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ltrasound processing for
homogenisation of blackberry dairy-based
beverages†

Gontorn Putsakum,ab Dilip K. Rai, *a Brijesh K. Tiwaria and Colm P. O'Donnellb

Ultrasound (US) processing is a novel technology that has many potential applications in food processing.

Pilot-scale batch US homogenisation of a blackberry-enriched dairy beveragewas investigated in this study.

Particle size, apparent viscosity, colour, phenolic content and antioxidant activities of US homogenised

beverages were compared to those of conventionally homogenised products. Blackberry powder was

mixed with preheated whole milk (37 °C) at a ratio of 1 : 20 (w/v). The mixture was treated at an US

intensity of 10.37 ± 0.58 W cm−2 for selected treatment times of 1, 3 and 5 min, while the control

sample was homogenised using a conventional homogeniser for 1 min at 10 000 rpm. US treatment

resulted in smaller particle size compared to the control, and longer US treatment time increased the

number of smaller particles (p < 0.05). A higher viscosity value was measured in all US-treated samples

when compared to the untreated blackberry–milk beverage (p < 0.05). Minor significant changes in

colour parameters of all US-treated samples were observed compared to the control (p < 0.05). The

application of US treatment to blackberry–milk beverages resulted in comparable retention of phenolic

contents and antioxidant activities compared to conventional homogenisation.
Sustainability spotlight

Ultrasound processing is an eco-friendly and sustainable technology that is gaining applications in food and beverage production. The ultrasound technology is
considered a ‘green’ technology as it requires low volumes and/or no organic solvents. Optimized ultrasound technology in food processing aids in the reduction
of energy consumption through enhanced efficiency. This study focused on the utilization of ultrasound as a sustainable alternative processing for functional
beverages and investigated its effects on the rheological properties, colour changes, phenolic contents and antioxidant activities. This research aligns with the
United Nations' (UN) sustainable development goals (SDGs), which are Goal 12 – Responsible Consumption and Production and Goal 13 – Climate Action.
Introduction

Increased focus on environmental sustainability has led to an
increase in sustainable research in all industry elds aiming to
reduce the negative impact of processing and manufacturing
technologies on the environment.1–3 In the food industry, much
research has focused on investigating new alternative sustainable
novel technologies that can be adopted into foodmanufacture, for
instance, high-pressure processing, pulsed-electric eld, ultra-
sound/sonication, microwave heating, infra-red heating, UV and
pulsed light.4 These novel technologies were explored extensively
to replace or efficiently assist the existing conventional thermal
approaches (i.e. pasteurisation and sterilisation) in order to reduce
ublin D15 DY05, Ireland. E-mail: dilip.

g, University College Dublin, Dublin D04

tion (ESI) available. See DOI:

the Royal Society of Chemistry
the intensive energy usage during the heat treatment of products,
which is themain drawback that leads tomore CO2 emission.1 For
instance, a life cycle assessment (LCA) study was reported by
Cacace et al. where high pressure processing showed lower index
values for overall environmental impact categories when
compared to pasteurisation.5 Furthermore, novel technologies can
be used to improve other commercial practices commonly utilised
within the food industry, such as the extraction of high value
compounds or freezing processes of foodmaterials. As mentioned
in the LCA study reported by Garcia-Garcia et al., the microwave-
assisted extraction of pectin resulted in lower environmental
impact indices when compared to commercial acid extraction.6 In
another LCA study, the application of ultrasound during the
atmospheric freezing of apples, carrots and eggplants could
reduce energy consumption by up to 70% as well as reduce the
overall impact indices when compared to a normal freezing
process.7 Through some of these examples, it can be implied that
proper applications of novel technologies can lead to more
sustainable and eco-friendly food production and processing.
Sustainable Food Technol., 2024, 2, 1517–1526 | 1517
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Ultrasound (US) processing, which can be employed to apply
sound waves at selected frequencies to food matrices, is a non-
thermal processing technology which is increasingly being
considered for industrial adoption in food manufacture. The
technology has ‘green’ characteristics as the technique can be
employed using low volumes of clean or ‘green’ solvents (e.g.
water, butanol, ethyl lactate, limonene, liquid salts/ionic
liquids, etc.).8 US has been commonly utilised in liquid food
applications such as juice, puree and milk, rather than solid
foods. Sono-physical and sono-chemical effects caused by the
cavitation phenomenon can lead to desirable changes in foods
in terms of physical,9,10 rheological,11,12 chemical,13,14 physi-
ochemical15,16 and microbiological properties,17,18 as well as
increased shelf-life stability.19,20 Thus, the application of US has
also been widely explored for many types of products as well as
in various unit operations, such as emulsication/homogeni-
sation, sterilisation/pasteurisation and extraction.21

There is an increased demand from consumers for foods and
beverages with enhanced functional and health benets.22,23 The
food industry has responded to this market demand through
research and development of products incorporating plant
extracts or concentrated forms of plants rich in health-benecial
properties. In the recently completed ‘RubusElite’ research
project funded through the Irish Department of Agriculture, Food
and Marine, the use of blackberry polyphenols and proteins in
functional beverages to enhance sport and exercise performance
showed promising results.24 It was reported that ingestion of
avonoids (polyphenols) can improve the recovery of muscle
strength and reduce muscle soreness due to their high antioxi-
dant activity.25 Blackberries contain high amounts of polyphenols,
dominantly anthocyanin and specically cyanidin-3-O-glucoside
(C3G) which contributes to the high level of antioxidant activity of
the fruit.26,27 Thus, blackberries were reported to provide better
long-term insulin resistance, cognitive function, bone density,
and cardiovascular function when consumed.27 Additionally, it
was reported that the consumption of blackberry beverages could
signicantly decrease levels of triglycerides, total cholesterol, and
glucose in plasma.28 The anti-inammatory effect of polyphenol
extracts, rich in anthocyanin and proanthocyanidin, from black-
berry fruits was evident in a study by Van de Velde et al. where the
extract could induce broblast migration up to 50%, implying its
wound healing effect.29 Therefore, the fortication of blackberry
and its extract into food and beverages as functional products can
be potentially commercialised for consumers.

