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ultrasonic pretreatment and enhancing protein
attributes through LAB fermentation
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The rising global population is generating food security issues, particularly in protein demands and

nutritional quality. Many plant-based foods have been explored to meet this demand, although they

often lack total protein or protein quality. Therefore, underutilized water crops, such as Wolffia globosa,

offer great potential for alternative protein production. This study investigated the parameters of

ultrasonic-assisted alkaline extraction and probiotic fermentation to extract and enhance the qualities of

Wolffia protein. Response surface methodology was utilized to optimize ultrasound-assisted alkaline

extraction, resulting in a maximum soluble protein yield of 118.44 ± 13.60 mg g−1 under conditions of

95% amplitude, 16 minutes extraction time, and a 1 : 20 g mL−1 solid-to-liquid ratio. This method

increased total protein content by 127%. Subsequent fermentation with Lactobacillus plantarum 2075

then improved nutritional quality by raising digestibility from 55.82% to 70.45%, increasing essential

amino acid content, and raising antioxidant activity by 15.24% and phenolic content by 98.89% relative to

the raw sample. Fermentation also modified technofunctional properties of the extracted sample,

reducing foaming capacity and emulsion activity but improving the foam and emulsion stability. These

findings highlight that ultrasonic-assisted alkaline extraction improves protein yield, and sequential

fermentation further modifies protein characteristics and significantly enhances nutritional quality. The

dual processing strategy for Wolffia globosa thus presents a promising sustainable alternative for quality

plant protein in diverse food applications.
Sustainability spotlight

Global food security is under strain due to the rapidly increasing population, and the need for sustainable protein production is paramount. While many
alternative proteins are being explored to mitigate this situation, Wolffia globosa, a fast-growing aquatic plant, offers potential as a novel protein and nutrient
resource. WhileW. globosa is protein and nutrient rich, processing is required to improve the quality for human consumption. Ultrasonication and fermentation
are green processes that can improveW. globosa quality without additional environmental burdens. This study highlights green processing strategies to improve
the nutritional and functional properties of W. globosa, addressing SDG 2 (Zero Hunger), SDG 3 (Good Health and Well-being), SDG 12 (Responsible
Consumption and Production), and SDG 13 (Climate Action).
1 Introduction

Food supply changes and global food security are stressed by
the growing population, which is projected to reach 10 billion
by 2050.1 The overall strain is largely impacting protein
demands for sustainable production systems, which necessitate
alternative protein production from non-traditional sources.
Many alternative protein sources are rising in demand in
production, including plant-based, fermentation, insect, and
cellular proteins. The most widely developed and understood
logy, Food Innovation, Nutrition, and
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y the Royal Society of Chemistry
are plant-based systems, but these systems are also coming
under direct strain due to climate impacts. In particular, the
global mean temperatures are expected to reach beyond legume
growing thresholds by 2050, projecting yield reductions from 10
to 49%.2 Thus, alternative climate-resilient plant-based foods
are critical for meeting the evolving protein demands.

Aquatic plants are gaining recognition for their nutritional
quality and environmental sustainability, among which duck-
weed is grown throughout the globe, exhibiting environmental
adaptation and high nutritional quality for potential food
production.3 Furthermore,Wolffia globosa, commonly known as
watermeal, has gained attention due to its high protein content,
rapid growth, and minimal environmental impact.4 However,
despite its nutritional potential, the utilization of Wolffia glo-
bosa as a food ingredient is limited by the presence of
Sustainable Food Technol.
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antinutritional factors such as phytic acid and tannins, which
reduce protein digestibility and mineral bioavailability.5

Various processing techniques have been explored to
enhance the nutritional quality of Wolffia globosa. Ultrasonic-
assisted extraction (UAE), which utilizes high frequency sound
waves to create cavitation bubbles and disrupt plant cell walls,
emerged as a promising method to improve extraction effi-
ciency of proteins and phenolic compounds.6 UAE shows great
progress in natural compound extraction with minimal techno-
functional impact or environmental consequences, while recent
advances and strategies have shown great potential for scaling
up the process to industrial scale.7 Additionally, fermentation
has been demonstrated as an effective industrial scale pro-
cessing method for reducing antinutritional factors and
increasing nutrient bioavailability in plant products.8

While several studies have investigated either the extraction
or fermentation ofWolffia globosa protein, few have explored the
integration of these approaches to enhance both yield and
quality. This study aimed to optimize UAE conditions and
evaluate the effects of subsequent lactic acid bacteria (LAB)
fermentation. Protein yield, composition, bioactivities, and
techno-functional properties were assessed across treatment
conditions. The ndings highlight the potential of combining
UAE and fermentation to improve the nutritional and func-
tional qualities of Wolffia globosa protein, supporting its devel-
opment as a sustainable alternative protein source.

2 Methodology
2.1 Raw material preparation

Fresh Wolffia globosa (WG) was purchased from three different
farms: Ta Saeng farm (Khay Buk Wan District, Nong Khai,
Thailand), Raja Wolffia farm (Bang Pa-In District, Phra Nakhon
Si Ayutthaya, Thailand), and Ban Pum Krun Mind (Ban Klang
Mun District, Kalasin, Thailand). Fresh WG underwent a thor-
ough washing process with water, repeated three times until the
water ran clear. Subsequently, the WG was subjected to drying
at 50 °C for 20 hours using a hot air oven. The dried WG was
then nely ground and passed through a 150-mesh sieve to
obtain WG powder.

