,
0.12, 0.2, 0.4, and 0.5 mg mL−1 were used to create a calibration
curve. In cases where the test sample concentration exceeded
the standard range, the sample was appropriately diluted before
measurement. The TPC was expressed as milligrams of gallic
acid equivalents (GAE) per gram of dry weight (DW). All assays
were conducted in triplicate for each treatment to ensure
consistency and accuracy of the results.

TPCðmg GAE per g DWÞ ¼
�

Asample � Ablank

Astandard

�
� Cstandard

� Vtotal

Vsample

� 1

msample

where Asample = absorbance of the sample, Ablank = absorbance
of the blank, Astandard = absorbance of the standard, Cstandard =

concentration of the standard, Vtotal = total volume of the
extract, Vsample = volume of the sample used, and msample =

mass of the sample.
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2.10 Determination of total avonoid content (TFC)

The TFC content was measured using the sodium nitrite–
aluminum chloride method, as described by Chen et al., 2021
with slight modications.25 To begin, 200 mL of the sample
(both test and catechin standard solutions) was transferred into
a 1.5 mL centrifuge tube. Then, 550 mL of a 5% sodium nitrite
solution was added to the tube, and the mixture was vortexed
and allowed to react for 5 minutes. Aer the reaction, 75 mL of
a 10% aluminum chloride solution was added, and the mixture
was vortexed again, allowing the reaction to continue for an
additional 6 minutes. Finally, 500 mL of 1 mol L−1 sodium
hydroxide solution was introduced, and the mixture was vor-
texed once more. The absorbance of the resulting solution was
measured at 510 nm using a UV-vis spectrophotometer. Cate-
chin was used as the reference standard, and a calibration curve
was prepared using catechin standards ranging from 0 to 100 mg
mL−1. The concentrations were prepared in the same solvent as
the sample extracts. The total avonoid content was calculated
and expressed asmilligrams of catechin equivalents per gram of
dry weight (mgCE per gDW), with catechin serving as the
reference compound for the calculation. This method was
selected because catechin is commonly used for avonoid
quantication and facilitates comparison with other research
studies.

Calculation of total avonoid content (TFC):

TFCðmg CE per g DWÞ ¼
�

Asample � Ablank

Astandard

�
� Cstandard

� Vtotal

Vsample

� 1

msample

where Asample = absorbance of the sample, Ablank = absorbance
of the blank, Astandard = absorbance of the standard, Cstandard =

concentration of the standard, Vtotal = total volume of the
extract, Vsample = volume of the sample used, and msample =

mass of the sample
2.11 DPPH radical scavenging assay

Antioxidant activity was assessed in all treatment groups
(control, pretreated) using the DPPH (2,2-diphenyl-1-picrylhy-
drazyl) free radical scavenging method, as described by Sanna et
al.26 The procedure followed the protocol outlined by Brand
Williams, Cuvelier, and Berset (1995). For each sample, 1 mg of
dried extract was mixed with 1 mL of a 100 mM DPPH solution,
prepared in 95% ethanol. The mixture was thoroughly shaken
and incubated at room temperature for 30 minutes. Following
the incubation, the absorbance of the solution was measured at
517 nm using a UV-vis spectrophotometer, as detailed in studies
by Sanna et al., 201226 and Dzięcioł et al., 2023.27 The absor-
bance values were calculated using a Trolox calibration curve,
which was prepared using Trolox solutions ranging from 10 to
100 mM. The linearity of the calibration curve was veried by
plotting the absorbance of the Trolox standards against their
concentrations. The scavenging activity was determined by
comparing the sample absorbance to that of the Trolox stan-
dards. The results were expressed as the percentage inhibition
of DPPH radicals, allowing comparison of antioxidant activity
© 2026 The Author(s). Published by the Royal Society of Chemistry
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across different pre-treatment groups. All measurements were
performed in triplicate, and data are presented as the mean ±

standard error (SE).
DPPH radical scavenging activity calculation:

DPPH activity ð%Þ ¼
�

Acontrol � Asample

Acontrol

�
� 100

where Acontrol = absorbance of the DPPH control (without
sample) and Asample = absorbance of the sample aer reaction
with DPPH.

2.12 Determination of total anthocyanin content (TAC)

The TAC was determined using the pH differential method,
with slight modications, as described by Taghavi et al., 202328

and Ziemlewska et al., 2023.29 A 0.1 mL aliquot of the extract was
added to a 5mL brown centrifuge tube, followed by the addition
of 2.9 mL of a potassium chloride–hydrochloric acid buffer (pH
1.0), and the mixture was thoroughly mixed. Next, 300 mL of this
solution was transferred into a 96-well plate. A second aliquot of
0.1 mL of the extract was taken and placed into another 5 mL
brown centrifuge tube, to which 2.9mL of sodium acetate buffer
(pH 4.5) was added and mixed. From this, 300 mL was trans-
ferred to a second well of the plate. The absorbance of both
solutions was measured at 520 nm and 700 nm using a multi-
functional microplate reader.

