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Abstract

In manufacturing industries that use seaweeds containing high moisture as raw materials, the volume reduction of seaweeds
is a basic requirement for their efficient storage, transport, and processing. In this study, fresh red algae, dulse Palmaria
palmata was hot air—dried at 30 and 60 °C with or without pre-freezing for 1 week, and anti-inflammatory components,
phycobiliprotein (P) and chlorophyll a-related compounds (C) were extracted together using water from the dried thalli. The
water extractability of each was diminished by pre-freezing and markedly impaired by hot-air drying of the raw dulse. In
contrast, the anti-inflammatory activity of thermolysin digested P and C mixtures, which was evaluated using lipopolysac-
charide-stimulated murine macrophages, persisted despite exposure of the raw materials to the freezing and hot-air-drying
processes. In addition, the deterioration in the extractability of P caused by hot-air drying was recovered by the enzymatic
degradation of the cell wall hardened by drying, and the water extract showed strong anti-inflammatory activity. These results
indicated that hot-air—dried dulse can be used as an anti-inflammatory material by utilizing the appropriate physicochemical
procedure for restoring the extractability of the anti-inflammatory components, and enzymatic algal cell degradation is one
such practical countermeasure.

Keywords Dulse - Drying process - Frozen storage - Water extraction - Anti-inflammatory function - Phycobiliprotein -
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Introduction

Inflammation is a biological defensive reaction that protects
the human body from infection by foreign matter such as
fungi, bacteria, and viruses (Serhan et al. 2007). However,
continuous excess inflammation in the living body due to
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maintaining a healthy lifestyle is expected to result in the
development of a constitution in which continuous chronic
inflammation in the body is unlikely to occur. In particular,
the interest in food ingredients that suppress inflammation
has been increasing in recent years, along with the important
role of diet in reducing inflammation (Galland 2010; Wu and
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Seaweed is a resource-rich and highly reproducible
marine biomass, which contains various types of unique
bioactive compounds (Costa et al. 2010; Holdt and Kraan
2011; Gupta and Abu-Ghannam 2011). For instance, bioac-
tive polysaccharides that are widely distributed in seaweeds
have garnered much interest as a source of functional die-
tary fiber with immunomodulatory (Katayama et al. 2012),
antitumor (Sheng et al. 2007), and antioxidant (Chandini
et al. 2008) functions. In addition, red algae possess high
anti-inflammatory activity derived from their characteristic
photosynthetic tissue, phycobilisome; components of the
phycobilisome and their degradation products exert inhibi-
tory effects on the production of proinflammatory mediators
in immune cells (Sakai et al. 2011; Islam et al. 2013; Lee
et al. 2017).

For the industrial utilization of high-moisture seaweed as
a functional material, the drying step is an essential proce-
dure for improving transport efficiency and storage stability.
For instance, dried brown seaweeds in Japan (called Konbu),
used as a traditional raw material for seasoning Japanese
food, are distributed as hot-air—dried seaweed, which helps
in maintaining the extractability of monosodium glutamate
(Kurihara 2009). Agar, which has multiple uses, such as in
food and medical materials, is a polysaccharide mixture
extracted from dried algae (Armisen and Galatas 1987).

However, the high-temperature treatment of seaweeds
leads to the hardening of cells, thermal denaturation of pro-
teins, and the decomposition of various components; this
may impair the extraction of functional compounds and
reduce the health benefits of seaweed. To solve this problem,
various physicochemical methods have been developed such
as ultrasonication (Sun et al. 2009), surfactant treatment
(Mehre et al. 2016), osmotic shock (Postma et al. 2018),
and structural disruption by enzymes (Wijesinghe and Jeon
2012), while improving the extractability of industrial value-
added components.

