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Abstract
Ulva represents an important raw material due to its nutritional value. In addition, it contains cell wall polysaccharides, 
attractive for various applications. Ulva ohnoi is commercially cultivated in Baja California (México) and successfully mar-
keted as human food. The valorization of this biomass as a source of ulvans and cellulose is proposed through a sequential 
extraction approach. As a first step, an ulvan with a 22.7% yield dry weight, high sulfate and uronic acids content, and with 
antioxidant capacity was obtained directly from the biomass. From the residual biomass, a semi-crystalline cellulose was 
recovered (3.8%) with potential for use in encapsulation and biocomposites. Fourier transform infrared (FTIR), and X-ray 
diffraction (XRD) analysis confirmed the structure of ulvans and cellulose and characterized the crystalline structure of the 
polysaccharides. Furthermore, using environmentally friendly technology through microwave-assisted extraction (MAE) and 
ionic liquid (IL), a cellulose derivative (CD) was isolated in the form of microcellulose, as observed by scanning electron 
microscopy. The results reinforced the potential of this species to diversify its use.
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Introduction

Seaweed farming has increased in recent decades due to 
the demand for raw materials for human consumption. One 
of the commercially important genera is the chlorophyte 
Ulva. This genus can grow in a wide range of salinities and 
temperatures, showing a high cultivation potential (Zer-
tuche-González et al. 2021) and represents a promising raw 
material for food due to its content of proteins, pigments, 
vitamins and polyunsaturated fatty acids (Harsha Mohan 

et al. 2023). In addition, Ulva contains important cell wall 
polysaccharides such as ulvan and cellulose. Ulvan is a solu-
ble polysaccharide that contains uronic acids (glucuronic 
and iduronic acids), rhamnose, xylose, and sulfate groups. 
In this complex sulfated polysaccharide, the rhamnose con-
tent, a rare sugar commonly found in bacteria and plants, 
and iduronic acid content, which has not been identified in 
other polysaccharides of algal origin, is of great economi-
cal interest since it possesses attractive physicochemical 
properties and biological activities (García-Márquez et al. 
2023). Moreover, ulvan, as a biopolymer, has demonstrated 
diverse potential applications. To date, it has been blended 
with various structures—including membranes, particles, 
hydrogels, three-dimensional porous frameworks, and 
nanofibers—which have been explored for drug delivery 
and tissue engineering, resulting in a range of innovative 
applications (Tziveleka et al. 2019).

In addition to ulvan, Ulva also stands out for its cellulose 
content (Siddhanta et al. 2009, 2011; Wahlström et al. 2020). 
Cellulose is the most abundant renewable carbon source on 
Earth and constitutes an important structural component of 
the cell wall in both lower and higher plants. The annual 
global cellulose production is approximately 180 million 
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tonnes, primarily for papermaking (Małachowska et  al. 
2020), as well as for a wide range of applications such as 
food packaging, food additives, pharmaceutical and bio-
medical applications, and bioenergy production (Zhao et al. 
2022). Thus, the cellulose market industry is projected to 
grow from US$ 24.11 billion in 2023 to US$ 44.5 billion 
by 2030 (Nagrale 2023). Chemically, cellulose is a linear 
polysaccharide consisting of D-glucose subunits linked 
by β-(1,4)-glycosidic bonds. Each cellulose monomer has 
three hydroxyl groups per glucose unit capable of forming 
hydrogen bonds to produce elementary fibrils, which are 
then packed into larger units called microfibrils, and which 
in turn form cellulosic fibers containing ordered regions 
(crystalline) and disordered (amorphous-like). In the ordered 
regions, cellulose chains are tightly packed together and 
stabilized by a strong intra- and intermolecular hydrogen-
bond (Moon et al. 2011). The relative amount of crystalline 
material in cellulose, known as the crystallinity index (CI), 
depends on both its natural source and the extraction pro-
cedure. This, in turn, influences its physical, mechanical, 
chemical, and morphological properties, thereby affecting 
its overall applicability (Heinze et al. 2018; Trache et al. 
2020). During cellulose extraction non-cellulosic constit-
uents such as lignin must be eliminated. Lignin, a highly 
branched aromatic polymer, is firmly bonded to cellulose, 
creating a robust structure that is recalcitrant to depolym-
erization. Due to its structural complexity chemical treat-
ments are used which are energy consuming and generate 
effluents with serious environmental problems. Although the 
presence of true lignin in nonvascular organisms has not 
been confirmed, lignin-like compounds, usually related to 
polyphenolic compounds, have been identified in seaweeds 
including green algae (Delwiche et al 1989; Martone et al. 
2009; Espiñeira et al. 2011; Yaich et al. 2015).

