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g techniques in euryhaline
microalgae to reveal strain-specific phenolic
signatures and amplified antioxidant potency

Manpreet Kaur, *ab Surekha Bhatia,c Kiran Tewarid and Urmila Guptae

This research investigated the impact of three distinct drying modalities—freeze-drying (FD), oven drying (OD),

and shade drying (SD)—used for desiccating microalgal biomass on phenolic composition and antioxidant

properties in a range of euryhaline microalgal strains, including Spirulina subsalsa (B6), Anabaena sp. (B7), and

Chlorella sp. (B8), as well as freshwater strains Spirulina NCIM (SN), Chlorella NCIM (CN), and commercially

cultivated Spirulina (BR). Irrespective of drying methods, a notably diminished quantity of aggregate

polyphenols in both free and bound states was found within the freshwater and commercially produced

strains, compared with their euryhaline counterparts. Amongst the euryhaline strains, Anabaena out with

significantly higher phenol and flavonoid (p < 0.05) contents under FD and OD, followed by Chlorella and

Spirulina. Among the drying methods evaluated, OD demonstrated the best preservation of bound phenols

and the highest DPPH and superoxide scavenging activities, which were strongly correlated (r = 0.88 and r =

0.86, respectively) with the former. FD exhibited higher total reducing power and higher free phenolics,

showing a robust positive correlation (r = 0.97). Nitric oxide scavenging activities correlated positively with

total flavonoids, with high correlation coefficients observed under FD (r = 0.97) and OD (r = 0.95).

Furthermore, euryhaline microalgal strains showed significantly higher antioxidant potential than commercial

and freshwater strains (p < 0.05). Amongst the euryhaline strains, B7 demonstrated markedly enhanced DPPH

scavenging activity, especially under OD (63.06%) attributed to increased bound phenols. These findings

provide invaluable insights into the confluence of strain typology and drying methodologies vis-à-vis the

bioactive properties of euryhaline microalgae, imparting potential utility across diverse industries.
Sustainability spotlight

This study advances sustainable bioprocessing by identifying eco-efficient drying strategies that preserve the functional integrity of microalgal bioactive
compounds, thereby reducing waste and enhancing the value of biomass. By examining both euryhaline and freshwater strains, the work underscores the
potential of resilient microalgae as a renewable source of phenolic-rich ingredients for food, nutraceutical, and bioproduct applications. The insights gained
support the development of low-energy, high-retention drying pathways that align with circular bioeconomy goals, promote resource-efficient processing, and
enable the production of high-quality, nature-derived antioxidants through environmentally responsible practices.
1 Introduction

Bioactive compounds, encompassing avonoids, carotenoids,
vitamins, and assorted phenolic compounds, are prevalent in
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the Royal Society of Chemistry
signicant quantities within vegetables and fruits.1 These
phytochemical constituents exhibit robust antiradical and
antioxidant properties, effectively mitigating the risk of patho-
genic processes instigated by free radicals.2 A recent surge in
awareness regarding bioactive constituents and their potential
health benets has led to a growing preference for alternative
dietary supplements enriched with functionally potent bioactive
compounds. In response to this evolving market trend, food
processors are intensifying their focus on products infused with
a higher content of bioactive chemicals, diligently striving to
optimize their retention throughout the intricacies of food
processing.

Microalgae, with a specic emphasis on Spirulina and
Chlorella, have garnered acclaim as reservoirs of phenolic
compounds, an intricate group encompassing phenols and
Sustainable Food Technol., 2026, 4, 3049–3060 | 3049
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avonoids.3–5 Polyphenols are esteemed for their robust anti-
oxidant attributes and their prospective advantages to human
health. The profusion of these phenolic compounds within
microalgal biomass renders them alluring candidates for inte-
gration into dietary supplementation regimens and the
formulation of functional food products aimed at bolstering
overall well-being. Beyond their nutritional appeal, these
microalgae are emblematic of a burgeoning interest in har-
nessing natural and sustainable reservoirs of antioxidants,
aligning with the prevailing global focus on sustainable
resource utilization. Nevertheless, due to their vulnerability to
deterioration and highmoisture content, preserving microalgae
presents challenges. Consequently, various drying methods and
storage systems are employed to prolong the shelf life of
microalgae.

The most common approach for commercializing micro-
algae is to dry the biomass since it improves product durability
and stability and makes storage and shipping easy.6 Although
drying is widely used for microalgal commercialization, it is an
energy-intensive and cost-intensive step. While wet biomass can
be processed directly in applications such as biofuels or animal
feed to reduce dehydration costs, its high moisture content
limits shelf life, transportability, and suitability for nutraceut-
ical and functional food uses. Moreover, wet versus dried pro-
cessing markedly inuences the stability and retention of
Fig. 1 Culturing of euryhaline microalgal strains ((a) B6, (b) B7, and (c) B
Spirulina ((d) BR) and commercial microalgal strains ((e) SN and (f) CN) u

3050 | Sustainable Food Technol., 2026, 4, 3049–3060
bioactive compounds, underscoring the importance of opti-
mizing drying strategies for high-value applications.