One of the practical challenges in developing a milk beverage
fortied with blackberry polyphenols was the non-homogeneous
product due to the formation of powder clumps when whole milk
and blackberry powder extract were mixed. This could affect
consumers' sensorial acceptance in terms of product commerci-
alisation. The application of homogenisation is a key solution to
create a homogeneous and stabilised functional beverage incor-
porated with plant extracts or ingredients. Wu et al. reported that
there was an increase in colloidal stability of acidiedmilk drinks
incorporated with carboxymethylcellulose when homogenisation
was applied (p < 0.05).30 Alongi, Calligaris and Anese reported that
the high-pressure homogenisation of milk-based coffee beverages
reduced the particle size and z-potential as well as increased the
1518 | Sustainable Food Technol., 2024, 2, 1517–1526
bioaccessibility of chlorogenic acid by more than 50% (p < 0.05).31

Research studies relating to the homogenisation of polyphenol-
enriched dairy-based beverages using US processing are limited.
However, there are reports of potential uses of US as homogeni-
sation with promising results when compared to conventional
and other types of homogenisation: Zhou et al. found that an US-
assisted emulsication resulted in lower emulsion droplet size
and higher stability indices of a myobrillar protein–soybean oil
emulsion than high-speed homogenisation (p < 0.05).32 Another
study showed that US homogenisation in milk could signicantly
reduce the size of fat globules in milk when compared to both
single-stage and two-stage homogenisation (p < 0.05).33 Thus, US
can be potentially employed as a homogenisation process for
blackberry–milk beverages.

In this study, pilot-scale batch US homogenisation of a novel
blackberry–milk beverage was investigated. Changes in phys-
ical, physiochemical, rheological and chemical properties of
a blackberry–milk mixture were investigated to assess the
effects of US homogenisation compared to traditional
homogenisation.
Experimental
Preparation of blackberry–milk samples

Batches of freeze-dried blackberry powder prepared from fresh
berries (Wild Orchard, Limerick, Ireland) were provided by
RubusElite (University College Cork, Cork, Ireland) and stored
at −30 °C prior to trials. The fresh berries were pureed as
described in the previous literature.34 The blackberry purees
were then freeze-dried using an FD80 Cuddon freeze dryer
(Cuddon Freeze Dryer, South Island, New Zealand) for 36 hours,
and the lyophilized blackberries were ground into ne powders
using a Microtron MB800 laboratory mixer (Kinematica AG,
Switzerland). Total phenolic content in the blackberry powder
was ∼3% (w/w). Pasteurised whole milk (composed of 12.2%
total solids, 3.5% fat, 4.6% carbohydrate, 3.4% protein and
0.57% ash) was purchased from a local supermarket and was
used for beverage preparation on the same day. Whole milk was
preheated in a water bath to a temperature of 35 ± 2 °C.
Blackberry powder was then added to pre-heated milk samples
at a ratio of 1 : 20 (20 g powder : 400 mL milk). The mixture was
lightly mixed with a stirring rod and then transferred to
a stainless steel beaker prior to homogenisation.

For the UPLC-mass spectrometry analysis of polyphenols, 10
mL of US-treated beverage sample was diluted with 40 mL of
methanol solution containing 1% formic acid and vortexed at
2000 rpm for 1 h to facilitate the precipitation of milk protein as
described previously by Tzima, Brunton and Rai.35 The samples
were le for 30 min to allow precipitation. The mixture was then
centrifuged at 2173 × g (model 2 – 16KL, SIGMA, Germany) at 4
°C for 10 min and the supernatant was collected for further
chemical analyses.
Chemical reagents

Folin–Ciocalteu's phenol reagent, gallic acid, sodium acetate
(anhydrous), ferric chloride hexahydrate (FeCl3$6H2O), 6-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Tro-
lox), 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH), formic acid and acetic acid were obtained
from Sigma-Aldrich (Merck, Wicklow, Ireland). Hydrochloric
acid (HCl, 37%) was purchased from Honeywell Fluka (Fisher
Scientic, Carrigaline, Ireland). Acetonitrile (ACN) and MeOH
were purchased from Romil (Lennox Laboratory Supplies LTD,
Dublin, Ireland). Sodium carbonate (Na2CO3) was obtained
from Merck (Merck, Darmstadt, Germany). The different
standards of phenolic compounds, namely protocatechuic
acid, chlorogenic acid, cyanidin-3-O-rutinoside, quercetin-3-O-
glucoside, kaempferol-3-O-rutinoside and rutin were obtained
from Extrasynthese (Extrasynthese Co., Genay Cedex, France).
The standard of cyanidin-3-O-glucoside was obtained from
PhytoLab (PhytoLab GmbH & Co. KG, Vestenbergsgreuth,
Germany). Milli-Q® (18 mU) (Merck Millipore, Molsheim,
France) water (H2O) was used for all experiments.