The total anthocyanin content was calculated according to
the following formula:

Total anthocyanin content ðmg C3G per g DWÞ

¼ ApH1 � ApH4:5

3� l �msample

� Vtotal

ApH1 = absorbance of the sample at pH 1.0, ApH4.5 = absorbance
of the sample at pH 4.5, Vtotal = total volume of the extract, 3 =
molar extinction coefficient of cyanidin-3-glucoside (in L
mol−1 cm−1), l = path length of the cuvette (cm), and msample =

mass of the sample (g).

2.13 FTIR and XRD analysis

To connect molecular and compositional changes with macro-
scopic texture, this study employed FTIR, XRD, and TPA on
freeze-dried apricot samples from different pretreatments. To
create a powdered form of apricot pieces, freeze-drying was
chosen as a sustainable method for quality preservation. The
samples underwent a series of ethanol dehydration steps (30%,
50%, 70%, 90%, and 100%) to effectively remove moisture, as
outlined by Li et al., 2024.30 Prior to the dehydration process,
glutaraldehyde (C5H8O2 : MACKLIN, 2.5% in water, pH 7.2–7.4)
was used as a xative agent. Following dehydration, the samples
were freeze-dried for 7 hours to facilitate precise and accurate
analysis using FTIR and XRD techniques.

2.13.1 Fourier transform infrared spectroscopy (FTIR). The
chemical structure was identied using an FT-IR spectropho-
tometer (Nicolet iS10, Thermo Fisher Scientic Co. Ltd, Wal-
tham, Massachusetts, USA) following the method31 outlined by
Lin et al., 2019. In this process, the sample powder was mixed
with KBr powder in a ceramic mortar, and the resulting mixture
© 2026 The Author(s). Published by the Royal Society of Chemistry
was pressed. The FT-IR spectra of the samples, spanning
a wavelength range of 500–4000 cm−1, were recorded in trans-
mission mode with a resolution of 4 cm−1.

2.13.2 X-ray diffraction (XRD). Crystallinity was evaluated
using an X-ray diffractometer (D2PHASER, Bruker AXS Co. Ltd,
Karlsruhe, Germany), with a scanning range of 5–80° for the
diffraction angle (2q). The X-ray diffraction patterns of the
samples were analyzed using the MDI Jade 6 soware as
described by Mannana et al., 2006.32

The relative crystallinity (RC) was calculated using the
following formula:

RC (%) = (Sum of total crystalline peak areas)/

(Sum of total crystalline and amorphous peak areas)

× 100

2.14 Statistical analysis

All experiments were conducted in triplicate (n$ 3 independent
replicates per treatment), and the results are expressed as mean
± standard deviation (SD). Data normality was veried using the
Shapiro–Wilk test, followed by one-way analysis of variance
(ANOVA) to assess differences among treatment groups, with
post hoc pairwise comparisons performed via Tukey's honestly
signicant difference (HSD) test and statistical signicance
determined at p < 0.05. Statistical computations were executed
using IBM SPSS Statistics version 26.0 (IBM Corp., Armonk, NY,
USA) for ANOVA and post hoc tests, and OriginPro 2025 (Ori-
ginLab Corp., Northampton, MA, USA) for graphical correlation
matrices and response surface modeling.

3. Results and discussion
3.1 Firmness retention

Blanching at 85 °C for 3 min without pretreatments (C1)
reduced the maximum compression force of apricot pieces to
0.23 N, serving as the baseline for severe soening typical of
thermal damage in stone fruits. In contrast, the optimized
combined pretreatment T10 (2% CaCl2 soaking, 200 W sonica-
tion for 3 min, followed by 1.5 kV cm−1 PEF for 30 min) mark-
edly enhanced rmness to 0.3335 N, achieving 45% retention
relative to C1, with statistical signicance. Single pretreatments
showed intermediate improvements: C2 (CaCl2 + 200 W/3 min
sonication, no PEF) reached 0.276 N (20% retention), while C3
(CaCl2 + 1.5 kV cm−1/30 min PEF, no sonication) attained
0.2921 N (27% retention), underscoring the synergistic superi-
ority of the full sequence over isolated technologies. Across the
27-treatment RSM matrix, rmness increased with moderate
sonication (peaking at 200 W/3 min across T10–T18, averaging
0.31 N or 35% retention) and low-moderate PEF (1.5–2.5
kV cm−1/30–60min, yielding the highest values), but declined at
extremes: low sonication (150 W/2 min, T1–T9: average 0.268 N,
16% retention) reected insufficient microstructural modica-
tion, while high sonication (300 W/5 min, T19–T27: average
0.245 N, 6% retention) and prolonged PEF (e.g., 3.0 kV cm−1/90
min) caused over-permeabilization and cell disruption, as evi-
denced by response surface contour plots showing signicant
Sustainable Food Technol., 2026, 4, 3188–3202 | 3193
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quadratic and interaction effects. These patterns align with the
study's design to emulate industrial blanching while optimizing
sequential pretreatments, directly addressing the identied
literature gap in integrated approaches for blanching-induced
over-soening in apricot pieces. The superior rmness under
T10 reects CaCl2-mediated cross-linking of pectin homo-
galacturonan chains into rigid ‘egg-box’ structures that resist
thermal solubilization during blanching (Fig. 1). Endogenous
pectin methylesterase (PME) catalyzes demethylesterication of
pectin methyl esters, exposing carboxyl groups for Ca2+ chela-
tion and forming stable pectate networks that preserve middle
lamella integrity.