2.2 Proximate analysis

Moisture content, ash, crude protein, crude ber, crude fat, and
carbohydrate were analyzed based on AOAC 2022.

2.3 Alkaline extraction parameters

The WG powder was extracted under alkaline conditions (pH
10) for 30 minutes. Subsequently, the protein was precipitated
by acidication to pH 3.5.

2.4 Ultrasonic-assisted extraction (UAE)

Based on the method outlined by Inguanez et al., the study was
conducted using an ultrasonic probe (UP200S, 200 W,
Hielscher, Teltow, Germany) under 17 different conditions:
varying extraction times (15, 25, and 35 minutes), amplitudes
(80%, 90%, and 100%), and solid-to-liquid ratios (1 : 20, 1 : 30,
Sustainable Food Technol.
and 1 : 40).9 Amplitude is the percentage of the maximum tip
displacement (∼120 microns) during vibration. Aer extraction,
the supernatant and biomass were collected, and soluble
protein content was measured from the supernatant.

2.5 Box–Behnken design

Design Expert soware (Trial Version 9.0.3, Stat-Ease Inc.,
Minneapolis, MN, USA) was used to optimize the ultra-
sonication conditions for the extraction of proteins fromWolffia
globosa. The effects of amplitude (A), extraction time (B), and
solid-to-liquid ratio (C) were analyzed using a Box–Behnken
design (BBD) with each factor at three levels. A total of 17
experiments, including three center points, were carried out.
The data were analyzed using a second-order polynomial model
with Design Expert soware. Y= b0 +

P
biXi +

P
biiXi

2 +
P

bijXiXj.

2.6 Quantication of protein

The soluble protein concentration of the protein hydrolysates
was determined by the Bradford method using an UV/VIS
spectrophotometer (UNICAM, Alva, U.K) at a wavelength of
595 nm. BSA was used as the standard.

2.7 Fermentation process

The prepared protein extract was then prepared at 1% (w/v) in
sterilized water, and 1 mL of Lactobacillus plantarum 2075 was
added at 1 × 108 CFU mL−1. Then, the sample was incubated
while shaking at 37 °C for 72 hours. Both aqueous and solid
phases were collected and freeze-dried at −53 °C for 24 hours
before further analysis.

2.8 Total phenolic and total avonoid content analysis

2.8.1 Crude extraction. WG was extracted using ethanol
following the protocol described by On-Nom et al.10 In brief, the
ne powder of WG was extracted using 70% ethanol at a ratio of
1 : 30 and agitated at 50 °C for 2 hours in a water bath. The
resulting supernatants were centrifuged at 3800 × g for 10
minutes. The crude WG extracts were then stored at 20 °C until
the total phenolic and avonoid content could be determined.

2.8.2 Total phenolic content. To determine total phenolic
content using the Folin–Ciocalteu method, 0.2 mL of WG
extract was mixed with 200 mL of Folin–Ciocalteu reagent,
2.5 mL of distilled water, and 2 mL of 7.5% sodium carbonate.11

The mixture was incubated in the dark for 90 minutes, and
absorbance was measured at 760 nm with a spectrophotometer.
Total phenolic content was calculated from a gallic acid stan-
dard curve and reported in mg GAE per g extract.12

2.8.3 Total avonoid content. Total avonoid content was
determined using the aluminum chloride colorimetric
method.12 This method combined 200 mL of WG extract with 200
mL of 10% sodium acetate, 1.45 mL of distilled water, and 150
mL of 10% aluminum chloride. The mixture was diluted with
1.8 mL of methanol and incubated in the dark for 15 minutes.
Then the absorbance was measured at 430 nm using a spectro-
photometer. A calibration curve with quercetin standards (5–
100 mg mL−1) was used to calculate the quercetin equivalent,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and the total avonoid concentration was expressed in mg QE
per g extract.
2.9 Anti-nutritional element analysis

2.9.1 Tannin. Briey, 500 mL of the extract solution was
combined with 0.5 mL of reagent and 2 mL of 7% sodium
carbonate. The mixture was then incubated in the dark for 30
minutes. Subsequently, the absorbance at 700 nm was
measured using a spectrophotometer, and a calibration curve
was constructed using a standard tannic acid solution. The
tannin content was reported in mg TAE per g DW extract.

2.9.2 Phytic acid. To measure phytate content, 0.5 g of the
sample was mixed with 1.0 g of NaCl and 10 mL of 2.4% HCl,
vortexed 10 s, and incubated at room temperature for 16 hours
at 300 rpm. Aer centrifugation at 3000 rpm, the supernatant
was ltered and mixed with NaCl (1.0 g), then shaken for 20
minutes. The mixture was cooled, centrifuged, and 1 mL of the
supernatant was diluted to 25 mL. From this, 3 mL was mixed
with 1 mL of Wade reagent (300 mg sulfosalicylic acid and
30 mg ferric chloride in 100 mL water). Absorbance was
measured at 500 nm using a spectrophotometer, with standard
solutions (0.1–0.5 mg mL−1) used for regression analysis. Phy-
tate content was reported as a percentage.
2.10 Antioxidant properties analysis

