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ABSTRACT: Fresh Wolffia globosa, the smallest flowering plant well-known for its favorable nutrient composition and rich content
of bioactive compounds, was subjected to boiling, freeze−thawing, and mechanical crushing to reduce its excessive (95−96%)
moisture level and consequent drying time. The resultant three wolffia matrixes were filtered through a plankton net to fractionate
into the residue and the filtrate. The proximate composition, bioactive metabolites, antioxidant activity, and characterization of
bioactive metabolites by LC-ESI-QTOF-MS/MS and Fourier transform infrared spectroscopy were made from oven-dried residues
and filtrates. Among residues, crude protein (29.84%), crude lipid (5.77%), total carotenoids (TCC; 722.8 μg/g), and vitamin C
(70.02 mg/100 g) were the highest (p < 0.05) for freeze−thawing against higher ash (7.99%), total phenolic content (TPC; 191.47
mg GAE g−1 dry weight), total flavonoid content (TFC; 91.54 mg QE g−1 dry weight), DPPH activity (47.46%), and ferric reducing
antioxidant power (FRAP) activity (570.19 μmol FeSO4 equiv/mg) for the crushed counterpart and Chl-b in residues from boiling.
No significant variation was evident in the total tannin content (TTC). Among filtrates, higher total phenolic content (773.29 mg
GAE g−1 dry weight), TFC (392.77 mg QE g−1 dry weight), TTC (22.51 mg TAE g−1), and antioxidant activity as DPPH activity
(66.46%) and FRAP (891.62 μmol FeSO4 equiv/mg) were evident for boiling, while that from crushing exhibited the highest TCC
(1997.38 μg/g DM). LC-ESI-QTOF-MS/MS analysis identified 72 phenolic compounds with the maximum in residue (33) and
filtrate (33) from freeze−thawing, followed by crushing (18 and 19) and boiling (14 and 13) in order, respectively. The results
indicated that the predrying cell rupturing method significantly impacted quantitative, as well as qualitative compositions of residues
and filtrates from fresh wolffia.

1. INTRODUCTION
Wolffia globosa (wolffia), belonging to the duckweed family
Lemnaceae, is a tiny, rootless, free-floating plant with
characteristic oval-shaped discs (diameter about 0.5−1.5
mm). It grows throughout the year at high turnover rates
(doubling time 2−3 days) under tropical and subtropical
conditions. Due to its favorable nutritional attributes, including
abundance, high-quality protein and starch, i.e., no known
antinutritional factors, it has been traditionally utilized as food
by the local people of Southeast Asian countries, including
Thailand, Laos, and Myanmar. Further, it is rich in a variety of
bioactive metabolites, including flavonoids, antioxidants,

polyunsaturated fatty acids, multiple vitamins, and minerals,
which have varied industrial applications in human food,
animal and fish feed, nutraceuticals, cosmetics, and pharma-
ceuticals.1−6 We have observed that fresh wolffia is also
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consumed voraciously by a large number of herbivorous−
omnivorous fishes, including carps, barbs, tilapia, perches, and
even catfishe starting in the early stages of their lives. Pradhan
et al.3 reported that feeding Labeo rohita (rohu) fry (20 dph)
exclusively with fresh wolffia resulted in remarkably high
survival and growth rates compared to that fed on artificial feed
under the semi-intensive culture system.
Considering that feed in intensified aquaculture is the single

largest contributor to the feed cost as well as to the carbon
footprint, the application of fresh wolffia, a locally producible
renewable nutrient resource, has important implications for
aquaculture sustainability, climate resilience, and the carbon
footprint of fed aquaculture. However, while use in fresh form
has merits, its extremely high moisture content (95−96%)
makes it very bulky and poses great problems in its transport
and storage by facilitating not only microbial spoilage and
hydrolytic rancidities but also the degradation of antioxidants.7

Accordingly, it is imperative to dry the biomass to reduce the
moisture contents quickly so as to preserve the qualitative as
well as quantitative biochemical compositions. However,
drying intact fresh biomass of wolffia poses great difficulties
in the form of slow heat transfer, high energy requirements,
elevated temperatures, and prolonged exposure time for
evaporating the associated water.6 For that matter, evaporating
1 L of water kept at normal room temperature, viz., 25 °C,
requires approximately 2900 kJ. Further, drying at elevated
temperatures and prolonged exposure causes irreversible
changes in the cell wall and the polysaccharide matrices,
which hold the high moisture content of wolffia and also serve
various other structural and physiological functions.10 Further,
it also leads to the oxidation of bioactive compounds, including
phenolics, vitamin C, and antioxidants, causing changes in their
functionality.8 The low-temperature (50 °C) drying of
products can reduce the degradation of product quality9 but
inherently requires a longer time, hence the low turnover.
The rupturing of the cell walls of fresh wolffia will lead to an

instant reduction in the moisture level and an alteration in the
tissue structure, which is likely to substantially reduce
subsequent drying time and, hence, improve drying efficiency
as well as quality.10,11 In addition, pretreatments to rupture the
cell walls and membranes may also reduce product quality
degradation12 by preventing structural deformation during
drying.12,13 On the other hand, however, the instant removal of
bound water matrix due to cell wall ruptures may also carry
with it macronutrients as well as bioactive compounds such as
phenolics, flavonoids, vitamins, and minerals, leading to a loss
of nutrients, i.e., a reduction in the quality of the resultant
cake-matrix.
Multiple techniques have been used to rupture the cell walls

and release intracellular compounds, including blending/
mechanical crushing, boiling, freeze−thawing, and ultra-

sonication, causing osmotic pressure changes, microwaving,
and autoclaving.14,15 The most popular pretreatment methods
used by manufacturers include boiling, freeze−thawing, and
mechanical crushing/blending, as they are among the most
effective.16 It has been demonstrated that freeze−thawing
pretreatment significantly enhanced the performance of
different thermal drying processes (microwave drying, air
drying, and microwave-vacuum drying). Recently, Wang et
al.17 reported that freeze−thawing pretreatment effectively
shortened the vacuum freeze-drying duration by 4−6 h and
reduced energy consumption by 10.0−15.1 g/100 g compared
with the traditional alkaline-dewaxing method. During the
freeze−thaw treatment, ice crystals are pierced into the cell
wall, causing water to be better able to exit the plant body since
the ice crystals pierce the cell wall.18,19 Dhiman et al.20

described blanching as the result of solubilization of pectic
polymers that play an important role in cell−cell adhesion, as
well as depolymerization of these polymers.
To the best of our knowledge, no qualitative or quantitative

information is available in nutrients of solid and liquid fractions
subjected to different predrying cell rupture methods. In the
present study, we evaluated the impact of three common low-
technology and low-cost predrying methods, namely, boiling,
freeze−thawing, and mechanical crushing/blending on prox-
imate composition, select bioactive metabolites, antioxidant
activities, and the characterization of bioactive metabolites in
the resultant liquid and solid fractions of fresh wolffia.