Fig. 1 illustrates the PME–Ca2+ mechanism, showing
sequential demethylation followed by divalent cation bridging
of homogalacturonan chains. This biochemical reinforcement,
amplied by sonication enhanced Ca2+ impregnation and PEF-
mediated solute distribution, underpins T10's 45% rmness
retention. These rmness improvements are quantitatively
depicted in Fig. 2a and b, where T10 reached 0.3335 N versus
C1's 0.23 N baseline (45% retention; p < 0.05), outperforming C2
(0.276 N, 20%) and C3 (0.2921 N, 27%). The full RSM matrix
(Fig. 2b) conrms peak rmness under moderate sonication/
PEF conditions (T10–T18 : 0.31 N), with quadratic declines at
treatment extremes reecting over-permeabilization effects. In
apricots, with their delicate parenchyma and high pectin
Fig. 1 PME–Ca2+ pectin cross-linking mechanism mitigating blanching
Pretreatment activation of PME. (c) Schematic of sonication/PEF synergy

3194 | Sustainable Food Technol., 2026, 4, 3188–3202
content, this stabilization is crucial against heat-induced pro-
topectinase activation and b-eliminative degradation,33 as seen
in kiwifruit where CaCl2 pretreatments increased rmness by
30–50% post-heating by preserving cell-to-cell adhesion. Soni-
cation at moderate intensity (200 W/3 min) likely amplied this
by generating cavitation bubbles and microstreaming that
created transient microchannels (1–10 mm), enhancing Ca2+

diffusion into intercellular spaces without rupturing turgor-
maintaining membranes, similar to sonication-assisted Ca
impregnation in cherries that boosted rmness retention by
25% during storage via improved ion permeation. Excessive
sonication (300 W/5 min) in T19–T27, however, induced exces-
sive acoustic streaming and shear forces, leading to cell wall
polysaccharide scission (FTIR: attened 1050 cm−1 C–O–C
glycosidic band) and excessive PME activation, degrading pro-
topectin to soluble fragments, conrmed by XRD amorphous
halo expansion. Lower rmness (e.g., T27 : 0.2346 N, only 2%
retention), mirrors reports in strawberries where high-power
sonication (>250 W) reduced texture by promoting pectin
methyl esterase (PME) overactivity. Complementarily, PEF at 1.5
kV cm−1/30 min (energy input 2.7 kJ kg−1) induced reversible
electroporation of tonoplast and plasma membranes, facili-
tating uniform solute exchange and heat penetration during
blanching while minimizing localized overheating that exacer-
bates soening. This is consistent with PEF applications in
-induced softening. (a) Native pectin to Ca2+ egg-box formation; (b)
for optimal demethylesterification.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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potatoes and carrots,34 where moderate elds (1–2 kV cm−1)
preserved hardness by limiting irreversible pore formation,
unlike higher intensities (3 kV cm−1) that decreased rmness by
20–30% due to cytoplasmic leakage. The synergy of sonication
priming tissue for deeper CaCl2 action and PEF ensuring even
Fig. 2 Firmness retention in apricot pieces after combined pretreatment
treatments (T1–T27).

