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mosonication on the
physicochemical, techno-functional, bioactive,
microbiological and sensory properties of tiger nut
(Cyperus esculentus L.) milk

Adebola O. Oladunjoye * and Mopelola I. Idiat

Emerging food processing techniques such as thermosonication (TS) for plant-based milk present a novel

and promising research approach. In this study, tiger nut milk subjected to pasteurisation (90 °C for 60 s)

and thermosonication (frequency: 45 kHz; power: 200 W; amplitude: 100%; temperature: 40, 50 and

60 °C; time: 5, 10 and 15 min) was analysed for its physicochemical, techno-functional, bioactive,

antioxidant, microstructural, enzymatic, microbiological and sensory properties. Both treatments had no

impact on the pH, total soluble solids and titratable acidity, while TS significantly (p < 0.05) reduced the

sedimentation index (4.31–3.52%), residual enzyme peroxidase activity (100.0–6.30%) and polyphenol

oxidase activity (100.0–5.14%). Comparatively, TS increased the contents of ascorbic acid (6.95–8.35

mg/100 mL), total phenols (22.50–28.03 mg GAE/100 mL), flavonoids (16.01–30.19 mg/100 mL), and

carotenoids (8.05–13.04 mg/100 mL) and improved the antioxidant capacity (41.98–68.98%). Moreover,

the optical micrograph showed reduced particle size to a non-visible level with increasing TS treatment,

while the total bacterial and yeast/mould population reduced from 5.45 and 4.46 log CFU per mL to

a non-detectable level, respectively. The sensory parameters slightly improved during TS treatment, with

the mean scores above average. Notably, the TS treatment at 45 kHz and 50 °C presented the best

thermosonication regime for the tiger nut milk sample, while treatment at 45 kHz and 60 °C elicited

impaired changes to most of the milk properties. Hence, the use of thermosonication in enhancing the

quality and economic value of tiger nut milk is technically feasible as an alternative to thermal processing.
Sustainability spotlight

This study shows that thermosonication is a sustainable, innovative food processing technique that improves the nutritional, functional, microbiological, and
sensory quality of tiger nut milk while maintaining its compositional integrity. By reducing the residual enzymatic activity and microbial population below the
FDA recommendation and enhancing the bioactive and antioxidant capacity, thermosonication provided a better alternative to thermal treatment. This outcome
synchronises well with SDG 12 by encouraging cleaner production technologies and supports SDG 3 via the development of safer, healthier plant-based
beverages. Furthermore, the valorisation of exotic rhizomes like tiger nut through the novel technology of thermosonication contributes to resilient food
value chain and promotes sustainable dietary diversication.
1 Introduction

The rising consumers' demand for foods containing natural
ingredients has driven the food industry into producing nutri-
tious plant-sourced beverages in recent times.1 In this context,
plant-based milk (PBM) containing liquid extracts from cereals,
legumes, nuts and oilseeds, which are rich in nutrients and
bioactive compounds, contributes immensely to a healthy life-
style.2,3 Advantageously, PBM serves as an alternative to dairy
milk in mitigating the prevalence of lactose intolerance, aller-
gies and arteriosclerosis in vulnerable individuals.4,5 Given
ty of Ibadan, Ibadan, Nigeria. E-mail:

6923733

the Royal Society of Chemistry
these benets, the global retail sales of PBM have recorded for
about $2.4 billion in 2020.6,7

However, the sensory and safety quality of plant-sourced
beverages can easily deteriorate due to their high water
activity, near-neutral pH and endogenous enzymes.8 To this
end, the use of pasteurisation has been upheld to promote these
qualities.9 While this thermal process enables the achievement
of enzyme inactivation and a 5-log reduction, it also elicits
signicant loss in nutritional and sensory values.10 Hence, the
emergence of alternative and novel techniques such as ultra-
sound has received research attention in recent times.11 The
ultrasound mechanism involves the generation and propaga-
tion of sound waves (20–100 kHz) through a liquid (food)
biomass to form bubbles that generate acoustic cavitation
Sustainable Food Technol., 2026, 4, 375–387 | 375
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(sonolysis). These bubbles generate a vapour pressure differ-
ence, leading to their collapse and coalescence.12 The energy
generated from this sonolytic coalescence (approximately
5000 k and 100 MPa) causes micro-streams, radical formation
and shearing effect on cellular constituents.13 This phenom-
enon inactivates microbial and enzymatic activities within the
food biomass, thereby promoting the physicochemical, bioac-
tive, sensory, and safety quality of the food.14 The integration of
this technique with controlled temperature, known as thermo-
sonication (TS), has been found to be a promising approach in
enhancing the quality and safety attributes of plant-sourced
beverages.15 While a good number of PBM such as almond
milk16 coconut milk17 and soy milk18 have been treated by this
technique, other underutilized PBM sources like tiger nut milk
is attracting an increasing interest due to their regional rele-
vance in Africa and emerging niche markets globally.

