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Microalgae are promising plant-like food sources rich in proteins and bioactive compounds with
nutraceutical potential. This research investigated the health-promoting effects of high pressure
homogenisation (HPH)-treated microalgal suspensions (8% w/v) of Arthrospira and Nannochloropsis
species. These microalgal suspensions were treated using HPH at 300 bar, 600 bar, and 900 bar for
a single pass. To gain valuable information on the bioavailability of potentially bioactive compounds,
gastrointestinal digests obtained after in vitro simulated human gastrointestinal digestion of HPH-treated
microalgal suspensions were examined for total phenolics, pigments, and antioxidant activity.
Furthermore, their bioprotective potential was evaluated on an oxidatively stressed (induced by hydrogen
peroxide) Caco-2 cell culture model system. Results showed that increasing the homogenisation
pressure resulted in increased chlorophyll a and carotenoids release for both Arthrospira and
Nannochloropsis species. Nannochloropsis sp. experienced an improved phenolics yield with HPH but
a similar positive impact of HPH was not observed for Arthrospira sp. probably because of its inherent
high phenolic content. Similarly, only Nannochloropsis sp. suspensions showed higher antioxidant
activity by FRAP assay at 900 bar treatment. HPH-treated gastrointestinal digests of Arthrospira sp.

treated at 600 bar and 900 bar demonstrated cell recovery and viability on stressed Caco-2 cells.
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Accepted 13th December 2023 However, there was an insignificant bioprotective effect from the HPH-treated Nannochloropsis digests.

In general, it appears that the ideal homogenizing pressures for Arthrospira and Nannochloropsis
DOI: 10.1035/d3fb00193h suspensions are 300 and 900 bar, respectively. Overall, this study shows the potential of HPH as an

rsc.li/susfoodtech efficient tool to produce functional foods and ingredients, particularly from Arthrospira sp. suspensions.

Sustainability spotlight

With minimal competition to existing land and water resources, microalgae have exhibited great potential as a more sustainable food source. Microalgal
biomass can be used as a functional food ingredient for nutrient enrichment and health supplementation, as well as for its structuring potential. Since
microalgal cells are enveloped by complex cell wall structures, disruption methods are required to enable release of valuable biofunctional components. High
pressure homogenization (HPH) is a highly effective, and economically and environmentally sustainable microalgal disruption method due to its limited energy
consumption and limited carbon dioxide emissions, among others. In consideration of SDGs 2, 3, 12, and 13, this study provides an understanding of the
nutritional and functional potential of microalgae as influenced by HPH for sustainable utilisation in the food industry.

1 Introduction ecosystems. Adapting to extreme ecological conditions leads to
their genetic and metabolic diversity, enabling microalgae to
Microalgae are a diverse group of highly efficient, photosyn- produce a broad spectrum of biologically active metabolites.!
thetic marine organisms that can inhabit a variety of Microalgae are abundant producers of bioactive molecules that
include proteins, polysaccharides, polyphenolics, carotenoids,
antioxidants, peptides, minerals, and essential vitamins.> As
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main microalgal biomass produced and utilised at the
commercial level for various beneficial bioactive compounds in
food, feed, and pharmaceutical applications.®> Arthrospira sp.
has been converted into tablets or capsules as health supple-
ments or into powder as supplementary food ingredients.® It is
a major source of phycobiliproteins and other compounds, such
as vitamin B-12, phenolic compounds, and carotenoids.”
Chlorella sp. is considered a nutraceutical rich in proteins,
lipids, polysaccharides, pigments, and vitamins.® D. salina is
rich in a wide variety of carotenoids, including B-carotene that
shows anticancer properties.” H. pluvialis is an important source
of carotenoid astaxanthin that was reported to have several
therapeutic applications.*

Microalgal cells are typically encapsulated by complex
multilayer extracellular coverings that can limit the availability
of valuable bioactive compounds. As such, cell disruption is the
most critical step in the extraction of microalgal metabolites.'*
High pressure homogenisation (HPH) is considered as a highly
effective and scalable mechanical cell disruption technology for
microalgal cells to extract intracellular components.'>** Besides
maximal disintegration of microalgal cells, HPH can influence
the microstructural and rheological profiles of treated micro-
algal suspensions.” HPH may also increase the availability of
intracellular components of microalgae for improved nutri-
tional benefits.">*

There have been studies on microalgae's health-promoting
properties due to bioactive compounds with a reportedly high
antioxidant capacity.’® The antioxidant effect of microalgal
molecules (e.g., enzymes, pigments, phytochelatins, poly-
phenols, or polysaccharides) provides protection from oxidative
stress, which is a biological phenomenon that can lead to
damage to biological systems and multiple degenerative
diseases.””'® Antioxidants are thought to protect cell constitu-
ents against oxidative damage through the scavenging of free
radicals.” However, pharmaceutical claims based on the anti-
oxidant potential are still limited.>® Recent investigations have
reported the intestinal barrier-protective activities of microalgal
extracts of Chlorella sp., Arthrospira sp., and Synechococcus sp. in
Caco-2 cells.”* In addition, isolated carotenoid extracts from
Scenedesmus obliquus demonstrated improved bioaccessibility
in Caco-2 cells.”” These studies show the potential of microalgae
as a functional food for gut health maintenance.