Nowadays, a highly innovative phase to obtain derivative 
cellulose (DC), more frequently referred to as microcellulose 
and nanocellulose, is being developed in the consolidated 
cellulose industry (Ioelovich 2022). These forms of cellulose 
can be used as a filler in the manufacture of composites, 
either as a coating or in thin films, achieving very interesting 
and promising properties (Thomas et al. 2018). The surpris-
ing technological evolution involving DC was reported in a 
very recent review of patents published from 2010 to 2017, 
suggesting a growing trend for the following years (Char-
reau et al. 2020). DC production requires the disintegration 
of cellulose fibers into particles with micro or nanoscale 
diameters. This process employs various chemical method-
ologies, among which strong acid hydrolysis is considered 
one of the most effective. However, the use of large amounts 
of hydrochloric, hydrobromic or sulfuric acids makes this 
method harmful to the environment (Trache et al. 2020). 
More recently, the use of ionic liquids (ILs) for dissolving 
cellulose has grown, as they are regarded as environmentally 

friendly being reusable, non-corrosive, non-volatile and non-
flammable (Shamsuri et al. 2022). Ionic liquids are salts 
composed entirely of ions that interact with the hydroxyl 
protons of cellulose, thus breaking its strong intermolecu-
lar hydrogen bonds. Swatloski et al. (2002) have postulated 
that ILs are capable of direct hydrolyzing cellulose with the 
application of mild heating or microwave energy. Further, 
imidazolium ionic liquids are most used in decomposition 
of cellulose and in the preparation of DC material (Singh 
et al. 2017).

In general, to achieve profitable valorization of seaweeds 
biomass, it is essential to co-produce multiple unique bio-
chemical components with demonstrated market value. 
Therefore, the full potential of seaweed biomass can be real-
ized through a sequential extraction strategy, enabling the 
production of multiple value-added products. Ulva ohnoi 
Hiraoka & Shimada is successfully farmed by PROMAC-
Blue Evolution, a commercial cultivation system located 
in Baja California (Mexico) and its production is mainly 
marketed as human food. However, other potential applica-
tions can be explored, such as using seaweed biomass as 
a source of economically important polysaccharides. The 
main goal of this study is to valorize the cell wall polysac-
charides of this biomass as potential producers of ulvan and 
cellulosic materials through a sequential extraction approach 
that utilize, as far as possible, eco-friendly reagents. For 
this purpose, in the extraction of cellulose the traditional 
bleaching agent sodium chlorite (NaClO2) will be replaced 
by hydrogen peroxide (H2O2), and IL will be used to obtain 
DC. In addition, microwave-assisted extraction (MAE) 
will be also employed as environmentally friendly technol-
ogy. This study examines and discusses the physicochemi-
cal, structural, and biological properties of the extracted 
polysaccharides.

Material and methods

Algal material

Ulva ohnoi cultivated and harvested from a commercial 
aquaculture system was provided by Productos Marinos de 
las Californias (PROMAC) and Blue Evolution located at 
Baja California, Mexico (Fig. 1). The material analyzed is 
a representative sample of the whole commercial cultivated 
biomass collected on January 2022 (Lot#017–22-GU80-O). 
After harvesting, drying and milling the whole batch 1 kg 
dry weight sample was taken. This was considered as the 
initial biomass to be analyzed, from which subsamples were 
taken as replicates. All the extracted polysaccharides and 
their chemical analysis were performed in triplicate (n = 3). 
C and N elemental analysis was performed in seven samples 
of dry tissue (n = 7).
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Biochemical composition of the cultured Ulva ohnoi

Determination of total soluble carbohydrates was per-
formed by the phenol sulfuric acid method (Dubois et al. 
1956), whereas protein was determined by the Lowry et al. 
(1951) method with bovine serum albumin as protein 
standard. Lipid content was evaluated with 50 mL dichlo-
romethane/methanol (7:3 v/v) following the method of 
Bligh and Dyer (1959).

An estimation of the lignin-like content of U. ohnoi 
was obtained employing the FiberCap System specifi-
cally designed for fiber following the Weende and van 
Soest method (Van Soest 1973). Briefly, an acid detergent 
extraction step to remove protein and other components 
from the cellulose was performed using 1.0 N H2SO4 with 
cetyltrimethylammonium bromide (CTAB), boiling for 
1 h. For lignin determination, the produced acid detergent 

fiber was subsequently treated with 72% H2SO4 for 3 h 
at room temperature, to isolate the acid detergent lignin.

Sequential extraction of cell wall polysaccharides

To obtain ulvan, cellulose and derivative cellulose (DC), 
an integrated processes and sequential extractions was car-
ried out using 1 g seaweed (dw) as illustrated in Fig. 1. In 
general, during extraction of sulfated polysaccharide like 
ulvan from seaweeds, interfering substances such as pig-
ments and lipids may also be co-extracted, potentially affect-
ing purity. Therefore, their removal is often considered an 
essential purification step. Thus, lipids were first extracted 
and discarded (Bligh and Dyer 1959), and the remaining 
defatted biomass (DB) was processed to extract ulvan. For 
comparison, ulvan from non-defatted biomass (NDB) was 
also processed. Ulvan was extracted by MAE according to 

Fig. 1   Schematic representation of the sequential extraction process of Ulva ohnoi biomass harvested from the PROMAC-Blue Evolution culti-
vation facilities
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Freile-Pelegrín et al. (2020) using Microwave Accelerated 
Reaction System (MARS  800 W, CEM, USA). Briefly, dried 
powder sample was suspended in distilled water in a 1:50 
(w/v) proportion and extracted into a closed vessel system 
(OMNI XP 1500). Microwave thermal history consisted of 
5 min heat-up and 10 min extraction time at 140 °C. The 
ulvans was further isolated by ethanol precipitation, dried at 
60 °C for 24 h, and weighed to calculate yield. The insoluble 
residue was dried and weighed.