US homogenisation of blackberry–milk samples

A UIP1000hdT (Hielscher Ultrasonics GmbH, Teltow, Germany)
pilot-scale ultrasonic transducer (1000 W) with an operational
frequency of 20 kHz was utilized for US homogenisation of
blackberry–milk samples. A titanium sonotrode with a diameter
of 40 mm (model BS4d40) equipped with a B4-1.4 amplitude
booster (max. amplitude, 24 mm) was submerged in samples at
a depth of 40 mm from the surface and operated in continuous
mode. A magnetic stirrer was also employed at 450 rpm along
with the US treatment. Temperature was monitored throughout
the whole treatment period using thermocouples. Samples were
treated at an US intensity of 10.37 ± 0.58 W cm−2 for selected
treatment times of 1, 3 and 5 min. Control samples were
homogenised using a homogeniser (model T25 digital ULTRA-
TURRAX®, IKA-Werke GmbH & Co. KG, Staufen, Germany) at
10 000 rpm for 1 min. Smoothie-like beverages were obtained.
All samples were stored at 4 °C aer the treatment for 24 hours
prior to analyses.

An estimated calculation of energy was adapted from the
method proposed by Putsakum et al. to determine the US power
output (W) within the blackberry–milk samples13 using the
following equation:

P ¼ mCp

�
dT

dt

�
t¼0

(1)

where P is the ultrasonic power output in watt (W); m is the
mass of the blackberry–milk sample in gram (g); Cp is the
estimated specic heat of the blackberry–milk mixture (3.89 J
g−1 °C−1); and dT/dt is the rate of temperature change (°C s−1).
The temperature of each sample was monitored throughout the
process using a digital thermocouple.

Estimation of US intensity (UI) was calculated based on the
equation stated by Tiwari and Mason:36

UI ¼ 4P

pD2
(2)

where UI is the ultrasonic intensity (W cm−2); P is the ultrasonic
power from eqn (1); and D is the diameter of the ultrasonic
probe (4 cm).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Determination of colour spaces

Colour spaces of blackberry–milk samples were determined
using a portable chroma meter (model CR-400, Konica Minolta
Ltd., Japan) with a D65 illuminant and 2° observer angle. The
colorimeter was calibrated against a CR-A43 calibration plate
prior to the sample measurement. A portion of each blackberry–
milk sample was poured into CR-A502 optical glass tube cells
(60 mm diameter and 40 mm depth) which were lled to an
approximate depth of 10 mm from the bottom. The chroma
meter was positioned at the top opening of the cell. Colour
parameters, L* (+ lightness/− darkness), a* (+ redness/−
greenness), b* (+ yellowness/− blueness), C* (chroma) and h
(hue angle), of the samples were then measured under a white
background. The total colour change (DE) was calculated using
the equation below:

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDL*Þ2 þ ðDa*Þ2 þ ðDb*Þ2

q
(3)

whereDL*,Da* andDb* refer to the differences in the respective
colour parameters between homogenised samples and plain
whole milk.
Analysis of particle size distribution (PSD)

PSD of blackberry–milk samples was analysed using aMastersizer
3000 (Malvern Instruments Ltd, Malvern, UK) as described by van
de Langerijt et al. with slight modications.37 The analysis mode
was set for ‘general purpose’ with particle and dispersant refrac-
tive indices of 1.46 and 1.33, respectively. Samples were pipetted
into a Hydro SM dispersion unit until the laser obscuration was
within the range of 12%. All tested samples had weighted resid-
uals below 1% indicating a good t curve. The particle size
distribution curve was expressed as particle size (mm) against
volume density (%). Standard distribution percentiles of 10
(Dv10), 50 (Dv50) and 90% (Dv90) were also expressed, including
volume weighted mean (D [4, 3]) and specic surface area.
Analysis of rheological properties

Apparent viscosity of blackberry–milk samples was measured
using a Physica MCR-301 rheometer (Anton Paar GmbH, Graz,
Austria) as described by Keenan et al. with slight modica-
tions.38 The instrument was equipped with smooth parallel
plates (diameter, 50mm) with a built-in Peltier device (model H-
PTD200) to control the temperature during the analysis.
Approximately 2 mL of samples were placed onto the base plate
prior to lowering the top rotating plate to set the gap at 1 mm.
The excess sample along the edge of the plates was removed.
Samples were then rested between the plates for 5 min to ach-
ieve a measurement temperature of 25 °C and prevent residual
stresses. The shear rate was increased from 0.01 to 100 s−1

through 40 data points.
Amplitude strain sweep was also conducted using the same

setup as previously mentioned to observe the linear viscoelastic
region (LVE) and the overall rheological nature of the black-
berry–milk samples. Strain was set to increase from 0.01 to
100% through 25 data points. The curves were expressed as
Sustainable Food Technol., 2024, 2, 1517–1526 | 1519
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shear strain against the storage modulus (G0) and loss modulus
(G00). Data are presented in the ESI data sheet.†

Determination of pH

Whole milk and blackberry–milk samples' pH was measured
using a probe (model FiveGo F2, Mettler-Toledo AG, Schwer-
zenbach, Switzerland) at ambient temperature.

