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ABSTRACT

Protein extraction from Palmaria palmata remains challenging due to structural features that restrict protein
release. This study evaluated alkaline solvents, xylanase enzymes, and deep eutectic solvents (DES) to assess
protein recovery and structural changes using chemical analysis and microscopy. Protein yield, sugar solubili-
zation, tissue density, protein localization, and cell wall integrity were examined. Microscopy revealed that
proteins are concentrated in densely packed cortical cells with minimal intercellular space, limiting solvent
penetration. Alkaline extraction achieved the highest protein recovery (~60%) with moderate structural
disruption. Xylanase-assisted extraction caused greater cell wall breakdown but resulted in lower protein re-
covery (~27%), while DES treatment caused minimal disruption and yielded the lowest recovery (~14%).
Carbohydrate solubilization did not correlate with protein recovery, indicating that cell wall degradation alone is
insufficient. These findings identify dense cortical organization as a key constraint and highlight the need for

combined mechanical and targeted biochemical strategies to improve extraction efficiency.

1. Introduction

The increasing global emphasis on sustainability in food production
has heightened interest in valorizing plant-based products. Also, effi-
cient recovery extraction of proteins from biomass is to meet global
sustainability goals, aligning with several key objectives of the United
Nations 2030 Agenda for Sustainable Development (SDG 2: Zero Hunger,
SDG 12: Responsible Consumption and Production, SDG 13: Climate Action,
and SDG 14: Life Below Water). In particular marine plant-based biomass
has emerged as a promising resource to meet the rising demand for
alternative proteins, anticipated to represent up to 20% of current soy
protein production, with seaweed expected to play a major role in this
growth (Janke, 2024; Yarish et al., 2016). Compared to terrestrial crops,
seaweed cultivation requires minimal freshwater, fertilizers, or arable
land, making it a potentially sustainable and efficient protein source
(Xie, & Yang, 2024). Unlocking the full potential of seaweed protein
through efficient extraction methods is thus critical for the development
of marine-based biorefineries and for diversifying the protein supply
chain. Among edible seaweeds, P. palmata (Rhodophyta; commonly
known as dulse) has attracted attention due to its high protein content,
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up to 35% of its dry weight (Bjarnadottir et al., 2018). Its unique
bioactive properties and complete amino acid profile make it suitable for
food, nutraceutical, and other applications (Machu et al., 2015; Sabeena
& Jacobsen, 2013). Structurally, P. palmata has a relatively simple cell
wall composition, primarily composed of 1,3- and 1,4-linked f-xylose,
with smaller amounts of cellulose and galactose (Deniaud, Quemener,
Fleurence, & Lahaye, 2003; Lahaye, Michel, & Barry, 1993).

Despite its potential, protein extraction from P. palmata is currently
inefficient, resulting in low yields and leaving significant amounts of
protein in the residual biomass (Liu et al., 2024). Structural barriers,
such as resilient polysaccharide matrices and tightly bound protein—cell
wall associations, hinder efficient protein release, presenting a bottle-
neck in biorefinery workflows (Aslam, Akhtar, Nazir, Khalid, & Barrow,
2024). Generally, extraction processes follow three steps: size reduction
(enhancing solvent accessibility) (Bojorges, Lopez-Rubio, Martinez-
Abad, & Fabra, 2023), extraction (using chemical, enzyme-assisted, or
combined methods), and separation of the extract from remaining
solids.

Several approaches have been studied for protein extraction. Among
the chemical approaches, alkaline extraction remains the most widely
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used, as it enhances protein solubility by disrupting polysaccharide
structures, increasing sugar solubilization, and hydrolyzing peptides
into shorter chains (Hadidi, Aghababaei, & McClements, 2023; Juul,
Haue, Bruhn, Boderskov, & Kastrup Dalsgaard, 2023; Vilg & Undeland,
2017; Wang et al., 2025). Alkaline extraction has been reported to
recover 45-61% of the total protein content of P. palmata (Harnedy &
FitzGerald, 2013; Naseri, Marinho, Holdt, Bartela, & Jacobsen, 2020).
Enzyme-assisted extraction using xylanase to hydrolyze the major
components of the cell wall matrix has also been studied; however, this
method recovers only about 25% of the total protein (Bjarnadottir et al.,
2018). Finally, deep eutectic solvents (DES), a class of emerging green
solvents capable of disrupting hydrogen bonding networks, have shown
potential for improving cell wall decomposition, though subsequent
protein extraction yields remain low (~14%) with this method
(Hernandez-Corroto, Olivares-Galvan, Marina, & Garcia, 2023; Liu
et al., 2017; Moldes et al., 2024; Shawky, Zhu, & Tian, 2025).

Previous studies employed trial-and-error approaches such as
extended processing times, increased enzyme concentrations, multi-
enzyme cocktails, or hybrid alkaline-enzyme treatments to increase
protein extraction efficiency (Harnedy & FitzGerald, 2013; Naseri et al.,
2020). However, the fundamental mechanisms limiting protein release
from P. palmata remain poorly understood. A critical challenge in
microstructural and compositional features of seaweed tissues has
largely been overlooked. Unlike land plants, seaweeds exhibit distinct
cellular architectures and structural organization reflecting their sepa-
rate evolutionary paths and adaptations to different environments. Un-
derstanding these structural differences will help in developing
optimum processes for protein extraction.