The leftover insoluble residue recovered after ulvan 
extraction was used to obtain crude cellulose following the 
method described in Freile-Pelegrín et al. (2020). Briefly, 
the residual biomass from the previous steps was soaked 
in 30% active H2O2 solution at a ratio of 1:50 (w/v) and 
heated at 100 °C for 1.5 h for bleaching. After filtration, the 
bleached algal residue was treated with 1 M NaOH solu-
tion (1:50 w/v) at 60 °C for 0.5 h. The alkali-treated sam-
ple was washed with distilled water to reach pH of 7 and 
then, filtered. The solid algal residue was resuspended in 
0.1 N HCl (1:50 w/v) for 10 min at 100 °C. The resultant 
slurry was cooled at room temperature, washed with water 
to remove excess acid, filtered, and freeze dried to obtain 
crude cellulose, expressed relative to the initial algal bio-
mass. To determine the crystalline fraction of the crude cel-
lulose, α- and β-cellulose were then obtained as described 
in Freile-Pelegrín et al. (2020). Briefly, dried cellulose was 
soaked in 17.5% NaOH (1:30 w/v) at 20 °C for 2 h. The 
slurry obtained was centrifuged at 5000 rpm for 15 min. The 
supernatant was removed by decantation, and α-cellulose 
(residue) was obtained after repeated water washing until 
pH 7. The α-cellulose was collected by freeze-drying and 
weighed to calculate yield relative to the crude cellulose. 
The β-cellulose was then precipitated from the supernatant 
using 20 mL of  3 N H2SO4, recovered by centrifugation, 
washed with water to remove residual acid, and weighed to 
calculate the yield.

For the preparation of DC, the previously obtained crude 
cellulose was subjected to dissolution and hydrolysis. For 
this purpose, a new procedure was proposed using both IL 
and MAE which was based on different previously reported 
methodologies (Ohno and Miyafuji 2013; Kos et al. 2014; 
Chowdhury and Hamid 2016; Singh et al. 2017; Shamsuri 
et al. 2022). The sample was first pretreated with 1 M IL 
(1-ethyl 3-methylimidazolium chloride) in a ratio of 1:20 
(w/v) for 0.75 h at room temperature to promote the cellu-
lose dissolution process. The hydrolysis reaction was then 
completed by MAE in a closed vessel OMNI XP, and the 
microwave thermal history consisted of 10 min heat-up fol-
lowed by 20 min at 95 °C. The reaction was quenched by 
adding cold distilled water resulting in the formation of DC 
which is insoluble in this solvent. The derivative cellulosic 
material was separated from the solution by centrifugation 
(4500 rpm for 20 min). After removing the supernatant, the 

solid fraction was sonicated in an ultrasonic bath at room 
temperature for 20 min to reduce aggregate size. The sam-
ples were then centrifuged and washed repeatedly to remove 
IL residues and finally, freeze dried to obtain yield based on 
crude cellulose.

Chemical analysis of ulvan

Sulfate content was determined by the barium chloride-gel-
atin turbidimetric assay (Jackson and McCandless 1978). 
Uronic acids content was measured with a modification of 
the carbazole method (Blumenkrantz and Asboe-Hansen 
1973; Filisetti-Cozzi and Carpita 1991). Total phenolic con-
tent (TPC) of ulvans was determined using the Folin-Ciocal-
teu reagent. Twenty microliter of 0.1 g mL−1 was transferred 
to a 96-well plate. Subsequently, 100 µL of a solution of 
Folin-Ciocalteu reagent (1:10), 40 µL of sodium carbonate 
(1 M) and 20 µL of distilled water were added. The plate 
was incubated at room temperature for 60 min in dark and 
the absorbance was recorded at 760 nm. A calibration curve 
was constructed using gallic acid (10–110 µg mL−1) and 
TPC was expressed as milligram of gallic acid equivalents 
per 100 g (mg GAE (100 g)−1). Protein content of ulvans 
was determined according to Bradford (1976), with some 
modifications. Ten microliter of 0.05 g mL−1 of ulvan solu-
tion was placed in a well of 96-well plate and 90 µL of Brad-
ford reagent was added. Samples were incubated at room 
temperature for 10 min and absorbance was measured at 
595 nm. A calibration curve was constructed with bovine 
serum albumin (25–300 µg mL−1). Content of protein was 
expressed as milligram of bovine serum albumin equivalent 
per 100 g (mg BSA (100 g)−1).