Determination of total phenolic contents (TPCs), DPPH
radical scavenging activity and ferric reducing antioxidant
power (FRAP)

Assays for TPC, DPPH and FRAP of blackberry samples were
performed as outlined by Singleton et al.,39 Goupy et al.40 and
Stratil et al.41 respectively with slight modications as reported
by Putsakum et al.13 For TPCs, an aliquot of 100 mL of diluted
sample was mixed with 100 mL of MeOH, 100 mL of Folin–Cio-
calteu reagent and 700 mL of 20% (w/v) Na2CO3. The solution
was vortexed and incubated in the dark for 20 min. Incubated
mixtures were centrifuged at 7200 × g (model Galaxy 7D Digital
Micro-centrifuge, VWR International, Germany) for 3 min at
ambient temperature. The supernatant (200 mL) was collected
and pipetted into a polystyrene 96-well microplate. Absorbance
was measured at 735 nm using an EPOCH 2 microplate reader
(BioTek Instruments, Inc., Dublin, Ireland). Gallic acid was
used as a standard for calculation; absorbance of each sample
was corrected aer subtracting the reagent blank, MeOH. TPC
values were expressed as mg of gallic acid equivalents (GAE)/100
mL of sample.

For DPPH radical scavenging activity, the reagent stock
solution was freshly prepared by dissolution of DPPH in MeOH
(0.238 mg mL−1) prior to sonication for 20 min. Subsequently,
100 mL of diluted DPPH solution (1 : 5 dilution with MeOH) was
mixed with an aliquot of diluted sample (100 mL) in a poly-
styrene 96-well microplate. The mixture was incubated in the
dark for 30 min at ambient temperature. Trolox was used as
a standard and the absorbance of the samples was determined
with an EPOCH 2 microplate reader (BioTek Instruments, Inc.,
Dublin, Ireland) at 515 nm. The results were expressed as mg of
Trolox equivalents (TE)/100 mL of blackberry juice.

For FRAP assay, the working reagent was prepared by
combining 100 mL of anhydrous sodium acetate buffer (38 mM,
pH 3.6), 10 mL of FeCl3$6H2O in Milli-Q H2O (20 mM) and 10
mL of TPTZ in 40 mM HCl (10 mM). The reagent was incubated
at 37 °C for a minimum of 5 min and maintained at this
temperature prior to use. In a polystyrene 96-well microplate,
180 mL of FRAP reagent was mixed with 20 mL of diluted sample
and incubated at 37 °C for 40 min. The absorbance was then
measured using an EPOCH 2 microplate reader (BioTek
Instruments, Inc., Dublin, Ireland) at 593 nm. Trolox was used
as a standard and MeOH was used for blanks. The obtained
values were expressed as mg of TE/100 mL of sample.

Quantication of specic phenolic compounds via UPLC-ESI-
MS/MS

The quantication of the major phenolic compounds in
blackberry juice samples was conducted using the modied
1520 | Sustainable Food Technol., 2024, 2, 1517–1526
method proposed by Putsakum et al.13 The analysis was per-
formed on a Waters Acquity UPLC (Waters Corporation, Mil-
ford, MA, USA) system coupled to a tandem quadrupole (TQD)
mass spectrometer. An Acquity UPLC HSS T3 (2.1 mm × 100
mm; 1.8 mm particle size) column was used and the mobile
phases were composed of 0.1% formic acid in H2O (solvent A)
and 0.1% formic acid in ACN (solvent B). The ow rate was set at
0.5 mL min−1 for 10 min. A multiple reaction monitoring
(MRM) method was used for the quantication, while the MRM
transitions of each compound were obtained through the
Waters Intellistart™ soware (Waters Corp., Milford, MA, USA).
The UPLC-ESI-MS/MS data were obtained in negative ESI mode
for all the phenolic compounds, except for cyanidin-3-O-gluco-
side and cyanidin-3-O-rutinoside, for which positive ion mode
[M + H]+ was used. The quantication of phenolic compounds
in the samples and standards was processed using the
TargetLynx™ soware (Waters Corporation, Milford, MA, USA).

Statistical analysis

Three independent samples for each different treatment were
evaluated (n = 3). For the colour spaces, pH, selected PSD
parameters and antioxidant indices, three technical replicates
were analysed and the results were reported as mean ± stan-
dard deviation (SD). A coefficient of variation (CV) below 15%
was considered acceptable among the replicates for the spec-
trophotometric measurements. To assess the concentration of
phenolic compounds via UPLC-ESI-MS/MS, the concentration
of each compound was measured in triplicate (n = 3) and was
reported as mean ± SD. Data normality was assessed through
a combination of the Shapiro–Wilk test and Z-scores of skew-
ness and kurtosis via eqn (4) and (5):

ZSk ¼ Sk � 0

SESk

(4)

ZK ¼ K � 0

SEK

(5)

where Sk is the skewness of the data set; SESk is the standard
error of skewness; K is the kurtosis of the data set; and SEK is the
standard error of kurtosis. Homogeneity of variance was
assessed using Levene's tests. One-way ANOVA and Tukey's
honesty signicant difference (HSD) post hoc test were per-
formed for data that followed normal distribution and equality
of variance. For non-normality, data were analysed using a non-
parametric test, Kruskal–Wallis one-way ANOVA. The signi-
cance level of all tests was set at 0.05. Statistical analysis was
performed using SPSS Statistics, Version 27 (IBM Corp.).