2. RESULTS AND DISCUSSION
2.1. Effect of Cell Wall Rupture Methods on

Proximate Composition of Wolffia. The three cell wall
rupture strategies, viz., boiling, freeze−thawing, and mechan-
ical crushing, applied to 1 kg of fresh wolffia biomass released
560, 650, and 590 mL of cell-bound water, respectively. The
corresponding quantities of obtained residues were 315.9 g
(boiling), 325.8 g (freeze−thawing), and 356.9 g (mechanical
crushing). The proximate analysis of residues and filtrates of
wolffia is presented in Table 1. The moisture content in wolffia
residues, obtained from various cell rupture methods, did not
exhibit statistically significant variations (p > 0.05). However,
the filtrate of mechanical crushing, crushed wolffia filtrate
(CWF) exhibited a significantly high moisture content (9.25%)
when compared to filtrates of boiling as well as of freeze−
thawing. The crude protein content exhibited significant
variations (p < 0.05) in the residues as well as in the filtrates,
with significantly higher values of 29.84% in the thawed wolffia
residue (TWR), followed by 24.35% in the crushed wolffia
residue (CWR) and 19.55% in the boiled wolffia residue
(BWR), which is the lowest. Among wolffia filtrates, the CWF
showed a significantly (p < 0.05) higher crude protein
(42.02%) content, followed by the boiled wolffia filtrate

Table 1. Proximate Composition of Residues and Filtrates of Wolffia Subjected to Different Cell Rupture Methods (Dry
Matter Basis)a

parameters wolffia residue wolffia filtrate

BWR TWR CWR BWF TWF CWF

moisture (%) 6.63 ± 0.17a 7.08 ± 0.29a 6.41 ± 0.22a 7.47 ± 0.12b 7.79 ± 0.12b 9.25 ± 0.07a

crude protein (%) 19.55 ± 0.00c 29.84 ± 0.59a 24.35 ± 0.69b 28.81 ± 0.30b 16.81 ± 0.84c 42.02 ± 0.86a

crude lipid (%) 3.60 ± 0.15c 5.77 ± 0.09a 4.10 ± 0.00b 2.30 ± 0.06a 0.13 ± 0.03c 1.33 ± 0.03b

ash (%) 6.69 ± 0.05c 7.19 ± 0.02b 7.68 ± 0.09a 8.46 ± 0.21a 4.28 ± 0.10b 4.40 ± 0.08b
aValues represented are the means of triplicates ± SE (standard error). Different superscripts for a fraction in the same raw are significantly
different (p < 0.05).
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(BWF, 28.81%) and the thawed wolffia filtrate (TWF,
16.81%), which was the lowest. The lowest protein in the
TWF might be due to partial cell wall rupture, unlike
mechanical crushing, which releases less protein in the
TWF.21 Sørensen et al.22 stated that breaking cell walls
facilitated the release of protein. The highest protein content in
the CWF may possibly be due to completer and more
aggressive cell rupture in mechanical crushing when compared
to freeze−thawing and boiling. The higher crude protein in the
residue of freeze−thawing also indicated the lowest degree of
release of protein from the cell. Crude lipid was significantly
higher (5.77%) in the TWR, while the lowest was reported
(3.60%) in the BWR. In the wolffia filtrate, crude lipid was
significantly (p < 0.05) higher in the BWF (2.3%), while it was
the lowest in the TWF (0.13%). It is reported that different
disruption methods based on mechanical or nonmechanical
methods may have different effects.23 The CWR (7.99%) had a
significantly higher concentration of ash content, followed by
the TWR (7.19%) and the BWR (6.46%). The leaching of
mineral compounds into boiling water may explain the
reduction in the ash content of BWR samples.

2.2. Effect of Cell Wall Rupture Methods on Bioactive
Metabolites of Wolffia. The results of the total phenolic
content (TPC), total flavonoid content (TFC), total tannin
content (TTC), total carotenoid content (TCC), Chl-a, Chl-b,
and vitamin C content are presented in Table 2. The phenolic
compounds in plants have a high level of redox stability and are
therefore capable of imparting antioxidant activity.24 In the
current study, CWR exhibited a significantly higher (p < 0.05)
value of TPC of 191.47 ± 1.93 mg GAE g−1, compared to the
TWR and the BWR, which have lower values of 145.41 ± 0.66
and 138.73 ± 2.65 mg GAE g−1, respectively. The inactivation
of oxidative enzymes by thermal pretreatment might lower the
degradation of TPC in BWR samples. A reduced percentage of
bioactive compounds was recorded by Raghunath et al.25

during boiling. While in wolffia filtrate samples, the BWF had
the significantly higher (p < 0.05) TPC of 773.29 ± 4.72 mg
GAE g−1, followed by 395.83 ± 4.58 and 312.54 ± 2.59 mg
GAE g−1 in the TWF and CWF samples, respectively. Due to
the decomposition of the tissue by heat treatments, cellular
components and nutrients are able to migrate into the boiling
water.26

The flavonoids (e.g., quercetin, kaempferol, catechins, and
anthocyanins) have antioxidant and anti-inflammatory proper-
ties.16 In this study, the TFC was reported to be significantly
(p < 0.05) higher, 91.54 ± 3.95 mg QE g−1, in the CWR
sample. However, no statistically significant difference was
observed between the TWR and the BWR, as indicated in
Table 2. The reason for the higher flavonoid content in CWR

might be the small particle size during mechanical crushing.27

Becker et al.28 stated that grinding Hieracium pilosella L.
increases the content of identified flavonoids and phenolics.
Moreover, it was also reported that freeze−thawed pretreat-
ment in lotus root contained low bioactive compounds due to
the fact that weight loss and that the loose structure after
drying was not conducive to the retention of active ingredients
during hot drying.29 In the wolffia filtrate, the BWF sample had
the highest TFC of 392.77 ± 4.23 mg QE g−1 compared to
other samples.
There was no significant difference in the TTC between the

samples, as indicated in Table 2. However, in the wolffia
filtrate, the BWF showed significantly a higher (p < 0.05) TTC
of 22.51 ± 0.26 mg TAE g−1, followed by 14.37 ± 0.40 mg
TAE g−1 in the TWF sample. The higher TTC in the BWF
might be due to the leaching of tannins into the boiling
water.30

Carotenoids, the most commonly used natural antioxidants,
have a positive effect on health and prevent chronic diseases.31

Table 2 showed that the TCC was reported to be higher in the
TWR (722.84 ± 4.72 μg/g sample), followed by the BWR
(662.37 ± 26.39 μg/g sample) and the CWR (352.82 ± 1.24
μg/g sample). Jiao et al.32 stated that freeze−thawing increased
the extraction of corn carotenoids (lutein and zeaxanthin). In
freeze−thawed pretreatment, large ice crystals can easily form,
preserving insoluble constituents that bind carotenoids in the
freezing process and causing higher levels of carotenoids in the
thawed sample.33 Chl-a was reported higher in the TWR, while
Chl-b was reported to be higher in the BWR. In the wolffia
filtrate, the TCC, Chl-a, and Chl-b were reported to be
significantly higher 1997.38 ± 4.06, 26.88 ± 0.10, and 18.52 ±
0.39 μg/g sample, respectively, in CWF samples.
Vitamin C is an important antioxidant that shows several

beneficial effects in the human body.34 Unfortunately, it is a
highly labile and heat-sensitive compound.34 In this study
vitamin C was reported significantly higher (p < 0.05) 70.02 ±
3.04 mg 100−1 in the TWR samples, while the lowest was
reported 39.57 ± 3.04 mg 100−1 in the BWR sample (Table 2).
The reason for the low vitamin C content in the BWR sample
might be the thermal degradation. In previous study also it is
reported that thermal treatment has negative impacts on
vitamin C content.35 Nonenzymatic browning was observed
during thermal treatment, which was correlated with the loss of
ascorbic acid.36 Dhiman et al.20 reported that blanching okra
results in a higher loss of ascorbic acid. In our study, the most
beneficial method in terms of preserving the greatest amount
of the vitamin C TWR, which had not undergone thermal
treatment.