© 2026 The Author(s). Published by the Royal Society of Chemistry
distribution yielded T10's peak performance, exceeding indi-
vidual effects. Supporting this, the rmness gains correlate with
anticipated microstructural preservation, where Ca–sonication–
PEF reinforces the pectin–cellulose–hemicellulose matrix
against blanching's hydrolytic assault, as will be detailed in
s. (a) Comparison of T10 vs. controls (C1–C3); (b) RSM matrix across 27

Sustainable Food Technol., 2026, 4, 3188–3202 | 3195
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subsequent FTIR and XRD analyses showing intensied
carbonyl peaks and higher crystallinity in T10. Comparative
studies in other so fruits validate these mechanisms: in
tomatoes, combined sonication and Ca pretreatments retained
40% more rmness post-blanching by synergizing cavitation-
enhanced ion binding, while PEF–Ca sequences in mangoes
improved texture by 35% via electroporation-aided cross-
linking, preventing drip loss. In peaches, a close analog to
apricots, stepwise blanching with CaCl2 reduced soening by
28%, but adding sonication elevated it to 45%, akin to our T10
results. Even in vegetables like green beans, PEF at 1.5 kV cm−1

preserved snap by 30% relative to hot water blanching, attrib-
uted to membrane stabilization that curtails enzyme diffusion.
These parallels highlight the transferability of moderate-
intensity pretreatments to thermo-labile tissues, where apri-
cots' high water-soluble pectin makes them especially vulner-
able, yet responsive to such interventions.

Technologically, T10's 45% rmness retention directly
mitigates the 20% esh loss in conventional apricot processing,
as higher mechanical resilience (0.3335 N vs. 0.23 N in C1)
minimizes tissue disintegration during post-blanching
handling, pitting, and slicing translating to a 55% waste
reduction (from 20% to 9% weight loss, as quantied gravi-
metrically) and higher yields in industrial chains. This outper-
forms single methods (C2: 20%; C3: 27%) and aligns with
sustainability goals, reducing economic losses estimated at 15–
25% in stone fruit blanching lines. By decoupling enzyme
inactivation from structural collapse, these ndings offer
a blueprint for minimally processed apricot products retaining
fresh-like texture, fullling consumer demands while opti-
mizing RSM-derived parameters for scalability.
Fig. 3 Comparison of weight loss reduction in apricot pieces post-
blanching (T10 vs. C1).
3.2 Weight loss reduction

Hot water blanching at 85 °C for 3 min without pretreatments
(C1) induced substantial weight loss of 20% in apricot pieces
(from initial 50 g to 40 g), primarily due to thermal soening,
tissue disintegration, and drip loss from compromised cell
walls and middle lamella. The optimized T10 pretreatment (2%
CaCl2 soaking, 200W sonication for 3min, and 1.5 kV cm−1 PEF
for 30 min) dramatically mitigated this to 9% loss (nal mass
45.5 g), representing a 55% reduction relative to C1, with highly
signicant differences. Single pretreatments yielded partial
benets: C2 (CaCl2 + sonication) and C3 (CaCl2 + PEF) both
achieved approximately 12–15% loss, highlighting the
combined sequence's superior efficacy in preserving mass yield.
Within the RSMmatrix, weight loss minimized under moderate
conditions (T10–T14: 8–11% loss), correlating strongly with
rmness trends (r = 0.92, p < 0.001), but escalated under high
sonication (T19–T27 : 18–21%) or prolonged/intense PEF (e.g.,
T12 and T18 : 13–15%), where excessive membrane disruption
promoted moisture exudation. Fig. 3 quanties T10's 55%
weight loss mitigation (9% vs. C1's 20%), with single pretreat-
ments (C2/C3) at 12–15% conrming synergy. Optimal
moderate conditions minimized loss to 8–11% (T10–T14),
strongly correlating with rmness, while extremes exceeded
18% due to membrane rupture. Mechanistically, reduced loss
3196 | Sustainable Food Technol., 2026, 4, 3188–3202
stems from CaCl2-reinforced pectin networks that seal inter-
cellular spaces against blanching-induced syneresis, a core
factor in stone fruits' high drip susceptibility. Sonication at
optimal levels enhanced this by homogenizing Ca2+ distribu-
tion via microchannels, preventing uneven weakening, while
PEF's electroporation ensured rapid, uniform heat transfer to
inactivate enzymes without prolonged exposure causing pectin
hydrolysis. Extremes disrupted turgor balance, amplifying loss
via osmotic gradients. This mirrors peaches, where Ca-
sonication cut blanch loss by 50%, and tomatoes under PEF-
Ca, retaining 40% more mass.T10's gains directly curb indus-
trial esh waste (20% to 9%), boosting yields and sustainability.
3.3 Bioactive retention

Blanching without pretreatments (C1) markedly diminished key
bioactive compounds in apricot pieces, yielding a TPC of 12.5 ±

1.2 mg GAE per g DW, a TFC of 5.3± 0.5 mg CE per g DW, a TAC
of 2.5 ± 0.3 mg C3G per g DW, and a DPPH radical scavenging
activity of 45 ± 3.2%, reecting thermal lability and leaching of
thermo-sensitive phenolics from apricot parenchyma. The
optimized T10 condition elevated these metrics substantially:
TPC to 14.9 ± 0.8 mg GAE per g DW (+19% vs. C1), TFC to 6.6 ±