Microalgal industries use a variety of dryers. Spray drying is
the main drying technique utilized, although ovens with forced
ventilation are oen employed in small microalgal farms.7

However, various methods of drying biomass, including open-
air drying, freeze-drying, oven-drying, sun or shade drying,
and others, are also utilized.8 Drying methods profoundly
inuence the preservation of phenols and avonoids. It is
widely known that the drying method and conditions employed
can impact the integrity of microalgal biomass, potentially
leading to a reduction in its quality. For instance, the process of
drying can bring about changes in the characteristics of
microalgae, and in the context of the food industry, there is
a possibility of diminished nutritional quality as a result of the
depletion of bioactive components. Freeze-drying (FD) gently
preserves the cellular structure, leading to higher levels of free-
form phenolic compounds and avonoids due to reduced
enzymatic activity.9 Shade drying (SD) retains some phenolic
compounds under milder conditions. In contrast, oven drying
(OD), though effective for bound phenolic compounds, risks the
thermal degradation of free forms.10

The antioxidant efficacy of a substance, like microalgae, is
intricately shaped by the abundance of polyphenols and their
partitioning between free and bound states. In essence,
a greater polyphenolic quantity augments antioxidant potential,
8) collected from waterlogged areas of Punjab, India, and commercial
nder optimized conditions in covered fish tanks.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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as more molecules are accessible for quenching free radicals
and safeguarding cellular integrity.11 In one of our previous
studies, we investigated the polyphenol-rich potential of a salt-
tolerant microalga and assessed the inuence of various drying
strategies on antioxidant properties and drying kinetics.12

Moreover, the interplay between free and bound polyphenol
forms modulates the overall antioxidant prowess. A higher
proportion of free-form polyphenols provides rapid and strong
antioxidant activity by quickly interacting with and neutralizing
free radicals. In contrast, bound-form polyphenols are less
immediately active. However, they can be gradually released by
enzymatic and metabolic processes in the body, thereby
offering sustained antioxidant protection over time. Therefore,
despite its economic and energetic constraints, drying remains
a critical step for ensuring the functional integrity and
commercial viability of microalgal bioactive compounds.

The objectives of this study were to comprehensively
examine the inuence of different drying methods on the
phenolic and avonoid proles of euryhaline microalgal strains
and to elucidate how these compositional changes translate
into variations in antioxidant functionality. By integrating
biochemical characterization with functional antioxidant
assessment, this work aims to establish a mechanistic under-
standing of drying-induced modications in microalgal bioac-
tive compounds. The outcomes of this study are intended to
provide a rational and application-oriented basis for selecting
drying strategies aligned with specic functional objectives,
thereby enabling efficient utilization of resources and sup-
porting informed decision-making for technological investment
Fig. 2 The microscopic identification of euryhaline microalgal species (a
respectively, and commercial (d) Spirulina strain (BR).

© 2026 The Author(s). Published by the Royal Society of Chemistry
in microalgae-based nutraceutical and functional food
applications.
2 Materials and methods
2.1 Materials

The different euryhaline microalgal strains Spirulina subsalsa
(B6), Anabaena sp. (B7), and Chlorella sp. (B8) formerly isolated
from waterlogged areas of southwest Punjab,13 and two fresh-
water microalgal strains Spirulina NCIM (S-N) and Chlorella
NCIM (C-N) were procured from the Biogas Laboratory,
Department of Renewable Energy, College of Agricultural
Engineering and Technology, Punjab Agricultural University,
Ludhiana, Punjab (India). Spirulina sp. (Spi B) was purchased
from Life Green Biotech, Nohar, 335523, Rajasthan, India.
2.2 Cultivation of microalgae

These different cultures of microalgae were maintained under
optimized conditions in suitable media and pH as per our
previous work12 under a luminescence of 54 m mol photons per
m2 per s with a 16–8 hour light–dark photoperiod in 50 L
capacity covered sh tanks (Fig. 1). The samples were imaged
using a Magnus Icon 528,293 Freedom Model Microscope and
identied using the ToupView soware program (Olympus,
Tokyo, Japan) (Fig. 2). Aer 30 days, biomass was harvested by
sedimentation and ltration as per the process reported in our
previous work.14 The collected biomass was further used for
drying purposes.
) Spirulina subsalsa (B6), (b) Anabaena sp. (B7) and (c) Chlorella sp. (B8),

Sustainable Food Technol., 2026, 4, 3049–3060 | 3051
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2.3 Drying procedure

We utilized various drying techniques, including oven drying
(OD), freeze-drying (FD), and shade drying (SD), to desiccate
thin layers of microalgal biomass. For OD, we employed
a laboratory-type drying oven (Macneill and Magor Ltd, Kolkata,
India) operating at a temperature of 60 °C and an air velocity of
1 m s−1. FD was carried out using a laboratory-type freeze dryer
(MSW-137, Macro Scientic Works Pvt Ltd, India) with
a condenser temperature maintained at −40 °C and a contin-
uous pressure of 10 Pa within the drying chamber. As for SD, we
naturally dried samples in the shade, keeping the temperature
controlled at 27 ± 2 °C. For each trial (n = 3), 30 g of microalgal
paste was evenly spread on a glass Petri dish, maintaining
a uniform biomass thickness of 3 mm. The weight of the
biomass and the corresponding time were recorded at regular
intervals. Drying continued until the sample reached a constant
mass, indicating moisture equilibrium.
2.4 Analysis of free and bound polyphenols

Dried microalgal biomass weighing 0.5 g was mixed with 8
millilitres of 80% methanol and then subjected to reux at 80 °
C for 10 minutes. Aerwards, the mixture underwent agitation
and ltration through Whatman no. 1 lter paper, with the
resulting liquid collected and supplemented with an additional
80% methanol to achieve a nal volume of 10 millilitres. The
remaining residue was subjected to a 90 minute digestion with
4 M sodium hydroxide at a temperature of 25 °C. Subsequently,
hydrochloric acid was introduced, and the extraction process
was carried out using ethyl acetate for ten iterations. The
Table 1 The contents of (A) free phenols, (B) bound phenols, and (C) tot
Chlorella sp. (B8), commercial Spirulina (BR), and freshwater Spirulina (SN
shade drying (SD). Data represent the mean of triplicate values; error bars
# 0.05) among the different microalgal strains under a specific drying m

MS

Freeze drying (FD) Oven drying (OD)