Dulse Palmaria palmata is a popular edible seaweed in
Western countries (Mouritsen et al. 2013), but it is not such
a popular resource in Asian countries, particularly Japan.
Despite its abundant availability in northern Japan, it is
consumed to an extremely small extent in comparison with
traditionally used seaweeds. In a previous study (Lee et al.
2017), we reported that photosynthesis-related components
(phycobiliprotein and chlorophyll a-related compounds),
which were water-extracted from freeze-dried dulse, showed
a strong suppression of local acute inflammation of mouse
paw after being orally administered in vivo. This suggested
the novel utilization of dulse as an edible anti-inflamma-
tory material. To apply this knowledge to the industrial
utilization of dulse as an anti-inflammatory food source,
establishing a stable storage technology for phycobilisome
components and maintaining extractability are essential.
However, as described above, hot-air drying possibly affects

@ Springer

the extractability of the anti-inflammatory components, such
as phycobiliproteins and chlorophyll a-related compounds,
in dulse. In addition, understanding the effect of heating on
the anti-inflammatory function is extremely important for
the future use of dulse as an anti-inflammatory material.

The purpose of this study was to investigate the effects of
hot-air drying of dulse thallus on the extractability and anti-
inflammatory functions of phycobiliprotein and chlorophyll
a-related compounds, which are the major anti-inflammatory
components of dulse (Lee et al. 2017). The effects of short-
term cryopreservation before drying were also examined
simultaneously because temporary frozen storage before
drying is often required to adjust the processing capacity of
the drying device and the harvest yield of fresh dulse. Fur-
thermore, cellulase treatment was attempted to restore the
extractability of the components impaired by hot-air drying
in this study.

Materials and methods
Materials

Dulse was harvested in winter at the coast of Hakodate city,
Hokkaido, on the northern island of Japan. Thermolysin (EC
3.4.24.27, from Bacillus thermoproteolyticus rokko) was
supplied by Wako Pure Chemical Industries (Osaka, Japan).
Cellulase (EC 3.2.1.4, from Aspergillus niger) was supplied
by MP Biomedicals (Santa Ana, CA, USA). RAW264.7 cells
(a cultivated cell line of murine macrophages) was supplied
by the American Type Culture Collection via Dainippon
Sumitomo Pharma Co., Ltd. (Osaka, Japan). The cell culture
reagents were purchased from Life Technologies (Carlsbad,
CA, USA). The antibodies used in enzyme-linked immuno-
sorbent assay (ELISA), anti-murine tumor necrosis factor-a
(TNF-a), biotinylated anti-murine TNF-a, horseradish per-
oxidase-conjugated streptavidin, and 3,3’,5,5’-tetramethylb-
enzidine were purchased from Thermo Fisher Scientific, Inc.
(Waltham, MA, USA). Recombinant TNF-a and interferon-y
(IFN-y) were purchased from Peprotech, Inc. (Rocky Hill,
NIJ, USA). Lipopolysaccharide (LPS: from Salmonella typh-
imurium) was obtained from Sigma-Aldrich (St. Louis, MO,
USA). All other chemicals used in the study, unless other-
wise described, were purchased from Kanto Chemical Co.,
Inc. (Tokyo, Japan).

Preparation of dried thalli by freezing and drying
processes

Fresh dulse brought to the laboratory on the day of har-
vest was gently washed with tap water, and the washed
thalli were immediately subjected to a convective hot-air
dryer equipped with the forced circulation system (Taiyo
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Seisakusho, Hokkaido, Japan) at 30 °C or 60 °C (relative
humidity: 10%) at a flow rate of 1.5 m/s for 16-22 h. The
change in the moisture content of the material was continu-
ously monitored using an electronic balance equipped in the
drying oven; the drying process was considered complete
when the moisture evaporation terminated and the weight of
the dried product reached a minimum. The obtained dried
thalli were referred to as H30 and H60. A portion of the
washed dulse was immediately frozen at—25 °C for 7 days
followed by hot-air drying in the same manner described
above without thawing (referred to as FH30, and FH60). In
addition, the washed dulse was freeze-dried (FD) as a con-
trol sample for the hot air—dried thalli. The moisture content
of FD, H30, H60, FH30, and FH60 was 5.8, 6.1, 5.9, 9.9,
and 9.2%, respectively. The five types of dried thalli thus
obtained are summarized in Fig. 1.