Tiger nut (Cyperus esculentus L), also called “earth almond” is
a sweet and nutrient-dense underground rhizome, cultivated
initially around Egypt and the Mediterranean area.19 However,
with the evolution of time, tiger nut cultivation and consump-
tion attracted attention in different parts of America, Europe,
Australia and African countries including Nigeria, as food and
feedstocks.20 This global attention stemmed from its nutritional
composition of protein (3.23–8.45%), lipids (22.14–44.92%),
crude bre (8.26–15.47%), mineral elements (1.60–2.60%) and
carbohydrates (23.21–48.12%).21 Moreover, tiger nut contains
a contributive content of phytochemicals, organic acids and
other bioactive compounds.22 Interestingly, this excellent blend
of nutritional and bioactive contents has enhanced its value-
addition into milk, which is highly relished by the
consumers.23 With a rising global market value of $481.2
million in 2024, the need to enhance the quality and safety
attributes of tiger nut milk with emerging techniques becomes
more relevant.24 Despite its nutritional potential, no studies to
date have systematically evaluated the effect of thermosonica-
tion on tiger nut milk. It is hypothetically assumed that ther-
mosonication will improve the quality of tiger nut milk based
on the previous study on its application in enhancing other
plant-based milk. Therefore, this study aims to investigate the
Table 1 Experimental design for raw, pasteurised and thermosonicated

Treatment Temperature (°C) Time (min)

Raw TNM — —
PTNM 90 1
TS-1 40 5
TS-2 40 10
TS-3 40 15
TS-4 50 5
TS-5 50 10
TS-6 50 15
TS-7 60 5
TS-8 60 10
TS-9 60 15

a TNM: tiger nut milk, TS: thermosonicated milk samples, PTNM: pasteu

376 | Sustainable Food Technol., 2026, 4, 375–387
effect of thermosonication on some quality and safety attributes
of tiger nut milk.
2 Materials and method
2.1 Tiger nut preparation and milk extraction

The preparation and extraction were performed by the method
of Ariyo.25 Tiger nut (Cyperus esculentus L) was obtained from
Bodija commodity market (7.4350° N, 3.9143° E) in Ibadan,
Nigeria. The nuts were cleaned and sorted to remove impurities
and defective nuts, while the initial moisture content was
determined to be 33% (wet basis) before extraction. The cleaned
nut (one kilogram) was soaked with 3 L of distilled water for
12 h, with regular changes of water aer 6 h. Soaked tiger nut
was milled into a slurry with 2 L of distilled water in a high-
speed motor warring blender (Model HGBTWT, Warring mill,
Torrington, USA) having a speed of 20 000 rpm. The blended
slurry was sieved using a muslin cloth to obtain a homogenised
ltrate as tiger nut milk. The milk batch obtained was stored at
4 °C in plastic bottles and labelled for onward pasteurisation
and thermosonication, while the untreated sample was labelled
as a control. All chemicals applied in the current study were of
analytical grade and obtained from Sigma-Aldrich, and all
experiments were conducted in triplicates (n = 3).
2.2 Treatment protocol

2.2.1 Pasteurisation. The tiger nut milk (TNM) samples
were pasteurised to achieve approximately a 5-log microbial
reduction in a laboratory-scale pasteuriser (JBN 26. Grant Inst.,
Ltd., Cambridge SG86GB, United Kingdom) at 90 °C for 60 s in
accordance with the method reported by Santhirasegaram and
Razali.26 The pasteurised TNM was subsequently cooled under
a refrigerated condition (4 ± 2 °C for 30 min) for onward
analysis.

2.2.2 Thermosonication. The TS treatment of TNM was
done according to a modied procedure reported by Qiu and
Su27 in an ultrasonic bath (Elma Transsonic T1-H-10, Singen,
Germany; power 200 W; frequency 45 kHz and amplitude 100%)
with an acoustic energy density of 0.348 W cm−3. A 500 mL
tiger nut milk samplesa

Ultrasonic power (W) Frequency (kHz)

— —
— —
200 45
200 45
200 45
200 45
200 45
200 45
200 45
200 45
200 45

rised tiger nut milk sample.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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beaker containing the TNM sample was placed at the same
water level in the sonicator bath. The TS treatment was per-
formed in triplicates at different temperatures (40, 50 and 60 °C)
and monitored using a calibrated digital thermometer with
regular adjustment of the bath setting throughout the entire
period (5, 10 and 15 min) for each sample, as shown in Table 1.
Light interaction with the samples was prevented by main-
taining a dark environment to prevent photodegradation of the
sample. All samples were cooled to 4 °C and stored in a sterile
plastic bottle for onward assay.

2.3 Physicochemical properties (pH, total soluble solids and
titratable acidity)

The pH of TNM samples was measured using a pH meter
(Model 4120400, Auxilab, Spain) at ambient temperature. A
hand-held refractometer was used for the total soluble solid
(Atago Co. Ltd., Tokyo, Japan) with results expressed in °Brix,
while titratable acidity was determined using 0.1 N sodium
hydroxide and a phenolphthalein indicator, and the result is
expressed as the percentage of lactic acid using the formula:

Titratable acidity ¼ V �N � 0:09

W
� 100 (1)

where V is the volume of NaOH, N is the normality of NaOH, W
represents the equivalent weight of sample, 0.09 represents the
multiplying factor for lactic acid.

2.4 Techno-functional properties

2.4.1 Cloudiness and browning index. The cloudiness and
browning index (BI) of TNM samples were determined by
following the method of Cervantes-Elizarrarás and Piloni-
Martini.28 First, 10 mL of TNM sample was centrifuged at
3000 rpm for 30 min, and the resulting supernatant was passed
through a 0.45 mm lter. The absorbance at 660 nm was
measured using a UV-Vis spectrophotometer (T70 PG instru-
ments, Alma Park, UK). For BI, 5 mL of TNMmixed with 5 mL of
ethanol was centrifuged, and the absorbance was observed at
420 nm. All measurements were performed in triplicate.