FP BP TP FP BP

B6 4.42 � 0.345b 2.36 � 0.01d 6.78 � 0.33c 3.54 � 0.17b 2.90
B7 6.43 � 0.138c 2.68 � 0.01e 9.10 � 0.13d 5.27 � 0.10d 3.42
B8 6.37 � 0.183c 2.37 � 0.03d 8.75 � 0.18d 4.75 � 0.03c 3.10
BR 2.74 � 0.143a 1.93 � 0.02c 4.67 � 0.12a 1.65 � 0.18a 2.34
SN 3.29 � 0.173a 1.80 � 0.03b 5.10 � 0.20a 1.98 � 0.10a 2.06
CN 4.61 � 0.279b 1.34 � 0.03a 5.95 � 0.27b 3.17 � 0.18b 1.82

MS

Flavonoids

FF BF TF FF BF

B6 0.91 � 0.014c 0.47 � 0.034b 1.38 � 0.047b 0.77 � 0.006c 0.54
B7 1.53 � 0.012h 1.10 � 0.011f 2.63 � 0.017h 1.38 � 0.008g 1.20
B8 1.24 � 0.012e 0.88 � 0.019d 2.12 � 0.026e 1.11 � 0.005e 0.91
BR 1.04 � 0.007d 0.69 � 0.019c 1.73 � 0.023d 0.94 � 0.006d 0.74
SN 0.73 � 0.005a 0.35 � 0.002a 1.08 � 0.007a 0.67 � 0.002a 0.37
CN 0.870.004b 0.64 � 0.016c 1.51 � 0.016c 0.72 � 0.004b 0.66

a FD: freeze-drying; OD: oven drying; SD: shade drying; FP: free phenolics;
phenolics; TF: total avonoids; TP + TF: total phenolics + total avonoids

3052 | Sustainable Food Technol., 2026, 4, 3049–3060
extracted material was ultimately dried in an oven at 45 °C. The
quantication of total phenolic content (TPC) was performed
using the Folin–Ciocalteu method, and the results were
expressed as milligrams per gram of dry weight (mg g−1 DW).15

To assess the total avonoid content (TFC), we utilized the
aluminium chloride colourimetric method,16 and the results are
reported in milligrams per gram of dry weight (mg g−1 DW).
2.5 Analysis of different antioxidant activities

The assessment of the hydroxyl radical scavenging assay (HRSA)
followed the protocol of Li et al.17 DPPH free radical scavenging
activity (DPPHSA) (%) was estimated according to the method-
ology of Blois.18 Superoxide anion scavenging activity (SARSA)
(%) was determined as per the procedure outlined by Marklund
and Marklund.19 The nitric oxide radical scavenging assay
(NORSA) (%) adhered to the method devised by Marcocci et al.20

Ferrous (Fe2+) ion chelation activity (FICA) (%) was estimated
following the method of Minotti and Aust.21 Total reducing
power (TRP) was determined by the method of Sreeramulu
et al.22 and expressed as milligrams per gram of dry weight (mg
g−1 DW). Ferric reducing antioxidant power (FRAP) was quan-
tied using the protocol of Benzie and Devaki23 and expressed
as milligrams of Fe2+ per gram of dry weight (mg Fe2+/g DW).
Hydrogen peroxide scavenging activity (HPSA) (%) was carried
out following the procedure of Borquaye et al.24
2.6 Statistical analysis

The gathered data underwent statistical analysis using Analysis
of Variance (ANOVA) within RStudio version 4.2.0 (RStudio,
al phenols in euryhaline Spirulina subsalsa (B6), Anabaena sp. (B7), and
) and Chlorella (CN) under freeze-drying (FD), oven-drying (OD), and
represent the SD. Different letters explain the significant differences (p
ethoda

Shade drying (SD)

TP FP BP TP

� 0.04d 6.44 � 0.12c 3.47 � 0.46c 2.31 � 0.02de 5.79 � 0.47c

� 0.01g 8.70 � 0.10ef 4.67 � 0.26e 2.57 � 0.02f 7.25 � 0.28e

� 0.01e 7.85 � 0.02d 3.88 � 0.04cd 2.27 � 0.01d 6.15 � 0.06cd

� 0.03c 4.00 � 0.21a 1.65 � 0.18a 1.89 � 0.03c 3.54 � 0.21ab

� 0.01b 4.04 � 0.12a 1.52 � 0.18a 1.68 � 0.01b 3.20 � 0.18a

� 0.02a 5.00 � 0.16b 2.69 � 0.06b 1.30 � 0.01a 4.00 � 0.07b

TF FF BF TF

� 0.004b 1.31 � 0.010b 0.76 � 0.004c 0.47 � 0.007b 1.24 � 0.007b

� 0.007h 2.58 � 0.007f 1.36 � 0.008g 0.99 � 0.004h 2.35 � 0.013g

� 0.004e 2.03 � 0.008e 1.06 � 0.010e 0.78 � 0.008f 1.84 � 0.014e

� 0.005d 1.68 � 0.001d 0.90 � 0.006d 0.61 � 0.009d 1.52 � 0.014d

� 0.003a 1.05 � 0.003a 0.66 � 0.002a 0.28 � 0.002a 0.94 � 0.001a

� 0.006c 1.39 � 0.010c 0.71 � 0.005b 0.56 � 0.003c 1.28 � 0.005c

BP: bound phenolics; FF: free avonoids; BF: bound avonoids; TP: total
.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
Inc., Boston, MA). To evaluate differences among the mean
values, Tukey's multiple comparison test was employed, with
a signicance threshold set at p# 0.05. Correlation analysis was
performed by calculating Pearson's correlation coefficient. In
the gures, distinct letters marked as superscripts indicate
statistically signicant differences among themicroalgal strains
during various stages of drying, with a signicance level of p #

0.05.