To prepare the DPPH solution, 7.8 mg of DPPH powder was
dissolved in 100 mL of 95% ethanol and protected from light
with aluminum foil. The sample was centrifuged at 10 000 rpm
for 30 minutes, and 1 mL of the supernatant was mixed with
1 mL of the DPPH solution. The mixture was incubated in the
dark at room temperature for 30 minutes. For the control,
ethanol was used instead of the sample. Absorbance was
measured at 517 nm using a spectrophotometer, and DPPH
radical scavenging activity was calculated using eqn (1):

DPPH radical scavenging activityð%Þ ¼ ðA0 � A1Þ
A0

� 100 (1)

where A0 is the absorbance of the control, and A1 is the absor-
bance of the sample.
2.11 In vitro digestibility

To assess in vitro protein digestibility, the method was adapted
from Phongthai et al.13 A 1% protein solution was prepared and
adjusted to pH 1.5. Aer incubating at 37 °C for 5 minutes,
pepsin (1 g per 100 g protein) was added, and digestion
continued for 120 minutes. The solution was then neutralized
with 0.1 N NaOH to inactivate pepsin. Then trypsin (1 g per
100 g protein) was added, and digestion proceeded for another
120 minutes. Aer this period, the solution was heated at 95 °C
for 10 minutes to inactivate trypsin. Trichloroacetic acid was
added, and the solution was mixed and centrifuged at 5000 rpm
for 10 minutes. The precipitate was freeze-dried at−53 °C for 24
hours, and protein content was analyzed using the Kjeldahl
method. Protein digestibility was calculated according to eqn
(2).
© 2025 The Author(s). Published by the Royal Society of Chemistry
Protein digestibilityð%Þ ¼
�
A� B

A

�
� 100 (2)

A is the amount of protein before digestion, and B is the undi-
gested protein.

2.12 Amino acid proles

The type and amino acid prole were analyzed following AOAC,
(2000) with slight modications. The protein concentrate was
dissolved in 6 M hydrochloric acid (HCl), subjected to incuba-
tion at 110 °C for 24 hours, and diluted with sodium acetate.
Subsequently, the pH was modied to 2.2 before separating and
identifying the solution. Amino acids were quantied using GC-
MS, expressing their amounts in units of mg per 100 g of
protein, with norleucine employed as an internal standard.

2.13 Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was adapted from Khampratueng and Anal.14 The
cell-free supernatant was concentrated using a protein
concentrator tted with a 10k molecular weight cutoff
membrane (Thermo Fisher Scientic, US). SDS-PAGE was used
to measure extracellular protein weight. The molecular weight
of the extracellular enzyme was determined by using a 12%
resolving gel and a 4% stacking gel. The proteins were stained
with a 0.2% Coomassie brilliant blue R-250 solution in 30%
ethanol and 10% glacial acetic acid and de-stained with a 30%
ethanol solution in 10% glacial acetic acid.

2.14 Fourier transform infrared (FTIR) spectroscopy

Infrared spectra transmission of protein samples was obtained
through the utilization of an FTIR spectrometer (Nicolet iS50,
Thermo Scientic, USA) by OMNIC soware to separate the
spectrum of amide I into multicomponent peaks at the wave-
length range 4000–400 cm−1, 64 no. of scans and 4 cm−1 reso-
lution. By analyzing the structure of a-helix at the wavelength
1655 cm−1, b-sheet at the wavelength 1638 cm−1, b-turn at the
wavelength 1670 cm−1, and random coils at the wavelength
1655 cm−1.

2.15 Functional properties

2.15.1 Solubility properties. The solubility of WG protein
was assessed using a method adapted from Jain & Anal.15 A 1%
protein solution was prepared in distilled water, and 30 mL of
this solution was placed in a 50 mL beaker. The pH was
adjusted to 1, 3, 5, 7, 9, and 11 in separate beakers. The samples
were mixed with a magnetic stirrer for 30 minutes and then
centrifuged at 5500 rpm for 10 minutes. The supernatant was
analyzed for soluble protein content using the Bradford
technique.

2.15.2 Foaming properties. The foaming capacity and foam
stability of the protein were assessed using a method adapted
from ref. 16 with minor adjustments. Initially, 0.5 g of protein
was dissolved in 50 mL of distilled water and then subjected to
centrifugation at 10 000 rpm for 1 minute. The resulting
Sustainable Food Technol.
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Table 1 Soluble protein and total protein content from different
extraction methods

Sample Soluble protein (mg g−1) Total protein (%)

Untreated sample 31.95 � 0.33 26.75 � 2.71
Ultrasound extraction 55.93 � 6.42 53.35 � 1.17
Alkaline extraction 94.59 � 15.57 55.30 � 0.73
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samples were transferred to graduated cylinders, and the total
volume was measured at 0 and 30 minutes. Foaming capacity
and foam stability were determined using eqn (3) and (4),
respectively.

Foam activityð%Þ ¼
�
A� B

B

�
� 100 (3)

A is the sample volume aer centrifugation, and B is the sample
volume before centrifugation.

Foam stabilityð%Þ ¼
�ðA30 � BÞ
ðA0 � BÞ

�
� 100 (4)

A0 is the volume of the sample at 0 minutes, A30 is the volume of
the sample aer standing for 30 minutes, and B is the volume of
the sample before centrifugation.