Preparation of water extract from dried thalli

The prepared thalli samples were pulverized by a dry matter
crusher (Wonder blender WB-1, Osaka Chemicals, Osaka,
Japan) and passed through a 250-um metal mesh. The pow-
der was suspended in 20-fold weight of distilled water, gen-
tly stirred at 4 °C for 12 h, and centrifuged at 15,000 X g
for 10 min. The supernatant was collected as the water

Fresh dulse thallus

l_____J'_____I
I Freezing at -25°C |
r—l | for 7 days (F) :
I I N U
1 Freeze-drying | Hot air-drying for 16-22 h (H) |

1 |
| (FD) 1} 30°C 60°C 30°C  60°C |

______ PE—

| H3o || Heo || FHao || Freo |
| | |

| Water extract (WEX) |

1
' Salting out, dialysis, and |
| thermolysin digestion J|

Digested phycobiliprotein and
chlorophyll a-related components

Water-extractability assessment  Anti-inflammatory assay

Fig. 1 Variation in dried dulse thallus used for water extractability
assessment and sample preparation for the anti-inflammatory assay.
Water extracts (WEX) containing phycobiliprotein and chlorophyll
a-related compounds were prepared from five types of dried dulse
thalli (FD, H30, H60, FH30, and FH60) for the water-extractability
assessment. Furthermore, both of the anti-inflammatory components
were purified from WEx and then thermolysin-digested for the anti-
inflammatory assay

extract from each dried thallus (WEX). As described later,
WEX contains phycobiliprotein and chlorophyll a-related
compounds.

Enzymatic cell wall degradation of dried thalli
and preparation of WEx

The thallus, which was previously washed with water, was
frozen and hot air—dried at 50 °C (FH50) in the same way
as shown in Fig. 1. In this experiment, dulse thalli were hot
air—dried at 50 °C, which is commonly used in the drying
process of the Japanese seaweed industry. The dried thal-
lus was suspended in 40-fold weight of 0.1 M phosphate-
buffered saline (pH 7.5) containing 0.1% cellulase and then
incubated at 40 °C for 90 min. After the cellulase treatment,
the suspension was centrifuged at 20,000 X g for 10 min, and
the supernatant was collected as the WEx (referred as to CT
(+) in Fig. 6). Non-cellulase-treated WEx from FH50 was
also prepared as a negative control (CT (-)).

Quantitative analysis of extracted components
from dried thalli

The amount of water-extracted protein in WEX was meas-
ured by the Bradford method (Bradford 1976) using the Bio-
Rad protein assay kit (Bio-Rad) and bovine serum albumin
fraction V (Sigma-Aldrich) as the standard protein. A 5- to
20-fold diluted sample was used for the measurement. Thus,
protein concentration was quantified using the absorbance
minus the measurement blank value with a reduced back-
ground. To measure chlorophyll a and its related compounds
in the WEX, acetone was added to WEx at a final concentra-
tion of 80%. After sealing and stirring at 25 °C for 30 min,
the acetone extract was subjected to the absorption spectrum
assay; the concentration was calculated using the following
equation: 12.25 X A663.6 —2.55 X A646.6, where A663.6
and A646.6 were the absorbances at 663.6 nm and 646.6 nm
obtained using a 1-cm cuvette and expressed as equivalents
to chlorophyll @ in pg/ml (Porra et al. 1989). The amount of
the extracted components described above was expressed as
a yield from 1.0 g of each dried thallus.

Composition analysis of water-extracted
compounds from dried thalli

The WEx from each dried thallus was subjected to sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) assay (Laemmli 1970), followed by protein staining
using Bio-Safe CBB G-250 Stain (Bio-Rad, Richmond, CA,
USA), and fluorescence imaging using a gel documentation
system equipped with a light-emitting diode (LED) illumi-
nator (the peak wavelength of LED for excitation: 525 nm,
Light Capture II/VISRAYS-GL, ATTO, Tokyo, Japan). Each
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WEXx was dissolved in an equal volume of 2% SDS-20 mM
Tris—HCI (pH 8.0) containing 8 M urea and 2% 2-mercap-
toethanol, and then heated in boiling water for 2 min. For the
SDS-PAGE analysis, 12.5% acrylamide gel was used, and
equal volumes of the SDS-treated samples were loaded in
each gel lane. A protein marker kit (Cytiva, Tokyo, Japan)
was used to estimate the molecular mass of the extracted
protein subunits.