0.4 mg CE per g DW (+25%), TAC to 3.4 ± 0.2 mg C3G per g DW
(+36%), and DPPH to 54 ± 4.0% (+20%), all statistically supe-
rior. Single pretreatments lagged behind: C2 registered TPC
13.1 ± 1.3, TFC 5.7 ± 0.4, TAC 2.8 ± 0.3, and DPPH 50 ± 3.5 mg
equivalents (%); C3 showed TPC 14.2 ± 1.4, TFC 6.1 ± 0.4, TAC
3.2 ± 0.4, and DPPH 52 ± 4.1 all intermediate values, con-
rming synergistic enhancement from combined CaCl2–soni-
cation–PEF. Moderate pretreatments (e.g., T10–T14) maximized
retention via minimized leaching, while extremes (T19–T27)
approximated C1 levels due to cell rupture facilitating solute
efflux, as corroborated by strong correlations (TPC-rmness r =
0.88; DPPH-rmness r = 0.85, p < 0.01) and response surface
models indicated interactive optima at 200 W/3 min sonication
and 1.5 kV cm−1/30 min PEF. These elevations arise from
© 2026 The Author(s). Published by the Royal Society of Chemistry
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pretreatments curtailing blanching-induced degradation path-
ways; CaCl2 stabilizes vacuolar compartments housing pheno-
lics,35 shielding avonoids and anthocyanins from heat/
oxidative breakdown, akin to its role in strawberries
preserving 25% more TPC post-processing via pectin–phenolic
interactions. Moderate sonication promoted mild cavitation
that enhanced extractability without rupture, increasing
apparent bioactive compounds by disrupting bound forms (e.g.,
cell wall phenolics), as observed in plums where sonication
boosted avonoid recovery by 20–30% during osmotic steps.36

PEF's electroporation37 at low intensity facilitated intra-tissue
diffusion, homogenizing antioxidants and reducing localized
thermal hotspots that degrade ascorbic acid-linked phenolics,
paralleling mangoes where PEF–Ca retained 35% higher
anthocyanins versus blanching alone. Synergy is evident: soni-
cation preconditions for PEF-enhanced release,38,39 while Ca
anchors released compounds against leaching, outperforming
isolates as in kiwifruit dual pretreatments yielding 28% TPC
gains. Excessive parameters, conversely, permeabilized exces-
sively, mimicking solvent extraction losses. Fig. 4a–d illustrates
Fig. 4 Bioactive retention in selected apricot pieces post-blanching. (
optimized T10 and controls (C1: no pretreatment; C2: no PEF; C3: no so

© 2026 The Author(s). Published by the Royal Society of Chemistry
the superior retention of TPC (14.9 mg GAE per g DW), TFC
(6.6 mg CE per g DW), TAC (3.4 mg C3G per g DW), and DPPH
activity (54%) in T10-selected samples post-rmness screening,
outperforming C1 (reductions of 19–36%) and single pretreat-
ments (C2 and C3), underscoring synergistic CaCl2–sonication–
PEF protection against thermal leaching and degradation.
These gains, linked to rmness–bioactive correlations (r= 0.85–
0.88), arise from stabilized vacuolar phenolics and enhanced
extractability without cell rupture, paralleling 20–40%
improvements in plums, mangoes, and blueberries. Micro-
structural integrity in T10 (per XRD/FTIR) further validates this,
positioning combined pretreatments as optimal for apricot
bioactive preservation. Links to microstructure (detailed in
FTIR/XRD) reveal preserved phenolic–carbohydrate matrices in
T10, with reduced amorphous disruption correlating to bioac-
tive compounds. Comparatively, in blueberries, sonication–PEF
reduced bioactive loss by about 40% post drying; cranberries
showed Ca–sonication preserving avonoids akin to
apricots.40,41
a) TPC; (b) TFC; (c) TAC; (d) DPPH radical scavenging activity across
nication).
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Fig. 5 FTIR spectra of freeze-dried apricot powders post-pretreatments. Selected samples (T10 optimized; C1 no pretreatment; C2 no PEF; C3
no sonication); range 500–4000 cm−1.
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3.4 FTIR analysis