2.4.2 Viscosity. The viscosity of TNM was evaluated by the
method reported by Park and Olawuyi29 using a viscometer (DV
I, Brookeld Amatek, Middleboro, MA, USA). About 10 mL of
TNM sample was dispensed into a sterile 250 mL beaker at
ambient temperature (25 ± 2 °C) using a digital thermometer
for temperature control and positioned underneath the
viscometer spindle (no. 63). The spindle was rotated at 100 rpm
under ambient conditions, and the viscosity values are
expressed in centipoise (cP).

2.4.3 Colour. The colour (CIE L*a*b*) tristimulus values of
TNM were analysed using a digital colourimeter (Chroma meter
CR-400, Konika Minolta, USA) at ambient temperature (25 ± 2 °
C).

The instrument was calibrated with standard white and
black plates30 before measurement, while colour variation DE
was derived using the following equation:�

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDLÞ2 þ ðDaÞ2 þ ðDbÞ2

q �
(2)
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.5 Bioactive compounds

2.5.1 Ascorbic acid. The analysis for the value of ascorbic
acid (AA) in TNM was performed following a method reported by
Anaya-Esparza and Velázquez-Estrada31 with slight modications.
Briey, 1 mL of TNMwas added to 1 mL of 5% trichloroacetic acid
(TCA) and centrifuged at 3500 rpm for 15 min to obtain a clear
extract. Subsequently, 1 mL of 2% 2,4-dinitrophenyl hydrazine at
37 °C for 3 h was added to the clear extract for red complex
formation with 1.0 M H2SO4. The degree of absorbance from the
colour formation at 521 nm was read using a UV-Vis spectropho-
tometer, while AA was derived as milligram per 100 mL of TNM
using an ascorbic acid standard calibration curve.

2.5.2 Total phenolic compound (TPC). The analysis for the
total phenolic compounds of TNM was performed by following
the protocol presented by Rebaya and Belghith32 with slight
modications, using Folin–Ciocalteu's reagent. The absorbance
observed at 760 nm using a spectrophotometer was extrapolated
with a standard curve, and expressed in mg GAE/100 mL for
each milk sample.

2.5.3 Carotenoid content. The carotenoid content of TNM
was analysed by the method of Lee and Castle.33 About 2 mL of
TNM was added to 50 mL of n-butanol solvent and shaken thor-
oughly. The resultingmixture was kept away from light interference
to adequate carotenoid extraction and centrifuged at 8000 rpm for
15 min. The supernatant obtained was read using a UV-Vis spec-
trophotometer at 440 nm, while beta-carotene was applied as the
standard representative sample in the extrapolation curve.

2.5.4 Flavonoid content. The avonoid content of TNM was
assayed by a procedure presented by Nayak and Chandrasekar.34

Briey, 1.0 mL of TNM added to 0.3 mL of 5% NaNO3 was incu-
bated at ambient temperature for 5 min. Subsequently, 0.3 mL of
10% AlCl3 was added to the mixture and allowed for another
6min holding time. This was followed by the addition of 2.0mL of
1 M NaOH and the volume was made up to 10 mL with distilled
water. The resulting solution was shaken properly and allowed to
stand for 15 min at ambient temperature. The absorbance
measured at 510 nm using a spectrophotometer was used to
obtain the avonoid concentration in mg catechin equivalent/
100 mL of TNM using a catechin reference calibration curve.

2.6 Antioxidant capacity

The value of antioxidant capacity (AC) in the TNMwas determined
following the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical proce-
dure of Radha Krishnan and Azhagu Saravana Babu35 with slight
modications. The AC was derived using the following formula:

Antioxidant capacity (%) = [(Ac − As)/Ac] × 100 (3)

where Ac represents the absorbance of the blank mixture (con-
taining DPPH void of beverage sample). As represents the
absorbance of the TNM or standard.

2.7 Enzyme inactivation: peroxidase (POD) and
polyphenoloxidase (PPO)

The POD and PPO activity of the treated TNM sample was
analysed by following a modied procedure reported by Dars
Sustainable Food Technol., 2026, 4, 375–387 | 377
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and Hu.36 The supernatant extract of TNM samples aer
centrifugation at 3500 rpm for 15 min under refrigeration (4± 2
°C) was used for the analysis. For POD analysis, 0.32 mL of the
supernatant upheld at pH 6.8 was added to 0.32 mL of alkaline
pyrogallol at 5% and 0.147 mol per L H2O2. A rise in the
absorbance level in the spectrophotometer at 420 nm was
observed within 3 min. For the PPO analysis, 1.5 ml of the TNM
supernatant was added to 0.5 mL catechol and 3.0 mL K3PO4

phosphate buffer at 0.2 mol L−1 upheld at pH 6.8. A similar rise
in the absorbance at 410 nm within 3 min was observed. The
resulting outcome from the treated samples was expressed as
the percentage of residual enzymatic activity, while the control
sample was assumed to be 100%. The degree of residual enzy-
matic activity was derived using the following equation:

Residual enzymatic activity (%) = At/Au × 100 (4)

where At and Au stand for the enzymatic activity of the sample
from TS-treated and untreated TNM, respectively.
2.8 Sedimentation index

The determination of sedimentation index (IS) was done
according to the procedure reported by Rojas and Leite37 with
minor modication. The TNM sample (50 mL) was dispensed
into centrifuge tubes and stored for two days with the addition
of 50% glycerol to inactivate the growth of microorganisms. The
phase separation was observed and the results of sedimentation
index were obtained as follows:

Sedimentation indexð%Þ

¼ total volume of milk sampleðmLÞ
total volume of sediment inðmLÞ � 100 (5)

2.9 Optical microscopy

The optical microscopy of TNM was performed according to the
method reported by Salve61 with minor modications. About
10 mL of TNBM sample was taken in a covered measuring
cylinder and shaken vigorously under ambient conditions.
About 10 mL aliquot was pipetted onto a clean sterile glass slide
and made into a thin smear using another glass slide. The thin
smear was air-dried for 10 min, xed using with 5% methanol
for 1–2 min and stained with 0.3% Sudan black in 70% ethanol.
The sample was observed using a digital microscope (ANDON-
STAR AD409 Max-Es Guangdong, 518103. China.) using a 100×
objective lens. The tted Microscope measure soware V3. 7.7
was used to capture themicrograph images of themilk samples.