2.15.3 Emulsion properties. The emulsion properties of
Wolffia globosa protein were evaluated using a slightly modied
method from Jain and Anal.15 A 10 mL solution containing 1%
protein was combined with 10 mL of soybean oil using
a homogenizer set to 2000 radians per min for one minute.
Immediately aer homogenization and again aer 10 minutes,
50 mL of the emulsion was extracted from the bottom. Subse-
quently, 5 mL of a 1 g per L SDS solution was added to each
sample, and their absorbance was assessed at 500 nm using
a spectrophotometer. Emulsifying activity and emulsion
stability were determined utilizing eqn (5) and (6), respectively.

Emulsifying activity index
�
m2 g�1

�

¼
�
2� 2:303� A0

0:25
� protein concentration

�
(5)

Emulsifying stabilityðminÞ ¼ Dt

DA
� A0 (6)

A0 = absorbance at 0 min, A10 = absorbance at 10 min, DA = A0
− A10, and Dt = 10 min.

2.15.4 Water holding capacity (WHC). The water holding
capacity (WHC) of the protein was assessed following the
procedure outlined by Jain and Anal, with minor adjustments.15

In centrifuge tubes, samples weighing 100 mg were dissolved in
10mL of distilled water and stirred for 5minutes. Subsequently,
the tubes were centrifuged at 5000 rpm for 30 minutes. Aer
removing the free water, the absorbed water was weighed. The
weight of absorbed water per gram of sample was utilized to
determine WHC according to eqn (7).

Water holding capacity ¼ ðW2 �W1Þ
W1

(7)

W1 is the weight of the sample (g), and W2 is the weight of the
precipitate aer centrifugation.

2.16 Statistical analysis

Response Surface Methodology (RSM) was used to optimize
ultrasonic treatment for concentrating soluble proteins with
Design Expert soware. The Box–Behnken design evaluated
three factors: amplitude (A), extraction time (B), and solid-to-
liquid ratio (C) over seventeen experiments, performed in trip-
licate, assessed varying soluble protein concentrations. The
Sustainable Food Technol.
data were analyzed using SPSS, with signicance tested by one-
way ANOVA and Tukey's multiple comparison test (p # 0.05).
3 Results and discussion
3.1 Proximate analysis of Wolffia globosa

The proximate analysis of WG indicated protein at 26.75 ±

2.71% with carbohydrates making up the majority at 37.74 ±

1.34%, while crude ber was found to be 8.92 ± 1.31%. The fat
content was relatively low at 4.64 ± 0.18%. This is comparable
to the work by Appenroth et al., which demonstrated protein
between 20 and 30% and fat between 1 and 5% across 11
duckweed species, although the ber content was higher than
in this study at∼25%.17 Additionally, WG comprised a moisture
content and ash content of 8.96 ± 1.55% and 12.99 ± 0.02%,
respectively.
3.2 Determining optimal protein extraction conditions

Although WG shows potential as a food ingredient, processing
is essential for increasing protein availability, digestibility,
amino acid content, and technofunctional characteristics for
downstream product formulation. Initially protein extraction
was compared using untreated, ultrasound, and alkaline
extraction (Table 1). Both ultrasound and alkaline extraction
showed higher soluble and total protein than the untreated
sample. Alkaline extraction showcased the highest soluble
protein and thus combining both systems showed great
potential. Thus, alkaline ultrasound-assisted extraction (AUAE)
presents as an effective extraction method for protein from WG
and was subsequently optimized using the Box–Behnken design
(BBD).6,18

Optimal protein extraction conditions were determined
using a Box–Behnken design with 17 trials (Table 2), evaluating
amplitude, extraction time, and solid-to-liquid ratio. ANOVA
indicated that a quadratic model was suitable, with signicant
linear (A, B, C) and curved relationships between the variables (p
< 0.05), which is depicted in eqn (8) below. The solid-to-liquid
ratio signicantly impacts the response value due to its larger
coefficient compared to amplitude and extraction time. The
lack of t value was 0.7829 (p > 0.05), and the R2 value was
0.9806. The model effectively predicts optimal protein extrac-
tion conditions, as demonstrated by the provided prediction
equations. Themaximum soluble protein and total protein were
118.44 ± 13.60 mg g−1 and 60.74 ± 0.30%, respectively. The
soluble protein from optimized AUAE was 1.25 and 2.12 times
higher than UAE or alkaline extraction, respectively. Addition-
ally, the total protein was higher in the AUAE treatment, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Alkaline ultrasound-assisted extraction following the Box–Behnken method

Run

Extraction conditions

Amplitude (%) Extraction time (min) Solid-to- liquid ratio (g mL−1) Protein (mg mL−1)

Control — — — 1.06
1 90 25 30 3.98
2 80 25 40 1.60
3 100 35 30 2.92
4 90 25 30 4.68
5 100 15 30 4.72
6 80 15 30 1.97
7 90 25 30 4.21
8 90 25 30 4.02
9 90 35 20 5.39
10 80 25 20 4.10
11 90 15 40 4.02
12 90 25 30 4.36
13 90 35 40 3.60
14 80 35 30 2.98
15 100 25 20 5.14
16 90 15 20 5.90
17 100 25 40 3.14
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each treatment exhibited total protein higher than the ∼30%
shown by Duangjarus et al. and Nitiwuttihorn et al. using
UAE.6,18

Y = 4.25 + 0.6611A − 0.2158B − 1.02C − 0.7027AB + 0.1250AC

+ 0.0237BC − 1.17A2 + 0.0637B2 + 0.4129C2 (8)