Microscopy can provide valuable insights into these structural bar-
riers. Techniques such as light microscopy and electron microscopy
enable visualization of cell-wall architecture, with which tissue integrity
and protein distribution can be studied. These observations help identify
cellular structures that hinder extraction and guide the development of
more effective, targeted extraction strategies. To date, few studies have
been reported where microscopy and chemical analyses were integrated
to investigate extraction processes. One example is a study conducted by
Wijethunga, He, Prithiviraj, and Sun (2025), where light and electron
microscopy were used to observe the effects of acid and microwave
treatments on protein extraction from the thallus of P. palmata. How-
ever, that study only depicted changes at the surface of the thallus
(epidermis). Structural analysis of biomass generates valuable infor-
mation when combined with protein localization, compositional
profiling, and extraction yield data, allowing for a deeper understanding
of the relationship between tissue disruption, carbohydrate release, and
protein extraction yield.

This study aims to elucidate the protein extraction process from
P. palmata by combining microscopy with chemical analyses. Three
extraction strategies (alkaline, enzyme-assisted, and DES-based) were
studied. Both initial biomass and extraction residues were analyzed
using specific staining techniques combined with advanced light mi-
croscopy. Protein recovery yield and carbohydrate released were
quantified to investigate correlations between cell wall disentangle-
ment, protein localization, and extraction efficiency. This integrated
approach provides mechanistic insights into protein accessibility at the
cellular level, offering a foundation for optimizing protein recovery
yield from seaweed.

2. Methodology

The methodology was designed to obtain both liquid extracts (su-
pernatants) and solid residues from different extraction treatments,
enabling quantification of protein and carbohydrates while also assess-
ing tissue structure through microscopy. All extraction treatments were
performed on the same batch of dried and size-reduced P. palmata to
ensure comparability.
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2.1. Biomass and sample preparation

Fresh tank-cultured P. palmata was obtained from Hortimare BV (The
Netherlands) and transported on ice. Biomass was rinsed briefly with tap
water to remove surface salts and air-dried in a fume hood for 48 h. A
single batch of harvested biomass comprised multiple gametophytes.
The dried material was flash-frozen using liquid nitrogen and manually
ground with a mortar and pestle. The size-reduced biomass was stored at
4 °C until extraction. A portion of fresh biomass was acclimated in f/2
medium at 10 °C for 48 h prior to fixation and resin embedding.

2.2. Extraction procedures

Three extraction strategies were evaluated: xylanase-assisted
extraction (enzymatic), alkaline extraction, and extraction using a
deep eutectic solvent (DES). All experiments were performed in 15 mL
centrifuge tubes unless otherwise stated.

2.2.1. Enzyme-assisted extraction

A modified protocol based on Fleurence, Massiani, Guyader, and
Mabeau (1995) was used. Xylanase (2500 U/g, Sigma Aldrich X2753)
was dissolved in sodium oxalate buffer (pH 6) to obtain a 4 U/mL so-
lution. Approximately 100 mg of dried biomass was mixed with 10 mL
enzyme solution, vortexed for 30 s, and incubated at 55 °C for 24 h with
shaking (180 rpm). Samples were centrifuged at 4800 rpm for 15 min;
supernatants were frozen at —20 °C, while residues were washed twice
with Milli-Q water and stored at 4 °C.

2.2.2. Alkaline extraction

Following Harnedy and FitzGerald (2013) with modifications, 100
mg of dried biomass was mixed with 10 mL of 0.2 M NaOH and vortexed
for 30 s. The mixture was incubated at 60 °C for 6 h while shaking (180
rpm). Centrifugation and washing steps followed the procedure in Sec-
tion 2.2.1.

2.2.3. DES-assisted extraction

A betaine:urea:water DES (1:2:1 M ratio) was prepared following
Moldes et al. (2024). For each extraction, 250 mg biomass was mixed
with 2.25 mL DES, vortexed briefly, and incubated at 30 °C for 3 h with
manual stirring every 30 min. Samples were centrifuged to separate
residue and extract. Extracts were stored at 4 °C and residues were
washed and stored as described above.

2.3. Protein quantification

Total protein content of dried biomass was determined using the
Dumas combustion method (Rapid N exceed, Germany). Protein in
enzymatic and alkaline extracts was quantified using TOC/TN analysis
(Shimadzu, Japan), applying a nitrogen-to-protein conversion factor of
4.7 (Bjarnadottir et al., 2018). Protein recovery yield was calculated as
the ratio of protein in extract to total protein in starting biomass (% w/
w). Protein in DES extracts was quantified via the Bradford assay due to
matrix incompatibility with TOC/TN analysis, as urea is falsely
measured as nitrogen and can lead to an overestimation of protein
content. The Bradford method has been used for quantifying protein in
DES extracts (Moldes et al., 2024).

2.4. Carbohydrate analysis

Extracted carbohydrate was measured by hydrolyzing 100 pL of
extract using concentrated sulfuric acid following a modified NREL
protocol (Van Wychen & Laurens, 2023), followed by HPAE-PAD
monosaccharide analysis (Dionex ICS 6000, CarboPac PA20 column).
Monosaccharide concentrations were quantified against standard cali-
bration curves and expressed as pg sugar per mg biomass (dry basis).
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2.5. Microscopy and image analysis

2.5.1. Sample fixation and embedding

Fresh and extracted tissues were fixed in 4% paraformaldehyde so-
lution containing glutaraldehyde, PIPES buffer, Triton X-100, and DTT.
To ease sample processing and tissue positioning these thallus strips or
extracted biomass samples of approximately 200 mg were flat oriented
in 1 mL of melted 4% low-melting point (LMP) agarose (Invitrogen
16,520,100, UltraPure™) at 27 °C and allowed to solidify in the fridge.
After LMP agarose embedding, samples were dehydrated through a
graded ethanol series, infiltrated with Technovit 7100 resin, and poly-
merized at 37 °C (Matsushima, 2014). Sections of 5 pm thickness were
obtained using a Leica RM2145 microtome and stretched on water
surface prior to glass mounting and staining.