3 Results
3.1 Effect of different drying methods on the levels of
phenols and avonoids of the studied microalgae strains

The variations in the levels of phenols and avonoids in eury-
haline Spirulina subsalsa (B6), Anabaena sp. (B7), and Chlorella
sp. (B8), commercial Spirulina (BR), and freshwater Spirulina
(SN) and Chlorella (CN) treated with different drying methods
are presented in Table 1 and Fig. 3, 4, respectively. The levels of
phenols and avonoids were signicantly higher in salt-tolerant
strains as compared to the freshwater strains (SN and CN) and
Fig. 3 The contents of (a) free phenols, (b) bound phenols, and (c) tota
Chlorella sp. (B8), commercial Spirulina (BR), and freshwater Spirulina (SN
shade drying (SD). Data represent the mean of triplicate values; error bars
# 0.05) among the different drying methods in a specific microalgal stra

Fig. 4 The contents of (a) free flavonoids, (b) bound flavonoids, and (c) t
and Chlorella sp. (B8), commercial Spirulina (BR), and freshwater Spirulin
and shade drying (SD). Data represent themean of triplicate values; error b
(p # 0.05) among the different drying methods in a specific microalgal

© 2026 The Author(s). Published by the Royal Society of Chemistry
the commercial strain (BR) (p < 0.05). Under FD, higher levels of
free phenols (FP) were observed in strain B7 (6.43 mg gallic acid
equivalents (GAE) g−1 DW) (Fig. 3a). On the other hand, eury-
haline Spirulina B6 (4.42 mg GAE g−1 DW) showed a signi-
cantly high level of FP as compared to commercial Spirulina BR
(2.74 mg GAE g−1 DW) and freshwater Spirulina SN (3.29 mg
GAE g−1 DW) (p < 0.05) (Fig. 3a). Likewise, euryhaline Chlorella
B8 showed a signicantly higher FP (6.37 mg GAE g−1 DW) than
the freshwater Chlorella (4.61 mg GAE g−1 DW). The levels of
bound and total phenols were also recorded signicantly higher
in salt-tolerant strains B7 (2.68 and 9.10 mg GAE g−1) followed
by B8 (2.37 and 8.75mg GAE g−1) and B6 (2368 and 6.78 mg GAE
g−1) as compared to freshwater strains SN (1.80 and 5.10 mg
GAE g−1), CN (1.35 and 5.95 mg GAE g−1) and commercial BR
(1.93 and 4.67 mg GAE g−1) (p < 0.05) (Table 1 and Fig. 3b, c).
Similar trends among different microalgal strains were also
observed in phenolic levels under OD and SD.

Signicant differences were also recorded in phenolic levels
between all the dryingmethods (p < 0.05). Higher levels of FP and
TP were observed in freeze-dried strains with an average level of
l phenols in euryhaline Spirulina subsalsa (B6), Anabaena sp. (B7), and
) and Chlorella (CN) under freeze-drying (FD), oven-drying (OD), and
represent the SD. Different letters explain the significant differences (p
in.

otal flavonoids in euryhaline Spirulina subsalsa (B6), Anabaena sp. (B7),
a (SN) and Chlorella (CN) under freeze-drying (FD), oven-drying (OD),
ars represent the SD. Different letters explain the significant differences
strain.

Sustainable Food Technol., 2026, 4, 3049–3060 | 3053
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4.64 and 6.72 mg GAE g−1 DW respectively (p < 0.05), whereas BP
levels were signicantly higher under OD (2.61 mg GAE g−1 DW)
as compared to FD (2.07 mg GAE g−1 DW) and SD (2.00 mg GAE
g−1 DW) (p < 0.05) (Fig. 3a–c). Under FD, strains B7 and B8 were
observed to have higher levels of FF (1.53 and 1.24mgCE g−1), BF
(1.10 and 0.88 mg CE g−1), and TF (2.63 and 2.12 mg CE g−1) as
compared to SN (0.73 mg GAE g−1), and CN (0.87 mg GAE g−1).

The commercial strain BR had higher levels of FF, BF, and TF
(1.04, 0.69, and 1.73 mg CE g−1 respectively) as compared to SN
and CN with lower levels than salt-tolerant strains B7 and B8.
Similar to phenols, FF and TF levels were signicantly higher in
FD i.e., average levels of 1.05 and 1.74 mg CE g−1 respectively,
whereas BF levels were signicantly higher under OD (0.74 mg
CE g−1) as compared to FD (0.68 mg CE g−1) and SD (0.62 mg CE
g−1) (p < 0.05) (Fig. 4a–c). The levels of TP + TF of the studied
strains B6, B7, B8, BR, SN, and CN are depicted in Table 2 and
Fig. 5. Under FD, the highest level of TP + TF was observed in
salt tolerant strain B7 (11.73 ± 0.152 mg g−1), followed by B8
(10.86± 0.16 mg g−1), freshwater Chlorella (CN) (7.46± 0.26 mg
g−1), euryhaline Spirulina B6 (8.16 ± 0.36 mg g−1), commercial
Spirulina (BR) (6.39 ± 0.13 mg g−1) and freshwater SN (6.17 ±
Table 2 The contents of total phenols and total flavonoids in eury-
haline Spirulina subsalsa (B6), Anabaena sp. (B7), and Chlorella sp. (B8),
commercial Spirulina (BR), and freshwater Spirulina (SN) and Chlorella
(CN) under freeze-drying (FD), oven-drying (OD), and shade drying
(SD). Data represent the mean of triplicate values; error bars represent
the SD. Different letters explain the significant differences (p # 0.05)
among the different microalgal strains under a specific drying method

FD OD SD

B6 8.16 � 0.361c 7.76 � 0.124d 7.03 � 0.466c

B7 11.73 � 0.152e 11.29 � 0.100g 9.60 � 0.285e

B8 10.86 � 0.164d 9.88 � 0.027e 8.00 � 0.065d

BR 6.39 � 0.134a 5.69 � 0.218b 5.07 � 0.211b

SN 6.17 � 0.200a 5.09 � 0.123a 4.15 � 0.180a

CN 7.46 � 0.260b 6.40 � 0.167c 5.28 � 0.072b

Fig. 5 The contents of total phenols and total flavonoids in euryhaline
Spirulina subsalsa (B6), Anabaena sp. (B7), and Chlorella sp. (B8),
commercial Spirulina (BR), and freshwater Spirulina (SN) and Chlorella
(CN) under freeze-drying (FD), oven-drying (OD), and shade drying
(SD). Data represent the mean of triplicate values; error bars represent
the SD. Different letters explain the significant differences (p # 0.05)
among the different drying methods in a specific microalgal strain.