Results & discussion
Particle size distribution

The PSD curves of blackberry–milk samples and related
parameters are shown in Fig. 1 and Table 1, respectively. The
results show that the application of sonication signicantly
reduced the particle size of blackberry–milk beverages (p <
0.05). The PSD curves of US-treated samples (Fig. 1) shied to
the le compared to homogenised samples. Peak area of larger
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Particle size distribution curves of conventional and ultrasound
(US)-homogenised blackberry–milk beverages.

Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 8
:0

4:
20

 P
M

. 
 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
size particles decreased and the peak areas of smaller size
particles increased as US exposure time was prolonged. This
shows that longer treatment time resulted in a higher number
of smaller particles in the US-treated samples. The ‘Dv’ value
represents the maximum diameter of particles below a certain
percentage volume of samples. In this study, analysis at 10, 50
and 90% of the tested sample volume is reported (Table 1). The
data show that the application of sonication decreased the
particle size signicantly compared to the control (p < 0.05). For
example, the Dv50 of samples treated with US for 1 min was
12.50 ± 0.30 mm and was further reduced to 10.03± 0.12 mm for
5 min US treatment. In contrast, a control sample had signi-
cantly larger particle sizes with a Dv50 of 42.70 ± 8.31 mm. A
similar trend was observed for D [4, 3], which represents the
mean particle size based on the whole volume (and/or mass) of
tested samples. The decrease in particle size observed can be
explained through the US mechanism. When a liquid matrix is
sonicated, acoustic cavitation – the formation and collapse of
micro-bubbles – occurs within the matrix, which in turn causes
localised high heat and pressure. The mechanical forces
generated through this phenomenon at the micro-scale can
disrupt and cause breakage of particles within the matrix,42,43

consequently reducing the particle sizes of large compounds. In
a study by Kumar et al. (2023), a signicant decrease in particle
size compared to the control was observed for smoothies pro-
cessed with US-assisted heat treatment.44 In a reported study45

investigating US treatment of avocado puree, US was also shown
to reduce sample particle size and increase specic surface area
as the samples were treated with US (p < 0.05). The specic
Table 1 Particle size parameters of a blackberry–milk beverage treated

Treatment Dv10 (mm) Dv50 (mm)

Conventional homogenisation 11.85 � 1.74a 42.70 � 8.31a

US 1 min 5.58 � 0.11ab 12.50 � 0.30ab

US 3 min 5.66 � 0.25ab 11.97 � 0.91ab

US 5 min 5.07 � 0.10b 10.03 � 0.12b

a Different superscript alphabetical letters (a and b) represent signicant

© 2024 The Author(s). Published by the Royal Society of Chemistry
surface area of US-treated samples increased from 513.63± 9.13
m2 kg−1 (US, 1 min) to 623.50 ± 4.94 m2 kg−1 (US, 5 min). The
surface area of particles within the food matrix increased due to
an increase in the number of smaller particles.
Temperature and pH changes

Changes in the temperature of US-treated samples are shown in
Fig. 2a. During sonication, temperature continues to increase
signicantly with time (p < 0.05). From an initial temperature of
samples at 36.67 ± 0.58 °C, the nal temperatures were 41.67 ±

0.58 °C, 50.33 ± 1.15 °C and 58.67 ± 0.58 °C aer US treatment
for 1, 3 and 5 min, respectively. While US is considered a ‘non-
thermal’ technology, the soundwaves generated from US
transducers transfer energy to the matrix during processing,
thus increasing the temperature of the treated matrix. Changes
in pH were observed in the milk samples before addition of
blackberry powder, in the blackberry–milk mixtures prior to
homogenisation and in the blackberry–milk samples aer
homogenisation (Fig. 2b). The pH decreased aer addition of
the blackberry powder to the milk samples (from 6.69 ± 0.01 to
5.47 ± 0.02) due to the presence of organic acids within the
blackberry powder (p < 0.05). The predominant organic acids
within blackberries are malic acids and citric acids depending
on the cultivar, regions and seasons.46 Lumps of non-homoge-
neous mixtures were observed when blackberry powder was
added to the milk samples prior to homogenisation due to the
aggregation of milk proteins under acidic conditions. This
made the dissolution of blackberry powder more difficult in
milk. Aer homogenisation, all samples showed a further
reduction in pH (p < 0.05). This indicates that both conventional
and US homogenisation assist with the dissolution of black-
berry powder allowing the organic acids and other compounds
within the powder to dissolve more easily in the milk matrix.
However, samples treated with US for 5 min resulted in
a slightly signicantly lower pH than the conventionally
homogenised samples (p < 0.05). It is possible that the presence
of smaller particles and the increased surface area of particles
further enhanced the dissolution of organic acids in the
blackberry powder into the milk matrix. Mild heat generated by
US treatment may also have assisted the rate of dissolution.
Previous studies have shown that US treatment improves the
solubilisation of milk protein concentrate powder by more than
90% under mild heating at 50 °C47 and that US-assisted pro-
cessing can induce complete dissolution of maize starch in
dimethyl sulfoxide.48
with conventional and ultrasound (US) homogenisationa

Dv90 (mm) D [4, 3] (mm) Specic surface area (m2 kg−1)