2.5.2. Staining and imaging

Toluidine Blue (TB) was used to visualize acidic tissue (protein-rich)
regions, Hoechst 33342 to stain nuclei, and Calcofluor White (CFW) to
detect all p -(1,3) and B-(1,4)-linked polymers. Brightfield images (TB)
and (Hoechst, CFW) were acquired using a Nikon 80i microscope, while
fluorescence CFW was acquired using a Stellaris 5 Confocal LSM Leica.
The sample preparation, staining, washing times, and mounting were
standardized. Also, image acquisition was performed under standard-
ized excitation, gain, and exposure settings to meet criteria for intensity
comparison.

2.5.3. Quantitative image analysis

Regions of interest (cortex-medulla—cortex) were defined in ImageJ
(Fiji 1.54p). TB and CFW intensities were normalized to a 0-100% scale.
Nuclear counts were determined from thresholded Hoechst images.
Signal intensity was quantified from three randomly chosen in-focus
image planes of multi-sections (2-3) mounted on a microscopy slide.
Field-to-field variability within the same sample was estimated by
calculating the standard deviation across three images. The schematics
for data analysis are shown in Fig. S1-3. The intercellular space (ICS), i.
e., the void space between cells, was measured from CFW-stained images
of intact thallus/tissues. The void areas were selected using the Cell
Magic Wand tool in ImageJ. A total of 96 intercellular spaces were
measured from 3 images for the medullary domain and the cortical
domain. Cell size was measured by manually tracing the outer boundary
of the cell wall using the freehand selection tool; a total of 110 cells were
quantified across three randomly chosen CFW-stained image planes.
Meanwhile, cell size in the epidermis (surface) is measured from fresh,
unstained brightfield images. The cell wall thickness was measured
using Local Thickness analysis of a masked image (converted to binary)
from a single image plane.

2.6. Statistical analysis

One-way ANOVA (p < 0.05) was used to assess differences across
extraction methods and control. Pearson correlation was applied to
evaluate relationships between sugar solubilization and protein
recovery.

3. Results and discussion

In this section, we first evaluate the effectiveness of alkaline
extraction, enzyme-assisted extraction, and DES treatment for isolating
protein from P. palmata. The tissue architecture of the intact P. palmata
thallus is described. Subsequently, we present microscopic analyses of
the extraction residues to assess changes in acidic components (tissue
presence), cell density, cell wall structure, and their spatial distribution
at a cross-section. Additionally, the extracted sugars, galactose, glucose,
and xylose, are discussed to elucidate the relationship between protein
recovery yield and cell wall disruption.
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3.1. Protein recovery yield of alkaline, enzymatic, and DES extraction

Protein recovery yields differed substantially among the extraction
strategies (Table 1). The alkaline extraction resulted in the highest
protein recovery yield (60.4 + 3.1%), which is consistent with previ-
ously reported values of 45-61% obtained using NaOH-based extraction
(Harnedy & FitzGerald, 2013; Idowu, Amigo-Benavent, & FitzGerald,
2024; Naseri et al., 2020). This confirms that alkaline extraction serves
as an effective benchmark for P. palmata protein recovery and remains
the reference process in biorefinery workflows.

Enzyme-assisted extraction using xylanase recovered 26.7 + 0.8% of
the total protein, which is in line with earlier findings reporting protein
recoveries of approximately 25% (Bjarnadottir et al., 2018). Xylanase
effectively hydrolyzes xylan, the dominant hemicellulosic component of
the P. palmata cell wall. However, the breakdown of this major poly-
saccharide did not proportionally improve protein solubility or recovery
yield. This observation is consistent with prior reports stating that
enzymatic hydrolysis of the cell wall alone does not sufficiently release
cytoplasmic proteins that remain embedded within densely packed tis-
sues (Aasen, Sandbakken, Toldnes, Roleda, & Slizyte, 2022).

The DES-based extraction (betaine:urea:water, 1:2:1 M ratio) yielded
the lowest protein recovery (14.4 + 6.7%). This low efficiency aligns
with earlier studies on Saccharina latissima and Ulva spp., where DES
treatments primarily facilitated limited carbohydrate solubilization but
did not effectively liberate intracellular proteins (Liu et al., 2017;
Moldes et al., 2024; Shawky et al., 2025). The relatively low protein
yield observed in this study may be associated with insufficient pene-
tration of the DES into structurally dense cortical regions, combined
with limited disruption of protein-polysaccharide interactions.

Overall, alkaline extraction achieved the highest protein recovery
(~60%), followed by enzyme-assisted extraction (~27%) and finally
DES-based extraction (~14%). These differences emphasize that protein
recovery is governed not only by cell wall disentanglement, but also by
the ability of the extraction method to solubilize and mobilize intra-
cellular proteins from compact thallus tissues.