FTIR spectra from selected treatments (T10, C1, C2, and C3)
revealed distinct molecular ngerprints that corroborate the
observed rmness and bioactive retention patterns. Acquired
across 500–4000 cm−1 at 4 cm−1 resolution, T10 exhibited
intensied characteristic bands at 1730 cm−1 (C]O stretching
of esteried carboxyl groups in pectin methylesters)42 and
1620 cm−1 (asymmetric COO− stretching of de-esteried pectin
carboxylates),43 indicative of robust Ca2+-induced “egg-box”
junction zones44 stabilizing the homogalacturonan backbone
against blanching-induced hydrolysis. Control C1 showed
markedly weakened intensities at these wavenumbers (35%
reduction in peak area relative to T10), consistent with thermal
depolymerization and methyl ester cleavage that compromise
cell wall integrity, as previously linked to soening in stone
fruits. Single pretreatments displayed intermediate proles: C2
(CaCl2 + sonication) showed moderate 1730 cm−1 enhancement
(20% above C1) from cavitation-assisted Ca2+ inltration, while
C3 (CaCl2 + PEF) exhibited stronger 1620 cm−1 signals (28%
above C1) due to electroporation-facilitated ion redistribution,
yet neither matched T10's synergistic peak reinforcement. Fig. 5
illustrates these FTIR proles, showing intensied bands at
3400 cm−1 (O–H stretching), 1730 cm−1 (C]O ester), 1620 cm−1

(COO− asymmetric), and 1050 cm−1 (C–O–C glycosidic) versus
weakened C1 signals, conrming synergistic pectin
stabilization.

Notably, the broad O–H stretching band at 3400 cm−1,
associated with hydrogen-bonded hydroxyls in polysaccharides
and phenolics,45 was broadest and least resolved in C1, reect-
ing disrupted water–pectin interactions and greater amorphous
character from heat damage. T10 preserved sharper resolution
and higher absorbance, suggesting intact hydrogen bonding
networks that maintain tissue hydration and turgor, aligning
with its 9% weight loss versus C1's 20%. The 1050 cm−1 region
3198 | Sustainable Food Technol., 2026, 4, 3188–3202
(C–O–C stretching of glycosidic linkages) further differentiated
treatments, with T10 displaying a prominent shoulder indica-
tive of less cellulose microbril disruption, while C1's attened
prole signaled b-eliminative pectin breakdown. Amide I/II
bands (1650/1540 cm−1) from proteinaceous middle lamella
components were better dened in pretreated samples, partic-
ularly T10, implying preserved cell–cell adhesion that under-
pins mechanical resilience. These spectral signatures
mechanistically validate the pretreatments' role in counter-
acting blanching's hydrolytic assault on pectin architecture.
The enhanced carboxyl region in T10 reects sequential action:
CaCl2 providing divalent cations, sonication (200 W/3 min)
generating microstreaming for deep penetration without
excessive bond scission, and PEF (1.5 kV cm−1/30 min)
promoting uniform membrane permeabilization for optimal
cross-linking density. This mirrors FTIR observations in
sonication-Ca treated strawberries,46 where similar 1730 cm−1

intensication correlated with 30% rmness gains, and in PEF-
processed carrots showing stabilized COO− bands against
thermal ux. The preserved glycosidic and hydroxyl features in
T10 also explain superior bioactive retention, as intact matrices
minimize phenolic oxidation and anthocyanin leaching,
particularly vulnerable to pectin hydrolysis-induced vacuolar
rupture. FTIR 3400 cm−1 sharper O–H stretching and 1050 cm−1

shoulder in T10 indicate preserved H-bonds between pectin
carboxyls and cellulose microbrils; XRD cellulose peaks indi-
cate structural reinforcement. By linking macroscopic texture
(rmness and low drip) to molecular stabilization, these FTIR
proles conrm the RSM-optimized T10 as a structurally
superior blanching mitigation strategy for apricot.
3.5 XRD analysis

X-ray diffraction patterns from the same selected treatments
(T10, C1, C2, and C3) revealed quantitative differences in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 X-ray diffractograms of freeze-dried apricot powders post-pretreatments. Selected samples (T10 optimized; C1 no pretreatment; C2 no
PEF; C3 no sonication); 5–80° 2q, Cu Ka radiation.
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crystallinity that underpin the observed textural resilience.
Scanned from 5–80° 2q using Cu Ka radiation, T10 exhibited the
highest relative crystallinity (RC) at 28.2%, calculated via MDI
Jade 6 as the ratio of crystalline peak areas to total (crystalline +
amorphous) diffraction area. This marked elevation over C1's
19.1% RC reects preservation of ordered molecular domains,
primarily calcium–pectin networks and cellulose microbrils
that blanching alone disrupts through pectin solubilization and
amorphous region expansion. Intermediate crystallinities
characterized C2 (23.4%) and C3 (25.1%), where sonication and
PEF respectively contributed partial structural ordering, yet the
full pretreatment sequence uniquely maximized RC through
Table 2 Comparative quality metrics for selected apricot treatments po

Samples
Description
(pretreatments) Firmness (N)

Total polyphenol
content (TPC)
(mg GAE per g DW)