126.00 � 7.00a 61.23 � 5.84a 225.60 � 33.88b

112.33 � 7.77ab 39.63 � 3.44ab 513.63 � 9.13ab

94.77 � 7.13b 36.60 � 3.33ab 534.23 � 32.46ab

80.37 � 12.01b 30.30 � 2.41b 623.50 � 4.94a

differences in means in the same column (p < 0.05).
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Fig. 2 (a) Temperature changes of blackberry–milk samples treated with ultrasound (US) homogenisation at 0, 1, 3 and 5 min; and (b) pH
changes of blackberry–milk samples before and after homogenisation treatment.
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Apparent viscosity

Apparent viscosity curves for US treated and untreated beverage
samples are shown in Fig. 3. All samples had smoothie-like
consistencies aer homogenisation. The curves showed that
US-treated beverages had a higher apparent viscosity compared
to the control (p < 0.05) at low shear rates. A 1 minute treatment
time resulted in a lower viscosity (p < 0.05) compared to 3 and 5
minute treatment times. As the shear rate increased, the
viscosity of all samples decreased. The blackberry–milk samples
exhibited pseudoplastic ow behaviour. The signicant
increase in viscosity observed is due to interactions between
various compounds within the blackberry–milk matrix
including: (1) gelation of milk proteins, (2) gelation of black-
berry polysaccharides and (3) interaction between different
types of macromolecules. As reported in the literature, the
gelation of casein micelles occurs at pH < 5.5 as the acidied
conditions decrease the net charge of the protein and induce
colloidal calcium phosphate within the micelles to solubilize
into the matrix.49,50 Destabilization within the micelles then
occurs leading to the clustering of casein micelles and the
formation of a gel-like structure within the matrix. As milk was
the largest portion of the whole mixture, it is highly likely that
this phenomenon was the main contributor to the observed
Fig. 3 Apparent viscosity of blackberry–milk beverages treated with
conventional and ultrasound (US) homogenisation.

1522 | Sustainable Food Technol., 2024, 2, 1517–1526
increase in viscosity. Gelation of blackberry polysaccharides, for
instance, pectin, can also occur due to low pH and the presence
of Ca2+ ions within the milk matrix.51 However, due to the low
proportion of blackberries in the whole mixture, it is likely that
weak gel-like structures were formed within the matrix. Inter-
actions between proteins and polysaccharides are other possi-
bilities that may contribute to increased viscosity of blackberry–
milk beverages. Many types of complex interactions can occur
within the matrix as proteins, polysaccharides and fats are
present within the samplematrix. Electrostatic interactions, van
der Waals forces, hydrophobic interactions and hydrogen
bonding between proteins and polysaccharides can lead to
biopolymer complexes.52 The contribution effect on viscosity of
the emulsion should also be noted as a colloidal dispersion was
formed within the matrix. When polysaccharides are present in
the matrix with an emulsion, a phenomenon called ‘bridging
occulation’ can occur, which induces a gel-forming struc-
ture,52,53 thus stabilizing the matrix and, in this case, possibly
increasing the viscosity of the samples. Additionally, the effect
of reducing the particle size and increasing particle surface area
through US homogenisation (Table 1) promotes these interac-
tions, promoting the weak binding between macromolecules to
occur easily within the blackberry–milk matrix.

Though the investigation of possible interactions between
macromolecules was not the focus of the current study, the
determination of the elastic (G0) and viscous (G00) modulus can
indirectly indicate the presence of gel formation within the
blackberry–milk matrix (ESI data Fig. S1†). The G0 curve repre-
sents the elastic behaviour showing a solid-like nature of the
samples. In contrast, the G00 curve represents the viscous
behaviour showing a liquid-like nature of the samples. Based on
the obtained viscoelastic curves, it was found that G0 was
initially higher than G00 in all samples. This implies that the
blackberry–milk mixture contains more elastic than viscous
components, indicating that the matrix shows gel-like behav-
iour. This phenomenon was also reported in other related
rheological studies for US-treated strawberry pulp,54 US-treated
© 2024 The Author(s). Published by the Royal Society of Chemistry
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whey protein solution,55 and other dairy products treated with
US.56 Importantly, it was observed that samples treated with US
had longer LVE regions than traditionally homogenised
samples, and as the US exposure time increased, the LVE
regions extended (p < 0.05). In conventionally homogenised
samples, the LVE region started to reduce as the G0 curve
gradually decreased before the shear strain reached 1%. For
samples treated with US for 1 min the G0 curve reduced to close
to 1% shear strain. For 3 and 5 min US treatments, the G0 curves
declined when the shear strain reached 1%, showing that
sample matrixes treated at these parameters were slightly more
resistant to deformation as shear strain was applied. US
homogenisation also resulted in higher values for LVE regions.
The LVE regions of US-treated samples (1, 3 and 5 min) were
11.00–17.60 Pa, 28.70–31.50 Pa and 26.50–28.60 Pa, respectively.
Furthermore, the differences between the LVE regions of G0 and
G00 were signicantly higher for US-treated samples and
increased for longer US exposure times (p < 0.05). US treatment
can induce stronger elastic behaviour resulting in a stronger
gel-like structure forming between compounds within the
blackberry–milk matrix.
Colour spaces and total colour changes