Table 2. Bioactive Compounds of Wolffia Residues and Filtrates Subjected to Different Cell Rupture Methodsa

parameters wolffia residue wolffia filtrate

BWR TWR CWR BWF TWF CWF

TPC (mg GAE g−1) 138.73 ± 2.65b 145.41 ± 0.66b 191.47 ± 1.93a 773.29 ± 4.72a 395.83 ± 4.58b 312.54 ± 2.59c

TFC (mg QE g−1) 53.58 ± 6.02b 41.88 ± 2.50b 91.54 ± 3.95a 392.77 ± 4.23a 169.89 ± 3.25b 157.46 ± 3.07c

TTC (mg TAE g−1) 7.36 ± 0.97a 8.24 ± 1.61a 6.81 ± 0.32a 22.51 ± 0.26a 14.37 ± 0.40b 8.73 ± 0.08c

TCC (μg/g sample) 662.37 ± 26.39b 722.84 ± 4.72a 352.82 ± 1.24c 365.82 ± 13.40b 342.58 ± 0.85b 1997.38 ± 4.06a

Chl-a (μg/g sample) 16.14 ± 0.36a 16.71 ± 0.25a 5.55 ± 0.15b 3.22 ± 0.16b 2.64 ± 0.08c 26.88 ± 0.10a

Chl-b (μg/g sample) 6.05 ± 0.32a 4.45 ± 0.12b 3.67 ± 0.14c 3.81 ± 0.18b 3.86 ± 0.03b 18.52 ± 0.39a

vitamin C (mg 100 g−1) 39.57 ± 3.04c 70.02 ± 3.04a 57.84 ± 3.04b ND ND ND
aValues represented are the means of triplicates ± SE (standard error). Different superscripts for a fraction in the same raw are significantly
different (p < 0.05). ND; not determined.
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2.3. Effect of Cell Wall Ruptures Methods on
Antioxidant Activities of Wolffia. Antioxidant activity is
directly proportional to the concentration of ascorbic acid,
phenols, and flavonoids.37 The DPPH free radical scavenging
activities were significantly higher (p < 0.05) in the CWR, with
a value of 33.66%. In contrast, the TWR (19.28%) and the
BWR (22.46%) did not exhibit a significant difference, as
depicted in Figure 1A. This shows that phenolics (mainly

flavonoids) make a very noticeable contribution to the DPPH
scavenging activity in the CWR samples. It is known that
polyphenolic compounds can enhance strong antioxidant
activities against DPPH radicals.38,39 In the wolffia filtrate,
the BWF had the highest (66.46%) DPPH scavenging activity,
followed by those of the CWF and TWF samples, 47.46 and
28.17%, respectively.

Figure 1. Effect of cell wall rupture methods on antioxidant activities: (A) DPPH free radical scavenging activity, (B) ABTS free radical scavenging
activity, and (C) ferric reducing antioxidant power (FRAP). The values are the means ± SE of triplicate determination. Values with different letters
(a, b, c, etc.) indicate significant differences (p < 0.05). (Analyzed using one-way ANOVA; F-statistic).

Figure 2. FT-IR spectra of the filtrate and the residue of fresh wolffia subjected to different cell rupture methods.
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The ABTS and FRAP antioxidant activities exhibited no
significant differences, as illustrated in Figure 1B,C, respec-
tively. However, in the wolffia filtrate, FRAP was significantly
(p < 0.05) higher, at 891.62 μmol Fe/g dry mass in the BWF.
During pretreatment with bleaching, the covalent bond
between insoluble polymeric substances and antioxidants is
likely to be destroyed, releasing compounds with antioxidant
properties, including phenolic acid, polyphenols, and flavo-
noids.40

2.4. FT-IR Analysis. The Fourier transform infrared
spectroscopy (FT-IR) spectra of wolffia from 400 to 4000
cm−1 obtained by different cell wall rupture methods are
shown in Figure 2. The band identified in the BWR at 3291
cm−1 shows the stretching vibration of the O−H group or the
O−H wagging of phenolic compounds.41,42 The BWF, CWF,
and TWF samples showed enhanced peaks compared to those
of other samples. These enhanced peaks might be due to the
higher TPC in the samples. A major contribution of the OH
group to antidiabetes, antioxidants, and antibacterial properties
is attributed to its presence.43 The absorption bands around
2900−2924 cm−1 indicate C−H stretching of the CH2 groups.
Based on these bands, aliphatic CH groups are found in the
present compounds.44 A further band in 1715−1630 cm−1 was
observed for hydroxybenzoic acids and/or hydroxycinnamic
acids. The sharp absorption peaks near 1709−1500 cm−1

reflect the C�O stretching vibrations in carbonyl com-
pounds.45 The sample BWF shows a sharp peak at near 1578
cm−1. This may be attributed to the presence of high flavonoid
content in the wolffia sample. Moreover, FT-IR spectra
between 1385 and 1450 cm−1 wavelength represent
deformation and stretching vibration of C−C bonds in
phenolic and carbonyl groups.46 In addition, a sharp
absorption band between 1000 and 1045 cm−1 is assigned to
the C−O group of molecules.47 A weak absorption near 782
cm−1 indicated that the C−H bend shows alkanes. Similarly,
Santhi and Sengottuvel48 also reported a band at 684.08 cm−1,
indicating the C−H bends show alkanes. The results of the
FT-IR analysis were in good agreement with the results of the
LC-ESI-QTOF-MS/MS analysis.

2.5. Correlation of the Phenolic Content and the
Antioxidants Assay. Pearson correlation between the TPC
(TFC, TTC, Ca, Cb, and TCC) and three antioxidant activities
(DPPH, ABTS, and FRAP) was performed to investigate the
relationship between the phenolic contents and antioxidant
capacities of wolffia (Figure 3).
A significantly (p < 0.05) positive correlation between TPC

and antioxidant activities (DPPH, r = 0.86; FRAP, r = 0.98)
was observed. A positive correlation was reported between
TPC and DPPH in previous studies as well.49 In view of the
results, it appears phenolic compounds were a significant
contributor to the activity of antioxidants in wolffia samples,
which is a beneficial effect. However, significant (p < 0.05)
negative correlation between TPC and ABTS (r = −0.54) was
also reported.
The TFC was significantly (p < 0.05) positively correlated

with the TPC (r = 0.99), TTC (r = 0.93), DPPH (r = 0.91),
and FRAP (r = 0.99). Wolffia’s antioxidant activity is largely
attributed to flavonoids, which are the most abundant phenolic
compounds. Also, significant positive correlations were
observed between the TTC and antioxidant activities DPPH
(r = 0.72) and FRAP (r = 0.93). This suggests that TTC also
had influence on DPPH and FRAP. A strong significant (p <

0.05) positive correlation between TCC and Ca and Cb (r =
0.90 and 0.98, respectively).

2.6. Principal Component Analysis. A principal
component analysis was also conducted to investigate the
overall relationship between the phenolic compounds and
three antioxidant activities of wolffia. The principal component
analysis (PCA) analysis indicates first three principal
components accounted for 96.86% variability of the data
(Figure 4). The PC1 alone explained 60.52% variation; PC2
explained 29.95% variation, while PC3 explained 6.39%
variation. PCA loading plots depicted the relationship among
different phenolic compound and antioxidant activities. In the
plot, acute angels (<90°) observed between the TPC, TFC,
TTC, DPPH, and FRAP showed the close positive relationship
between those bioactive compounds and antioxidant activities.
In previous study also, PCA revealed a close relationship
between total phenolics, tannins, and DPPH antioxidant
activity.50 Moreover, in the plot, an obtuse (>90°) angle of
ABTS showed negative correlation with the TPC, TFC, TTC,
DPPH, and FRAP.