It should be noted that protein concentrations in DES extracts were
quantified using a different analytical method (Bradford assay) than that
used for alkaline and enzymatic extracts (TOC/TN), which should be
taken into account when comparing absolute protein values across
extraction systems. Nevertheless, the comparison of the protein extrac-
tion yields remains relevant for the present study. Previous studies have
reported that Bradford quantification can be approximately 20% lower
than values obtained by micro-Kjeldahl analysis, using nitrogen-to-
protein conversion factors, in maize protein samples, because Kjeldahl
quantifies total protein while Bradford detects only soluble, dye-binding
proteins (Kaur et al., 2022; Kruger, 1994; Noble & Bailey, 2009).
Therefore, considering the potential underestimation associated with
the Bradford method, the observed protein extraction yield (14%) in
DES extracts can still be reasonably used for comparative evaluation of

Table 1
Protein extraction efficiency of different extraction approaches from P.palmata.
Extraction Conditions Time Protein
method (h) recovery
yield (%)
Solvent . 0.2 M NaOH in
Alkaline ove ' water
Temperature  : 60 °C 6 60.4 + 3.1
3 unit/mL
. Solvent xyle}nase mn
Enzymatic sodium oxalate
buffer
Temperature  : 50 °C 24 26.7 £0.8
1 betain: 2 urea: 1
DES Solvent waFer at a molar
ratio
Temperature  : 30°C 3 144 £ 6.7
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extraction performance, while acknowledging methodological differ-
ences between quantification approaches.

3.2. Structural Organization of the Intact P. palmata thallus

P.palmata is a foliose red alga with a tough, flat, leathery frond and a
fleshy and flexible skin-like texture, shown in Fig. 1a. Fig. 1b shows the
brightfield image of the thallus surface of fresh unstained tissue, which is
assembled by tightly enclosed, relatively similar-sized cells. Fig. 1c-e
shows a cross-section of a freshly fixed and resin-embedded P. palmata
thallus blade after TB and CFW staining. The histological staining
revealed clear anatomical differentiation between cortical and medul-
lary regions in P. palmata thallus. TB staining (Fig. 1c) shows a tight
organization of dense small cells in a cortical peripheral layer that sur-
rounds a medullary inner region with large cells and thicker walls. In
addition to their larger size, cells in the medullary region frequently
contained a prominent central vacuole, visible as unstained or weakly
stained regions within the cytoplasm in both TB and CFW (green arrow
in Fig. 1¢). The longitudinal section image of the fresh thallus confirmed
the bigger cell in the medulla contained a central vacuole (Fig. S4a).
This cell differentiation proved that studying the surface layer
(epidermis) alone is insufficient to explain the tissue changes observed
during the extraction process.

The variation in cell size in a cross-section and epidermis is shown in
Fig. S4b. Note these volumes are an underestimation, since we only
measured cross-sections. A dense tissue organization of P. palmata was
also observed by CFW fluorescence imaging, which allowed visualiza-
tion of cell walls and quantitative morphometric analysis of cellular
parameters (Fig. 1d—e). We observed cell contact, i.e., cell wall area
where two adjacent cells connected (as indicated by the white arrows).
We used a bigger intercellular space (ICS) between cells as an indicator
for lower cellular connectivity. We found compact tissue arrangements
with minimal ICS in the cortical region, in contrast to the more open
architecture of the medullary region. The violin plot analysis of ICS
distribution revealed apparent differences in cell connectivity between
two domains (Fig. 1f). In the cortical region, ICS areas were right-
skewed, with most measurements clustering near zero (mean: 12.42
+ 9.78 ym?), indicating that most cortical cells have small or negligible
ICS. Conversely, the medullary region exhibited a broad, symmetrical
distribution (mean: 93.56 + 53.77 pmz) with greater variability and
larger ICS, extending up to ~200 pm?2. Taller and wider violin shape,
reflecting a higher proportion of cells with expanded ICS.

We also attempted to examine the ICS in epidermal or flat fronds of
CFW-stained fresh tissue; however, we were unable to measure it due to
its small size (Fig. S4c). We highlight the ICS, as it explains how solvents
penetrate the inner tissues. The extraction solvent has better access to
the inner tissues from the medulla region than from the cortical regions
and epidermis, as the medulla region has a larger ICS (less cell contact)
than the cortex and epidermal regions. The ICS was also stained by TB
(Fig. 1c), as pointed by the orange arrow, possibly because part of the
ICS of P.palmata may be filled with acidic mucilage and water (as
indicated by the white arrows Orange arrow in Fig.1c). In the inner
cortex of Rhodymenia (a red seaweed), the cells are arranged irregularly,
and the ICS are occupied by mucilage (Baweja, Kumar, Sahoo, & Levine,
2016).

Cell wall thickness mapping using CFW-stained images revealed
significant spatial heterogeneity in the cell wall of P. palmata (Fig. 1g).
The cell in the cortex exhibited consistently thin walls and cool-colored
zones on the heatmap. In contrast, cells in the medulla showed thicker
walls, indicated by warmer orange-red zones. The transition zone
exhibited a gradual increase in thickness. A violin plot (Fig. 1h)
demonstrated these differences, with cortical wall thickness (mean: 3.75
+ 1.72 pm) showing low variability, while medullary walls (mean: 6.96
+ 3.08 pm) had greater variability and a wider range. However, the cell
wall thickness might be proportional to cell size, as the cell size also
varies.
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3.3. Analysis of extraction efficiency using toluidine blue staining on
cross-sections of tissue residues