2.10 Microbiological safety. The microbiological analysis
for bacterial, yeast and mould count population in pasteurised
and thermosonicated TNM was performed using the total plate
count (TPC) and yeast/mould count (YMC) spread plate method,
respectively. Following the protocol reported by Nayak and
Rayaguru,38 TPC was evaluated using plate count agar for
bacterial population (37 °C for 48 h), while yeast and mould
were evaluated aer storage at 25 °C for 5 days with potato
dextrose agar using the spread plate method. Furthermore, the
detection limit used for the microbial population under the
378 | Sustainable Food Technol., 2026, 4, 375–387
spread plate method was 1 CFU mL−1. Hence counts below this
were expressed as non-detectable (ND). The mean count of
microbial population over triplicates obtained was expressed as
log CFU per mL.

2.11 Sensory evaluation. The sensory properties of pas-
teurised and thermosonicated TNM were performed at the
sensory laboratory by the protocol reported by Basu and Shiv-
hare.39 This consists of 70 semi-trained panelists familiar with
dairy products. An informed consent of the panellist was ob-
tained based on the aim, protocol, risk and unconditional
withdrawal from the process. The TNM samples produced
hygienically were randomly coded to prevent bias, and panel-
lists were instructed to rate the TNM based on a 9-point hedonic
scale on specied sensory parameters (taste, avour, colour,
mouth feel and overall acceptability). Clean water was provided
as a mouth rinser between the samples, and a similar lightning
approach was maintained, while serenity and a cool atmo-
sphere were maintained in getting optimal evaluation from the
panelists.

2.12 Statistical analysis. All analyses of samples were per-
formed three times (n = 3), and the mean of results with the
corresponding standard errors were subjected to analysis of
variance (ANOVA) using Statistical Package for Social Statistics
(SPSS) Version 22.0. The mean values were compared using
Duncan's multiple range test at p < 0.05.
3 Results and discussion
3.1 pH, TSS and TA

The results of treatment on the pH, TSS and TA of TNM values
in Table 2 show that pasteurisation and TS had no signicant (p
> 0.05) impact on these properties relative to the raw sample.
This development could be due to the buffering capacity of milk
with minimal impacts on sugar hydrolysis under the treatment
conditions. Thus, the pH (6.52–6.62), TSS (3.00–3.30 °Brix) and
TA (0.16–0.19%) of the treated sample were not different from
the values of pH (6.68), TSS (3.40 °Brix) and TA (0.17%) observed
in the raw sample. An earlier report of pasteurisation and TS
observed on almondmilk byManzoor and Siddique16 supported
this outcome. The pH indicates the potential for microbial
stability, protein functionality, viscosity and colour stability.
The TSS contributes to sensory sweetness and mouthfeel, and
the TA shows relevance in avour characteristics. Hence, the
physicochemical properties represent an important parameter
in the nutritional, safety and sensory quality of the milk sample.
3.2 Cloudiness

The values of cloudiness from treated TNM in Fig. 2 show that
the raw sample with a cloudiness value of 4.83 signicantly
reduced to 2.42 aer pasteurisation. Thermosonicated samples
signicantly (p < 0.05) increased from 5.43 (TS-1) to 5.89 (TS-3)
at 40 °C, 5.97 (TS-4) to 6.79 (TS-6) at 50 °C, and 7.05 (TS-7) to 8.19
(TS-9) at 60 °C. Cloudiness signies the level of suspended
particles like pectin, proteins and lipids in the tiger nut milk.40

Hence, the reduction with pasteurisation could be ascribed to
the thermal denaturation of proteins, resulting in formation of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Effect of pasteurisation and thermosonication on the physicochemical and colour parameters of tiger nut milka,b

Treatment pH Total soluble solids (oBrix) Titratable acidity (%) L* a* b*

Raw TNM 6.68 � 0.04a 3.40 � 0.11a 0.17 � 0.19a 71.79 � 0.14b 3.94 � 0.03b 13.09 � 0.02c

PTNM 6.62 � 0.03a 3.20 � 0.12a 0.18 � 0.18a 73.79 � 0.13b 3.93 � 0.02b 9.84 � 0.03b

TS-1 6.53 � 0.03a 3.30 � 0.17a 0.19 � 0.21a 72.74 � 0.14b 4.53 � 0.04b 10.63 � 0.02b

TS-2 6.52 � 0.03a 3.20 � 0.13a 0.18 � 0.11a 74.71 � 0.12b 4.11 � 0.04b 12.44 � 0.01b

TS-3 6.55 � 0.02a 3.00 � 0.11a 0.19 � 0.18a 74.76 � 0.11b 4.35 � 0.05b 13.80 � 0.01b

TS-4 6.52 � 0.03a 3.20 � 0.16a 0.17 � 0.17a 75.89 � 0.11b 4.23 � 0.04b 13.17 � 0.03a

TS-5 6.53 � 0.02a 3.30 � 0.17a 0.16 � 0.19a 75.73 � 0.14b 4.21 � 0.02b 12.71 � 0.03b