This work aimed to determine the impact of HPH on the in
vitro bioprotective potential of microalgal biomass with a focus
on Arthrospira sp. and Nannochloropsis sp. suspensions.
Arthrospira sp. is a suitable microalgal species for assessment
since it is commercially used for food applications. In contrast
to the fragile peptidoglycan cell walls of Arthrospira sp.,** Nan-
nochloropsis sp. has a bilayered trilaminar outer layer, resulting
in a more rigid cell wall.>* To the best of our knowledge, the
impact of processing on the health-related properties of
microalgal suspensions has not been investigated, particularly
in its beneficial effects on human gut health. To investigate the
health-promoting effects of HPH-treated microalgae, the
pigment content, total phenolic content, and antioxidant
activities using FRAP and DPPH assays were examined after the
samples were subjected to in vitro simulated gastrointestinal
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digestion, which provides information on the bioavailability of
food bioactive compounds. The bioprotective potential of the
gastrointestinal digests from the microalgal suspensions on
oxidatively stressed Caco-2 cells was also evaluated, where this
cell line is chosen to represent the intestinal epithelial barrier.

2 Materials and methods
2.1 Microalgae and sample preparation

Freeze-dried biomass of Arthrospira sp. from BioBalance New
Zealand (Collingwood, NZ) and wet paste of Nannochloropsis sp.
from Reed Mariculture (California, USA) were obtained and
prepared as described by Magpusao et al'* (2021). Nanno-
chloropsis sp. paste was maintained at —20 °C during storage
and transport, then freeze-dried immediately upon arrival in
the laboratory. The freeze-dried powder was vacuum-packed
and kept at —20 °C storage until treatment.

2.2 High pressure homogenisation

Homogeneous microalgal aqueous suspensions were prepared
using a modified protocol by Bernaerts et al. (2017).>* Briefly,
powdered biomass was suspended overnight in distilled water
at 8% (w/v) and then mixed using a homogeniser (ULTRA-
TURRAX®, Krackeler Scientific, NY, USA) at 5000 rpm for 5 min.
Suspensions were passed once through the high pressure
homogeniser (PandaPlus 2000, GEA Niro Soavi, Italy) at 300, 600
and 900 bar. Treated samples were collected, cooled in an ice-
water bath, and aliquoted into sealed containers. Untreated
samples (non-HPH, 0 bar) served as control suspensions for this
experiment. Samples were immediately immersed into liquid
nitrogen for quick-freezing and then stored at —20 °C until
analysis. Three independently prepared suspensions were used
for the triplicate measurements.

2.3 Soluble protein determination

The protein contents of the samples were determined using the
Lowry method with modifications.”® After mixing, 0.1 mL
aliquot of suspension was placed in Eppendorf tubes, added
with 1 mL of the Lowry reagent, and vortexed. After 10 min of
incubation at room temperature, 0.1 mL of diluted Folin-Cio-
calteu reagent was added, and the mixture was vortexed. After
30 min incubation, sample absorbance was measured at 750 nm
using a spectrophotometer (Specord 50 Plus, Analytic Jena,
Germany). The protein concentration was quantified with
bovine serum albumin (BSA) solution as standard and reported
as % (w/w) soluble proteins.

2.4 Simulated in vitro human gastrointestinal digestion

In vitro simulated human gastrointestinal digestion of micro-
algal suspensions was evaluated according to the standardised
static in vitro digestion protocol”” with modifications.”® One (1) g
of thawed sample was mixed with saliva juice and incubated for
5 min at 37 °C with constant shaking at 55 strokes per min.
Alpha-amylase solution was added and incubated for 5 min at
37 °C with constant shaking. pH was adjusted to 3.0 using HCI
(1 M) and added with pepsin solution, followed by incubation at
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37 °C for 2 h with shaking at 55 strokes per min to simulate
gastric digestion. pH was adjusted to 7.0 using NaOH (1 M) to
deactivate pepsin, followed by the addition of pancreatin/bile
solution and incubated at 37 °C for 2 h with constant shaking
at 55 strokes per min to simulate intestinal digestion. The
resulting mixture was filtered through Whatman grade 1 filter
paper and stored at —80 °C until analysis. The mixtures,
referred to as gastrointestinal digests, were used in all
proceeding assays.