3.3.1. Overall tissue intensity on extraction residues

Toluidine Blue (TB) staining was applied to visualize acidic tissue
(proteins) and polysaccharides and to compare the extracted biomass
residues with the untreated control biomass processed under identical
embedding and imaging conditions. As shown in Fig. S5, the control
biomass (Fig. S5a) exhibited a deep blue coloration, whereas the
extracted residues showed progressively paler staining intensities
depending on the extraction treatment (Fig. S5b—d). Because all samples
were stained, destained, and imaged under standardized conditions,
these differences in staining intensity reflect genuine depletion of acidic
cellular components during extraction, rather than artifacts of sample
preparation. TB is a thiazine metachromatic dye with strong affinity
toward acidic tissue constituents, including proteoglycans and glycos-
aminoglycans (Sanchez et al., 2001). Dissolving TB in boric acid (pH 4)
further enhances dye binding affinity to samples with different treat-
ment histories (Sasaki & Matsui, 1972; Sridharan & Shankar, 2012).

Despite chemical treatments, most extracted residues retained an
overall intact tissue morphology (Fig. S5b-d), indicating that none of
the extraction methods fully disrupted the cellular structure or
completely released intracellular content. This is consistent with the
observation of dense blue-stained cytoplasmic regions surrounded by
distinct, unstained cell walls (Fig. 1c; Fig. S5a). Although chloroplast
pigments such as phycoerythrin can be partially removed by ethanol
during resin embedding (Bouzon, Simioni, & Schmidt, 2014), the acidic
glycoprotein-rich cytoplasm remains and is therefore strongly stained by
TB. By contrast, extensive protein release would be expected to result in
loss of cytoplasmic staining and visible collapse or fragmentation of
cells, which was not observed here.

Quantitative comparison of overall TB signal intensities (Fig. 2a)
confirmed a significantly higher (p < 0.05) staining intensity in the
control biomass compared to all extracted residues. Among treatments,
alkaline extraction produced the lowest TB intensity, indicating a
greater loss of acidic cellular components relative to enzymatic and DES-
assisted extraction. Interestingly, enzymatic and DES residues exhibited
similar TB intensities, despite their markedly different protein recovery
yields. This discrepancy may arise from the use of the Bradford assay for
DES extracts, which may underestimate protein concentration in the
presence of betaine and urea, as discussed in section 3.1.

3.3.2. Cellular density distribution along the thallus cross-section

The preservation of overall tissue architecture in extracted residues
enabled spatial analysis of TB staining across the cortex-medulla—cortex
(CMC) cross-section. In the untreated biomass (Fig. 2b), TB intensity
followed a characteristic U-shaped profile, with stronger staining in the
cortical regions and weaker staining in the medulla. This profile reflects
a higher concentration of protein-rich, photosynthetically active small
cells in the cortex, whereas the medullary region consists of larger cells
with lower cytoplasmic density. Similar spatial distributions of protein-
rich cortical tissue have been reported in other red and green macro-
algae, including Porphyra umbilicalis and Ulva lactuca, where photosyn-
thetic pigments and phycobiliproteins are concentrated in peripheral
cell layers (Karina et al., 2022; Ramus, Beale, Mauzerall, & Howard,
1976). The present study provides the first direct microscopic evidence
that protein in P. palmata is predominantly localized in the cortex.

In all extracted residues, the U-shaped intensity profile persisted but
was uniformly shifted downward (Fig. 2¢), indicating removal of acidic
components from both cortical and medullary tissues. However, the
medullary region appeared more extractable than the cortex, likely due
to larger intercellular spaces (ICS) facilitating solvent diffusion, whereas
the dense cortical tissue with tightly packed cells and minimal ICS, acted
as a diffusion barrier. Additionally, larger medullary cells may be more
readily disrupted during cryogenic size reduction. These findings align
with previous observations that phycobiliproteins dominant in cortical
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regions are more difficult to extract (Garbary & Kim, 2005; Liider,
Knoetzel, & Wiencke, 2001).

Alkaline extraction, which yielded the highest protein recovery
(60%, Table 1), resulted in pronounced loss of TB signal in the medulla
(Fig. 2b) and reduced cytoplasmic staining overall. However, the
persistence of structural protein-rich cell walls suggests that additional
enzymatic or combined treatments are required for further improve-
ment. Indeed, synergistic alkaline-xylanase—cellulase combinations
have previously been shown to enhance protein recovery to ~70%
(Idowu et al., 2024; Mahre, Jensen, & Eilertsen, 2016). These obser-
vations support the interpretation that ~60-70% represents a practical
upper recovery limit for alkaline extraction alone.

3.4. Cellular density in P. palmate probed with nuclei staining

3.4.1. Tissue density of treated thallus

Tissue density is a characteristic of biomass that influences the
extraction process. High tissue density leads to reduced solvent diffu-
sion, slowing the transfer of the solid matrix to the liquid solvent (Zhao,
Wang, & Huang, 2024). In this study, the nucleus was probed using
Hoechst 33342 staining in vertical cross sections (CMC) of P. palmata to
count the number of cells. Fig. 3a shows the nucleus of the embedded
section of intact tissue of P. palmata at a cross-section. It shows more
nuclei in the cortical region than in the medullary region, confirming TB
and CFW results. This pattern was also found in treated biomass
(Fig. $6). Fig. 3b shows an apparent variation in tissue density of the

treated biomass against the control biomass. Notably, statistical analysis
revealed no significant differences (p > 0.05) in cellular density between
the initial biomass and treated biomass, indicating that treatments did
not alter cell density. The lower average cell count in the alkaline and
enzymatic treatments suggests that the extraction solvents penetrated
the cytoplasm, which degraded the nucleus or interrupted the binding of
Hoechst 33342 to the nucleus. DES treatment results, with a relatively
high average nucleus count compared to alkaline and enzymatic treat-
ments, indicate less contact or solvent penetration to cytoplasm
compared to alkaline and enzymatic treatments.