2.7. LC-ESI-QTOF-MS/MS Characterization. As a part of
a qualitative analysis, liquid chromatography-electrospray
ionization-quantum time-of-flight mass spectrometry (LC-
ESI-QTOF-MS/MS) in both positive and negative ionization
modes was used to identify phenolic compounds in different
processes of wolffia (Table 3). A total of 72 phenolic
compounds were detected, including 18 phenolic acids, 29
flavonoids, and 25 polyphenols. Compounds identified and
characterized in the BWR, BWF, TWR, TWF, CWR, and CWF
samples were 15, 13, 33, 33, 18, and 19, respectively. The
chemical structure and total ion chromatograms are provided
in the Supporting Information Figures S1 and S2, respectively.

2.7.1. Phenolic Acids. In this study, a total of 18 phenolic
acids were identified from all of the samples. The phenolic
acids included were 10 hydroxycinnamic acids and 8
hydroxybenzoic acids.

Figure 3. Correlation matrix heatmap shows the values of the Pearson
correlation coefficient for all studied parameters: the positive values
are in red, and negative values are in blue. It ranges from −1 to 1,
where by −1 means a perfect negative linear relationship between
variables, 1 indicates a perfect positive linear relationship between
variables and 0 indicates that there is no relationship between studied
variables. (*significance difference level p < 0.05).
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2.7.1.1. Hydroxycinnamic Acids. The compounds 1 ([M −
H]− m/z 353.0885) had been tentatively identified as
chlorogenic acid. Earlier, this compound was identified in
several microalgae, such as Ankistrodesmus sp., Spirogyra sp.,
Euglena cantabrica, Caespitella pascheri,51 and brown algae.52 It
is an important and biologically active dietary polyphenol with
a number of therapeutic properties, including antioxidant
activity, anti-inflammatory activity,53 antibacterial activity,
hepatoprotection, cardioprotection, antipyretic activity, neuro-
protection, weight loss, antiviral activity, antimicrobial activity,
and hypertension prevention.54 Compound 2 was observed in
ESI− modes and detected ([M − H]− m/z 179.0341) as caffeic
acid. In our study, these compounds were identified in the
CWR and the CWF. In previous studies, chlorogenic acid and
caffeic acid were detected in duckweed Spirodela polyrrhiza,
which was consistent with our results.55 Compounds 3, 4, and
5 were identified as isoferulic acid, m-coumaric acid, and
sagecoumarin, respectively. Precursor ions of the compounds
were m/z 193.0495, m/z 163.039, and m/z 581.098,
respectively. The results suggested that isoferulic acid and m-
coumaric acid were detected in the CWF and the CWR,
respectively, while sagecoumarin was only detected in the
BWF. A number of coumaric acid isomers have previously
been identified, such as p-coumaric acid and o-coumaric acid,
in duckweed (Lemna minor)56 as well as Cystophora sp.57

Compounds 6, 7, 8, 9, and 10 were identified as 6-O-p-
coumaroyl-D-glucose, monotrans-p coumaroylmesotartaric
acid, hordatine A, esculetin, and 6-demethoxycapillarisin with
precursor ions m/z 325.0973, m/z 295.0457, m/z 549.2913,
m/z 177.0178, and m/z 285.0403, respectively. All of the
compounds were detected only in the negative ion mode.

2.7.1.2. Hydroxybenzoic Acid. Compound 11 ([M − H]−

m/z 121.0288) had been tentatively identified as benzoic acid.
The compound was detected in the TWF and CWF samples.
Compound 12 with [M − H]− with precursor ions at m/z
300.9973 was tentatively identified as ellagic acid in the TWR,

TWF, CWR, and CWF samples. Compound 13 was observed
in both the ESI− mode and the ESI+ mode, having precursor
ions at m/z 483.0703 identified as gallic acid 3-O-(6-
galloylglucoside). A number of studies have found that ellagic
acid and gallic acid may act as natural antifungal agents.58−60

Compounds 14, 15, 16, 17, and 18 were identified as 2,6-
dihydroxybenzoic acid, resorcinol, 4-(3,5-diphenylcyclohexyl)-
phenol, [7]-paradol, and 2,4,6-trihydroxybenzoic acid. Pre-
cursor ions of the compounds were m/z 483.0703, m/z
153.0187, m/z 109.0293, m/z 351.1722, and m/z 291.196.

2.7.2. Flavonoids. A flavonoid is a phenolic compound that
acts as an antioxidant and a scavenger of free radicals. In the
present study, a total of 29 flavonoids classified into 7
subclasses were characterized, including 11 flavonols, 9
flavones, 1 flavanone, 1 flavanols, 3 isoflavonols, 2 biflavonoids,
and 2 flavans. As shown in Table 3.

2.7.2.1. Flavonols Derivatives. Compound 19, 20, 21, 22,
and 23 were tentatively identified as kaempferol 3-rhamnoside
7-xyloside, kaempferol 3-O-β-D-galactoside, kaempferol 3-
xylosylglucoside, kaempferol 7-O-glucoside, and kaempferol
with precursor ions m/z 563.1466, m/z 447.092, m/z
579.1333, and m/z 285.0405, respectively. Compound 19
was observed in both the ESI− mode and the ESI+ mode, while
the rest were all observed in the ESI− mode. Kaempferol and
its derivatives have been shown to have pharmacological
benefits in several pathological conditions, including cardio-
vascular diseases61 and cancer.62 Compounds 24, 25, and 26
were tentatively identified as quercitrin, quercetin, and
quercetin 3,7-dirhamnoside with precursor ions [M − H]−

m/z 447.0988, [M − H]− m/z 301.0341, and [M − H]− m/z
593.1513, respectively. Quercetin has been reported to have
antidiabetic properties and to protect tissues from oxidative
injury induced by diabetes.63 Previously, kaempferol, quercetin,
and its derivatives have been detected in duckweed variety (68-
red)16 and brown alga, Thalassiophyllum clathrus.64

Figure 4. PCA based on bioactive compounds and antioxidant activity parameters of the wolffia. The samples were divided into two groups along
with three principal components (PCs). PC1, PC2, and PC3 explained 60.52, 29.95, and 6.39% of the total variation, respectively. Blue arrows
specify the increasing values of each variable.
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Table 3. Phenolic Compounds Tentatively Identified in the Wolffia Residue and Filtrate Samples Using LC-ESI-QTOF-MS/
MSb

s.
no. proposed compounds

molecular
formula

RT
(min)

mode of
ionization

(ESI−/ESI+)
molecular
weight

observed
(m/z)

mass
error
(ppm) samples

Phenolic Acids
Hydroxycinnamic Acids

1 chlorogenic acid C18H28O3 7.042 [M − H]− 354.0961 353.0885 −2.95 CWR, CWF
2 caffeic acid C9H8O4 6.252 [M − H]− 180.0414 179.0341 4.91 CWR, CWF
3 isoferulic acid C10H10O4 5.768 [M − H]− 194.0569 193.0495 4.96 CWF
4 m-coumaric acid C9H8O3 3.418 [M − H]− 164.0463 163.039 6.36 CWR
5 sagecoumarin C27H20O12 5.595 [M − H]− 536.0998 581.098 −8.09 BWF
6 6-O-p-coumaroyl-D-glucose C15H18O8 4.343 [M − H]− 326.105 325.0973 −14.75 BWF
7 monotrans-p coumaroylmesotartaric acid C13H12O8 4.715 [M − H]− 296.053 295.0457 0.73 TWR, TWF
8 hordatineA C28H38N8O4 13.707 [M − H]− 550.2966 549.2913 9.02 BWR
9 esculetin C9H6O4 4.313 [M − H]− 178.0251 177.0178 8.34 TWF
10 6-demethoxycapillarisin C15H10O6 8.046 [M − H]− 286.0477 285.0403 0.27 TWR

Hydroxybenzoic Acids
11 benzoic acid C7H6O2 5.504 [M − H]− 122.0362 121.0288 4.73 TWF, CWF
12 ellagic acid C14H6O8 5.623 [M − H]− 302.0046 300.9973 5.67 TWR, TWF, CWR,