Fourier Transform Infrared (FTIR) analysis

To validate the ulvan and cellulose structures extracted 
FTIR spectra were obtained using a NICOLET IS5 FTIR 
spectrophotometer (Thermo Fisher Scientific, USA) using 
the attenuated total reflection (ATR) technique. Each spec-
trum was recorded with 64 scans within the spectral range 
of 4000–650 cm−1 and a resolution of 4 cm−1.

X‑ray Diffraction (XRD) pattern

XRD patterns of ulvan and cellulose were recorded at room 
temperature in a Siemens model D5000 (Germany) dif-
fractometer with Bragg Brentano geometry and monochro-
matic CuKα radiation (λ = 1.5418 Å). The angle 2θ was set 
between 5 and 60°. The crystallinity index (CI) was calcu-
lated using the equation reported by Segal et al. (1959) and 
described as:
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where Imax is the intensity of the highest peak at 2θ about 
22° and Imin is the minimum intensity at a 2θ close to 18° 
corresponding to the amorphous regions of the cellulose I.

Scanning electron micrograph (SEM)

Morphological changes from crude cellulose to DC were 
observed using a scanning electron microscope cou-
pled with energy-dispersive spectroscopy (SEM–EDS, 
model Phillips XL-30 ESEM JEOL JSM-7600F, Japan) 
with a voltage of 10 and 15  kV, and at 50, 500 and 
1500 × magnification.

Antioxidant activity of ulvans

Ulvan solutions at a concentration of 0.1 g mL−1 in water 
were prepared. Then, 300 μM DPPH (2,2-diphenyl-1pic-
ryllhydrazyl) and 40  mM TPTZ (2,4,6-Tris(2-pyridyl)-
s-triazine) reagents were used to determine the ascorbic 
acid equivalents antioxidant capacity (AEAC) and the fer-
ric reducing antioxidant power (FRAP) according to the 
methods of Chale-Dzul et al. (2017) and Henderson et al. 
(2015), respectively. The absorbances for DPPH and FRAP 
assays were measured at 517 and 593 nm, respectively. 
Ascorbic acid (AA) was used to construct a calibration 
curve for the DPPH assay (1–20 µg mL−1) and the FRAP 
assay (6.25–200 µg mL−1). Results for both assays were 
expressed as milligram of AA equivalents per 100 g (mg 
AA (100 g)−1). Each experiment was done in triplicate.

To evaluate ulvan toxicity a cell viability test was per-
formed using an MTT (3-(4,5-dimethylthiazol-2-yl)−2,5-
diphenyltetrazolium bromide). The human hepatoma cell 
line (HepG2) was growing in sterile Costar 75-cm2 flasks 
containing Roswell Park Memorial Institute (RPMI) medium 
supplemented with fetal bovine serum (SFB) 10%, 100 U 
mL−1 penicillin, and 100 µg mL−1 streptomycin for 48 h 
at 37 °C in atmosphere of 5% CO2 and 95% humidity. The 
HepG2 cell line was plated at density of 5 × 103 cells per 
well in a 96-well microtiter and incubated under the condi-
tions described above. After 48 h, cells were treated with 
ulvan (2000–1.95 mg mL−1) and incubated for 24 h. The 
plates were rinsed with phosphate-buffered saline, and 10 
µL of MTT solution (5 mg mL−1) was added. They were 
incubated for 4 h at 37 °C (Mosmann 1983). Finally, the 
medium was removed, and the formed formazan crystal were 
dissolved with 100 µL of acidified isopropanol (0.4 N HCl). 
The absorbance was measured at 540 nm. The concentration 
of ulvan that killed 50% of the cells (CC50) was calculated 
using GraphPad Prism 9.0 software (USA).

CI =
(

I
max

− I
min

)

∕I
max

Statistical analyses

Results are expressed as means ± standard deviation (n = 3). 
The software SPSS program (v24.0) was used for statisti-
cal analysis. One-way analysis of variance (ANOVA) was 
tested with the non-parametric Kruskal–Wallis test. For the 
antioxidant assays, Welch's t test was used to assess differ-
ences between extraction procedures (ulvans from DB vs 
NDB). The analysis was performed using GraphPad Prism 
9.0 Software to establishing statistical significance; value of 
p < 0.05 were considered significant.

Results

The results of the initial proximate composition of cultivated 
U. ohnoi including moisture, ash, carbohydrates, proteins, 
and lipid content, and elemental C and N are summarized in 
Table 1. The estimations of C:N ratio (7.05) and lignin-like 
content (~ 8%) in the algal tissue are also shown.

Cell wall polysaccharides extracted

Ulvan and cellulose were obtained using the proposed 
sequential extraction process (Fig. 1) and their yields are 
presented in Table  1. The residual biomass from lipid 
extraction (~ 93.3% dw), referred to as DB, was processed 
to extract ulvan, yielding 22.7 ± 2.5% dw based on the initial 
biomass. No significant difference was observed in the ulvan 
yield extracted from NDB (see Table 1). In the next step 
of the sequential extraction process, the residual biomass 
from ulvan extraction (~ 77.4% dw) was processed to obtain 
crude cellulose (3.8 ± 0.1%). The yields of α- and β-cellulose 
fractions of crude cellulose, as well as the α/β-cellulose 
ratio (3.9) were also determined (Table 1). Furthermore, 
derivative cellulose (DC) was subsequently obtained from 
the crude cellulose using IL and MAE, achieving a yield of 
95.6 ± 1.6% relative to the crude cellulose.