2.5 Quantification of free amino acids

Hydrolysed protein was assessed by o-phthalaldehyde (OPA)
spectrophotometric assay.” The hydrolysis rate was monitored by
taking digest samples at different time points along gastric and
intestinal digestion phases. Enzymes were deactivated by adding
0.5 mL of collected digest samples into Eppendorf tubes pre-filled
with 0.5 mL of 20% (w/v) TCA, vortexed, and stored at —80 °C until
analysis. After thawed samples were centrifuged to separate the
supernatant from residual digested biomass and transferred into
a 96-well plate, an OPA reagent was added with a 2:15 ratio
(sample : OPA). The plate was immediately placed in the micro-
plate reader (Synergy 2, BioTek Instruments, Vermont, USA),
mixed for 30 s, allowed to react for 90 s, and absorbance was
measured at 340 nm. The peptide concentration of protein
hydrolysates was calculated as r-serine equivalents with reference
to the t-serine standard curve made up of different concentrations
(0, 25, 50, 100, 150, 200, 300, 400, and 500 mg L™).

2.6 Pigment content of gastrointestinal digests

The determination of pigment content was based on a modified
methanol extraction protocol.*® First, the microalgal suspension
was mixed in methanol, vortexed for 1 min, and allowed to
stand for 30 min at room temperature. Then, the solvent was
recovered by centrifugation at 4000g for 10 min at 4 °C. Super-
natant absorbance was measured at a spectrum from 350 to
850 nm using the spectrophotometer (Specord 50 Plus, Analytic
Jena, Germany). Chlorophyll a, chlorophyll b, and carotenoids
were determined as ug mL ™" using eqn (1)-(3):*!

Chlorophyll a (C,) = 15.65A4¢c — 7.34 (1)
Chlorophyll b (C;) = 27.054¢s3 — 11.21 A @)
Carotenoids = 10004470 — 2'28261(:” —-129.2C, )

2.7 Total phenolic content of gastrointestinal digests

The total phenolic content was estimated using a modified
version of the Folin-Ciocalteu method.** In a 96-well plate, 20
uL samples were mixed with 100 pL of diluted Folin—Ciocalteu
reagent and allowed to stand at room temperature for 5 min.
Afterwards, 80 pL of sodium bicarbonate (75 g L) was added
and incubated at room temperature in the dark for 60 min.
Absorbance was measured at 765 nm against methanol as blank
using a microplate reader (Synergy 2, BioTek Instruments,
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Vermont, USA). The total phenolic content of the samples was
quantified with gallic acid as standard and reported as gallic
acid equivalent (GAE) per g dry weight of microalgae.

2.8 Ferric reducing antioxidant power (FRAP) of
gastrointestinal digests

The FRAP assay was determined using the method by Xiao et al.
(2020).*® FRAP reagent was prepared with TPTZ (2,4,6-tripyridyl-
S-triazine) solution (10 mM) in HCI (40 mM), acetate buffer
(300 mM, pH 3.6), and iron(ut) chloride solution (20 mM) ina1:
10: 1 ratio, respectively. In a 96-well plate that contained 10 uL
of samples, 240 uL of FRAP reagent was added. The plate was
placed immediately in the microplate reader (Synergy 2, BioTek
Instruments, Vermont, USA), preheated to 37 °C and gently
shaken for 10 s. After incubation for 5 min at 37 °C, absorbance
was read at 593 nm against methanol as blank. The FRAP
antioxidant activity of samples was calculated with reference to
Trolox as standard and reported as uM Trolox per g dry weight
of microalgae.

2.9 DPPH-radical scavenging activity of gastrointestinal
digests

2,2-Di(4-tert-octylphenyl)-1-picrylhydrazyl (DPPH) was used for
the radical scavenger assay.** In a 96-well plate, 100 pL of
prepared DPPH (0.1 mM in methanol) was added with 100 pL of
the gastrointestinal digests. The plate was placed immediately
in the microplate reader fitted with temperature control of 25 °C
and shaken for 10 s. The ability of the sample to scavenge DPPH
was determined by following the decrease in absorbance at
517 nm for 60 min against methanol blank. The antioxidant
activity refers to the DPPH inhibition when absorbance reduc-
tion reaches a plateau, typically within 20 to 30 min of the 25 °C
incubation. The following formula is used to calculate the
DPPH inhibition activity:

% DPPH inhibition activity = (AbS”“‘m‘ - Abs“‘“p‘e) % 100

Abscomrol
(4)

where Abs ontrol and Absgampie are the absorbances of the DPPH
control and gastrointestinal digest samples, respectively.