3054 | Sustainable Food Technol., 2026, 4, 3049–3060
0.2 mg g−1) (p < 0.05). Similar results were also observed under
OD with higher levels in euryhaline microalgal strains including
Anabaena B7 (11.29± 0.1 mg g−1), followed by Chlorella B8 (9.88
Fig. 6 The different antioxidant properties: (a) HRSA – hydroxyl radical
scavenging activity, (b) DDPHSA–DPPH free radical scavenging activity,
(c) HPSA – hydrogen peroxide scavenging activity, (d) SARSA – super-
oxide anion radical scavenging activity, (e) NORSA – nitric oxide radical
scavenging activity, (f) FICA – ferrous ion chelating activity, (g) TRP –
total reducing power, and (h) FRAP – ferric reducing antioxidant power
in euryhaline Spirulina subsalsa (B6), Anabaena sp. (B7), and Chlorella sp.
(B8), commercial Spirulina (BR), and freshwater Spirulina (SN) and
Chlorella (CN) under freeze-drying (FD), oven-drying (OD), and shade
drying (SD). Data represent the mean of triplicate values; error bars
represent the SD. Different letters explain the significant differences (p#

0.05) among the different drying methods in a specific microalgal strain.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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± 0.02 mg g−1) and Spirulina B6 (7.76± 0.12 mg g−1), which was
signicantly higher than those of the corresponding commer-
cial and freshwater microalgal strains (p < 0.05). Further, the
antioxidant activities were measured.
3.2 Antioxidant properties

The antioxidant properties of the studied microalgal strains
under freeze-drying (FD), oven-drying (OD), and shade-drying
(SD) are presented in Fig. 6 and Table 3. Signicant differ-
ences (p < 0.05) were observed among the salt-tolerant strains
(B7 and B8), freshwater strains (SN and CN), and the commer-
cial strain (BR) across all drying techniques.

3.2.1 Hydroxyl radical scavenging activity (HRSA). Salt-
tolerant strains exhibited signicantly higher HRSA compared
to freshwater and commercial strains. Specically, B7 recorded
the highest activity under FD (76.34%), OD (75.89%), and SD
(71.89%), followed by B8 and B6. Freshwater (SN and CN) and
commercial (BR) strains consistently showed lower HRSA across
all drying methods (p < 0.05).

3.2.2 Nitric oxide radical scavenging activity (NORSA).
Similar trends were observed for NORSA, with B7 showing the
highest scavenging activity under FD (64.73%), OD (63.07%),
and SD (59.88%). The elevated NORSA in B7 correlates with its
higher avonoid content, while freshwater and commercial
strains demonstrated signicantly lower activity (p < 0.05).
Table 3 The amount of different antioxidant properties in euryhaline
commercial Spirulina (BR), and freshwater Spirulina (SN) and Chlorella (C
Data represent the mean of triplicate values; error bars represent the SD. D
different microalgal strains under a specific drying methoda

Strains HRSA DPPHSA HPSA SARSA

Freeze drying
B6 52.65 � 0.20a 42.73 � 0.35d 59.55 � 1.11d 42.00 � 0.
B7 76.34 � 0.06h 60.63 � 0.37g 77.04 � 0.39g 54.05 � 0.
B8 63.93 � 0.20d 51.82 � 0.16e 69.71 � 0.48e 51.46 � 0.
BR 56.58 � 0.20b 39.65 � 0.25b 54.73 � 0.14b 37.49 � 0.
SN 57.37 � 0.09c 34.09 � 0.49a 50.41 � 0.13a 36.07 � 0.
CN 67.55 � 0.15f 40.54 � 0.28c 58.02 � 0.36c 40.17 � 0.

Oven drying
B6 52.24 � 0.20a 46.10 � 0.27c 56.40 � 0.24c 43.91 � 0.
B7 75.89 � 0.08h 63.06 � 0.31ef 74.07 � 0.35f 55.88 � 0.
B8 62.95 � 0.25d 55.35 � 0.37d 66.83 � 0.39d 52.43 � 0.
BR 54.92 � 0.33b 42.93 � 3.19bc 48.98 � 0.44b 39.69 � 0.
SN 56.05 � 0.20c 35.34 � 0.18a 44.94 � 0.32a 38.06 � 0.
CN 65.86 � 0.35f 42.57 � 0.26b 49.44 � 0.27b 42.61 � 0.

Shade drying
B6 47.45 � 0.09a 39.81 � 0.48d 49.76 � 0.40d 39.73 � 0.
B7 71.89 � 0.40e 56.81 � 0.37g 68.73 � 0.48g 52.80 � 0.
B8 59.86 � 0.47c 47.97 � 0.23e 62.24 � 0.23e 48.29 � 0.
BR 50.35 � 0.49b 35.87 � 0.49b 44.34 � 0.48c 36.81 � 0.
SN 50.01 � 0.40b 31.45 � 0.20a 38.35 � 0.34a 28.61 � 0.
CN 59.94 � 0.40c 37.90 � 0.13c 40.30 � 0.42b 30.39 � 0.

a HRSA: hydroxyl radical scavenging activity; DDPHSA: DPPH free radical s
superoxide anion radical scavenging activity; NORSA: nitric oxide radical sc
power; FRAP: ferric reducing antioxidant power.

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.2.3 DPPH and hydrogen peroxide scavenging activities
(DPPHSA and HPSA). The DPPHSA and HPSA were maximal in
B7 across all drying methods, including 60.63% and 77.04%
under FD, 63.06% and 74.07% under OD, and 56.81% and
68.73% under SD. B8 and B6 also showed higher radical scav-
enging than freshwater and commercial strains, though lower
than B7. The higher activity is linked to increased bound
phenolics under OD and higher free phenols under FD.