Tot
con
(mg

T10 2% CaCl2 0.333 � 0.002a 14.9 � 0.98a 6.6
200 W for 3 min
1.5 kV cm−1 for
30 min
85 °C for 3 min

C1 85 °C for 3 min 0.23 � 0.001w 12.5 � 1.67a 5.3
C2 2% CaCl2 0.276 � 0.001ij 13.1 � 1.59a 5.7

200 W for 3 min
85 °C for 3 min

C3 2% CaCl2 0.292 � 0.001h 14.2 � 1.71a 6.1
1.5 kV cm−1 for
30 min
85 °C for 3 min

a Values are presented as mean ± standard deviation. Different superscr
0.05). DW: dry weight; GAE: gallic acid equivalents; CE: catechin equiva
measured.

© 2026 The Author(s). Published by the Royal Society of Chemistry
synergistic matrix reinforcement. Diffraction proles further
distinguished treatments by peak characteristics.16 T10 di-
splayed sharper, higher-intensity reections at 20° 2q (cellulose
I b crystalline planes) and 13–15° 2q (pectin–calcium ordered
domains), with narrower full width at half maximum (FWHM)
values indicating larger crystallite sizes resistant to thermal
ux. C1 showed broader, less resolved peaks with elevated
baseline scattering (2q 15–25°), diagnostic of amorphous halo
expansion from pectin demethylation and chain scission, hall-
marks of heat-induced disorder in stone fruit parenchyma.47

The enhanced low-angle scattering (5–12° 2q) in T10 suggests
intact layered pectin architectures, where Ca2+ bridges maintain
st-blanching (T10 optimized vs. controls C1–C3)a

al avonoid
tent (TFC)
CE per g DW)

Antioxidant
activity
(DPPH activity, %)

Total anthocyanin
content
(mg C3G per g DW)

Weight
loss%

� 0.49a 54 � 4.9a 3.4 � 0.2a 9 � 0.1a

� 0.61b 45 � 3.9a 2.5 � 0.3b 20 � 0.3b

� 0.49ab 50 � 4.3a 2.8 � 0.3ab —

� 0.49ab 52 � 5a 3.2 � 0.4a —

ipt letters within the same column indicate signicant differences (p <
lents; C3G: cyanidin-3-glucoside equivalents. Dashes (—) indicate not
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d-spacings against hydrolytic collapse, while C2/C3 displayed
transitional sharpening limited by incomplete ion distribution.
These crystallinity gains mechanistically trace to pretreatment
complementarity. CaCl2 establishes proto-crystalline egg-box
junctions, sonication (200 W/3 min) drives acoustic cavitation
to embed ions into microbril interstices without fracturing
lattices, and PEF (1.5 kV cm−1/30 min) induces transient
membrane porosity for uniform nucleation sites, collectively
countering blanching's entropic drive toward disorder. This
aligns with apricots' native semi-crystalline cell walls (20% RC
fresh), where thermal processing typically decreases crystal-
linity by 30–40%; T10's recovery exceeds literature benchmarks,
mirroring XRD enhancements in Ca-sonication treated peaches
(RC +25%) and PEF-processed apples (RC +18%). Elevated RC
directly correlates with rmness (r = 0.89) and low weight loss,
as ordered domains sustain turgor and limit syneresis, while
preserved cellulose diffractograms explain reduced drip
through mechanical interlocking. Fig. 6 depicts these XRD
patterns. For apricot processing, these ndings advocate RSM-
optimized pretreatments to maintain semi-crystalline architec-
ture, enabling higher yields of structurally intact, nutrient-rich
products versus conventional blanching's amorphization.
Fig. 7 Schematic of pretreatment-blanching workflow and quality enha
ways; (b and c) firmness gains and weight loss reduction (T10 vs. C1); in

3200 | Sustainable Food Technol., 2026, 4, 3188–3202
3.6 Overall mechanistic insights and implications

The integrated pretreatment sequence, CaCl2 infusion,
controlled sonication, and moderate PEF, establishes a multi-
scale protective architecture against blanching's destructive
cascade in apricot parenchyma. At the primary structure level,
Ca2+ ions chelate homogalacturonan carboxylates into rigid egg-
box dimers, preempting thermal b-elimination and methyl
esterase activation, which dismantle middle lamella integrity.48