2.10 Determination of the bioprotective potential of
gastrointestinal digests using Caco-2 cell lines

Human Caco-2 (colon cancer) cell lines (HTB-37; American Type
Culture Collection, Rockville, Maryland, USA) were cultured in
FBS-supplemented Dulbecco’'s modified Eagle's medium
(DMEM, Gibco, Grand Island, New York, USA) in 50 cm? plastic
flasks at 37 °C under a humidified atmosphere of 5% CO,. The
cell culture medium was changed every 2-3 days after reaching
approximately 70% confluence.

2.10.1 Induction of oxidative stress. Caco-2 cells previously
grown as described above were trypsinised (0.5% Trypsin-
EDTA, Gibco) and seeded at a density of 1 x 10" cells in a 96-
well plate. Cells were cultured for 48 h under conditions previ-
ously indicated. The culture medium was removed and replaced

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with 6 pg mL™' microalgal gastrointestinal digests in
a complete medium for further incubation for 24 h. Afterwards,
the medium with the digests was removed, and cells were
washed with phosphate-buffered saline (PBS). Caco-2 cells were
exposed to 500 pM H,0, for 1 h. Four independent trials were
conducted to assess cell viability using MTT and membrane
LDH release assays.

2.10.2 MTT cell viability assay. After Caco-2 cells were
oxidatively stressed, 100 uL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution was added to
each well, and the plate was incubated for 4 h at 37 °C under
a humidified atmosphere of 5% CO,. After medium removal,
formazan crystals were dissolved in 10% (w/v) sodium dodecyl
sulfate (SDS) in HCI (10 mM). The absorbance was read at
517 nm on the microplate reader. Cell viability was calculated
using the equation below and reported in normalised form as
a percentage of viable cells (%):

_ Abssamplc

Percentage of cells(%) = x 100 (5)

Scontrol

where Absconro1 and Absgample are the absorbances of the MTT
control and gastrointestinal digest samples, respectively.

2.10.3 Membrane lactate dehydrogenase (LDH) release
assay. To evaluate LDH release as an indicative measure of
possible cell membrane damage of Caco-2 cells, the culture
supernatant from the previous step was harvested using
a commercial kit (Cytotoxicity Detection Kit (LDH); Roche
Diagnostics, Mannheim, Germany) according to the manufac-
turer's instructions. Culture supernatant was removed from the
experimental culture plate, and 100 pL of reaction cocktail was
mixed with the wells containing the residual cells. After 30 min
of incubation at 37 °C, absorbance was measured at 490 nm
using a microplate reader. Cytotoxicity (%), as indicated by the
cell membrane integrity, was calculated as a percentage of cells
using the following equation:

exp. value — low control
Percentage of cells(%) = high control — low control

(6)

where low control refers to absorbance of untreated cells
(without exposure to the gastrointestinal digest), and high
control refers to absorbance of cells that have been fully lysed by
the lysis reagent included in the commercial kit.

2.11 Statistical analysis

The data are provided as mean + standard deviation. The
Student's t-test was used to compare control cells and cells
treated with the digests. Differences with p < 0.05 were statis-
tically significant. Statistical analysis was performed with Min-
itab 18 software (Minitab Inc., PA, USA) and GraphPad Prism
Version 9.0 (GraphPad Software, San Diego, CA, USA).

3 Results and discussion

3.1 Effect of HPH on the in vitro protein human digestibility
of microalgal suspensions

In the present study, Arthrospira had higher soluble protein
contents across all homogenising pressures (28.98-30.81%)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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than Nannochloropsis (3.83-8.71%) (data not shown). Nanno-
chloropsis had protein contents that were generally improved
with the application of HPH, although the increase in protein
did not follow a linear increase with the intensity of HPH. This
is in agreement with reports of HPH allowing extraction of
water-soluble proteins because of the effective disruption.*” For
Arthrospira, the highest protein content was extracted at 300
bar, not being significantly affected by HPH at higher homog-
enising pressures of 600 and 900 bar. This result contrasts with
the reported increase in the extraction yield of intracellular
compounds (i.e., ionic substances, proteins, and carbohydrates)
with elevated homogenising pressure levels and/or the number
of passes due to extensive algal cell disruption.*>** The lack of
extraction efficacy of intracellular components has been asso-
ciated with agglomeration, although this phenomenon is less
associated with HPH." Aggregation of Arthrospira cells into
larger particles, which were assumed to be composed of dena-
tured proteins, has been reported with another processing
method.”® HPH-induced aggregation has also been observed in
other microalgal species, including Tetraselmis, Isochrysis, and
Nannochloropsis species.™