The colour values (L*, a*, b*, C* and h) and total colour changes
(DE) observed are shown in Table 2. Changes in L* and a* values
were not signicant (p > 0.05). For b* values, a small signicant
increase was observed in samples treated with US for 3 and 5
min, which were 11.27 ± 0.27 and 11.15 ± 0.09, respectively (p <
0.05). C* or chroma represents the saturation or the intensity of
colour and h or the hue angle indicates the quality of colour (red
hue, 0°; yellow hue, 90°; green hue, 180°; and blue hue, 270°).
C* values ranged from 20.96 ± 0.33 to 21.86 ± 0.29 and h values
ranged from 28.19 ± 0.21 to 31.68 ± 0.43 (p < 0.05). These two
parameters indicate that blackberry–milk samples had
a reddish hue and that the colour was not highly saturated. The
colour of the blackberry–milk samples was light pinkish red.
Though there were slight signicant differences in b*, C* and h,
the overall colour of homogenised and US-treated samples were
closely identical. From Table 2, the DE of US-treated samples
were 22.01 ± 0.23, 23.05 ± 0.49 and 23.50 ± 0.62 for US 1, 3 and
5 min, respectively while the DE of the control was 23.04 ± 0.21.
The DE between homogenised and US-treated samples showed
non-signicant differences (p > 0.05), with the exception of US 1
and 5 min, which were signicantly different (p < 0.05). This
implied that DE increased as the US treatment time progressed,
Table 2 Colour parameters of a blackberry–milk beverage treated with

Treatment

Colour parameters

L* a* b*

Homogenisation 75.11 � 0.17a 18.81 � 0.21a 10.01 �
US 1 min 77.44 � 0.45a 18.30 � 0.27a 10.24 �
US 3 min 74.78 � 2.31a 18.27 � 0.18a 11.27 �
US 5 min 75.19 � 1.11a 18.80 � 0.32a 11.15 �
a Different superscript alphabetical letters (a, b, c and d) represent the sig

© 2024 The Author(s). Published by the Royal Society of Chemistry
which was possibly caused by the increase in temperature and
longer exposure to cavitation. With some minor changes, it can
be indicated that US treatment within 5 min along with
continuous stirring does not signicantly affect the overall
colour of blackberry–milk samples. Comparable effects were
reported in another study where carrot-based smoothies treated
with US showed non-signicant colour changes compared to
the control.57 Another investigation of short-term US treatment
for complex matrixes in avocado puree also reported non-
signicant effects on colour parameters.45 They reported that
the colour of diluted avocado puree (1 : 9 ratio) treated with US
(for 1–10 min) was not statistically different compared to
homogenised puree (p > 0.05).

Total phenolic content and antioxidant indices

TPC, DPPH radical scavenging activities and FRAP activities of
blackberry–milk samples are shown in Table 3. The results
showed that samples treated with US for 3 min had the highest
TPC, 561.65 ± 12.22 mg GAE/100 mL, among US-treated
samples (p < 0.05), but the value was not statistically different
from that of the control, 534.31 ± 17.41 mg GAE/100 mL (p >
0.05). This trend was also observed for DPPH radical scavenging
and FRAP activities. However, there was a slight signicant
reduction in TPC, DPPH and FRAP values for samples treated
with US for 1 min (p < 0.05). This slight decrease was possibly
due to the formation of hydroxyl radicals (cOH) induced by
ultrasonic waves.58 The rate of hydroxyl radical formation may
have outweighed the rate of polyphenol release from blackberry
powder for a treatment time of 1 min. At 3 min, the signicant
increase observed in these three parameters could imply that
more polyphenols were released into the matrix because of the
cell disruption by sono-mechanical effects and increases in
temperature (from 36.67 ± 0.58 to 50.33 ± 1.15 °C) of the
blackberry–milk samples.59 Recent studies also reported
increases in phenolic contents and antioxidant activities in fruit
juice samples where both US and temperature treatment were
applied.13,60 Overall, US treatment resulted in minor changes in
phenolic contents and antioxidant indices of blackberry–milk
beverages when compared to homogenised samples.

Quantication of polyphenols in blackberry–milk samples

The polyphenol contents of blackberry–milk samples are shown
in Table 4. Similar trends in concentrations of polyphenols and
TPCs were observed, except for rutin and caffeic acid. Slight
decreases in concentrations of cyanidin-3-O-glucoside,
conventional and ultrasound (US) homogenisationa

C* h DE

0.29b 21.22 � 0.43ab 28.19 � 0.21d 23.04 � 0.21ab

0.20b 20.96 � 0.33b 29.63 � 0.26c 22.01 � 0.23b

0.27a 21.47 � 0.28ab 31.68 � 0.43a 23.05 � 0.49ab

0.09a 21.86 � 0.29a 30.67 � 0.41b 23.50 � 0.62a

nicant difference in means in the same column (p < 0.05).
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Table 3 Total phenolic contents and antioxidant indices of a blackberry–milk beverage treated with conventional and ultrasound (US)
homogenisationa

Treatment TPC (mg GAE/100 mL) DPPH (mg TE/100 mL) FRAP (mg TE/100 mL)

Conventional
homogenisation

534.31 � 17.41ab 574.40 � 9.16a 1294.91 � 16.69a

US 1 min 512.53 � 7.28b 547.22 � 9.60b 1210.80 � 3.54b

US 3 min 561.65 � 12.22a 570.47 � 8.30a 1289.51 � 5.83a

US 5 min 540.04 � 6.74ab 547.83 � 3.14b 1232.41 � 4.63b

a Different superscript alphabetical letters (a and b) represent the signicant difference in means in the same column (p < 0.05).