3.2.4 Superoxide anion radical scavenging activity (SARSA).
SARSA followed a similar pattern, with B7 exhibiting the highest
activity under FD (54.05%), OD (55.88%), and SD (52.80%),
followed by B8 and B6. Freshwater and commercial strains
remained signicantly lower in activity (p < 0.05).

3.2.5 Ferric ion chelating activity (FICA). FICA was highest
in B7 across all drying methods (FD: 54.35%, OD: 53.11%, and
SD: 49.85%), reecting its higher phenolic and avonoid
content. Salt-tolerant strains consistently outperformed fresh-
water and commercial strains, highlighting their strong metal
ion chelation potential.

3.2.6 Total reducing power (TRP) and ferric reducing
antioxidant power (FRAP). B7 also demonstrated the highest
TRP (FD: 13.13%, OD: 10.17%, and SD: 9.97%) and FRAP (FD:
9.99%, OD: 8.89%, and SD: 8.35%) among all strains. This
aligns with the presence of both free and bound phenolics,
which enhance reducing capacity and electron donation. The
Spirulina subsalsa (B6), Anabaena sp. (B7), and Chlorella sp. (B8),
N) under freeze-drying (FD), oven-drying (OD), and shade drying (SD).
ifferent letters explain the significant differences (p# 0.05) among the

NORSA FICA TRP FRAP

20d 41.64 � 0.31c 39.41 � 0.13d 10.16 � 0.03d 7.91 � 0.12c

27f 64.73 � 0.17h 54.35 � 0.33g 13.24 � 0.05f 9.99 � 0.05e

21e 58.66 � 0.20e 47.36 � 0.28e 12.23 � 0.02e 9.16 � 0.15d

29b 44.56 � 0.37d 34.67 � 0.54c 8.82 � 0.05c 7.08 � 0.05b

43a 36.44 � 0.09a 29.75 � 0.49a 8.08 � 0.01b 5.80 � 0.12a

35c 39.58 � 0.51b 32.95 � 0.49b 8.49 � 0.03a 6.09 � 0.02a

29d 40.76 � 0.31c 37.28 � 0.20d 7.61 � 0.05c 6.36 � 0.15c

23f 63.07 � 0.16h 53.11 � 0.37g 10.17 � 0.06f 8.89 � 0.10e

26e 56.61 � 0.35e 45.52 � 0.36e 9.15 � 0.08d 8.15 � 0.10d

41b 43.60 � 0.27d 33.96 � 0.62c 6.07 � 0.06b 6.09 � 0.12c

54a 34.43 � 0.45a 26.97 � 0.46a 4.63 � 0.03a 4.18 � 0.10a

35c 37.05 � 0.28b 29.40 � 0.33b 4.77 � 0.03a 4.75 � 0.05b

59d 36.97 � 0.51c 34.32 � 0.17d 7.28 � 0.06d 5.97 � 0.05d

26f 59.88 � 0.17h 49.85 � 0.28g 9.97 � 0.03g 8.35 � 0.13f

28e 52.33 � 0.18e 42.91 � 0.33e 9.08 � 0.05e 7.71 � 0.10e

13c 39.93 � 0.17d 30.94 � 0.62c 5.74 � 0.03c 5.38 � 0.07c

17a 24.61 � 0.15a 18.90 � 0.57a 3.43 � 0.02a 2.88 � 0.13a

43b 25.75 � 0.48b 21.04 � 0.26b 3.88 � 0.02b 3.22 � 0.07b

cavenging activity; HPSA: hydrogen peroxide scavenging activity; SARSA:
avenging activity; FICA: ferrous ion chelating activity; TRP: total reducing

Sustainable Food Technol., 2026, 4, 3049–3060 | 3055
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Fig. 7 Pearson's correlation coefficient (r), distribution (histograms),
and p-value among different biochemical parameters under (A) freeze
drying (B) oven drying, and (C) shade drying. The red stars in the figure
define the level of significance * = 0.05, ** = 0.01, and *** = 0.001.
aFP: free phenolics; BP: bound phenolics; FF: free flavonoids; BF:
bound flavonoids; TP: total phenolics; TF: total flavonoids; TP + TF:
total phenolics + total flavonoids; HRSA: hydroxyl radical scavenging
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freshwater strains (SN and CN) and the commercial strain (BR)
showed consistently lower TRP and FRAP values (p < 0.05).

Overall, salt-tolerant strains, particularly B7 and B8, exhibi-
ted superior antioxidant activities across all assays and drying
methods. Among the drying techniques, OD promoted higher
bound phenolics contributing to DPPHSA, HPSA, and SARSA,
while FD preserved free phenolics supporting TRP and FRAP
activities. Freshwater and commercial strains consistently di-
splayed lower antioxidant potential. Statistical analyses
conrmed signicant differences between strains and drying
methods (p < 0.05) (Fig. 6a–h).
3.3 Correlation between phenols, avonoids, and
antioxidant properties of the studied microalgal strains under
diverse drying methods

The impact of different drying methods on free, bound, and
total phenols and different antioxidant properties in euryhaline,
commercial, and freshwater microalgal strains was assessed
using correlation analysis (Fig. 7A–C) in order to study the role
of different drying methods on antioxidant components. Under
different drying, a positive correlation was observed between
the levels of the studied phenols, avonoids, and antioxidant
activities of salt tolerant (B6, B7, and B8), freshwater (SN and
CN), and commercial strains (BR) (Fig. 7A–C), indicating an
increase in the antioxidant activities with an increase in the
levels of phenols and avonoids or vice versa (p < 0.05). The
correlation between phenols, avonoids, and antioxidant
activities was highly signicant (p < 0.05).