In this study, only a small amount of protein from any HPH-
treated microalgal suspension was digested during the gastric
phase (see the ESIf) compared to the subsequent small intes-
tinal digestion phase after the addition of pancreatin.
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Fig. 1 In vitro small intestinal protein digestion of (A) Arthrospira sp.
and (B) Nannochloropsis sp. Values are mean + standard deviation (n =
6). Significant differences are indicated by brackets with asterisks
representing P value classification (p < 0.05).
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Therefore, Fig. 1 presents the free amino groups of the protein
hydrolysates expressed as r-serine equivalents during the
suspensions' 4 hours small intestinal digestion period. Arthro-
spira had higher r-serine equivalent values (>50 mg per L -
serine equivalent) across the whole digestion period than Nan-
nochloropsis, which may be due to the higher soluble protein
content. However, the proteins in the untreated samples of the
Arthrospira suspension appeared to be more readily hydrolysed
at a significant level (p < 0.05) than those in HPH-treated
samples. Similarly, protein digestibility for Nannochloropsis
was not substantially affected by HPH with increasing homog-
enisation pressures. HPH may have altered the protein struc-
ture particularly with possible aggregate formation that
influences the protein digestibility of microalgal suspensions.

Protein digestibility of algal products is influenced by
a complex variety of factors, including cell wall structures,
polysaccharides, and antinutritional factors.*® This is supported
by the reported variation in hydrolysis and digestibility yield of
C. vulgaris that was attributed to taxonomic differences in cell
wall structures and physicochemical compositions.?” Incom-
plete hydrolysis has been reported in the microalgae S. almer-
iensis due to hydrophobic membrane proteins.*® The minimal
impact of HPH on the digestibility of the intestinal digests is
analogous to the slight change of pepsin digestibility of Chlor-
ella protein as reported by Komaki et al. (1998).*° In their work,
HPH slightly enhanced the digestibility of the Chlorella protein
as indicated by the slight increase of pepsin digestibility with
the treatment. Yet, compared to other treatments such as
pulsed electric field, HPH had a higher degree of hydrolysis that
signified more effective liberation of intracellular amino acids
in S. almeriensis.*® Nonetheless, the current results show that
further investigation is needed to elucidate the impact of HPH
on in vitro protein digestibility, such as complementary deter-
mination of the presence of other factors (i.e., polysaccharides,
amino acid profile, enzyme inhibitors). In the current work, the
simulated in vitro digestion was performed to yield fractions of
gastrointestinal digests that can reflect the impact of the HPH
treatment on microalgal suspensions when ingested in the
human gut.

3.2 Pigment content of gastrointestinal digests

Table 1 includes the chlorophyll a and carotenoid contents of
the gastrointestinal digests from the samples that were
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subjected to in vitro simulated gastrointestinal digestion. Both
chlorophyll @ and carotenoids in Arthrospira digests were
significantly higher at elevated homogenising pressures (0.12-
0.36 ug mL ™" and 0.19-0.29 ug mL™", respectively) suggesting
the influence of HPH. Despite having lower pigment content,
Nannochloropsis digests were likewise observed to show the
positive impact of HPH with improved pigment release for both
chlorophyll a and carotenoids as the pressure increased (0.11-
0.24 pg mL™' and 0.10-0.17 pg mL™", respectively). For all
samples, chlorophyll b was not detected. Unlike chlorophyll
a that is ubiquitous in all algal classes, chlorophyll b is exclusive
for some algal classes only.*” HPH has proven to be successful in
completely disrupting microalgal cell walls resulting in the
release of pigments along with other intracellular materials.*>*
The results of this study indicate the direct proportionality to
the homogenising pressure used wherein the more intense the
HPH treatment, the greater the amount of pigments released.
This is desirable since valuable pigments are important
contributors to the antioxidant properties of microalgae.*
However, very high pressures may not be fully beneficial since
protein-pigment aggregation may arise with mechanical stress
due to HPH and accompanying chemical changes with cell
disruption.”” Total pigment content may be reduced due to the
gelatinisation process that occurs with increased tempera-
tures* that may occur at higher HPH pressures with extended
treatment time.