Table 4 Content of predominant polyphenols in a blackberry–milk beverage treated with conventional and ultrasound (US) homogenisationa

Treatment

Concentration of polyphenols (mg per 100 mL sample)

C3G C3R Q3G K3R Rut PcA CafA

Conventional homogenisation 5.127 � 0.512ab 0.148 � 0.007a 0.120 � 0.008ab 0.013 � 0.002a 0.065 � 0.005a 0.133 � 0.014ab 0.026 � 0.002a

US 1 min 4.022 � 0.250b 0.124 � 0.004b 0.114 � 0.002b 0.009 � 0.001b 0.059 � 0.006a 0.106 � 0.003b 0.029 � 0.004a

US 3 min 4.272 � 0.483b 0.148 � 0.006a 0.131 � 0.005a 0.012 � 0.001ab 0.066 � 0.007a 0.169 � 0.024a 0.035 � 0.007a

US 5 min 5.677 � 0.457a 0.146 � 0.004a 0.122 � 0.003ab 0.013 � 0.001a 0.065 � 0.002a 0.166 � 0.025a 0.032 � 0.005a

a Different superscript alphabetical letters (a and b) represent the signicant difference in means in the same column (p < 0.05). C3G, cyanidin-3-O-
glucoside; C3R, cyanidin-3-O-rutinoside; Q3G, quercetin-3-O-glucoside; K3R, kaempferol-3-O-rutinoside; Rut, rutin; PcA, protocatechuic acid; and
CafA, caffeic acid.
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cyanidin-3-O-rutinoside, quercetin-3-O-glucoside, kaempferol-
3-O-rutinoside and protocatechuic acid were observed in US-
treated samples for 1 min (p < 0.05). This is indicative of poly-
phenol degradation by cOH radicals formed by ultrasonic waves
as previously mentioned.58 The slight signicant increase in
overall polyphenol a content also occurred in US-treated
samples for 3 and 5 min (p < 0.05) due to an increase in poly-
phenol release from cell disruption; however, no statistical
differences were observed compared to the control (p > 0.05). A
gradual increase observed in the concentration of cyanidin-3-O-
glucoside as the processing time increased may result from an
interaction between the anthocyanin and milk proteins. A study
on the interaction between cyanidin-3-O-glucoside and b-lacto-
globulin with US treatment showed an enhancement of the
binding ability of both compounds forming anthocyanin–
protein complexes (through van der Waals forces, hydrogen
bonds and hydrophobic interactions) which increased the
stability of cyanidin-3-O-glucoside.61 This was also evident in
another study where the interaction of cyanidin-3-O-glucoside
and b-lactoglobulin was shown to provide a protective effect on
colour degradation and enhance bioaccessibility aer heat
treatment.62 An interaction between cyanidin-3-O-glucoside and
caseins in cow's milk was also reported as anthocyanin–casein
complexes were mainly formed through hydrogen and hydro-
phobic interactions, inducing higher stability and bioavail-
ability.63 Though studies on the interaction between cyanidin-3-
O-glucoside and casein under US treatment were not the focus
of this study, it is possible that the enhancement of anthocy-
anin–casein binding occurred similar to b-lactoglobulin. Only
rutin and caffeic acid were stable throughout the US treatment
as no signicant differences were found for all samples. It was
reported in another study that caffeic acid has a relatively high
1524 | Sustainable Food Technol., 2024, 2, 1517–1526
response threshold to cOH radicals as well as thermal degra-
dation compared to cyanidin-3-O-glucoside and rutin.58 In
contrast to the cited literature, the concentration of rutin in the
blackberry–milk mixture appeared to be stable throughout the
US process. This is possibly due to the release of more rutin
from the dissolution of blackberry powder as the US homoge-
nisation progresses. Overall, this study shows that US homog-
enisation has minor degradation effects on the concentration of
major polyphenols in blackberry–milk beverages.
Conclusions

This study investigated the effects of pilot-scaled batch US
homogenisation compared to conventional homogenisation for
blackberry–milk beverages. US homogenisation enhanced the
overall apparent viscosity of blackberry–milk beverages through
the effects of particle size reduction and the consequent
increase in specic surface area of the particles that allowed
efficient interaction with milk. These effects were more
pronounced with an increase in temperature (from 35 °C to 60 °
C aer 5 min of US treatment). Rheology data indicated the
formation of weak gel-like structures that occurred due to US
treatment, which further contributed to the enhancement of
apparent viscosity. A drop in pH aer US homogenisation, from
pH 5.47 to pH 4.86–4.80, indicates that acidic contents within
the blackberry powder were dissolved within the milk matrix.
US homogenisation for 5 min was more effective for dissolution
of blackberry powder compared to conventional homogenisa-
tion, without compromising visual colour and health-benecial
constituents. Ideally, US homogenisation for 3 min was pref-
erable for retention of antioxidant phenolic compounds in
blackberry–milk samples. Further work investigating the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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application of US homogenisation coupled with conventional
heat treatment as pilot-scale unit processing for blackberry–
milk functional beverages is recommended. The investigation
on that aspect can provide an improved understanding of the
effect of process combinations on the nal product quality and
sensory-related attributes.
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