FTIR analysis

The polysaccharide nature of both ulvan (Fig. 2) and crude 
cellulose (Fig. 3), sequentially extracted from the cultured 
U. ohnoi, was confirmed by the presence of characteristic 
absorption bands (Robic et al. 2009). The broad and sharp 
signals around 3300 cm−1 correspond to the O–H stretching 
vibration resulting from intermolecular and intramolecular 
hydrogen bond within the polysaccharide structure, while 
the peaks around 2900 cm−1 correspond to the stretching 
vibrations of the methylene bonds (C–H), which are also 
characteristic in polysaccharides.

The FTIR spectra of ulvan from DB and from NDB 
were practically identical (Fig. 2), exhibiting characteristic 
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Table 1   Biochemical 
composition and polysaccharide 
yields of commercially 
cultivated Ulva ohnoi biomass 
by the sequential extraction

DB Defatted biomass; NDB Non-defatted biomass; TPC Total phenolic content; GAE Gallic acid equiva-
lents BSA Bovine serum albumin equivalents
The yields are referred to the initial material in dry weight (dw). Data presented are mean ± standard devia-
tion. Different letters indicate significant differences (p < 0.05)

Parameter

Ulva ohnoi content Moisture (% dw) 96.0 ± 0.13
Ash (% dw) 25.9 ± 1.30
Carbohydrates (% dw) 26.3 ± 0.65
Proteins (% dw) 13.8 ± 0.51
Total lipids (% dw) 6.7 ± 0.05
C (% dw) 28.2 ± 0.27
N (% dw) 4.0 ± 0.05
C/N 7.05
Lignin-like content (% dw) 7.97 ± 0.11

Cell wall polysaccharides Ulvans from DB (% dw) 22.7 ± 2.5a

Sulfate (% dw) 20.6 ± 0.72a

Uronic acids (% dw) 21.9 ± 0.77a

TPC (mg GAE (100 g)−1) 0.019 ± 0.00a

Proteins (mg BSA (100 g)−1) 4.00 ± 0.05a

Ulvans from NDB (% dw) 22.5 ± 0.51a

Sulfate (% dw) 20.3 ± 0.81a

Uronic acids (% dw) 22.8 ± 0.52b

TPC (mg GAE (100 g)−1) 0.015 ± 0.00a

Proteins (mg BSA (100 g)−1) 3.71 ± 0.12a

Crude cellulose (% dw) 3.8 ± 0.10
α-cellulose (% of crude cellulose) 24.8 ± 3.4
β-cellulose (% of crude cellulose) 6.3
Micro-cellulose (% of crude cellulose) 95.6 ± 1.6

Fig. 2   FTIR spectra of ulvans extracted from defatted biomass (DB, solid line) and non-defatted biomass (NDB, dotted line) of Ulva ohnoi 
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fingerprint signals corresponding to sulfate and carboxyl 
groups. This is supported by chemical analysis, which 
showed sulfate and uronic acid contents of approximately 
21% and 22%, respectively (Table 1). The peak observed 
at 1254 cm−1 is associated with S = O stretching vibration 
of sulfate groups (Toskas et al 2011; Thanh et al. 2016). 
The presence of carboxylic acids (COO-) is shown in bands 
at 1597 cm−1 and at 1420 cm−1 denoting the presence of 
uronic acids and confirming the presence of glucuronic and 
iduronic acid units (Chen et al. 2021). A maximum absorp-
tion band was identified at around 1030 cm−1 likely due to 
C–O-C stretching from the two main sugars, rhamnose and 
glucuronic acid (Robic et al. 2009). The bands at 843 and 
783 cm−1 correspond to the vibration of the C–O–S bond of 
the sulfate in the axial and equatorial positions (Toskas et al. 
2011) confirming the sulfated nature of the extracted ulvans. 
The weak signals at around 1650 cm⁻1 and 1540 cm⁻1 were 
indicative of the presence of proteins (Freile-Pelegrín et al. 
2020), which was confirmed by the chemical analyses as 
is shown in Table 1. Furthermore, the chemical analyses, 
sulfate, protein, and TPC did not show statistically signifi-
cant differences between ulvans from DB and from NDB, 
although a slightly higher content of uronic acids (p < 0.05) 
was found in ulvan from NDB (Table 1).