3.3 Total phenolic content of gastrointestinal digests

The gastrointestinal digests of the HPH-treated microalgal
suspensions were evaluated for their total phenolic contents
and antioxidant activities (Table 2). Arthrospira had higher total
phenolic contents (240.13-247.78 mg GAE per g DM) while
Nannochloropsis had lower contents (195.63-225.82 mg GAE
per g DM), although the difference is not considerably signifi-
cant. Only Nannochloropsis appears to be significantly affected
by HPH where higher homogenising pressure improved the
total phenolic content. The high phenolic content of Arthrospira
has been mainly attributed to gallic, chlorogenic, 4-hydrox-
ybenzoic, caffeic, and cinnamic acids.**

In general, HPH is considered to improve the extractability
and stability of phytochemicals, such as phenolic compounds
and anthocyanins,* although it is important to note that the
impact of HPH is dependent on the food matrices. In fruit and

Table 1 Pigment (ug mL™Y) of untreated (non-HPH) and HPH-treated microalgal suspensions. Values are mean + standard deviation (n = 3).
Means with different superscripts in the same row indicate a significant difference (p < 0.05)

Microalgae Homogenising pressure Chlorophyll a Carotenoids

Arthrospira sp. Non-HPH 0.18 + 0.01° 0.13 + 0.00°
300 bar 0.29 + 0.01° 0.25 + 0.02%°
600 bar 0.36 & 0.05% 0.29 + 0.02°
900 bar 0.35 & 0.05% 0.29 + 0.04*

Nannochloropsis sp. Non-HPH 0.11 + 0.01° 0.10 + 0.02°
300 bar 0.10 + 0.00° 0.10 + 0.01°
600 bar 0.13 £ 0.03" 0.12 + 0.03%"
900 bar 0.24 + 0.02° 0.17 + 0.02°
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Table 2 Total phenolic contents, FRAP, and DPPH of untreated and HPH-treated microalgal suspension gastrointestinal digests. Values are
mean values =+ standard deviation. Different letters within each micro-algae group for each column indicate a significant difference (p < 0.05)

Total phenolic content
(mg GAE per g dry mass)

Homogenising pressure

FRAP
(uM Trolox per g dry mass)

DPPH
(% antioxidant activity)

Arthrospira sp. Non-HPH 245.64 + 8.67°
300 bar 247.78 + 17.06%
600 bar 244.41 + 12.43%
900 bar 240.13 + 4.67°

Nannochloropsis sp. Non-HPH 195.63 + 9.37°
300 bar 201.39 + 6.11°
600 bar 206.08 =+ 6.68"
900 bar 225.82 + 4.55%

vegetable products, the HPH technique has been identified as
a favourable method to offer stabilized anthocyanin-rich
emulsions.*® It has also been reported that HPH typically cau-
ses structural changes that enhance the bioavailability of
bioactive compounds.” Nevertheless, there are very limited
studies on the impact of HPH on the phenolic content of
microalgae. This study displays the potential of HPH in
improving the functionality of microalgae due to the significant
increase of total phenolic content with increased homogenising
pressure. The rich presence of total phenolic content and
resulting antioxidant properties in microalgae have been
investigated.**** The antioxidant properties of phenolic
compounds have been linked to various clinical conditions,
such as cancer, diabetes, and other neurodegenerative
diseases,” hence the pharmaceutical potential of microalgae.

3.4 Antioxidant capacity of gastrointestinal digests by DPPH
and FRAP assays

The antioxidant capacity of the gastrointestinal digests was
evaluated by two different assays as shown in Table 2. FRAP
assay refers to the free radical scavenging activity that can
provide an estimate of antioxidants while the DPPH radical
scavenging assay is based on the hydrogen donating ability of
antioxidants.** The ferric reducing capacities displayed
minimal significant difference among the microalgal species.
For Arthrospira, the impact of homogenising pressure was not
clear and the FRAP values did not display significantly changing
behaviour relative to the pressure level. On the other hand,
Nannochloropsis displayed a general trend of reduction in FRAP
activity with increasing pressure despite the difference being
minimal. The results show that HPH did not assist in the
extraction improvement of antioxidant molecules for the
microalgal species. However, significant increase of FRAP
activity was only observed at 900 bar for Nannochloropsis (88.9
pm Trolox per g), which suggests greater potential of HPH at
higher pressures. In terms of % antioxidant activity determined
by DPPH assay, Nannochloropsis had higher values (50.35-
55.58%), although HPH did not significantly influence the
antioxidant activities. Arthrospira had lower values (46.72-
48.24% AA) and was similarly not significantly influenced by
HPH.

There is limited investigation on the impact of HPH and
other processing methods on microalgal antioxidant activities.