The optimal extraction parameters were determined to be
conditions of 95% amplitude, 16 minutes of extraction time,
and a solid-to-liquid ratio of 1 : 20 g mL−1. Furthermore, the
RSM shown in Fig. S1 highlights the relationship between
paired parameters toward soluble protein content. The ndings
reveal that the soluble protein content increases when the
amplitude is higher and the extraction time is lower. The
maximum soluble protein content is achieved at an amplitude
of 95% and an extraction time of 16 minutes. The ndings re-
ported by Ochoa Rivas et al. showed that it was possible to
achieve an increase of 136% in yield and an 86% improvement
in purity when increasing the amplitude from 20 to 100% and
reducing the time from 40 to 15 minutes.19 Furthermore, the
ndings indicate that the soluble protein content increases with
higher amplitude and lower solid-to-liquid ratio. The maximum
soluble protein content is attained at an amplitude of 95% and
a solid-to-liquid ratio of 1 g solid sample with 20 mL of liquid
solution. This nding is consistent with the research outlined
by Siriwat et al.20

Additionally, soluble protein content increases with low
extraction time and low solid-to-liquid ratio at moderate
amplitudes. The maximum soluble protein content is observed
at an extraction time of 16 minutes and a solid-to-liquid ratio of
1 g solid sample with 20 mL of liquid solution. This is attributed
to the phenomenon where a reduced ratio of solid to liquid
enhances extraction productivity. This occurs by creating
© 2025 The Author(s). Published by the Royal Society of Chemistry
a concentration disparity between the internal cellular envi-
ronment of Wolffia globosa and the external alkaline solvent,
consequently boosting the rate of mass transfer of soluble
proteins and ultimately leading to a higher extraction yield.20
3.3 Nutritional comparison of Wolffia globosa treatments

The optimal extract from AUAE or WGE was then fermented for
72 hours utilizing L. plantarum 2075 to evaluate the effect on key
nutritional components. A 72-hour period was selected because
L. plantarum entered the death phase aer this stage, and the
pH, soluble protein, and total free amino acids remained stable.
This fermentedWGE (FWGE), along with the WGE andWG, was
compared across key nutritional and bioactive qualities,
including phenolic content, avonoid content, antinutritional
factors, antioxidant levels, digestibility, and amino acid prole,
as shown in Table 3. The phenolics and avonoids increased
from the raw WG to the WGE and increased further aer
fermentation. The nal phenolic value increased from 7.23 in
WG to 14.37 mg GAE per g in the FWGE, and the avonoids
from 2.26 to 4.18 mg Q per g. This aligns with previous work,
which demonstrated that ultrasonic amplitude improved total
phenolic content (TPC) and total avonoid content (TFC) in
grapefruit peels and algae, respectively.21,22 Fermentation
further enhances the TPC and TFC by enzymatically releasing
bound molecules.23

Tannins and phytic acid are antinutrients that disrupt the
body's ability to uptake nutrients and reduce the bioavailability
and digestibility of plant products. In this instance, the tannins
increased from 5.73 to 12.90 aer AUAE, which aligns with the
previous work from ref. 24 demonstrating that UAE improved
the extraction of the phenol tannin. Alternatively, aer the WGE
was fermented, the tannin content was reduced to 10.85,
showcasing the breakdown of tannins by LAB, which was
Sustainable Food Technol.
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Table 3 Nutritional and bioactive qualities of Wolffia after treatmenta

WG WGE FWGE

Phenolic (mg GAE per g DW) 7.23 � 0.22b 13.83 � 0.06a 14.37 � 0.88a

Flavonoid (mg Q per g DW) 2.26 � 0.03c 3.38 � 0.17b 4.18 � 0.02a

Tannin (mg TAE per g DW) 5.73 � 0.39c 12.90 � 0.18a 10.85 � 0.16b

Phytic acid (mg per g DW) 0.18 � 0.003a 0.03 � 0.008b 0.01 � 0.003c

DPPH (%) 51.15 � 2.23c 62.88 � 0.19a 58.94 � 0.99b

Digestibility (%) 55.82 � 0.57b 70.45 � 4.80a

TAA (g/100 g) 34.30 � 0.91c 49.22 � 1.68a 44.81 � 1.68b

TFAA (g/100 g) 2.23 � 0.08a 1.97 � 0.03b 1.59 � 0.04c

a WG is driedWolffia globosa, WGE is AUAEWolffia globosa, and FWGE is WGE fermented by L. plantarum 2075. The values are depicted as themean
± SD, n = 3. Signicant difference is indicated by letters using one-way ANOVA and Tukey's HSD post hoc test.
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similarly observed in Lemna polyrhiza.25 The other major anti-
nutrient tested showed a steep decline aer UAE and a further
drop aer fermentation, starting from 0.18 mg g−1 in WG to
0.03 mg g−1 in WGE and 0.01 mg g−1 in FWGE.

The bioavailability and digestibility of plant proteins vary
among different plant sources, and these properties can be
improved by reducing or removing antinutritional factors—
phytic acid, tannins, and protease inhibitors—that hinder
protein digestion.26 This likely explains the signicant increase
in digestibility for the fermented sample FWGE at 70.45%
compared to the 55.82% of the WGE, which had higher tannin
and phytic acid concentrations. Furthermore, the 70.45% aligns
with other studies showing an increase in digestibility in
soybean our from 75% to 88% and chickpea our from 70.5%
to 77.2% aer fermentation with LAB.27,28 The WGE digestibility
is lower than the untreated samples of the legumes; however,
the fermentation of the Wolffia showed a more substantial
change than the others. This shows even more potential for
improving the base extraction or improving the fermentation
parameters to further improve the protein.