TS-6 6.52 � 0.04a 3.30 � 0.15a 0.19 � 0.15a 76.04 � 0.12a 4.16 � 0.03a 13.75 � 0.03a

TS-7 6.55 � 0.03a 3.00 � 0.13a 0.17 � 0.13a 69.77 � 0.12b 4.27 � 0.02a 13.60 � 0.02b

TS-8 6.56 � 0.03a 3.10 � 0.11a 0.18 � 0.15a 67.24 � 0.12b 4.28 � 0.01a 13.02 � 0.03b

TS-9 6.57 � 0.03a 3.20 � 0.15a 0.17 � 0.17a 64.82 � 0.13b 4.75 � 0.02a 13.53 � 0.02a

a TNM: tiger nut milk; PTNM: pasteurised tiger nut milk; TS: thermosonicated milk samples. b Values are expressed as mean ± standard deviation
of three replicate experiments. The mean values in the same column with the same superscripts are not signicantly different (p < 0.05).
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aggregated colloids, which lowers the turbidity, while an
increase in cloudiness aer TS treatment could be ascribed to
the dissociation of these suspended particles into ner colloidal
particles by a shear force during sonolytic cavitation.41 An
earlier report on the cloudiness (0.64–0.76) of freshly extracted
tomato juice subjected to thermosonication (50–70 °C for 5 to
15 min) aligned with the present study.42 According to Atalar
and Gul,43 improved colloidal stability in PBM resonates with
reduced sedimentation and moderate viscosity, which indicates
the positive impact of TS on the cloudiness value.
3.3 Browning index

The result of browning index (BI) of TNM in the raw sample was
0.160, but it signicantly (p < 0.05) increased with pasteurisa-
tion to 0.178 (Table 3). However, TS treatment slightly increased
the BI from 0.162 (TS-1) to 0.168 (TS-7). Elevated conditions of
TS-8 and TS-9 showed a marked increase in BI from 0.170 to
0.171, respectively. The observed alterations in the BI have been
ascribed to the development of the Maillard reaction during
TS.44 According to the authors, the mild increase observed
under moderate TS conditions could be attributed to the impact
Table 3 Effect of pasteurisation and thermosonication on the browning

Treatment Browning index Sedimentation

Raw TNM 0.160 � 0.11c 4.31 � 0.07b

PTNM 0.178 � 0.14a 5.42 � 0.12a

TS-1 0.162 � 0.17bc 4.27 � 0.15b

TS-2 0.164 � 0.12b 4.23 � 0.23b

TS-3 0.165 � 0.14b 4.19 � 0.19b

TS-4 0.164 � 0.13b 4.25 � 0.21b

TS-5 0.166 � 0.17b 4.13 � 0.13b

TS-6 0.167 � 0.07b 4.09 � 0.21bc

TS-7 0.168 � 0.13b 3.96 � 0.13c

TS-8 0.170 � 0.13a 3.81 � 0.09c

TS-9 0.171 � 0.12a 3.52 � 0.17c

a TNM: tiger nut milk; PTNM: pasteurised tiger nut milk; TS: thermosonic
are expressed as mean± standard deviation of three replicate experiments.
signicantly different (p < 0.05).

© 2026 The Author(s). Published by the Royal Society of Chemistry
of acoustic cavitation with capacity to enhance the release of
pigments associated with the Maillard formation. Meanwhile,
this slight increase does not affect consumers' perception as the
values of sensory colour in TS samples compare well with the
raw sample but higher than the pasteurised sample, as shown
in Table 5. Other authors have reported that this phenomenon
is oen activated above 50 °C, which explains the observed
reduction in the lightness (L*) values of the TNM under elevated
treatment conditions.45 Furthermore, elevated TS condition
could lead to darker colour, resulting in the loss of quality and
consumer acceptability.43 A similar pattern of result was re-
ported in thermosonicated almond milk treated at 30–60 °C by
Manzoor and Siddique.16 The Browning index in PBM repre-
sents quality and safety markers.
3.4 Viscosity

The result of treatment on the viscosity of TNM is presented in
Fig. 1, which shows an increase in the viscosity value (3.05–3.98
cP) aer pasteurisation. However, during TS, the viscosity
slightly (p < 0.05) increased at 40 °C (3.15–3.41 cP), 50 °C (3.35 to
3.59 cP) and 60 °C (3.78–4.01 cP). This increase in the viscosity
, sedimentation index and enzyme activity of tiger nut milka,b

index (%) POD (%) PPO (%)

100.00 � 0.00a 100.00 � 0.01a

7.13 � 0.17h 6.12 � 0.16g

81.17 � 0.19b 78.16 � 0.17b

72.16 � 0.13c 66.15 � 0.13c

68.13 � 0.19d 60.17 � 0.16d

59.07 � 0.17e 51.12 � 0.19e

55.28 � 0.12e 44.18 � 0.17e

18.11 � 0.13f 13.17 � 0.13f

11.25 � 0.11g 9.13 � 0.11g

8.12 � 0.15h 7.06 � 0.18h

6.30 � 0.18i 5.14 � 0.11i

ated milk samples; POD: peroxidase; PPO: polyphenol oxidase. b Values
Themean values in the same column with the same superscripts are not
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Fig. 1 Effect of pasteurisation and thermosonication on the cloudiness value of tiger nut milk.
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of treated TNM could be ascribed to an increasing number of
dispersed milk particles during sonolytic cavitation, which
reduced the spatial distance. Furthermore, an increase at
elevated temperatures could be ascribed to protein denatur-
ation, which agglomerates to improve the TNM viscosity.46,47