Under FD, more free form is retained, and a strong positive
correlation is reported between free forms and total poly-
phenols. Under FD, a strong positive correlation (r = 0.89) was
reported between FF and TP + TF, further contributing to
a strong TRP depicted by the correlation (r = 0.92) of FF and
TRP (Fig. 7A). On the other hand, TRP and FF showed a corre-
lation of r = 0.89 under OD. While talking about the BP, the
positive correlation of r = 0.76 was reported with TP + TF under
FD, whereas under OD, as previously reported, the bound form
increased, which is also supported by a signicant positive
correlation of BP with TP + TF under OD (r = 0.90) (Fig. 6B).
Likewise, a strong positive correlation was reported between TF
and TP + TF under OD (r = 0.86) (Fig. 7B), although it was
similar under FD (r = 0.85) (Fig. 7A). High DPPH and SARSA
activities were reported under OD, which might be due to more
retention of the bound form of polyphenols, also supported by
correlation analysis. Under OD, BP and DPPHSA showed
a positive correlation of r= 0.88, whereas it is r= 0.77 under FD.
Similarly, BF and DPPHSA showed a positive correlation of r =
0.93 and r = 0.92 under OD and FD, respectively. This indicated
that BP contributed more to DPPHSA than BF.
activity; DDPHSA: DPPH free radical scavenging activity; HPSA:
hydrogen peroxide scavenging activity; SARSA: superoxide anion
radical scavenging activity; NORSA: nitric oxide radical scavenging
activity; FICA: ferrous ion chelating activity; TRP: total reducing power;
FRAP: ferric reducing antioxidant power.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Principal Component Analysis (PCA) of phenols, flavonoids, and anti-oxidant activities of microalgal strains under different drying
methods.
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Correspondingly, a positive correlation (r = 0.86) was re-
ported between BP and SARSA under OD, whereas this value is r
= 0.76 under FD. While talking about avonoids, a positive
correlation of r= 0.89 between TF and SARSA under OD and r=
0.87 under FD was reported. Meanwhile, under SD, it followed
the same trend but was comparatively weaker than FD in the
case of free form. On the other hand, SD showed a positive
correlation of r = 0.85 between BP and TP + TF (Fig. 7C).

3.4 Principal component analysis (PCA)

The scores of the rst two principal components for the
different drying conditions and biochemical constituents are
depicted in Fig. 8. The rst principal component accounted for
86.58% of the total variation, while the second principal
component explained only 4.72% of the total variation. PC1
exhibited positive correlations with phenols, avonoids, total
phenols, and total avonoids. It also showed positive associa-
tions with various antioxidant activities, including HRSA,
DPPHSA, HPSA, SARSA, NORSA, FICA, TRP, and FRAP values.
B7, B8, B18, and BS strains demonstrated higher levels of
phenols, avonoids, and antioxidant activities compared to
commercial and freshwater samples. Conversely, BR, SN, CN,
and B6 were positioned on the le-hand side of the plot, indi-
cating lower levels of phenols, avonoids, and antioxidant
activities compared to the other strains.

4 Discussion

Several drying techniques and storage setups are used to extend
microalgae's shelf life. The current research examined how
different microalgae strains differed in terms of their phenolic,
avonoid, and antioxidant potential and how different drying
techniques affected these factors. Based on the drying
© 2026 The Author(s). Published by the Royal Society of Chemistry
technique used, our results showed distinctive variations in the
avonoid and phenolic content as well as antioxidant activities.
Our research revealed that as compared to the freshwater
strains (S-N and C-N), the marine salt-tolerant strains (B-6, B-7,
B-8, B-18, and B-S) had greater levels of phenol, avonoid
content, and antioxidative activities. This nding implies that
marine strains have built-in defenses against salt-induced
oxidative stress, which results in increased production of
phenolic and antioxidant capacity.

Additionally, the commercial strain, B-R, showed interme-
diate values between marine and freshwater strains, exhibiting
its potential as a benecial source of phenolics and anti-
oxidative compounds. Salt-tolerant microalgae make more
bioactive compounds to protect themselves from salt stress and
strengthen their cells. These adaptations may enhance their
polyphenol content compared to freshwater microalgae, which
might be supported by their survival in saline environments due
to an augmented antioxidant defense system, as reported in our
previous study.14 The ndings, which showed considerable
variations in these parameters based on the drying technique
utilized, are in line with those of Kolla et al.25 and Bransica
et al.26 Similar to this, Meng et al.27 indicated that the color
retention, total avonoid, total phenolic content, fatty acids,
water-soluble polysaccharide content, and antioxidant activity
varied signicantly in Dendrobium officinale depending on the
drying process, with FD showing the most signicant results.

With respect to phenolic forms, bound phenolics were more
prevalent under OD than FD, while SD yielded comparable
levels to FD, as supported by correlation analysis. This suggests
that thermal input during oven drying may facilitate the release
or formation of bound phenolics, resulting in their higher
abundance. OD is oen superior for preserving bound poly-
phenols due to higher temperatures, faster processing, and
Sustainable Food Technol., 2026, 4, 3049–3060 | 3057

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00907c


Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

3/
20

26
 2

:5
8:

56
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
favorable matrix interaction,28 Similar to this, Lai et al.29

assessed the impact of ve drying techniques on the antioxidant
capacity and bioactive phytochemicals of navel orange peel,
including shade drying (SD), freeze-drying (FD), microwave
drying (MD), and hot-air oven drying at 50 and 70 °C, suggesting
that OD showed increased bound form, whereas overall
phenolics were preserved under FD. Additionally, Ma et al.30

revealed that FD outperformed heat pump drying and
hot air drying by retaining a high total phenolic level
(29.35 mg g−1) and exhibited the highest antioxidant activity, as
evidenced by the highest FRAP (219.57 mmol TE g−1) and ABTS
(127.15 mmol TE g−1).