Moreover, similar thallus densities across treatments and differing
protein recovery yields suggest that the extraction mechanisms vary
among the processes. Under alkaline conditions, protein solubility also
increases, as the treatment breaks down proteins into smaller fragments,
facilitating more effective transfer from solid tissue to the solvent. The
alkaline treatment resulted in a smaller protein subunit during the
extraction of protein from Pyropia seriata (Zhang et al., 2024). Extraction
solvents were unable to significantly reduce the tissue density, which
limited the extraction of the protein from P. palmata. Dense tissue leads
to reduced solvent penetration due to the increased resistance and
limited space for solvent molecules to diffuse (Brglez Mojzer, Knez
Hrn¢ic, Skerget, Knez, & Bren, 2016; Yadav & Singh, 2020). High cell
density not only hinders the extraction of targeted products in the
cytoplasm but also affects the cell wall disruption (Wang et al., 2024).
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Fig. 3. (a) Stained nuclei in untreated thallus of P.palmata. (b) Average cell count/mm? of control and extracted thallus. (c) Distribution of cell count/mm? (tissue
density) over vertical cross-sections based on Hoechst 33342 staining of the nuclei. The distribution of CFW intensity was generated from three image planes of

each treatment.

3.4.2. Spatial distribution of cells from cortex to medulla

Spatial distribution of cell count/mm? (cell density) in the vertical
cross-section of P. palmata thallus, extending from CMC, is illustrated in
Fig. 3c. The cell distribution of the initial biomass exhibited a pro-
nounced U-shape, and this distribution remained unchanged after
extraction. Despite the treatments, there is no strong tissue collapse or
shrinkage visible as a result of the embedding process. Prior to the
embedding procedure, tissue residues were aldehyde-fixated and not
affected morphologically anymore. This was confirmed by a similar cell
count of epidermis cells per 100 pm of fresh tissue and embedded section
tissues (Fig. S7).

The dense tissue within the cortical region is noteworthy in the
biorefinery process, as these areas contain a higher concentration of
proteins, as indicated by the TB signal. However, packed cells within
tissues present a challenge for protein recovery. High tissue density,
with tight cell connections in a tissue, like smaller intercellular spaces,
can limit solvent entry to mediate extraction. In addition, the inner
thallus (cortical and medullary region) is also protected by the
epidermal layer (outer layer), which has a higher cell density (10,954.85
+ 559.7366 cell/mm?, count from image Fig. 1b) compared to the
average cell density of the control biomass at cross-section. This finding
suggests that those areas rich in protein are well protected by the
morphological architecture of P. palmata. Therefore, implementing an
effective strategy to deal with dense tissues/biomass to facilitate solvent
penetration is suggested to enhance protein extraction from P. palmata.

This strategy can be applied during the biorefinery process (down-
stream) and/or during biomass cultivation (upstream).

Process note. Extraction performance is thus constrained by tissue
density and solvent access (Brglez Mojzer et al., 2016; Yadav & Singh,
2020; Zhao et al, 2024), while alkaline conditions additionally
contribute via peptide cleavage and increased solubility (Zhang et al.,
2024), and cell wall degradation can also be impacted by density effects
(Wang et al., 2024).

3.5. Cell wall alteration of P. palmata during the extraction process

Spatial cell wall degradation was evaluated based on the loss of CFW
fluorescence intensity in the extraction residues. The cell wall of
P. palmata consists predominantly of mixed-linkage p-(1,3)/B-(1,4)-D-
xylans, with smaller amounts of p-(1,4)-D-xylans and cellulose (Deniaud
et al., 2003). These polysaccharides can be visualized using CFW, which
binds specifically to p-(1,3)- and B-(1,4)-glucans (Piccinini, Nirina
Ramamonjy, & Ursache, 2024). The specificity of CFW for p-(1,4)-xylose
was confirmed using purified beechwood xylan (Fig. S8).

CFW interacts with p-(1,4)-linked polysaccharides such as cellulose,
which forms linear, rigid, and largely insoluble fibrillar networks
contributing to cell wall structural integrity. Owing to its high affinity
and strong fluorescence, even low amounts of p-linked polysaccharides
can be readily detected. However, the probe is non-stoichiometric, and
its fluorescence intensity is influenced by polysaccharide accessibility,
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cell wall architecture, and staining conditions. Therefore, the signal does
not directly correspond to the absolute polysaccharide content. When
samples are processed and imaged under identical conditions, CFW
fluorescence can be interpreted in a semi-quantitative manner for rela-
tive comparison between similar samples.

Importantly, because CFW broadly binds to p-(1,3)- and p-(1,4)-
linked polysaccharide networks, including cellulose and xylans, it
cannot discriminate between specific cell wall components or distinct
wall layers that may be differentially affected by processing. Conse-
quently, changes in CFW intensity should be interpreted as an indication
of overall alterations in the organization of -polysaccharide structures
rather than precise compositional or localized structural modifications
of individual cell wall polymers.