Preparation of phycobiliprotein and chlorophyll
a-related compounds from dried thalli
as anti-inflammatory components

Phycobiliprotein and chlorophyll a-related compounds,
which show anti-inflammatory activity in vitro and in vivo,
were prepared from the WEx of each dried thallus (Lee et al.
2017). In order to investigate their anti-inflammatory activ-
ity in the heat-treated thalli, both of the components were
purified simultaneously from WEx followed by digestion.
Briefly, the WEx was subjected to ammonium sulfate precip-
itation at 70% saturation three times to remove mycosporine-
like amino acids and sugars. The anti-inflammatory com-
ponents thus prepared were collected as the precipitate by
centrifugation at 15,000 X g for 10 min, redissolved, and
dialyzed in distilled water. After the protein concentra-
tion was adjusted to 10 mg/ml, the solution was digested
with thermolysin (enzyme:protein=1:100 [w/w]) at 70 °C
for 3 h. The pH of the digested sample was adjusted to 8.0
with HCI during the reaction, and the enzymatic reaction
was terminated by boiling for 15 min. The digested anti-
inflammatory components thus obtained were lyophilized
and stored at — 60 °C until the anti-inflammatory assay using
RAW264.7 cells as described below.

Assessment of cell viability

The digested anti-inflammatory components from dried
thalli were dissolved in sterilized phosphate-buffered saline
(pH 6.8), passed through a 0.22-um sterile filter, and used
for functional assessments in the RAW264.7 cells. The
cells were cultured in Dulbecco’s modified Eagle’s medium
containing 10% heat-inactivated fetal bovine serum (FBS-
DMEM), 100 units/ml penicillin, 100 pg/ml streptomycin,
and 0.1 mM non-essential amino acids at 37 °C in 5% CO,.
For the assessment of cell viability, the cells (200 ul, 2 x 10°
cells/well) were seeded in 96-well culture plates, allowed to
adhere for 2 h, cultured for 48 h with 500 pg/ml of each sam-
ple, and subjected to the WST-1 assay (Saigusa et al. 2015).

Assessment of anti-inflammatory activity

Each of the digested anti-inflammatory components pre-
pared from WEx was added to LPS-stimulated RAW 264.7
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cells and the suppressive effect on the secretion of inflam-
matory mediators was examined. For the analysis of nitric
oxide production, RAW?264.7 cells suspended in fresh 10%
FBS-DMEM (without phenol red) were seeded in 96-well
plates (200 pl, 2 x 10° cells/well) and allowed to adhere for
2 h. The plates were washed twice with phosphate-buffered
saline and the cells were cultured in 200 pl of 10% FBS-
DMEM containing the assay sample (0, 100, and 300 pg/
ml), 0.5 ng/ml IFN-y, and 2.5 ng/ml LPS for 24 h. The secre-
tion of nitric oxide was directly measured from the culture
supernatant by employing the Griess method (Baer et al.
1995) using sodium nitrite as a standard. To analyze TNF-a
production, RAW264.7 cells seeded in a 96-well plate were
stimulated by 2.5 ng/ml of LPS and cultured in FBS-DMEM
contained in the assay sample. After cultivation for 24 h, the
culture supernatants were analyzed using sandwich ELISA
to measure TNF-a concentrations (Nishizawa et al. 2016).

Statistical analysis

The data were expressed as the mean =+ standard deviation
(n=4-5). Statistical differences were determined using the
Tukey—Kramer multiple comparison test with Statcel soft-
ware ver. 1.0 (OMS-Publishing, Saitama, Japan). The letters
in figures indicate significant differences (P <0.05).

Results and discussion

Effect of freezing and hot-air drying
on extractability of total protein and chlorophyll
from dried thalli