CWF
13 gallicacid3-O-(6-galloylglucoside) C20H20O14 5.247 a[M − H]− 484.0757 483.0703 19.89 TWF
14 2,6-dihydroxybenzoic acid C7H6O4 4.131 [M − H]− 154.0259 153.0187 4.3 CWR, CWF
15 resorcinol C6H6O2 4.092 [M − H]− 110.0366 109.0293 1.9 CWR, CWF
16 4-(3,5-diphenylcyclohexyl)phenol C24H24O 7.817 [M + H]+ 328.1833 351.1722 −1.69 TWR
17 [7]-paradol C18H28O3 13.261 [M − H]− 292.2032 291.196 2.07 TWF
18 2,4,6-trihydroxybenzoic acid C7H6O5 1.566 [M − H]− 170.0198 169.0127 9.88 CWR, TWR

Flavonoids
Flavonols

19 kaempferol 3-rhamnoside 7-xyloside C26H28O14 5.529 a[M − H]− 564.1533 563.1466 −10.27 BWR, BWF, TWR,
TWF, CWR, CWF

20 kaempferol 3-O-β-D-galactoside C21H20O11 5.16 [M − H]− 448.0992 447.092 3.12 TWR, CWR
21 kaempferol 3-xylosylglucoside C26H28O15 4.732 [M − H]− 580.1405 579.1333 4.02 TWR, CWR
22 kaempferol 7-O-glucoside C21H20O11 5.913 [M − H]− 448.1008 447.0934 −0.54 CWR, CWF, TWF
23 kaempferol C15H10O6 7.673 [M − H]− 286.0479 285.0405 −0.43 CWF, TWF
24 quercitrin C21H20O11 5.23 [M − H]− 448.106 447.0988 −12.03 BWR, BWF, CWR,

CWF
25 quercetin C15H10O7 7.654 [M − H]− 302.0412 301.0341 4.88 TWR
26 quercetin 3,7-dirhamnoside C27H30O15 4.851 [M − H]− 594.1585 593.1513 −0.13 TWF, TWR, CWF
27 rustoside C26H28O15 4.816 [M − H]− 580.1492 579.1413 −10.01 BWR, BWF, TWR,

CWF
28 rutin C27H30O16 4.256 [M − H]− 610.1534 609.1457 0.8 TWF,TWR, CWF,

CWR
29 allivicin C27H30O16 4.812 [M − H]− 610.1591 609.1519 −9.43 BWR, BWF

Flavones
30 astragalin 7-rhamnoside C27H30O15 4.639 [M − H]− 594.1558 593.1486 4.56 CWR, TWR, TWF
31 (3″-apiosyl-6″-malonyl)astragalin C29H30O18 6.141 [M − H]− 666.1307 725.144 18.72 BWF
32 apigenin 7-glucoside C21H20O10 5.628 a[M − H]− 432.104 431.0968 3.79 TWR, TWF, CWF
33 luteolin 4′-O-glucoside C21H20O11 5.549 [M − H]− 448.1007 447.0941 −1.46 TWF, CWF
34 ephedranninA C30H20O11 4.802 [M − H]− 556.0936 615.1092 12.46 BWF, TWR
35 cynaroside C21H20O11 5.589 [M − H]− 448.1054 447.0982 −10.78 BWR
36 6-C-galactosylluteolin C21H20O11 5.179 a[M − H]− 448.0946 447.0921 2.78 TWR, TWF, CWR
37 nicotiflorin C27H30O15 4.683 [M − H]− 594.1642 593.157 −9.67 BWR, BWF
38 maritimetin C15H10O6 7.79 [M + H]+ 286.0438 287.0508 13.89 TWF

Flavanones
39 3,3′,5-trihydroxy-4′,7-

dimethoxyflavanone
C17H16O7 1.229 [M + H]+ 332.0899 377.0899 −0.92 BWR

Flavanols
40 ent-fisetinidol-(4β→8)-catechin-

(6→4β)-ent-fisetinidol
C45H38O17 5.242 [M − H]− 850.1954 895.1938 18.2 TWF, BWF

Isof lavonols
41 genistein 4′,7-O-diglucuronide C27H26O17 5.136 [M − H]− 622.1104 621.1048 10.67 BWR
42 genistein 8-C-glucoside C21H20O10 5.658 [M − H]− 432.1113 431.099 −1.2 BWR, BWF, TWF,

CWF
43 2-hydroxychrysophanol C15H10O5 8.549 [M − H]− 270.0525 269.0453 1.01 TWF
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Rustoside was proposed as compound 27, detected from the
BWR, the BWF, the TWR, and the CWF in the negative mode
with a precursor ion [M − H]− m/z 579.1413. Compounds 28
and 29 were tentatively identified as rutin and allivicin with
precursor ions [M − H]− m/z 609.1457 and [M − H]− m/z
609.1519, respectively. There are many pharmacological
properties of rutin, including antibacterial, antiprotozoal,
antitumor, anti-inflammatory, antiallergenic, antiviral, cytopro-
tective, vasoactive, hypolipidaemic, antiplatelet, and antihy-
pertensive.65,66

2.7.2.2. Flavone Derivatives. Compounds 30 and 31 had
been tentatively identified as astragalin 7-rhamnoside ([M −
H]− m/z 593.1486) and (3″-apiosyl-6″-malonyl)astragalin
([M − H]− m/z 725.144) in the CWR, the TWR, the TWF,
and the BWF, respectively, in our study. In previous research,
this compound was identified in Hibiscus mutabilis L.67 and
Dryopteris sp.,68 which has been proven to be able to inhibit
the growth of liver cancer,69 as well as to inhibit the
proliferation of lung cancer.70 Compounds 32 and 33 were

identified in the TWR, TWF, and CWF samples as apigenin 7-
glucoside and luteolin 4′-O-glucoside with the precursor ion
[M − H]− m/z 431.0968 and [M − H]− m/z 447.0941,
respectively. Compound 32 was observed in the ESI− and ESI+
modes. Previously these compounds were reported in common
duckweed, L. minor,71 L. minor L.,72 and Landoltia punctata.73

Chen et al.70 reported that apigenin 7-glucoside has been
shown in vitro anti-inflammatory activities.

2.7.2.3. Isoflavonols. Three isoflavonols were detected in
the negative mode in the BWR, BWF, TWF, and CWF
samples. Genistein 4′,7-O-diglucuronide detected in the BWR
was assigned for compound (41) based on the observed [M −
H]− m/z 621.1048. Compounds 42 and 43 were tentatively
identified as genistein 8-C-glucoside and 2-hydroxychrysopha-
nol having a precursor ion [M − H]− m/z 431.099 and [M −
H]− m/z 269.0453, respectively.