© 2024 The Author(s). Published by the Royal Society of Chemistry

99.67 + 8.66%° 47.82 + 0.90%
103.10 + 11.93% 48.24 + 1.18%
85.68 + 5.67° 46.72 + 0.93%
97.24 + 9.29%° 46.91 + 1.64°
94.31 + 11.28° 54.19 + 3.03%
76.67 + 7.78%° 55.58 + 0.66%
62.65 + 9.14° 53.22 + 3.29%
88.97 + 8.47% 50.36 + 2.95%

Sonication had dissimilar effects dependent on the microalgal
species, wherein increased antioxidant activity was reported for
A. platensis but reduction for N. gaditana and S. almeriensis.>
Antioxidant activities as impacted by HPH appear to be more
differentiated by their ferric reducing capacities. The limited
consequence of homogenising pressure on the microalgal
digest suspensions was comparable for the DPPH radical scav-
enging activities and total phenolic contents. The restrictions
associated with assessing antioxidant activity with the DPPH
assay have been observed to be less biologically relevant than
the other assays.*® Others reported that antioxidant capacities of
some microalgae extracts could not be majorly associated with
their phenolic components.*” Due to the antioxidant potential
being linked to the presence of polyphenols and other bioactive
compounds in a complex mechanism, a link between the anti-
oxidant capacity of samples and the release or degradation of
specific components could not be explicitly made.>® Other
variables that could influence the antioxidant capacities and
radical scavenging activities of microalgae are solvent polarity
and dose-dependency.’>'?

3.5 Bioprotective effect of microalgal suspension
gastrointestinal digests on Caco-2 cells

As an initial step in determining the bioprotective effect of the
samples, the concentration of gastrointestinal digests was
tested from 3 to 50% (w/v) diluted in FBS-supplemented Dul-
becco's modified Eagle’s medium, where the optimal concen-
tration was selected based on the non-cytotoxicity effect to the
Caco-2 cells. The addition of 6 ug mL ™" Arthrospira and Nan-
nochloropsis digests showed no significant cytotoxicity against
the Caco-2 cells after 24 h of treatment but displayed
pronounced cytotoxicity at 48 and 72 h. Hence, this dose and
treatment time were used in the cell line experiments (data not
shown). The simulated gastrointestinal digests of the Arthro-
spira and Nannochloropsis suspensions were evaluated based on
their ability to aid bioprotection of Caco-2 cells against oxidative
stress induced by H,O,.

The induction of oxidative stress on the Caco-2 cells is crit-
ical in understanding the beneficial impact of microalgae
biomass/extracts upon ingestion into the human body. Oxida-
tive stress is generally prompted by a wide range of environ-
mental factors that lead to the cellular accumulation of reactive
oxygen species (ROS).>* While ROS production can be controlled
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by the intrinsic defence mechanism of antioxidant enzymes,
intense stress can lead to overproduction of ROS to excess
levels. At this point, cellular damage may occur through modi-
fication of nucleic acids, oxidation of proteins, and lipid per-
oxidation.”® Oxidative damage and apoptosis in the unicellular
green algae C. reinhardtii due to H,O, exposure (10 mM) has
been attributed to the alteration of mitochondrial membrane
potential.>

The bioprotective effect of HPH-treated microalgal suspen-
sions against oxidative stress was evaluated through the MTT
and LDH release assays. Based on the results shown based on
the MTT assay (Fig. 2), the exposure to 500 uM H,0, induced
oxidative stress of Caco-2 cells pre-incubated with either
Arthrospira or Nannochloropsis digests caused 50% cell viability.
For both species, the LDH release assay (Fig. 3) shows that the
cell viability of all cell cultures exposed to the microalgal digests
was significantly (p < 0.05) lower than that of the control groups.
The low cell viability (<50%) was consistent for both non-
stressed and stressed cells exposed to untreated and HPH-
treated suspensions. This indicated that the leakage of lactate
dehydrogenase may have contributed to the toxic effect upon
Caco-2 cells.

In the MTT assay shown in Fig. 2A, cell cultures with the non-
HPH and 300 bar Arthrospira digests had the cell viability of
stressed cells being significantly different from that of the non-
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Fig. 2 Bioprotective effect on stressed Caco-2 cells after 24 hours
exposure to microalgal suspension gastrointestinal digests of (A)
Arthrospira sp. and (B) Nannochloropsis sp. by MTT assay. Control
refers to Caco-2 cells without any microalgal digests. Solid bars refer
to non-stressed cells with the digests, and patterned bars refer to
H,0O,-stressed cells. Data are expressed as means + standard devia-
tions (n = 4). * indicates a significant difference (p < 0.05) between
non-stressed and stressed cells.
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Fig. 3 Bioprotective effect on stressed Caco-2 cells after 24 hours
exposure to microalgal suspension gastrointestinal digests of (A)
Arthrospira sp. and (B) Nannochloropsis sp. by the membrane LDH
release assay. Solid bars refer to non-stressed cells with the digests,
and patterned bars refer to H,O,-stressed cells. Data are expressed as
means + standard deviations (n = 4). * indicates a significant difference
(p < 0.05) between non-stressed and stressed cells.