It is apparent that the loss of extractability of anti-inflamma-
tory components, phycobiliprotein and chlorophyll a-related
compounds, affects the value of red algae as a biofunctional
material to a large extent. To investigate the effect of freez-
ing and heat-drying steps (Fig. 1) on the extractability of
anti-inflammatory components, WEx was prepared from
each dried thallus, followed by an examination of the yield
of total protein containing phycobiliproteins and chloro-
phyll a-related compounds. In comparison with the freeze-
dried thallus as a control (FD), the extractability losses of
total protein (Fig. 2a) and chlorophyll a-related compounds
(Fig. 2b) in the series of dried thalli occurred to larger extent
due to the freezing and hot-air-drying processes. The yield
of extracted total protein from H30 and H60 decreased con-
siderably to 76 and 64% of FD, respectively. In addition,
the freezing process in FH30 and FH60 further accelerated
the loss of the extracted protein (44 and 34 %, respectively).
The yield of extracted chlorophyll a-related compounds also
decreased by hot-air drying, but the freezing process had a
weak effect on the loss of chlorophyll extraction. The loss of
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extractability of phycobiliproteins could have been caused
by thermal denaturation and hardening of thallus due to hot-
air drying. Furthermore, the fact that the freezing of raw
thallus promoted the loss of extractability caused by hot-air
drying suggests that the loss of stability of phycobiliprotein
occurred during short-term frozen storage.

The results of SDS-PAGE and spectrophotometric analy-
ses to investigate the change in the extracted components
from the thalli prepared are shown in Fig. 3. In protein stain-
ing (left side gel), the WEx of raw and FD thalli contained
three major protein components of 55, 21, and 15 kDa;
the components of 55 and 15 kDa were determined to be
the large and small subunits of ribulose-1,5-bisphosphate
carboxylase/oxygenase, respectively (Andersson and Tay-
lor 2003), and the component of 21 kDa was determined
as phycobiliprotein by the bright fluorescent band shown
in right side gel (Oi et al. 1982). Each red-colored WEx
contained the fluorescent phycobiliprotein, and the visible
absorption peaks derived from phycoerythrin (PE) at 495 nm
and 565 nm and phycocyanin (PC) at 610 nm were detected
(Gantt 1981), as shown in Fig. 3b. The small amounts of pro-
tein components of approximately 15.9 and 35.0 kDa shown
in some extracts appear to be linker proteins that maintain
the structure of phycobilisome (Zhang et al. 2017). Further-
more, when all the WEx samples were diluted with acetone
at a final concentration of 80%, they turned from red to
green, and the visible absorption peak of chlorophyll a (Chl)
at 665 nm (Bacon and Holden 1967) was detected in all
the extracts (Fig. 3c). This result shows that water-insoluble
chlorophyll a and water-soluble phycobiliproteins co-existed
in WEXx, suggesting that the photosystem II complex, con-
taining chlorophyll and connecting with the phycobilisome

Fluorescent imaging

(a) Protein staining

@
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0.06
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0
600 700 400 600 800
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Fig.3 Comparison of water-extracted components from various
dried dulse thalli using SDS-PAGE and spectrophotometric assays. a
Electrophoresed samples were subjected to protein staining (left side
gel) and fluorescent imaging assay (right side gel) in SDS-PAGE. PP
phycobiliproteins, LSr large subunits of ribulose-1,5-bisphosphate
carboxylase/oxygenase. Labeling of the dried thalli samples is shown
in Fig. 1, and fresh raw thallus before drying was also examined. b
Absorption spectra of water-extracted components from the series of
dried thalli. PC phycocyanin, PE phycoerythrin. Numbers in the fig-
ure indicate the absorption peak (nm). ¢ Absorption spectra of the
water-extracted components in 80% acetone. Chl chlorophyll

(Cunningham et al. 1989), was simultaneously extracted
from hot-air—dried thalli.

Anti-inflammatory activity of phycobiliproteins
and chlorophyll a-related compounds
from the dried thalli

The digested anti-inflammatory components were prepared
from five types of dried thalli, and they were subjected to
cytotoxicity assessment. As shown in Fig. 4, the addition of
500 pg/ml of each sample had no effect on the cell viability
of RAW264.7 cells. Each sample was continuously added
to LPS-stimulated RAW264.7 cells at 100 and 300 pg/
ml, and their anti-inflammatory activity was examined by
monitoring the loss of nitric oxide and TNF-o production.
The results are shown in Fig. 5a, b. In comparison with the
positive control (not containing the sample), each sample
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Fig.4 Cytotoxicity assessment of anti-inflammatory components pre-
pared from various dried thalli. The cell viability of Raw 264.7 cells
was examined after the addition of 500 ug/ml of each of digested
anti-inflammatory components. Labeling of the dried thalli samples
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considerably impaired the production of nitric oxide and
TNF-a, indicating the presence of anti-inflammatory activ-
ity; in particular, TNF-a secretion was reduced to approxi-
mately 45% of the positive control. In addition, there was
no difference in the strength of the anti-inflammatory effect
among all the samples from the series of dried thalli. These
results indicate that the anti-inflammatory activity of the
functional components in dulse thalli was not affected by
freezing and heat treatment.