2.7.2.4. Flavanones, Flavanols, Biflavonoids, and Flavans
Derivatives. Compound 39 was only detected in the BWR
sample in the positive (ESI+) mode with an observed

Table 3. continued

s.
no. proposed compounds

molecular
formula

RT
(min)

mode of
ionization

(ESI−/ESI+)
molecular
weight

observed
(m/z)

mass
error
(ppm) samples

Bif lavonoids
44 ent-epiafzelechin(2a→7,4a→8)

epiafzelechin
3-(4-hydroxybenzoic acid)

C37H28O12 6.561 [M − H]− 664.1511 709.148 12.21 BWF

45 sciadopitysin C33H24O10 4.813 [M + H]+ 580.1358 581.1432 2.02 TWR, TWF
Flavans

46 kuwanonZ C34H26O10 4.898 [M + H]+ 594.1511 595.1584 2.56 TWR, TWF
47 flavidulolC C34H42O4 13.489 [M + H]+ 514.3074 537.2969 1.83 TWR, TWF

Other Polyphenols
Pigments

48 pheophorbide a C35H36N4O5 17.592 a[M + H]+ 592.2613 615.2511 11.4 TWR, TWF, CWR
49 3-cis-hydroxy-b,e-caroten-3′-one C40H54O 19.537 [M + H]+ 550.4103 551.4176 12.94 TWR, TWF
50 4Z,15E-bilirubin IXa C33H36N4O6 16.527 [M + H]+ 584.2595 607.2477 6.83 TWR

Alkaloids
51 calycanthine C22H26N4 16.436 [M − H]− 346.217 327.0041 −7.34 BWR
52 ritterazine A C54H76N2O10 20.154 [M − H]− 912.5433 971.5591 7.3 BWR
53 (−)-sparteine C15H26N2 8.427 [M + H]+ 234.2058 235.2131 16.04 TWF
54 vinpocetine C22H26N2O2 9.489 [M + H]+ 350.202 351.2093 −7.39 TWF
55 cancentrine C36H34N2O7 16.093 [M + H]+ 606.2405 607.2476 −6.39 TWF, TWR
56 terminaline C23H41NO2 12.477 [M + H]+ 363.3085 364.3158 14.39 TWF
57 embelin C17H26O4 10.944 [M − H]− 294.1826 293.175 1.8 TWR, CWR
58 thalidasine C22H26N2O2 12.6 [M − H]− 652.3191 711.3352 −6.46 TWR
59 3β,6β-dihydroxynortropane C7H13NO2 1.09 [M + H]+ 143.0918 144.0993 19.63 TWR, CWR
60 retronecine C8H13NO2 1.168 [M + H]+ 155.0921 156.0994 16.22 TWR
61 ipecac (psychotrine) C28H36N2O4 12.477 [M + H]+ 462.2513 463.2617 4.6 TWR
62 cepharanthine C37H38N2O6 19.039 [M + H]+ 606.2768 607.2841 −6.26 TWR
63 benzosimuline C20H19NO2 2.174 [M + H]+ 305.1452 328.1343 −11.86 TWF

Terpenoids
64 ganosporelactoneA C30H40O7 18.552 [M + H]+ 512.2746 611.1532 5.29 TWR, TWF
65 7-O-acetylaustroinulin C22H36O4 18.642 [M + H]+ 364.2561 387.2453 14.57 TWR, TWF
66 triterpenoid C30H48O75 18.245 a[M − H]− 552.3066 551.3062 −0.95 BWR, CWF
67 geranylfarnesyl diphosphate C25H44O7P2 17.514 a[M + H]+ 518.2563 577.2705 −0.17 CWF
68 tocopheronic acid C16H22O5 11.167 [M + H]+ 294.143 317.1319 12.59 TWR
69 tsangane L 3-glucoside C19H34O7 12.945 [M − H]− 374.2279 433.2418 6.92 BWR
70 ganoderic acid F C32H42O9 17.896 [M + H]+ 570.2791 593.2688 5.7 TWR, TWF
71 3,3′-bisanigorufone C38H22O4 5.137 [M + H]+ 542.1587 565.1479 −12.65 TWF

Tannin
72 2,6-digalloylglucose C20H20O14 5.287 [M − H]− 484.0815 483.0765 7.15 BWF

aCompounds were detected in the negative [M − H]− and positive [M + H]+ modes of ionization, while only single mode of data was presented.
bRT: retention time.
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molecular ion peak [M + H]+ m/z at 377.0899. This
compound was assigned to 3,3′,5-trihydroxy-4′,7-dimethoxy-
flavanone a characteristic flavonoid found in Blumea
balsamifera.74 Compound 40 having a precursor ion [M −
H]− m/z 895.1938 was tentatively identified as ent-fisetinidol-
(4β→8)-catechin-(6→4β)-ent-fisetinidol and was present in
the TWF and BWF samples.
ent-Epiafzelechin(2a→7,4a→8)epiafzelechin 3-(4-hydroxy-

benzoic acid) (compound 44 with [M − H]− m/z 709.148)
and sciadopitysin (compound 45 with [M + H]+ m/z
581.1432) were the only bioflavonoids found in the BWR
and TWR and TWF samples, respectively.
Compound 46 having the precursor ion [M + H]+ m/z

595.1584 was tentatively characterized as kuwanon Z. It has
previously been reported that derivatives of kuwanon Z are
abundant in Morus alba and are associated with a variety of
health-promoting properties, including neuroprotection and
anti-inflammatory activities.75 Compound 47 with the
precursor ion [M + H]+ m/z 537.2969 was tentatively

characterized as flavidulol C. Both the compounds were
characterized in the TWR and TWF samples in the positive
ESI+ mode.

2.7.3. Other Polyphenols. A total of 25 polyphenolic
compounds, including 3 pigments, 13 alkaloids, 8 terpenoids,
and 1 tannin were characterized in our study.
Pheophorbide a (compound 48) showing a precursor ion at

[M + H]+ m/z 615.2511 was detected in the TWR, TWF, and
CWR samples. Compound 49, showing a precursor ion at [M
+ H]+ m/z 551.4176, was tentatively characterized as 3-cis-
hydroxy-b,e-caroten-3′-one. Compound 50 with the precursor
ion at [M + H]+ m/z 607.2477 was tentatively characterized as
4Z,15E-bilirubin IXa in TWR samples. Saide et al.76 found that
chlorophyll breakdown products generally possess antioxidant
and anti-inflammatory properties.
Compound 51 with the precursor ion [M − H]− m/z

327.0041 was tentatively characterized as calycanthine in the
BWR sample. Previously, this compound was identified in
Meratia praecox.77 Embelin (compound 57) was the important

Figure 5. Venn diagram of phenolic compounds present in different predrying cell rupture methodologies. (A) Relation of total phenolic contents
among the different cell rupture methodologies. (B) Relation of phenolic acids among the different cell rupture methodologies. (C) Relation of
flavonoids among the different cell rupture methodologies. (D) Relation between the other polyphenols in different cell rupture methodologies.
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alkaloid tentatively characterized with a precursor ion [M −
H]− m/z 293.175 in the TWR and CWR samples. Previous
studies have identified embelin in marine macroalgae, such as
Turbinaria species.78 The presence of alkaloids protects against
chronic diseases such as inflammatory and neurogenerative
diseases,79 hypertension, hyperglycemia, and hyperlipidemia,80

and cholesterol reduction.81

Plant terpenes metabolites have been shown to have a wide
range of biological activities, including cancer chemopreven-
tion, antimicrobial, antifungal, antiviral, antihyperglycemic,
anti-inflammatory, and antiparasitic effects.82,83 Ganoderic
acid F (compound 70) is an important triterpenoid
characterized with a precursor ion ([M + H]+ m/z
593.2688) in the positive mode in the TWR and TWF
samples. Wolffia is a highly potential source of phenolic
compounds that may find a wide range of applications in the
pharmacy, feed, cosmetics, and food industries, as well as many
other fields.