The FTIR spectrum of crude cellulose (Fig. 3) showed 
a typical cellulose pattern with a sharp peak at 1637 cm−1 
corresponding to the vibrations of water molecules absorbed 
by cellulose. The peaks at 1420 cm−1 and 1369 cm−1 are 
related to the H-C-H scissor and H-C-H vibrations of 

α-cellulose (Wahlström et al. 2020). The C–O–C pyranose 
ring skeletal vibration was identified a prominent band at 
1019 cm−1. Ether bonds are an essential part of the cellulose 
backbone, linking glucose through β-1,4-glucosidic bonds. 
The characteristic peak at around 896 cm−1 is an indicator 
for the presence of β-glycosidic bond between glucose units 
in cellulose (El-Gendy et al. 2023). The absence of sulfated 
polysaccharide with characteristic peaks around 840 and 
780 cm−1 would confirm an efficient extraction of ulvan 
in the previous step. Furthermore, the absence of shoulder 
peak at around 1730 cm−1 as well as other at around 1600 
and 1406 cm−1 related to the vibration of the aromatic ring 
indicates no appreciable lignin content (Kostryukov et al. 
2023).

XRD analyses

The XRD pattern of ulvans (Fig. 4) showed dispersed signals 
around 2θ = 20° with neither sharp nor defined diffraction 
peaks, characteristic of amorphous structures.

The XRD pattern of both crude cellulose and its 
α-cellulose fraction are shown in Fig. 5. In general, the 
XRD displayed a diffraction profile like that expected for 
typical cellulose I structure found in green seaweeds, with 
peaks around 2θ = 16º, 22º, and 34º which are attributed to 
the (100), (200) and (004) crystalline planes of cellulose 
I respectively (Mihranyan 2011; Doh et al. 2020). Thus, 
for crude cellulose, the distinctive peak corresponding to 
the crystal structure was observed at 2θ = 21.78°, whereas 

Fig. 3   FTIR spectrum of crude cellulose sequentially extracted from Ulva ohnoi biomass
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for α-cellulose, it appeared at 20.12°. The peaks related to 
the (004) crystalline plane were too weak, which is char-
acteristic of amorphous fraction (Doh et al. 2020). From 
the above results, the crystallinity index (CI) was calcu-
lated, resulting values of 0.39 and 0.65 for crude cellulose 
and α-cellulose, respectively, indicating semicrystalline 
characteristics.

Antioxidant activity of ulvans

Regarding biological activity, ulvans extracted from both DB 
and from NDB exhibited antioxidant activity without cyto-
toxicity (CC50 > 1000 µg mL−1) (Table 2). Ulvan from NDB 
exhibited higher antioxidant activities compared to ulvan 
from DB (p < 0.05), as measured by both DPPH (expressed 
as AEAC) and FRAP assays.

SEM of crude cellulose and DC

The SEM images of crude cellulose and DC are presented 
in Fig. 6. Treatment with IL, MAE and ultrasonic bath 
drastically altered the size of crude cellulose (Fig. 6A), 
resulting in DC particles with thickness and length in a 
micrometer range of approximately 50–200 μm (Fig. 6B). 
These dimensions are typical of microcellulose (Ioelovich 
2022). SEM images at higher magnification (500× and 
1500×) revealed a smooth, flat surface for crude cellulose 
(Fig. 6C,E), which transformed into a fibrous, honeycomb-
like structure after treatment (Fig. 6D,F).

Discussion

Ulva represents an important raw material due to its nutri-
tional value and its high cultivation potential. Within the 
framework of a sustainable seaweed economy, diversifi-
cation and the use of sequential extractions can enhance 
biomass utilization. In the present study, cultivated and 
marketed Ulva ohnoi from PROMAC-Blue Evolution was 
successfully utilized to obtain other valuable component 
from the harvested biomass such as polysaccharides.

In general, the biochemical composition of U. ohnoi was 
within the range of values previously reported for this spe-
cies in culture (Glasson et al. 2017; Revilla-Loano et al. 
2021; Alamrousi et  al. 2022; Souza-Rocha et  al. 2023; 
Bodar et al. 2024). However, it should be noted that carbo-
hydrate and protein contents, as well as the C/N ratio, can 
vary depending on culture conditions and, consequently, the 
nutritional status of alga. In the present study, soluble car-
bohydrate and ash were the primary contributors to the total 
biomass, accounting for 52.2% dw, followed by protein and 
lipids (20.5% dw). These results confirm that this species is 
primarily marketed for human consumption. Specifically, 
U. ohnoi was rich in carbohydrates (26.3%), with soluble 
ulvans appearing as one of the main components and thus 
representing a potential valuable resource.

Fig. 4   XRD pattern of ulvan extracted from defatted biomass (DB) 
from Ulva ohnoi 

Fig. 5   XRD patterns of crude cellulose (solid line) and α-cellulose 
fraction (dotted line) sequentially extracted from Ulva ohnoi biomass

Table 2   Antioxidant activity and cytotoxicity of ulvans extracted 
from Ulva ohnoi biomass. Data presented are mean ± standard devia-
tion. Different letters indicate significant differences (p < 0.05)

DB Defatted biomass; NDB Non-defatted biomass; AEAC Ascorbic 
acid equivalents antioxidant capacity; AA Ascorbic Acid; FRAP ferric 
reducing antioxidant power

Ulvans AEAC 
(mg AA (100 g)-1)

FRAP 
(mg AA (100 g)-1)

CC50 
(μg mL−1)

DB 1.40 ± 0.08a 0.65 ± 0.04a  > 1000ª
NDB 2.73 ± 0.09b 0.89 ± 0.02b  > 1000ª
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In the sequential extraction process, the first step involved 
discarding a relatively high amount of lipids (6.7% dw). To 
maximize the utilization of U. ohnoi biomass, further studies 
are recommended to valorize these lipids, given that Ulva 
species area known to contain elevated levels of polyunsatu-
rated fatty acids (PUFAs), including omega-3 and omega-6 
fatty acids (Moustafa and Batran 2014).