According to Rojas and Leite,37 an increase in viscosity corre-
lates with the reduction in sedimentation index based on the
acoustic impact of TS on the dispersed particle size. According
to the last cited author, a moderate increase in viscosity
improves the colloidal stability and sensory acceptability,
particularly with limited emulsier and stabilisers, while high
viscosity affects drinkability and consumer appeal. A similar
increase in the viscosity (3.57–4.22 cP) of almondmilk treated at
40 kHz, for 10–40 min at 30 to 60 °C aligned with the present
study.16
3.5 Colour

The colour parameter is a veritable indicator for consumer
appeal and acceptability of any processed food. Importantly, the
lightness (L*) value in the raw sample slightly increased aer
pasteurisation (Table 2). In the TS-treated samples at 40–50 °C,
the L* values signicantly (p < 0.05) increased, while elevated
treatment at 60 °C reduced the L* values. The observed increase
in the colour parameters at moderate temperatures could be
ascribed to the sonolytic cavitation of unstable suspended
elements during TS, eliciting colour compounds via partial
precipitation.48 Moreover, Chantapakul and Tao49 associated
the increase in lightness (L*) values with dispersion and
reduction in suspended fat globule size during cavitation,
which increases the light-scattering capacity of the milk sample.
Accordingly, an increase in the L* values under moderate TS
conditions is desirable to consumer, as lighter appearance in
milk is oen linked to freshness and better quality. However,
treatment under elevated TS conditions has been associated
with the development of Maillard reaction and could inform the
reduction in the L* values of the samples at 60 °C. This devel-
opment imparts a yellow-brown colouration, which oen
380 | Sustainable Food Technol., 2026, 4, 375–387
impedes consumer acceptability.49 An earlier report on TS-
treated Hazel nut milk aligned with the present study.43

3.6 Ascorbic acid

The result of ascorbic acid (AA) analysis presented in Table 4
was 6.95 mg/100 mL, but decreased to 4.53 mg/100 mL aer
pasteurisation. In contrast, TS treatment under moderate
conditions signicantly (p < 0.05) increased the AA level from
(7.64 to 7.98 mg/100 mL) at 40 °C and from 8.06 to 8.35 mg/
100 ml at 50 °C. However, treatment at 60 °C reduced AA from
7.35 to 4.40 mg/100 mL. The increase in AA under moderate
conditions could be ascribed to expulsion of solubilised oxygen
restricting oxidative loss during TS, thus enhancing the AA
retention.50 A similar evidence of increase (2.97–3.56 mg mL−1)
in TS-treated blackcurrant fruit juice supports the current
study.51 Furthermore, the observed decline under extreme
conditions could be ascribed to hydroxyl radical formation
during extreme cavitation, as noted in thermosonicated black-
currants mentioned earlier. Improved ascorbic acid in PBM via
TS under moderate conditions of 50 °C depicts better shelf
stability and promotes functional capacity of TNM, while
elevated treatment can impair these qualities.52 Hence, the need
to optimise the treatment condition for enhanced retention in
TNM is very important from research and consumer's stand-
point Table 5.

3.7 Bioactive compounds (TPC, TFC, and TCC)

The bioactive compounds of phenolic, avonoid and carotenoid
contents of TNM Fig. 2 were signicantly affected by the treat-
ment conditions (Table 4). The TPC, TFC and TCC in the raw
sample were 22.50 mg GAE/100 ml, 16.01 and 8.05 mg/100 ml,
respectively. Pasteurisation slightly reduced these compounds,
while TS treatment at 40–50 °C signicantly (p < 0.05) increased
TPC (24.25–28.03 mg GAE/100 mL), TFC (19.23–30.19 mg/100
mL) and TCC (9.09–12.14 mg/100 mL), respectively.
Conversely, TS treatment at 60 °C elicited a decline in all these
bioactive compounds. According to Ghasemzadeh and Jaafar,53
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the observed increase under moderate TS conditions may be
due to sonolytic disruption, resulting in the leaching of bound
phenolic and avonoid compounds within the plant matrix.
Other authors ascribed this increase to the formation of
hydroxyl radicals in the aromatic phenolic structure during
cavitation.54 However, the decline at 60 °C could be ascribed to
induced degradation and isomerization due to extreme cavita-
tion of these compounds.36 An earlier study on TS-treated
almond milk reported a similar pattern in the bioactive
compounds treated at 30–60 °C.16 According to Yu and Lu,21

tiger nut contains an appreciable repository of bioactive
compounds, which can promote the health of consumers.
Hence, the improvement of these compounds at 40–50 °C is
benecial in promoting the functional and health-contributing
potential of tiger nut milk. However, the decline at 60 °C will
affect the milk quality deleteriously, suggesting the need for
optimisation during the industrial process.

3.8 Antioxidant capacity

The antioxidant capacity (AC) of raw TNM presented in Table 4
was 41.98%, which decreased to 38.77% aer pasteurisation.
However, TS treatment signicantly (p < 0.05) increased the AC
of TNM at 40 °C (52.66–55.80%) and 50 °C (63.91–68.98%).
However, a reduction from 60.15 to 36.30% was obtained aer
treatment at 60 °C. The increase in antioxidant capacity at 40
and 50 °C could be ascribed to the increase in the earlier-
mentioned bioactive compounds in the milk matrix during
the sonolytic cavitation.11 Moreover, lesser formation of
hydroxyl radicals due to the stress response of the milk sample
during cavitation has been linked to AC increase during
sonolysis.55 For consumers, enhanced antioxidant capacity
under moderate TS conditions presents a promising potential
for TNM in scavenging for radicals and oxidative stress in
certain diseases such as diabetes, cancer and heart-related
diseases. However, increased formation of hydroxyl radicals at
higher treatment has been reported to exhibit inhibitory effects
on AC potentials.56 Hence, an optimised antioxidant capacity of
TS-treated TNM depicts a promising and functional attribute
with a potential role in reducing oxidative stress-related
disorders.