Fig. S9 shows CFW-stained cross-sections of control and extracted
biomass. CFW signal was present in both cortical and medullary regions,
although differences in brightness may reflect variations in the compo-
sition or accessibility of cellulose versus xylan. Quantification of total
CFW signal (Fig. 4) revealed significantly higher fluorescence in the
control biomass (p < 0.05), confirming that all extraction treatments
induced some degree of cell wall alteration.

Among treatments, the enzymatic (xylanase) extraction resulted in
the lowest CFW signal, indicating the most severe cell wall degradation
as result of xylanase hydrolyzing the dominant wall polysaccharide
(Zhao et al., 2023). In contrast, DES-treated residues exhibited the
highest remaining CFW signal, indicating the least cell wall disruption.
Alkaline-treated residues showed intermediate signal levels.

Spatial distribution of the CFW signal across the cor-
tex-medulla-cortex plane (Fig. 4b) demonstrated that the medullary
region consistently exhibited higher CFW intensity than the cortex,
suggesting a more robust or less extractable wall architecture. Following
xylanase treatment, the medulla retained strong CFW fluorescence,
suggesting that cellulose may be more abundant or less accessible there,
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as xylanase hydrolyzes only xylan but not cellulose. Further work
employing xylan- and cellulose-specific monoclonal antibodies could
clarify the localization of cell wall polymers.

Interestingly, the extent of cell wall degradation did not correlate
with protein recovery yield. Xylanase caused the greatest loss of CFW
signal but recovered only ~27% protein, whereas alkaline extraction
caused only moderate cell wall degradation yet achieved ~60% protein
recovery (Table 1). DES extraction resulted in minimal cell wall alter-
ation and the lowest protein recovery (~14%).

Prior study showed that acid hydrolysis and microwave-assisted
treatments reduced CFW signal and generated higher protein extrac-
tion yield (Wijethunga et al., 2025). However, in same paper, authors
did not depict the effect of multi-enzyme treatment (e.g., Viscozyme,
containing cellulase, f-glucanase, hemicellulase, and xylanase) on CFW
signal nor how protein recovery relates to cytoplasmic protein size and
tissue packing. Our results, together with earlier reports, indicate that
cell wall disruption alone is insufficient for efficient protein release.
Instead, protein solubilization possibly due to peptide cleavage, such as
under alkaline conditions, appears to be a key factor enabling cyto-
plasmic protein mobilization. Thus, cell wall breakdown and protein
solubilization act as complementary, not interchangeable, mechanisms
in the extraction process.

3.6. Cell wall degradation as indicated by dissolved sugar

To further assess cell wall degradation, the extracts were hydrolyzed
and analyzed for glucose, galactose, and xylose (Fig. 5a). The sugar
profiles confirmed that xylanase-assisted extraction caused the highest
release of monosaccharides, followed by alkaline extraction and then
DES extraction.

Enzyme-assisted extraction showed the highest release of xylose
(764 pg/mg biomass d.b.), along with lower amounts of galactose (44
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(medium correlation), < 0.3 (low/no correlation). Negative/Positive values indicated the direction of correlation.

pg/mg) and glucose (5 pg/mg), consistent with effective hydrolysis of
hemicellulosic xylan. However, the substantial sugar release did not
translate into high protein recovery. This suggests that even when the
cell wall is partially hydrolyzed, protein becomes trapped in the densely
packed cortical tissues, and limited solvent penetration prevents its
release. Buffer conditions used to maintain enzyme stability may further
reduce protein denaturation and solubilization (Houser, Kosourova,
Kubickova, & Wimmerova, 2021; Skehel, 2004).

Furthermore, xylanases predominantly hydrolyze p-(1,4)-xylose (Ye
& Zhong, 2022), which may limit activity toward the p-(1,3)/p-(1,4)-
mixed xylan in P. palmata. A newly identified marine xylanase capable of
hydrolyzing both linkage types has recently been reported (Zhao et al.,
2023), highlighting the potential importance of enzyme specificity for
targeting mixed-linkage xylans. Nevertheless, the impact of this enzy-
matic specificity on protein recovery from P. palmata requires further
investigation. Additionally, because phycoerythrin is a large, multimeric
240-250 kDa protein (Chang et al., 1996), protease co-treatment (e.g.,
Alcalase) may be required to reduce protein size and increase solubility,
as shown in previous work yielding 50-55% protein recovery (Ghelichi,
Sgrensen, Hajfathalian, Holdt, & Jacobsen, 2025; Naseri et al., 2020).

In alkaline extraction, sugar release was more moderate (74 pg/mg
xylose, 35 pg/mg galactose, 0.44 pg/mg glucose). Protein extraction
under alkaline conditions is thus driven more strongly by protein solu-
bilization and peptide cleavage, rather than the extent of cell wall
degradation (Din et al., 2023; Hadidi et al., 2023).

DES extraction released very small amounts of sugar, consistent with
limited cell wall modification and the lowest protein recovery, which
may reflect insufficient DES-cell wall interaction. Mechanical enhance-
ment (e.g., bead milling) has been shown to improve solvent penetration
in IL/DES extraction systems (Garcia et al., 2023).

Fig. 5b revealed low correlation between protein recovery and
glucose or xylose release, while galactose showed a moderate correla-
tion (r = 0.54). Galactose may originate from floridoside (Dussan et al.,
2024) or from substitution on mixed-linkage xylan (Deniaud, Gall,
Rusig, & Lahaye, 2006), but degradation of galactose-containing com-
ponents alone does not guarantee improved protein recovery (Idowu
et al., 2024).