As a second step of the sequential extraction process, 
ulvans was obtained. Our results showed an ulvan yield of 
approximately 22% dw (Table 1), which is considerably 
higher than the yields reported by Glasson et al. (2017) 
and Prabhu et al. (2020) for the same species from culti-
vation, where values ranged from 3.7 to 13.8%, also using 
a cascading biorefinery approach. It is interesting to note 
that both yield and structure of ulvans remained consistent 
whether extracted from DB or NDB. The ulvan structure 
was confirmed by FTIR and, as expected, XRD revealed an 
amorphous structure similar to ulvans from other species 
of green seaweeds (Freile-Pelegrín et al. 2020). Structural 
and chemical analysis indicated that the ulvan consisted of 
a heteropolysaccharide with high contents of sulfates and 
uronic acids, comparable to that reported for other species 
of the order Ulvales with sulfate and uronic acid contents 
varying between 14–32% and 6.5–19%, respectively (Lahaye 
and Robic 2007; Thanh et al. 2016; Tziveleka et al. 2019). 
In the present study, a low protein content was obtained in 

the ulvans, consistent with findings for ulvan extracted from 
Ulva pertusa (Chen et al. 2021).

Regarding biological activity, both ulvans from DB and 
from NDB exhibited antioxidant capacity, as also shown 
by Prabhu et al. (2020) and Chen et al. (2021) for ulvans 
from U. ohnoi and U. pertusa, respectively. Comparatively, 
the ulvan from NDB showed greater activity in both DPPH 
(expressed as AEAC) and FRAP tests. It is well stablished 
that both sulfates and uronic acids have a significant effect 
on the antioxidant activity, due to a strong capacity for 
hydrogen donation and for metals chelation, as well as to 
its effectiveness as scavengers of free radicals (Qi and Sun 
2015). However, ulvan is a complex carbohydrate that can 
additionally contain small amounts of other bioactive com-
pounds including lipids, proteins and phenolic compounds 
(Kidgell et al. 2019). In the present study, ulvans extracted 
from DB and NDB exhibited practically the same structure 
and chemical composition, except for differences in lipid 
content and a slightly higher uronic acids content in ulvan 
from NDB, which may contribute to its greater antioxidant 
activity. However, to gain a better understanding, more 
detailed physicochemical and structural studies are recom-
mended, since accurate chemical characterization including 
the main constituents and molecular weight is essential for 
interpreting the potential biological activities of the ulvans 
(Kidgell et al. (2019).

Fig. 6   SEM images of crude cellulose (A,C,E) and micro-cellulose (B,D,F) extracted from Ulva ohnoi biomass. The scale bars correspond to 
100 μm for (A) and (B), and 10 μm for (C-F)
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Following ulvan extraction, crude cellulose was obtained 
with a yield of 3.8%, which is lower than the 8.7% reported 
by Prabhu et al. (2020) for the same species. However, this 
value falls within the range reported for other Ulva species 
(2.2–10%) (Wahlström et al. 2020; Gomaa et al. 2022; El-
Gendy et al. 2023). As a result of increasing demand for 
cellulose and its derivatives together with growing environ-
mental awareness, the identification of alternative renewable 
raw materials seems essential. Although the cellulose yield 
from cultivated U. ohnoi was not particularly high, this spe-
cies can still considered promising source of cellulose for 
several reasons: (1) U. ohnoi exhibits high productivity and 
can be cultivated on a large-scale using technologies that do 
not require freshwater, arable land, fertilizers, or pesticides 
(Revilla-Loano et al. 2021). (2) It contains abundant and 
diverse carbohydrates, including cellulose with a low lignin-
like content of 7.9% which is comparable to values reported 
for other Ulva species (Yaich et al 2015; Moral et al. 2019; 
Kolo et al. 2024), and significantly lower than the lignin con-
tent in woody biomass (30–60% dw) and grasses (10–30% 
dw) (Baghel et al. 2021 and references therein). The sequen-
tial extraction process proposed in this study appears to be 
effective for lignin-like compound removal, as evidenced 
by the absence of characteristic lignin absorption bands in 
the FTIR (Fig. 3). This likely enhanced cellulose accessibil-
ity, enabling extraction under milder conditions and through 
more environmentally friendly sustainable processes.

In the present study the α-/β-cellulose ratio was 3.9, 
indicating that the highly crystalline α-cellulose fraction is 
nearly four times greater than the less crystalline β-cellulose 
fraction (Table 1). The α-/β-cellulose ratio was lower than 
that reported for other Chlorophyta but fell within the range 
observed for other species belonging to the order Ulvales 
(Siddhanta et al. 2011, 2013).