2.8. Venn Graphing of the Distribution of Phenolic
Compounds in Wolffia. An extensive range of phenolic
compounds is contained in wolffia species. The distribution of
phenolic compounds in the wolffia was analyzed using Venn
graphs in order to determine the most effective method of
removing moisture prior to predrying (Figure 5).
Figure 5A shows the total phenolic compounds in differently

processed samples. A total of 10, 8, 8, 5, 2, and 1 were
recognized as unique compounds in the TWF, the TWR, the
BWR, the BWF, the CWF, and the CWR, respectively. While
only one compound was shared among all the samples. The
freeze−thawed samples, TWR (33) and TWF (33), had higher
phenolic content compared to other samples.
The numbers of unique compounds in phenolic acids were

3, 2, 2, 1, 1, and 1 in the TWF, the TWR, the BWF, the CWF,
the CWR, and the BWR, respectively (Figure 5B). In the
flavonoid (Figure 5C), only 1 compound (kaempferol 3-
rhamnoside 7-xyloside) was shared by all of the samples. The
numbers of unique compounds belonging to the BWR, the
BWF, the TWR, and the TWF were 3, 2, 2, and 2 respectively.
Figure 5D shows the distribution of other polyphenolic

compounds in wolffia. A total of 5, 5, 4, 1, and 1 were
recognized as unique compounds in the TWR, the TWF, the

BWR, the BWF, and the CWF, respectively. Five compounds
were shared between the TWR and the TWF, while two
compounds were shared between the TWR and the CWR.

3. MATERIALS AND METHODS
3.1. Collection of Plant Material and Preprocessing

for Cell Rupture. W. globosa was collected from a pilot-scale
culture in the earthen pond of the College of Fisheries pond at
Lembucherra, Tripura. The holdfasts and conspicuous
epiphytes were meticulously removed by picked out by being
hand and washed copiously with clean isotonic water from the
same pond collected after splashing the floating wolffia biomass
away. Subsequently, the harvested biomass was carried to
laboratories within 10−15 min and made into batches of 1000
g, one batch for each predrying treatment for cell rupture of
fresh wolffia, as detailed below:
(a) Boiling: boiling fresh wolffia biomass for 10 min in a

pressure cooker without the addition of any water.
(b) Freeze−thawing: fresh wolffia was placed into poly-

thene bags provided with airtight zippers (25.5 cm × 18
cm × 2 cm) and frozen at −20 °C for 12 h, followed by
thawing in tap water at room temperature by placing the
bags in the tap water in a tray for 2−3 h.

(c) Mechanical crushing/blending: fresh wolffia biomass
was grounded/blended into batches of 500 g in a kitchen
blender (Bajaj GX-1, Bajaj Electricals Ltd., India;
blended at 1120 rcf).

3.2. Fractionation and Sample Preparation. The
schematic representation of the sample preparation procedure
is depicted in Figure 6. The resultant semiliquid matrix, after
each of the three above-mentioned cell-rupture methods, was
passed through a plankton/nylon mesh net (pore size not
more than 30−35 μm) to fractionate them into respective
residues and filtrates. The recovery rates of residues and
filtrates from each were weighed and then dried at 50 °C in a
hot air oven for 24 h, separately. The dried samples were
ground into a fine powder in a mortar and pestle.

3.3. Proximate Composition Analysis. The proximate
composition of the obtained residues and filtrates of wolffia
after the three cell-rupture methods was carried out by using
standard procedures of the Association of Official Analytical

Figure 6. Schematic representation of the sample preparation procedure.
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Collaboration (AOAC 2005).84 The moisture content was
determined by overdrying weighted grounded samples in large
Petri-plates (Borosil S-line; diameter 200 mm) at 50 °C for 24
h. The protein percentage in both residues and filtrates was
determined after digesting the samples in concentrated H2SO4
and catalyst (mix 7 parts of K2SO4 with 1 part of CuSO4) @
410 °C, for 1 h 45 min (Kel Plus Kes 12b E, Pelican
Equipment, Chennai, India) and distillating in an autodistilla-
tion unit (Kjeltec 8400, FOSS, Denmark). The crude lipid was
determined by using the Soxtec system (ST 243 Soxtec, FOSS
Denmark).

3.4. Determination of Bioactive Compounds and
Antioxidant Activity in Wolffia Residues and Filtrates.
3.4.1. Preparation of Sample Extraction. Samples were
extracted using the method described by Firoozi et al.85 with
slight modifications. A total of 10 mg of ground powder of the
wolffia residue and filtrate was dissolved/suspended in 10 mL
of distilled water (DW) (1 mg mL−1) in a volumetric flask and
kept in a cooling incubator shaker for 12 h (4 °C at 120 rpm);
following that, the samples were centrifuged at 4 °C at 3438 rcf
for 15 min using an Eppendorf centrifuge (Eppendorf 5910 Ri,
Germany).

3.4.2. Total Phenolic Content. The TPC was determined,
as described by Gurung.86 20 μg of samples were taken and
added to 1 mL of DW in 15 mL falcon tubes. Following that,
2.5 mL of 20% sodium carbonate and 500 μL of diluted
phenol-filian reagent (1:1 with water) were added. The
mixture was thoroughly mixed and allowed to develop its
color for 40 min in the dark. The absorbance was measured
using a Multiskan GO microplate spectrophotometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA) at 725 nm. The
results were expressed in mg of gallic acid equivalent (mg GAE
g−1 sample).

3.4.3. Total Flavonoid Content. The total flavonoid content
was calculated by a colorimetric assay, as described by Chang
et al.87 A 0.5 mL sample was taken in a tube. Followed by 1.5
mL of methanol, 0.1 mL of 10% aluminum chloride, 0.1 mL of
1 M potassium acetate, and 2.8 mL of DW were added, and
this mixture was then left at room temperature for 30 min. The
absorbance was recorded at 415 nm and compared with a
calibration curve of quercetin. The results were expressed as
mg QE−1 (quercetin equivalent).

3.4.4. Total Tannin Content. Tannin content was measured
utilizing the Folin−Denis technique, as described by
Polshettiwar et al.88 A 0.1 mL sample was mixed with 7.5
mL of DW in a falcon tube. After that, 0.5 mL of Folin−Denis
reagent and 1 mL of 35% sodium carbonate solution were
added and made up to 10 mL using DW. The mixture was
shaken well and kept at room temperature for 30 min until the
development of a blue color. The absorbance was measured at
700 nm. Tannic acid was used to make a standard curve, and
the results were expressed as equivalent to tannic acid (mg
TAE/g of sample).

3.4.5. Total Carotenoid Content. Total carotenoid content
was estimated, according to Wellburn.89 A 0.2 g portion of
dried wolffia powder was taken and homogenized with 10 mL
of 100% acetone. After that, the homogenate was filtered with
Whatman no. 1 filter paper and centrifuged for 10 min at 873.4
rcf. The supernatant was separated, and the absorbance was
measured using a spectrophotometer at 470, 662, and 645 for
the carotenoids and chlorophyll a and b respectively. The total
chlorophyll a (Ca), chlorophyll b (Cb), and total carotenoids
(Cx+c) were calculated using equations as follows

C A A11.75 2.35a 662 645= (1)

C A A18.61 3.96b 645 662= (2)

C
A C C(1000 2.27 81.4 )

227x c
470 a b=

× × ×
+ (3)

3.4.6. Vitamin C Content. The volumetric method
described by Thimmaiah90 was used to estimate vitamin C
concentration in the sample. A conical flask containing 10 mL
of 4% oxalic acid and 5 mL of standard ascorbic acid was used
to titrate against the 2,6-dichlorophenol indophenols dye. The
pink color appearance and persistence were used as the end
point. Ascorbic acid is equivalent to the amount of dye that
was absorbed (V1 mL). The sample was prepared by taking 0.5
g of powder in 10 mL of 4% oxalic acid and centrifuged. After
that, 5 mL of supernatant pipet was mixed with 10 mL of 4%
oxalic acid and titrated against the dye in a conical flask (V2
mL). The following formula was used to determine the
ascorbic acid content

V V

Vitamin C (mg 100 g )

(0.5 mg/ mL) ( /15 mL) (100 mL/wt of

sample) 100

1

1 2= × ×

× (4)

3.5. Antioxidant Activities. Three types of antioxidant
activities, namely DPPH, ABTS, and FRAP assay, were
measured in differently dried wolffia to have a comprehensive
understanding of antioxidant activities.