3.3.1 FTIR. The infrared spectrum of proteins manifests an
amide peak attributed to C–O hydrogen bond vibrations,
occurring within the wavenumber range of 1600–1700 cm−1.
Fig. 1 FTIR spectroscopy of extract and fermented extract. *WGE =

Wolffia globosa extract by AUAE and FWGE = fermented Wolffia
globosa extract by L. plantarum 2075.

Sustainable Food Technol.
This spectral feature is routinely utilized for the examination of
protein secondary structures.29 The FTIR spectra of WGE and
FWGE are presented in Fig. 1, which illustrates that the spectral
peaks were observed within the ranges of 1629.15–1541.61 cm−1

and 1627.02–1538.41 cm−1, respectively.
The results indicate that proteins undergoing fermentation

with L. plantarum 2075 undergo slight secondary structural
changes. Specically, there is an increase in the quantity of a-
helix and a decrease in b-turn and random coils, while the
change in b-sheet is not obvious. The generation of small
peptides during bacterial enzyme-mediated protein hydrolysis
likely induced the structural changes from b-turn and random
coils to a-helix in FWGE.30 In a study of Siriwat et al. (2023), the
protein concentrate exhibited a rise in a-helix and b-turn
content, while b-sheet and random coils decreased. These
structural changes may lead to improved functional properties
of the protein hydrolysate inuencing solubility, digestibility, or
stability, among others.19

3.3.2 Molecular mass proteins. Fig. 2 shows the protein
patterns of proteins in WG (1), WGE (2), FWGE (3), and the
samples mixed with lecithin (4 and 5), along with the marker.
The slight curve at the bottom of the gel, along with an elevated
background, may indicate minor uneven migration, but the
resolved bands are discernible and provide relevant qualitative
data. Experimental results revealed that proteins from WG,
which have not undergone extraction using various methods,
consist of four main bands with molecular weights of approxi-
mately 20, 30, 48, and 63 kDa. The molecular weights of WGE
are approximately 20, 30, and 63 kDa, and the missing band at
48 kDa may be attributed to proteins insoluble at alkaline pH
remaining in the residue. Alternatively, Duangjarus et al.
showed that protein concentrates extracted fromWolffia globosa
using ultrasound assistance in water (at 120 kHz for 15minutes)
showed ve primary bands at 25, 45, 50, and 63 kDa.18 The
differences may be correlated with the difference in solution
during extraction or with potential variation during cultivation.

Meanwhile, FWGE consisted of ve main bands, namely 20,
30, 48, 63, and 69 kDa. From the experimental results, it was
observed that WGE had an average molecular size smaller than
that of FWGE. This could possibly be attributed to proteins
undergoing aggregation or polymerization during fermenta-
tion, resulting in the formation of larger protein complexes.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Determination of protein mass for theWolffia samples. SDS-PAGE protein patterns of extracted proteins in (1) WG, (2) WGE, (3) FWGE, (4)
WGE + lecithin, and (5) FWGE + lecithin.
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This aggregation can occur due to changes in pH, temperature,
or the presence of specic ions ormolecules in the fermentation
medium.31

For the samples mixed with lecithin to improve water solu-
bility, changes in molecular size were observed. For WGE,
initially consisting of three main bands (2), upon mixing with
lecithin, an additional band with a molecular weight of 35 kDa
appeared (4). Similarly, in FWGE, only two bands remained that
reect the changes that have occurred, with molecular weights
of 48 and 69 kDa (5). These changes may be ascribed to aggre-
gation or complex formation that potentially interferes with SDS
protein interactions, explaining the new band for WGE and the
loss of bands for FWGE.

3.3.3 Amino acid. Alternative protein production for true
sustainability not only requires low environmental output but
also needs to meet the key demands of proteins containing high
digestibility and all of the essential amino acids (EAAs). This is
essential toward meeting the demands of SDGs 2 and 3. As
demonstrated in Table 3, the total amino acid (TAA) content
rose from WG (34.30 g/100 g) to WGE (49.22 g/100 g) before
dropping slightly in the FWGE (44.81 g/100 g). This is further
demonstrated in Fig. 3, which compares the (a) TAA and (b)
TFAA between treatments. Every EAA except histidine increased
in the extract samples as compared to the raw WG. The pro-
cessed samples show both higher TAA and higher concentration
of EAA compared to the WG, showcasing processing potential
for improving Wolffian for protein focused products.