stressed cells. This indicates that cell viability was not improved
with the exposure to the digests that were not treated or mini-
mally treated with HPH. In contrast, with the exposure to
Arthrospira digests from 600 and 900 bar, the absence of
a significant difference between the non-stressed and stressed
cells shows that cell viability was improved indicating bio-
protective effect. It appears that HPH-treated digests at 600 bar
had the most effective bioprotective effect on the stressed Caco-
2 cells since it resulted in higher cell viability compared to the
other digests. This is supported by the elevated chlorophyll
a and carotenoids at this homogenising pressure as presented
in Table 1. This indicates the potential of improving the anti-
oxidant potential of HPH-treated Arthrospira suspensions. The
cell viability of Caco-2 cells with the Nannochloropsis digests was
generally slightly lower than those with the Arthrospira digests
with HPH. Fig. 2B shows that untreated and HPH-treated Nan-
nochloropsis digests were not able to provide a bioprotective
effect on the stressed Caco-2 cells. The results of the LDH
release assay for both Arthrospira and Nannochloropsis (Fig. 3)
show no significant differences between the non-stressed and
stressed cells. LDH release can be used as a marker of the
potential protective role of the samples against membrane
leakage of epithelial cells caused by oxidative stress.** This
implies that the bioprotective effect of Arthrospira is not due to
the recovery of the membrane but may be due to other mech-
anisms. Other microalgae extracts have shown a protective role,
such as T. suecica that showed repairing activity in the human

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lung cancer line when applied to cells after oxidative stress.*®
Aqueous extracts of Chlorella, Arthrospira, and Synechococcus
species showed antioxidant potential in Caco-2 cells by pre-
venting intracellular oxidant burst, cell membrane damage, and
apoptosis induced by oxidative stress.**

The difference in the results of the assays conducted in this
current research work could be attributed to two things: (1)
most investigations on Caco-2 cells have checked the bio-
protective effect of the microalgal suspensions, and (2) Caco-2
cells are exposed to material suspensions and not intestinal
digests that have undergone simulated in vitro gastrointestinal
digestion. Another factor to be considered is the form of
microalgal extract that is used for cell treatments. Aqueous
extracts of Dunaliella were markedly more cytotoxic to breast
cancer cells than ethanolic and hydroalcoholic extracts.*® As
with radical scavenging activity, reduction on cell proliferation
in Caco-2 cells due to cytotoxicity of utilised metabolites occurs
in a dose and time-dependent manner.”” The relationship
between antioxidant activity (i.e., FRAP) and cytotoxicity against
cell lines appears to be not directly correlated.*® Nevertheless,
the current study shows that as phenolic compounds may occur
abundantly in microalgae, selected species may have intestinal
protective mechanisms by assisting in recovery of oxidatively
stressed Caco-2 cells. Additionally, the application of HPH can
improve this health-promoting potential of microalgae-based
antioxidant compounds.

4 Conclusions

Generally, HPH had minimal impact on the extracted soluble
protein from HPH-treated Arthrospira while enhancing those
from Nannochloropsis suspensions. The results show that HPH
had minimal and no clear effect on the in vitro protein digest-
ibility in terms of the i-serine equivalent of the protein hydro-
lysates for all the microalgal species. To gain a better insight
into the protein digestibility of the microalgal species, it would
be beneficial to investigate using assays, such as protein effi-
ciency ratio (PER), digestibility coefficient (DC), and net protein
utilisation (NPU).

HPH had a significant impact on the amount of chlorophyll
a and carotenoids in the gastrointestinal digests of both
Arthrospira and Nannochloropsis with increased homogenising
pressure resulting in significantly higher pigment amounts.
Arthrospira had the highest phenolic contents without the
impact of HPH while only Nannochloropsis had improved yield
of phenolics with HPH treatment. Similarly, only Nanno-
chloropsis suspensions showed higher antioxidant activity at
900 bar while the others were not positively affected. To further
elucidate the biological activities of the gastrointestinal digests,
cell culture experiments using Caco-2 cell lines were performed.
Exposure of oxidatively stressed Caco-2 cells to HPH-treated
gastrointestinal digests of Arthrospira treated at 600 bar and
900 bar showed recovery and improved cell viability. This result
shows the potential of HPH in enhancing the health-promoting
properties of antioxidant compounds in Arthrospira suspen-
sions because of the bioprotective effect in the Caco-2 cells. In
contrast, this study did not observe any significant bioprotective

© 2024 The Author(s). Published by the Royal Society of Chemistry
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effect from the HPH-treated Nannochloropsis digests. Therefore,
the protective mechanism of the gastrointestinal digests could
not be attributed to their ability to prevent membrane leakage of
epithelial cells. There is a need for further investigation with
other assays to elucidate the protective mechanism of HPH-
treated microalgal suspensions. Additionally, future studies
could involve isolating active components in the microalgae
and characterising their effects and finding synergistic effects of
the different antioxidant molecules.
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