3.5.1. DPPH Assay. The antioxidants activity percent of the
sample was determined by DPPH free radical scavenging assay
according to the method described by Brand-Williams et al.91

The reaction mixture was prepared using 10 to 150 μL of
sample, 3 mL of absolute ethanol, and 2 mL of a 0.06 mM (in
ethanol) DPPH radical solution. The free radical scavenging of
the sample was observed as a change in color from deep violet
to light yellow. After 30 min of reaction, the absorbance of the
mixture was measured spectrophotometrically at 517 nm.
Solution of ethanol and DPPH radical solution were used as
the control. The scavenging activity percentage was calculated
using the following formula.

% DPPH radical scavenging activity

absorbance(sample) absorbance(control)

/absorbance(control) 100

= [
] × (5)

3.5.2. ABTS Assay. The ABTS assay (2,2-azino-bis-3-ethyl-
benzothiazoline-6-sulfonic acid) was estimated by the method
described by Re et al.92 ABTS working solution was prepared
by mixing 7.4 mM ABTS solution with 2.6 mM potassium
persulfate solution in an equal amount and allowing the
mixture to react for 12 h in the dark. The mixture was diluted
with methanol (14.5 mL of methanol for 1 mL of the mixed
solution). An aliquot (100 μL) of the sample was mixed with
1900 μL of the ABTS working solution, which was then left in
the dark for 2 h. Methanol was used for the blank, and the
absorbance was measured at 734 nm. The ABTS % was
calculated using the following formula.

A A
A

ABTS scavenging activity (%)
( )

1000 1

0
= ×

(6)

where A0 = OD value of control; A1 = OD value of sample.
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3.5.3. FRAP Assay. The ferric-reducing antioxidant capa-
bilities (FRAP) were determined according to the method
described by Benzie and Strain.93 The working reagent was
prepared by mixing 0.1 M acetate buffer (pH 3.6), 10 mM
TPTZ, and 20 mM ferric chloride and in the proportions:
10:1:1 (v/v/v). The prepared reagent was kept in the water
bath at 37 °C for 30 min. After that, the sample was evaluated
by adding 100 μL of samples with 0.3 mL of DW and 3 mL of
freshly prepared FRAP reagent. The absorbance was then
measured at 593 nm. Results were expressed as micromole
FeSO4 equiv/g dry weight samples based on an aqueous FeSO4
solution used as the standard.

3.6. FT-IR Spectroscopy. The dried powdered samples
were subjected to FT-IR analysis (ALPHA-FT-IR, Bruker,
Bremen, Germany) to identify and characterize functional
groups in the sample. An organic compound’s infrared
spectrum offers a distinctive fingerprint that can be easily
differentiated from the absorption patterns of all other
compounds. Infrared spectra were recorded between 4000
and 400 cm−1. Spectral data were collected and baseline
normalized using OriginPro version 9.8.0.200 (Northampton,
MA, USA).

3.7. Characterization of Phenolic Compounds
through LC-ESI-QTOF-MS/MS Analysis. Characterization
of individual phenolic compounds from the samples was
according to the method of Priyadarshini et al.94 The
equipment used was an Agilent 1290 Infinity HPLC coupled
to jet-speed dual electrospray ionization quadrupole time-of-
flight (G 6550A) mass spectrometry, HPLC-dual AJS-ESI-
QTOF-MS/MS (Agilent Technologies, Palo Alto, CA, USA).
The chromatographic separation was performed on a Zorbax
Eclipse Plus C18 column (2.1 mm × 150 mm, 5 μm). The
injection volume was 3 μL of each sample, and the flow rate
was set at 0.3 mL/min. The mobile phases were acidified water
(0.1% formic acid, v/v) and acetonitrile, respectively. The
column temperature and auto sampler compartment were set
at 35 and 4 °C, respectively. Peaks were identified in both the
positive and negative ionization modes over a mass spectrum
m/z range of 150 to 1000 m/z, and the detection window was
set to 100 ppm. All operations were processed through Mass
Hunter Qualitative Analysis B.05.01 (Agilent Technologies).

3.8. Statistical Analysis. The experimental data was
sorted by Excel and subjected to a one-way ANOVA utilizing
software (IBM SPSS Statistics version 21.0 for Windows) to
ascertain whether there were any significant differences
between the different treatment groups (p < 0.05). A posthoc,
Duncan’s options and descriptive comparisons test was
performed after the one-way ANOVA analysis when the
substantial differences were discovered. Graphs were plotted
using GraphPad Prism 9.5.1 software (GraphPad software,
California, USA). Venny (version 2.1) software was used to
draw Venn diagrams. PCA and correlation matrix heatmap
were performed using OriginPro version 9.8.0.200 software
(Northampton, MA, USA).

4. CONCLUSIONS
The excessive moisture content of fresh wolffia is a serious
impediment to the development of its value chain and full
realization of its potential applications in human food, animal
or aquaculture, feed, nutraceuticals, cosmetics, and allied
industries. The present study evaluated three strategies to
cause cell rupture and reduce the predrying moisture of fresh
wolffia. The cell rupture released 560−650 mL of water from 1

kg of fresh wolffia, leading to a substantial reduction in the
predrying moisture level and consequent drying time and cost.
The screening of nutrients and bioactive metabolites in
residues and filtrates of fresh wolffia subjected to different
cell wall rupture methods aided not only in understanding the
loss of nutrients in general and bioactive compounds in
particular but also in identifying the preferable cell rupture
methods for developing two standalone product lines of the
wolffia residue and the wolffia filtrate. It became evident that
boiling led to the highest and most prominent leaching of
crude lipid, mineral (ash), DPPH and FRAP antioxidant
activities, TPC, TTC, and TFC in the filtrate, while mechanical
crushing led to the lowest leaching of TPC, TFC, and TTC but
the highest leaching of the crude protein, TCC, Chl-a, and
Chl-b. The filtrate of freeze−thawing led to the lowest leaching
of crude protein, crude lipid, Chl-a, and Chl-b into the filtrates.
On the other hand, the highest numbers of phenolic
compounds (33) were captured by LC-ESI-QTOF-MS/MS,
followed by the filtrate of freeze−thawing against 19 by
mechanical crushing, and 13 by boiling. Similar trends were
evident for flavonoids and polyphenols. Accordingly, boiling
may be a suitable cell-rupturing strategy for the development
of a liquid product with rich TPC, TFC, and TTC and high
antioxidant activity (DPPH and FRAP). However, it comes
with trade-offs in the form of substantially reduced vitamin C
and a diversity of phenolic compounds.
On the other hand, freeze−thawing appeared to conserve

the highest contents of crude protein, crude lipid, TCC and
vitamin C, Chl-a, and varieties of phenolic compounds (33),
flavonoids (14), and other polyphenols (14) in the precipitate
residues of fresh wolffia against the highest TPC and TFC in
that of mechanical crushing. In general, a majority of the
measured parameters had intermediate values among the three
for mechanical crushing and the lowest in the precipitate
residue of boiling.
Considering the energy cost, turnover rate, and ease of

performing with respect to the minimal requirement of
instrumentations, mechanical crushing followed by screening
from the desired mesh size appeared to be the most cost-
effective as well as efficient method of cell rupturing for
predrying moisture removal. Even if the utility of filtrate as a
distinct product is kept aside, mechanical crushing may save
energy costs and reduce drying time substantially for
developing wolffia residue-based products. A future study
should be planned to optimize mechanical crushing and
filtration by ascertaining the impact dynamics on nutrients,
phenolic compounds, composition, and antioxidant activities.
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