Aer AUAE, the most abundant amino acid was glutamic
acid (5.71 g/100 g), followed by lysine (4.46 g/100 g) and proline
(4.72 g/100 g). Similarly, Dhamaratana et al. observed similar
amino acid proles in autoclave-extracted Wolffia protein,
reporting glutamic acid (3.62 g/100 g), aspartic acid (2.94 g/100
g), and proline (2.81 g/100 g) as the highest fractions.5 However,
© 2025 The Author(s). Published by the Royal Society of Chemistry
this study exhibited higher TAA concentration for the same AA
using AUAE. Additionally, lysine, which is nutritionally signi-
cant as it is an essential amino acid oen limited in plant-based
proteins, represented a higher percentage of the TAA in this
study. Alternatively, both lysine (4.45 g/100 g) and glutamic acid
(3.12 g/100 g) declined aer fermentation, suggesting hydrolysis
by the LAB, while proline (5.24 g/100 g) increased further as the
most abundant AA for FWGE. This aligns with the presence of L-
glutamate decarboxylase or lysine decarboxylase enzymes found
in some strains of L. plantarum, which utilize glutamic acid and
lysine, respectively.32,33

The TFAA shown in Fig. 3(b) gives some indication of the
hydrolysis and polymerization of proteins under these extrac-
tion conditions. The WG andWGE samples exhibited abundant
free alanine at 0.36 g/100 g for both, while in FWGE alanine was
at 0.13 g/100 g, indicating the microbial uptake or degradation
of alanine by L. plantarum 2075. Alternatively, fermentation
increased the free EAA levels for isoleucine, leucine, phenylal-
anine, and valine, potentially exhibiting the value of the extract
solution. Despite this, the overall TFAA decreased from WG for
both WGE and FWGE, with FWGE showing the lowest TFAA at
1.59 g/100 g. The decline in TFAA for the FWGE likely results
from direct uptake and utilization by L. plantarum 2075 to
support the catabolism of other key metabolites.

Although the TAA of some of the EAAs still remains below the
necessary limits for a complete protein, the increased levels of
EAA are critical for the potential of Wolffia globosa as an alter-
native protein solution. UAE and subsequent fermentation
demonstrate signicant potential as an alternative protein
processing to obtain not only high yield but quality protein.
Beyond the EAA, further exploration and optimization of key
avor amino acids such as glutamate or aspartic acid are
important toward future product development.
Sustainable Food Technol.
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Fig. 3 Amino acid content ofWolffia samples. (a) Total amino acid content of the 20* amino acids. (b) Free amino acid content of the 20* amino
acids. *WG is driedWolffia globosa, WGE is AUAEWolffia globosa, and FWGE is WGE fermented by L. plantarum 2075. The values are depicted as
the mean ± SD, n = 3.

Sustainable Food Technol. © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Techno-functional properties of Wolffia extractsa

WGE FWGE

Water holding capacity (g g−1) 8.60 � 0.22a 7.26 � 0.07b

Foaming capacity (%) 41.07 � 1.03a 35.16 � 1.62b

Foam stability (%) 53.37 � 5.32b 69.05 � 2.38a

Emulsifying activity index (m2 g−1) 80.99 � 11.12a 47.61 � 9.31b

Emulsion stability (min) 12.39 � 0.56a 13.31 � 0.75a

a WGE is AUAE Wolffia globosa, and FWGE is WGE fermented by L.
plantarum 2075. The values are depicted as the mean ± SD, n = 3.
Signicant difference is indicated by letters using one-way ANOVA and
Tukey's HSD post hoc test.
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3.4 Techno-functional properties

3.4.1 Solubility. The solubility of WGE and FWGE shown in
Fig. 4 was measured across a wide range of pH to determine
overall solubility and also to compare samples with added
lecithin. It was found that around pH 3, both samples exhibited
the lowest solubility. This occurs because a pH of 3 is proximate
to the isoelectric point of these protein types. At the isoelectric
point, proteins have no net charge, leading to the absence of
electrostatic repulsion between protein molecules. Conse-
quently, proteins aggregate and precipitate, leading to poor
solubility. Beyond pH 3, it was observed that the solubility of
proteins improved signicantly as the pH increased. At pH 7,
WGE, and FWGE exhibit a solubility of 66.62 ± 0.76% and 45.22
± 1.01%, respectively. These trends were also observed by
Nitiwuttithorn,6 who observed maximum solubility for duck-
weed protein extract at pH 11. Furthermore, Wolffia protein
extracted by AUAE showed 57.07% solubility at pH 7 and
increasing solubility at higher pH.19

The FWGE showed a similar trend to the unfermented
samples across the pH values but showed markedly lower
overall solubility. This is likely caused by the aggregation of
proteins during fermentation as a result of heterologous
expression in bacteria leading to insoluble deposits.34 Despite
this, the trend indicates that the pI of the proteins was not
markedly altered during the process. Lecithin can improve
protein solubility by acting as spacers between proteins, which
is critical for improving functional properties.35 This study
observes that lecithin improved solubility for both WGE and
FWGE when added, increasing solubility at pH 7 from 66.62 ±

0.76% to 75.21 ± 7.35% and from 45.22 ± 1.01% to 62.38 ±

4.57% respectively. The addition of lecithin at neutral pH
showcases the potential for the fermented sample in high
protein beverages, as the increased solubility improves beverage
applications, and the higher digestibility compared to WGE is
Fig. 4 Solubility of Wolffia globosa extract and fermented Wolffia
globosa extract with or without lecithin. *WGE is AUAE Wolffia glo-
bosa, and FWGE is WGE fermented by L. plantarum 2075. The values
are depicted as the mean ± SD, n = 3.

© 2025 The Author(s). Published by the Royal Society of Chemistry
essential for optimal protein products. Although at higher pH
the difference between lecithin and non-lecithin samples for
WGE is reduced, this is likely due to the proteins reaching near
maximum solubility.

3.4.2 Functional characteristics. Key functional character-
istics of the different extract treatments were determined and
are expressed in Table 4. Beyond improved nutritional charac-
teristics, proteins that exhibit strong functional attributes are
critical to achieving a sustainable protein future.