Since the CI reflects the proportion of crystalline 
regions, the dominant α-cellulose fraction in U. ohnoi 
exhibited a higher CI compared to crude cellulose (0.65 
vs. 0.39), indicating a greater degree of crystallinity follow-
ing the removal of amorphous components. The recorded 
CIs of U. ohnoi were comparable to those reported by Jmel 
et al. (2019) and Wahlström et al. (2020) for U. lactuca (CI 
0.59 and 0.48) and by Lee et al. (2024) for U. ohnoi (CI 
0.42) indicating characteristics of a semicrystalline struc-
ture. From the above result, crude cellulose of U. ohnoi 
seems less crystalline than those extracted from other green 
seaweeds such as Chaetomorpha gracilis (Freile-Pelegrín 
et al. 2020) and Cladophora sp. (Suciyati et al. 2021) which 
show highly crystalline structures with CIs 0.93. Crystal-
linity is a key factor in determining the quality of cellu-
lose and, consequently, its potential applications. The high 
degree of order and close molecular packing in crystalline 
regions is due to the large number of hydrogen bonds. In 

contrast, a decrease in crystallinity, typical of semicrystal-
line structures, results in greater proportion of amorphous 
regions. This reduces the toughness of the cellulose but 
increases its flexibility, thereby broadening its range of pos-
sible applications, such as encapsulation and biocomposite 
(Jmel et al. 2019; El-Gendy et al. 2023).

In addition to crude cellulose, the green approach pro-
posed in the present study allowed the recovery of another 
high value compound in the form of DC. The combination 
of IL, MAE, and sonication facilitated fragmentation and 
effective size reduction of the crude cellulose (Fig. 6A-
B), indicating successful hydrolysis into micro-cellulose. 
From the SEM images, the surface of the crude cellulose 
is comparatively smooth, probably due to a higher content 
of amorphous components confirming its semi-crystalline 
structure that agrees with what recently reported for raw 
cellulose of U. ohnoi from Korea (Lee et al. 2024). In the 
present study, the use of MAE with IL allowed further 
removal of the non-crystalline domains, modifying the sur-
face of the crude cellulose from smooth to rough in which 
fibers are fused into a relatively homogeneous macrostruc-
ture which is consistent with what has been described 
when cellulose is hydrolyzed using ILs (Swatloski et al. 
2002). In general, dissolution process with IL takes place 
in two steps: initially, the solvent penetrates between the 
cellulose, inducing its swelling. The second step involves 
cross-linking, where electron donor–acceptor complexes 
are formed. Later, a DC is precipitated from the IL solution 
and its morphology varies depending on the precipitation 
liquid used. When using water, as in the present study, the 
DC morphology can present a rough texture that forms 
different structures (Swatloski et al. 2002; Yin et al. 2019). 
The presence of water in the IL significantly decreases 
the solubility of cellulose through competitive hydrogen-
bonding to the cellulose microfibrils which inhibits solubi-
lization. A cellulosic honeycomb-like architecture has been 
recently reported also for microcellulose obtained from the 
green seaweed Cladophora (Mardiyati et al. 2023).

It should be noted that micro-sized cellulose production 
market has grown significantly, rising from US$ 885 mil-
lion in 2018 to more than US$1.2 billion in 2023 (Ioelovich 
2022). Furthermore, the honeycomb-like structure of micro-
cellulose is considered a useful and promising material with 
multiple applications, since the presence of well-organized 
micro-pores confers good structural stability and low den-
sity, also showing great potential in bio-interfaces, tissue 
engineering, and functional membranes (Uraki et al. 2011; 
Yin et al. 2019; Hurtuková et al. 2021; Mardiyati et al. 2023). 
Despite the promising results demonstrating the potential of 
cultivated U. ohnoi as a source of micro-cellulose, further 
studies are required to optimize the extraction process and 
enable its scale it up to industrial production levels.
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Conclusion

The Ulva ohnoi, cultivated commercially by PROMAC-
Blue Evolution represents a valuable raw material for 
human consumption. The findings of this study highlight 
the potential of this species for the co-production of high 
value polysaccharides, reinforcing its versatility potential 
as a sustainable resource. As a first step, ulvan demonstrat-
ing antioxidant capacity is obtained. From the residual 
biomass, a semi-crystalline cellulose can be recovered. 
Additionally, a sustainable and environmentally friendly 
method for isolating micro-cellulose from crude cellulose 
is presented. However, to further enhance the valorization 
of U. ohnoi, additional extraction steps could be incorpo-
rated to recover other valuable components such as lipids 
and salts. Further research is recommended to assess the 
feasibility and scalability of this integrated biorefinery 
approach. Although an economic analysis was not within 
the scope of this study, both an economic and Life Cycle 
Analysis (LCA) should be conducted to identify the most 
appropriate strategy for increasing the value of the culti-
vated biomass.
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