3.9 Enzyme inactivation

The effect of treatment on the enzyme inactivation of POD and
PPO in TNM is presented in Table 3. The raw samples both
showed POD and PPO activity values of 100%, while pasteur-
isation reduced these residual enzymes to 7.13 and 6.12%,
respectively. During TS, these enzyme activities reduced with
extended treatment conditions. The POD activity was reduced
from 81.17 to 68.13% at 40 °C, and from 59.07 to 18.11% at 50 °
C. Elevated treatment conditions at 60 °C further reduced the
POD from 11.25 to 6.30%. PPO followed a similar pattern of
reduction from 78.16 to 60.17% at 40 °C, 51.12 to 13.17% at 50 °
C and a notable reduction from 9.13 to 5.14% at 60 °C.

The increasing inactivation could be ascribed to acoustic
cavitation, which disrupts the enzyme and protein structural
network.57 A similar level of inactivation of the enzyme at
Sustainable Food Technol., 2026, 4, 375–387 | 381
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Table 5 Effect of pasteurisation and thermosonication on the sensory qualities of tiger nut milka,b

Treatment Taste Colour Flavour Mouthfeel Overall acceptability

Raw TNM 7.17 � 0.18a 7.23 � 0.21a 6.25 � 0.13a 7.19 � 0.21a 7.35 � 0.19a

PTNM 6.05 � 0.15b 6.18 � 0.12b 6.10 � 0.24a 6.19 � 0.13b 6.18 � 0.21b

TS-1 7.47 � 0.17a 7.36 � 0.13a 6.39 � 0.15a 7.43 � 0.21a 7.55 � 0.15a

TS-2 7.15 � 0.19a 7.31 � 0.26a 6.38 � 0.23a 7.41 � 0.19a 7.58 � 0.12a

TS-3 7.31 � 0.09a 7.35 � 0.14a 6.31 � 0.17a 7.45 � 0.25a 7.47 � 0.17a

TS-4 7.42 � 0.16a 7.32 � 0.14a 6.35 � 0.15a 7.47 � 0.21a 7.35 � 0.25a

TS-5 7.40 � 0.14a 7.30 � 0.16a 6.33 � 0.21a 7.46 � 0.13a 7.41 � 0.21a

TS-6 7.45 � 0.19a 7.12 � 0.13a 6.29 � 0.14a 7.43 � 0.21a 7.57 � 0.11a

TS-7 7.18 � 0.23a 7.19 � 0.26a 6.31 � 0.19a 7.31 � 0.21a 7.54 � 0.19a

TS-8 7.16 � 0.17a 7.13 � 0.12a 6.26 � 0.13a 7.28 � 0.14a 7.49 � 0.21a

TS-9 7.08 � 0.27a 7.09 � 0.22a 6.14 � 0.17a 7.19 � 0.28a 7.46 � 0.23a

a TNM: tiger nut milk; PTNM: pasteurised tiger nut milk; TS: thermosonicated milk samples. b Values are expressed as mean ± standard deviation
of three replicate experiments. The mean values in the same column with the same superscripts are not signicantly different (p < 0.05).

Fig. 2 Effect of pasteurisation and thermosonication on the viscosity (cP) value of tiger nut milk.
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96.47% in thermosonicated soymilk at 70 °C for 12 min reso-
nated with the present study. According to Umair and Jabeen,58

inactivation of POD and PPO is immensely benecial as these
enzymes elicit browning and off-avour. Hence, TS presents
a promising approach to maintain the freshness and quality of
PBM without depending on the thermal method of
pasteurisation.
3.10 Sedimentation index

Sedimentation remains one of the challenges associated with
the colloidal stability of PBM. In the present study, the sedi-
mentation index (SI) of the raw sample was signicantly (p <
0.05) increased aer pasteurisation. However, both moderate
and elevated TS treatment slightly reduces the SI of the TNM.
The reduction in the sedimentation index with TS depicts better
stability in the particles of the thermosonicated samples. This
phenomenon, which follows the Stokes law, has been ascribed
to the dissociation of proteins and fat-based colloidal particles
during sonolytic cavitation into microparticles, thus reducing
the sedimentation by improving the colloidal stability.47 An
382 | Sustainable Food Technol., 2026, 4, 375–387
earlier study on the sedimentation index of chick pea milk
treated at 25 °C for 2–8 min reported a similar pattern of
reduction.59 Accordingly, reduced sedimentation in PBM
enhances visual appeal and mouthfeel, thus increasing its
consumers' acceptability especially for those desiring smooth
uniformity in milk products increases its market potentials.
3.11 Optical microscopy

The optical micrograph of treated TNM is shown in Fig. 3. Tiger
nut milk is an emulsion embedded within a dispersed (fat
globules and protein micelles) and continuous phase (water
and other soluble compounds).60 In this study, the raw sample
(Fig. 3: C) showed numerous fat globules and protein micelles,
while both treatments inuenced the number of these
compounds. Consequently, treatment with pasteurisation
(Fig. 3: PST) increased the number of fat globules and protein
micelles, while progressive thermosonication load signicantly
reduced the number of these compounds (TS1–6), with practi-
cally no visible globules and droplets observed under elevated
TS conditions (TS7–9). An increase in number with
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optical micrographs of raw (C), pasteurised (PST) and thermosonicated (TS1–TS9) tiger nut milk.
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pasteurisation could be ascribed to protein denaturation and
fat coalescence during thermal treatment, resulting in the
formation of several protein complexes and fat droplets.60