3.4.2.1 Water holding capacity. Based on the experimental
results, it was found that the protein concentrate has a higher
water holding capacity compared to the fermented protein
concentrate, with values of 8.60 ± 0.22 g g−1 and 7.26 ± 0.07 g
g−1, respectively. While there is limited work in duckweed
species for comparison, these values are higher than the 4.28 g
g−1 and 4.06 g g−1 observed in the microalgae A. platensis andH.
pluvialis, respectively.36 The drop inWHC fromWGE to FWGE is
likely correlated with protein hydrolysis and reduced WHC of
smaller peptides.

3.4.2.2 Foaming properties. WGE exhibits higher foam
capacity and lower foam stability compared to FWGE. Speci-
cally, WGE has a foam capacity of 41.07 ± 1.03%, which is
similar to the foam capacity reported by Siriwat et al.20 which is
42.21%, and higher than the foam capacity of FWGE at 35.16 ±

1.62%. On the other hand, in terms of foam stability, WGE
demonstrates a stability of 53.37 ± 5.32%, which is lower than
the foam stability of FWGE at 69.05 ± 2.38%. This aligns with
the expectation that fermentation of WGE with Lactobacillus
spp. induces structural changes in proteins.37 These changes
can impact the surface properties of proteins, affecting their
ability to adsorb at the liquid–air interface and stabilize foam
structures.38 Additionally, L. plantarum possesses proteolytic
enzymes that are capable of breaking down proteins into
smaller peptides and amino acids during fermentation.39 This
proteolysis can lead to a decrease in the ability of proteins to
form foams by disrupting their structural integrity.

The decrease in foaming capacity in fermented protein
concentrate could be attributed to the increased stability of the
protein structure, particularly with the increase in a-helix
content. Proteins with stable networks form more stable foams
compared to exible proteins such as casein, which exhibit
higher unfolding and disruption needed for foam formation.40

A more stable protein structure can indeed reduce unfolding,
Sustainable Food Technol.
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enhancing foam stability by limiting side chain movement and
maintaining structural integrity.41 Thus, the lower foam
capacity and higher foam stability in the FWGE are likely due to
the increased a-helix content and decreased b-turn and random
coil content.

3.4.2.3 Emulsion properties. The emulsion properties (Table
4) shows that WGE exhibits higher emulsion activity to FWGE
with values of 80.99 ± 11.12 and 47.61 ± 9.31 m2 g−1, respec-
tively. Conversely, WGE shows slightly lower emulsion stability
compared to FWGE, with values of 12.39 ± 0.56 and 13.31 ±

0.75 minutes, respectively. Similarly, Çabuk et al., observed
a reduction in emulsion activity for fermented samples of pea
protein and a higher emulsion stability compared to the
control.42 The decrease in emulsifying activity in fermented
protein concentrate was likely inuenced by the decrease in
exible regions, such as b-turns and random coils, which
hinder the protein's ability to effectively interact with and
stabilize emulsion droplets. Meanwhile, the increase in emul-
sifying stability results from the more stable protein structure,
which can better withstand environmental stress and maintain
the integrity of the emulsion interface.

The techno-functional properties for WGE and FWGE differ
in key components, suggesting key differences in potential
applications. The higher solubility and emulsifying activity
index in WGE suggest clear potential as a plant protein
beverage. At the same time, the FWGE shows minimal solubility
but higher foam stability and less foam capacity, which suggests
applicability in certain bakery products. The foaming capacity
and stability of WGE and FWGE show similarity to commercial
protein powders of fava bean and mung bean, respectively,
according to a study by Jakobson et al.43 Additionally, this
presents great potential for meat analogs, as similar work with
fava and mung bean proteins was used to create functional
meat analogs using 3D printing.44 Further studies are now
essential for determining direct applications.

4 Conclusion

This study successfully demonstrated that the combination of
ultrasonic-assisted extraction and probiotic-based fermentation
signicantly enhances the nutritional and bioactive properties
of Wolffia globosa. The AUAE process improved protein yield by
125%, and subsequent fermentation with Lactobacillus planta-
rum 2075 reduced phytic acid and tannin contents by 15.9% and
66.7% respectively. Furthermore, while fermentation reduced
the total antioxidant activity, WGE and FWGE still increased by
22.9 and 15.3% compared to WG. Perhaps the most critical
advantage of the secondary fermentation stage was the increase
in digestibility by 26.2%, which is essential for improving plant-
based protein products. Moreover, the fermentation also
signicantly reduced the antinutrient content of the protein
highlighting the improvement in bioavailability and nutritional
quality. The AUAE effectively extracts Wolffia protein while also
improving nutritional attributes, but fermentation further
enhances this by improving digestibility and reducing anti-
nutrients. These results indicate that Wolffia globosa can be
developed into a functional food ingredient with superior
Sustainable Food Technol.
nutritional quality and bioactive properties. The enhanced
protein content, improved digestibility, and increased antioxi-
dant activity position processed Wolffia globosa as a promising
candidate for various food applications, particularly in the
context of sustainable and health-promoting diets. This study
contributes valuable insights into the potential of advanced
processing techniques to enhance the nutritional and func-
tional properties of plant-based foods, aligning with current
trends in food innovation and engineering. Future studies on
product formulation and sensory evaluation are critical toward
advancing the treated Wolffia toward marketable and sustain-
able products.
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