Sonication at 200 W/3 min generates asymmetric cavitation
elds (1–10 mm per radii) and microstreaming velocities (0.1–
1 mm s−1), transiently permeating cell walls to accelerate Ca2+

ingress by 2–3 fold while avoiding brillar fracture, as evidenced
by preserved glycosidic linkages49 (1050 cm−1 FTIR). PEF at 1.5
kV cm−1/30 min (50 ms pulses, 10 Hz) induces transmembrane
potentials of 200–300 mV, creating reversible pores (10–100 nm)
that homogenize ion distribution and facilitate rapid blanching
heat conduction (core 85 °C in 45 s versus 90 s in untreated
samples), curtailing prolonged hydrolytic exposure. This
temporal-spatial orchestration yields emergent properties:
T10's 28% crystallinity forties mechanical resilience (0.33 N
versus 0.23 N for the control), while intact vacuolar matrices
minimize phenolic efflux (TPC +19%; anthocyanins +36%).
ncements in apricot pieces. (a) No-pretreatment vs. pretreated path-
tegrated data from RSM-selected samples.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Beyond apricots, these principles address universal stone
fruit vulnerabilities:50 peaches exhibit analogous pectin lability,
mangoes show membrane resistance to solutes, and kiwifruit
show drip propensity. Scaling potential emerges through
continuous ultrasonic ow reactors (20 kHz, 150–250 W)
coupled with pilot PEF chambers (1–2 kV cm−1, 100 kg h−1),
achieving 85 °C blanching equivalence at 50% lower esh loss.
Economic modeling suggests 12–18% yield gains, translating to
$2.5–4M annual savings for mid-scale processors (10 000 t per
year), while bioactive enrichment supports premium “mini-
mally processed” labeling. RSM-derived optima (moderate
intensities and short exposures) dene processing windows
balancing efficacy against over-treatment, transferable via
species-specic pilot validation. Microstructural data (FTIR/
XRD) provide biomarkers for real-time quality control,
bridging empirical optimization to molecular engineering in
heat-sensitive fruit chains. Table 2 summarizes T10's superior
performance across rmness, bioactive compounds, and weight
loss versus controls, quantifying synergistic gains (e.g., TPC
+19% and rmness +45%) that validate the pretreatment
architecture. Fig. 7 synthesizes the pretreatment cascade (panel
a), visualizing how CaCl2–sonication–PEF shields apricot
parenchyma from blanching-induced degradation, yielding
45% rmness retention (0.33 N), 55% less weight loss (9% vs.
20%), and 19–36% bioactive gains versus C1 (panel b; Table
data). These metrics, corroborated by FTIR/XRD crystallinity (r
= 0.89 rmness), underscore T10's multi-scale architecture for
scalable, waste-minimizing fruit processing. While these nd-
ings establish T10's multi-scale protective efficacy, industrial
translation requires addressing lab-scale constraints (100 g
batches) through pilot validation of continuous sonication-PEF
reactors, which modular units readily scale to 100 kg h−1

capacities at $0.05 per kg energy cost, delivering ROI <2 years via
15% yield gains that directly offset conventional blanching's
20% esh loss, positioning combined pretreatments as
commercially viable for sustainable apricot processing.51

4. Conclusions

This investigation systematically demonstrates that sequential
CaCl2–sonication–PEF pretreatments profoundly mitigate
blanching-induced quality degradation in apricot, achieving 45%
rmness retention, 55% weight loss reduction, and 19–36%
bioactive preservation versus conventional processing. Response
surface methodology identied optimal parameters (200 W/3 min
sonication, 1.5 kV cm−1/30 min PEF) that synergistically reinforce
pectin architecture, preserve crystallinity, and shield thermo-labile
phenolics, validated through comprehensive physicochemical and
molecular (FTIR/XRD) proling of standardized 2 cm3 pieces.
Mechanistic elucidation reveals complementary action: calcium
cross-linking establishes structural scaffolds, sonication enhances
solute deployment without matrix compromise, and pulsed elds
ensure spatiotemporal uniformity, collectively decoupling
microbial/enzyme inactivation from textural/nutritional collapse.
These ndings directly address three critical literature lacunae:
integrated pretreatment evaluation for stone fruit blanching,
synergistic technology interactions, and quantitative texture–
© 2026 The Author(s). Published by the Royal Society of Chemistry
bioactive relationships under industrially relevant 85 °C/3 min
conditions. Industrial translation offers immediate viability:
halving esh waste (20 / 9%) elevates process yields while
enabling fresh-like products capturing premium health-oriented
markets demanding high polyphenol/avonoid retention. The
framework extends to thermo-labile stone fruits (peach, nectarine,
and plum), where analogous parenchyma vulnerabilities prevail,
and scales via established unit operations toward continuous
processing lines. Critically, this work advances Sustainable
Development Goal 12 (Responsible Consumption and Production)
by minimizing food waste representing 15–25% of apricot pro-
cessing losses while valorizing nutritional quality, thus enhancing
global supply chain resilience and circular economy principles.
Future research should validate scale-up kinetics, sensory corre-
lations, and shelf-life extension under commercial steam/hot-air
blanching variants, cementing non-thermal intensication as
a cornerstone of next-generation fruit preservation.
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