Our previous study (Lee et al. 2017) has already shown
that the anti-inflammatory components include phyco-
biliproteins and chlorophyll a-related compounds. Therefore,
the results of Figs. 3 and 5 show that the anti-inflammatory
function of both components is maintained even though the
extraction of both components from the algae was inhibited
by freezing and hot-air-drying processes of the raw thalli.

Improved extractability of anti-inflammatory
components from dried thalli by cell wall
degradation

The results shown in Fig. 5 suggest that frozen and hot-
air—dried dulse has the potential to be used as a health func-
tional food. Therefore, the enhancement of water extract-
ability of the anti-inflammatory components from the thallus
would lead to effective utilization of dulse. Although the
extractability of phycobiliprotein impaired by heat denatura-
tion cannot be restored, destruction of the heat-hardened
cell wall may promote the extraction of the phycobiliprotein
contained in it. Therefore, to enhance the extraction of anti-
inflammatory components, the heat-hardened cell structures
of the hot-air—dried thallus (FH50: obtained by hot-air dry-
ing at 50 °C with pre-freezing) were degraded by cellulase.

As shown in Fig. 6a, the cellulase treatment (CT (+) in
the figure) of FH50 increased the extracted protein content
in WEx up to 1.7-fold of untreated thalli (CT (-)), and the
yield approached the FD thallus yield of 68 mg/g. Concur-
rently, the extractability of phycoerythrin and phycocya-
nin was markedly improved, as shown by the results of the
spectrophotometric assay of the extracts (Fig. 6b). These
results show that damage of the cell wall due to cellulase
treatment improved the extraction of phycobiliproteins from
heat-hardened thallus.

As described in Figs. 2, 5, the hot-air drying at 30 and
60 °C diminished the yield of anti-inflammatory compo-
nents, which corresponds with CE (—), but it had no effect
on their anti-inflammatory activity. Figure 6¢ showed
the same result for the thallus dried at 50 °C. That is, the
digested anti-inflammatory components prepared from the
cellulase-treated thallus (FH50/CE (+)) also markedly sup-
pressed TNF-a production in LPS-stimulated RAW264.7
cells. These findings clearly indicate that the disruption of
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anti-inflammatory components prepared from FH50/CT (+). Positive
and negative controls show data for LPS-stimulated and unstimulated
cells without addition of the sample, respectively

the cell structure of dulse hardened by hot-air drying results
in the effective extraction of anti-inflammatory components.

Phycobiliproteins of red algae are regularly arranged in
the phycobilisome, which is bound to the thylakoid mem-
brane, and are difficult to extract using water (Cunningham
et al. 1989); however, enzymatic degradation of the cell
membrane is reportedly an effective means to improve the
extraction of phycoerythrin (Dumay et al. 2013). Further-
more, the results of Fig. 6 clearly showed that the enzymatic
degradation of the heat-hardened cell wall was also effective

for hot-air—dried dulse and that its utilization could make
dried dulse an important marine anti-inflammatory mate-
rial. In the future, the combination of enzymatic hydrolysis
of the cell wall and various types of physicochemical deg-
radation methods, such as ultrasonic treatment (Sun et al.
2009), fine mechanical grinding (Lin and Hong 2013), and
osmotic shock (Postma et al. 2018), are expected to be effi-
cient alternatives for harvesting anti-inflammatory compo-
nents of dulse.

In conclusion, the extractability of the anti-inflammatory
components of dulse was impaired by the hot-air-drying
treatment aimed at reducing the volume and improving the
storage stability of red algae dulse that has high water con-
tent. However, the freezing and hot-air-drying processes did
not considerably affect the function of the anti-inflamma-
tory components. Therefore, it is crucial that the recovery
of anti-inflammatory components is efficiently performed
using appropriate treatments, such as enzymatic algal cell
degradation, when seaweed with high-moisture content is
dried for use as an anti-inflammatory functional material.
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