Overall, these carbohydrate analyses indicate that protein extraction
is not solely determined by cell wall hydrolysis. Instead, protein recov-
ery yield is influenced by the synergistic interaction between cell wall
modification, tissue architecture, and protein solubilization pathways.
The sugar analysis and CFW staining analysis were used as proxy for
structural modification/alteration and were not directly measuring
protein accessibility or permeability. CFW staining primarily reflects
changes in p-glucan exposure and overall wall integrity, while mono-
saccharide release indicates polysaccharide solubilization rather than
actual protein diffusion or extraction efficiency.

Previous studies on P. palmata have mainly focused on optimizing
biochemical extraction conditions (Bjarnadottir et al., 2018; Harnedy &
FitzGerald, 2013; Naseri et al., 2020); with microscopy used primarily to
confirm cell wall disruption as the key mechanism enhancing protein
yield (Wijethunga et al., 2025). In contrast, our results show that
extraction efficiency is not governed solely by cell wall breakdown. We
identified that dense cortical tissue imposes constraints on solvent
penetration and protein mass transfer, where tightly packed cells and
limited intercellular space act as physical diffusion barriers. Impor-
tantly, cellular architecture is not the sole limiting factor; rather, cell
density, the degree cell wall breakdown, and protein solubilization
operate as complementary and non-interchangeable mechanisms that
collectively govern the extraction process. This structural perspective
represents the key novelty of this study, extending existing work beyond
biochemical optimization by demonstrating that internal tissue organi-
zation critically limits protein extraction from P. palmata.

4. Perspective

The present study demonstrates that the majority of protein in
P. palmata is localized within the small, densely packed cells of the
cortical region, which forms a structural barrier to solvent penetration
during extraction. This tissue organization restricts the accessibility of
extraction agents and limits the transfer of intracellular proteins into
solution. While alkaline extraction showed the highest protein recovery
yield, it did not fully overcome the resistance of the compact cortex.
Therefore, improving protein accessibility will require approaches that
specifically address the morphological constraints of the thallus.

Future work should focus on developing strategies that enhance
solvent penetration and weaken the cell-cell connectivity in the cortex.
Mechanical disruption (e.g., bead milling, pulsed-pressure treatment,
microfluidization) may be necessary prior to extraction to enhance
solvent penetration and expose the cytoplasmic protein pool. We hy-
pothesize that mechanical pre-treatments will exhibit a non-linear
relationship with protein recovery, where moderate disruption maxi-
mizes extractability, while excessive mechanical pre-treatment at a
certain point no longer increases protein recovery yield. This phenom-
enon was e.g. observed during a co-extraction process using ionic liquids
and bead milling for protein extraction from Ulva, where harsh treat-
ment induced protein aggregation, thereby decreasing protein solubility
and reducing extraction yield (Garcia et al., 2023). As different sea-
weeds vary in morphology and composition, the effect of mechanical
pretreatment on protein extraction yield may differ.

Optimization of cultivation strategies, such as adjusting nutrient
availability or harvesting stage, may reduce cell wall thickness and tis-
sue density, thereby increasing extractability. A testable hypothesis
arising from this work is that P. palmata harvested at earlier growth
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stages, when cortical cells are less densely packed, will yield higher
protein recoveries under identical extraction conditions. This is sup-
ported by previous findings showing that carrageenan extraction effi-
ciency is influenced by the cultivation duration of Kappaphycus alvarezii
biomass (Periyasamy, Subba Rao, & Anantharaman, 2018; Sub-
ramaniam, Surugau, Aziz, Shukri, & Muhammad, 2023). Therefore,
integrating upstream cultivation control with downstream extraction
design may ultimately unlock the full potential of P. palmata as a sus-
tainable protein source.

5. Conclusion

This study provides the first detailed structural analysis for the
limited protein recovery yields observed from P. palmata. The dense
tissue organization of the cortical region, characterized by tightly
packed small cells with minimal intercellular space, forms a natural
barrier to mass transfer during extraction. Consequently, solvent pene-
tration and protein solubilization are constrained, even when the
chemical or enzymatic treatments partially disrupt the cell wall.

Among the treatments tested, alkaline extraction achieved the
highest protein recovery yield (~60%), which is attributed to both
moderate disruption of cell wall and the hydrolysis of intracellular
proteins into smaller, more soluble fragments. In contrast, xylanase-
assisted extraction resulted in the most severe cell wall degradation
but yielded only ~27% solubilized protein, indicating that cell wall
hydrolysis alone does not guarantee protein release from densely packed
tissues. DES-assisted extraction resulted in the lowest protein recovery
(~14%) and showed minimal effects on cell wall or tissue architecture.
None of the extraction strategies significantly altered the intrinsic tissue
density of the cortex.

Taken together, these findings show that protein recovery from
P. palmata is not solely governed by cell wall degradation but is strongly
limited by thallus architecture. Therefore, improving extraction effi-
ciency will require combining biochemical extraction approaches with
mechanical pre-disruption and potentially enzyme cocktails that include
both xylanases targeting f-(1,3)/p-(1,4)-xylan linkages and proteases
capable of partially fragmenting large phycobiliproteins. Such inte-
grated strategies are likely necessary to overcome the structural con-
straints imposed by dense cortical tissue and thus to improve protein
isolation from seaweed.
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