The antioxidant performance of the dried samples appears
to be strongly inuenced by their free-bound phenolic fraction.
The positive association between bound phenolics and DPPH
radical scavenging suggests that bound polyphenols may act as
more effective hydrogen or electron donors, thereby enhancing
radical neutralization capacity. This is in accordance with the
previous study where BP extracted from red quinoa exhibited
stronger DPPH and ABTS antioxidant activities and had a lower
IC50 (10.295 mg mL−1) value in inhibiting a-glucosidase
activity.31 This contradicts the results of Mohapatra et al.,32 who
discovered that FD treatment resulted in better physical and
chemical properties, bioactive retention, and antioxidant
potential than those processed using other techniques. On the
other hand, higher levels of bound phenolics were also linked to
greater SARSA, which was more under OD than FD, also
depicted by a correlation of r = 0.86 and r = 0.76, respectively.
The more efficient contribution of bound polyphenols to SARSA
compared to free-form polyphenols may be associated with
their improved interaction, enhanced stability, and greater
bioavailability. Our research aligns with Huang et al.33 ndings,
demonstrating that the bound phenolic fraction extracted from
Rosa roxburghii Tratt pomace exhibited superior scavenging
activity in in vitro antioxidant assays compared to the free
phenolic fraction.

Moreover, higher levels of free phenolics were correlated
with increased reducing power as depicted from the correlation
analysis under FD (r= 0.92). Free polyphenols, characterized by
simpler structures and easy accessibility, react more rapidly
with oxidative substances, resulting in greater reducing
capacity. In contrast, polyphenols, oen bound to other
macromolecules, experience limited direct interaction with
oxidizing agents. This is in accordance with the previous study,
where it was reported that a major portion of longan pulp
collected from South China was composed of free phenolics,
which contributed substantially to its reducing power.34 Addi-
tionally, a previous study by Wani et al.35 reported that the
highest FRAP activity was observed in apricot fruits aer
a storage period compared to the initial fruits. In accordance
with our study, higher concentrations of avonoids were asso-
ciated with increased NORSA (r = 0.97 under FD and OD, r =
0.95 under SD) and HRSA (r = 0.77, r = 0.78, and r = 0.84 under
FD, OD, and SD, respectively). NORSA is exclusive to avonoids
due to their distinct chemical structure and reactivity, which
includes hydroxyl and functional groups enabling effective
scavenging of these radicals. Conversely, other phenols, despite
3058 | Sustainable Food Technol., 2026, 4, 3049–3060
having antioxidant properties, lack the necessary structural
traits for efficient nitric oxide and hydroxyl radical scavenging.
Our ndings align with a prior study indicating that avonoids
primarily contribute to NORSA and showed an enhanced
correlation between total avonoids and NO scavenging activity,
with an R2 value of 0.73.36,37 Additionally, the presence of higher
levels of phenolics and avonoids was linked to increased iron
chelating activity, indicating their ability to chelate free iron
ions that can otherwise initiate oxidative reactions.

The thorough assessment of both free and bound forms of
phenols and avonoids, in conjunction with their associated
antioxidant activity, across different drying techniques like FD,
OD, and SD, holds paramount importance for several purposes.
Firstly, it plays a pivotal role in the advancement of functional
foods by elucidating the inuence of diverse drying methods on
the content and efficacy of these compounds, which are
renowned for their health-promoting attributes, notably anti-
oxidant properties. Secondly, it is instrumental in the realm of
nutraceutical production, where phenols and avonoids
frequently serve as pivotal components, by facilitating the
development of consistent, high-quality products. Additionally,
within pharmaceutical applications, where these compounds
are utilized for their potential therapeutic benets, compre-
hending the impact of drying methods on their stability and
bioavailability is vital for effective drug formulation. Lastly, in
a broader industrial context encompassing sectors such as
cosmetics and agriculture, optimizing drying techniques for
preserving phenols and avonoids can lead to creating superior-
quality products. Moreover, from an industrial perspective, the
choice of drying method must also consider cost-effectiveness,
scalability, and energy consumption, as OD is generally more
energy-efficient and scalable, while FD, although better at
preserving free phenolics, is more costly and energy-intensive.
5 Conclusion

Regardless of the drying method, freshwater and commercial
strains exhibited signicantly lower levels of total phenolic
compounds compared to their euryhaline counterparts. Among
the euryhaline strains, Anabaena demonstrated the highest
phenol and avonoid content (p < 0.05) under both FD and OD,
followed by Chlorella and Spirulina. OD effectively preserves
bound phenolics, resulting in heightened DPPH and superoxide
scavenging activities, with strong correlations noted.
Conversely, FD retains free phenols and avonoids, displaying
robust positive correlations with total reducing powers. Strain
B7 stands out with signicantly higher phenol and avonoid
content, particularly under FD and OD. Additionally, assessing
free and bound phenols and avonoids with associated anti-
oxidant activity during various drying methods is crucial for
enhancing euryhaline microalgal biomass as functional foods,
ensuring quality in nutraceuticals, stabilizing pharmaceutical
formulations, and improving product quality in industries like
cosmetics and agriculture. These insights provide valuable
implications for leveraging the natural advantages of euryhaline
microalgae in diverse industrial applications.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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BP
 Bound phenols

DDPHSA
 DPPH free radical scavenging activity

FD
 Freeze-drying

FF
 Free avonoids

FICA
 Ferrous ion chelating activity

FP
 Free phenols

FRAP
 Ferric reducing antioxidant power

GAE
 Gallic acid equivalents

HPSA
 Hydrogen peroxide scavenging activity

HRSA
 Hydroxyl radical scavenging activity

NORSA
 Nitric oxide radical scavenging activity

OD
 Oven drying

SARSA
 Superoxide anion radical scavenging activity

SD
 Shade drying

TF
 Total avonoids

TP
 Total phenols

TP + TF
 Total phenols + total avonoids

TRP
 Total reducing power
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