Conversely, reduction with thermosonication could be ascribed
to the sonolytic cavitation, which breakdown protein aggregates
and fragment fat droplets within the milk sample.61 Further,
this development increased the emulsion stability as shown in
a reduced sedimentation index, resulting in a better homoge-
nised tiger nut milk.47 An earlier report by the last author on
sonicated peanut milk treated at different acoustic powers (200–
400 W) supported this study.
Fig. 4 Effect of pasteurisation and thermosonication on the sensory
characteristics of tiger nut milk.
3.12 Microbiological safety

Themicrobial population of total bacteria andmould in the raw
TNM was 5.45 and 4.46 log CFU per mL, respectively (Table 4).
Meanwhile, complete inactivation was achieved with pasteur-
isation, as counts were reduced to a non-detectable level (<1.0
log CFU permL). However, TS treatment at 40 °C resulted in a 1–
2 log reduction for bacterial and mould count, while TS at$50 °
C resulted in complete inactivation below detection limits,
hence meeting the 5-log reduction requirement for microbio-
logical safety by FDA. The complete inactivation of microor-
ganism observed aer pasteurisation could be ascribed to
thermal disruption of nuclear constituents and cellular
© 2026 The Author(s). Published by the Royal Society of Chemistry
materials resulting in cell death.62 Noteworthy, under moderate
TS conditions, the development of cavitation-based shear force
and fragmentation could inuence microbial inactivation.
Furthermore, incomplete microbial inactivation observed
under this condition could be ascribed to the survival of
thermo-resistant spores as reported in some TS-treated fruit
juice and nut-based milk under similar conditions.16,41

However, complete inactivation at $50 °C could be ascribed to
Sustainable Food Technol., 2026, 4, 375–387 | 383
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acoustic cavitation, which generates thermo-physical implosion
and free hydroxyl radicals, which causes cell membrane perfo-
ration (sonoporation) and intracellular matrix fragmentation.63

A similar reduction of bacteria (1.19 log CFU per mL) and yeast
(0.9 log CFU per mL) in thermosonicated peanut milk has been
reported.61
3.13 Sensory evaluation

The sensory values of raw and treated TNM under some selected
parameters are presented in Fig. 4. The sensory scores in the
raw samples include taste (7.17), colour (7.23), avour (6.25).
Mouth feel (7.19) and overall acceptability (7.35). Pasteurisation
signicantly (p < 0.05) reduced these sensory scores compara-
tively by 15 to 20% to 6.05, 6.18, 6.10, 6.19 and 6.18, respectively.
Relative to the raw samples, treatment with TS improved
consumer perception of taste (∼15%), colour (∼19%), avour
(4%), mouthfeel (∼17%) and overall acceptability (∼18%). The
observed reduction in the avour parameter could be ascribed
to the loss of volatile compounds during higher cavitation
conditions or thermally induced stress on the TNM matrix.64

Accordingly, this observation could also explain the earlier
reduction in the TPC, TFC, and TCC of pasteurised samples and
those treated under elevated TS conditions. Furthermore,
similar loss of avour volatiles has been reported in thermo-
sonicated strawberry juice.14 Notably, the sensory scores of TS-
treated samples were above 7.0 on the 9-point hedonic scale
signifying a good preference by the consumers. This further
indicates that TS enhances not only the quality of TNM, but also
its sensory value in comparison to pasteurisation, thus
promoting its functional and market potentials.
4 Conclusion

Given the global attention to nutritious foods and increased
market value of plant-based milk from natural sources like tiger
nut, the need to explore the use of emerging techniques (ther-
mosonication) as an alternative to the traditional method
(pasteurisation) becomes very imminent. In the present study,
both thermosonication and pasteurisation had no signicant
impacts on the physicochemical properties of tiger nut milk;
thermosonication (TS) improved the lightness (L*) value (71.79–
76.04). Meanwhile, TS reduced the sedimentation index (4.31–
3.52%) and enzyme activities of POD (100.0–6.30%) and PPO
(100.0–5.14%) relative to the control sample. Importantly, TS
increased the contents of ascorbic acid (6.95–8.35 mg/100 mL),
total phenolic compounds (22.50–28.03 mg/100 mL), total
avonoids (16.01–30.19 mg/100 mL), and total carotenoids
(8.05–13.04 mg/100 mL) and improved the antioxidant capacity
(41.98–68.98%) relative to the control sample. Further to this,
the optical micrograph showed reduced particle size with
extended TS treatment, while both pasteurisation and thermo-
sonication signicantly inactivated microbial population
assayed in the milk sample to a non-detectable level, respec-
tively. The sensory parameters slightly improved with TS treat-
ment, with the mean scores above average. Notably, TS
treatment at 45 kHz, 50 °C presented the best thermosonication
384 | Sustainable Food Technol., 2026, 4, 375–387
regime for tiger nut milk, while treatment at 45 kHz, 60 °C
elicited impaired changes to most of the milk properties.
However, studies on certain parameters such as zeta potentials,
micro particle size, shelf stability and sensory parameter for
different consumers based on location, during prolonged
storage, are recommended for further investigation in thermo-
sonicated tiger nut milk.
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