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Abstract

Purpose

We investigated the effectiveness of hydrated deep eutectic solvent (DES) treatments at modulating the
morphology of Ulva lactuca cellulose to enable the selective production of seaweed cellulose
microfibers (SCMF) with distinct functionality.

Methods Ulva lactuca

cellulose was extracted by sequential removal of water soluble material, lignin and pigment using hot
water, NaOH and H,0,, respectively. The extracted cellulose was then treated by various hydrated DES

(30% DES in water) in combination with homogenization and sonication, yielding SCMF.
Results

Treatment with 30% hydrated DES composed of choline chloride (ChCl) or betaine as hydrogen bond
acceptors and urea, citric acid, or oxalic acid as hydrogen bond donors combined with homogenization
and sonication successfully produced SCMF. The finest SCMF was obtained using ChCl:urea, yielding
fibers with a dry diameter of 371.7 nm. The other DES treatments produced spherical seaweed cellulose
microparticles with an average diameter between 605 and 777 nm. The SCMF exhibited exceptional
dispersibility in water, with a hydrodynamic diameter of 134.94 nm and good homogeneity, with a
polydispersity index of 0.23. Notably, only the ChCl:urea treatment produced a SCMF that remained
predominantly amorphous, while all other hydrated DES treatments significantly increased crystallinity.
Treatment with ChCl:oxalic acid introduced carboxyl groups into the structure.

Conclusion

These findings demonstrate tunable cellulose morphology, crystallinity and excellent water dispersibility
through selecting appropriate hydrated DES combinations for potential application in sustainable
material and functional material systems.

Introduction

Seaweed is an abundant and sustainable biomass resource with fast growth rates and high carbon
capture potential (Ramachandra and Hebbale 2020). With particular promise, Ulva lactuca is a green
seaweed with a high carbohydrate content, including ulvan, cellulose, and hemicellulose (Pari et al.
2024), While ulvan has diverse applications in food, cosmetics, and pharmaceuticals (Kidgell et al. 2019),
its extraction leaves cellulose-rich residues that can be further valorized.

Cellulose microfibers (CMFs), especially those originating from amorphous cellulose, are highly valued
for their light weight and biodegradability. CMFs can be used to improve cement paste quality (Gwon and
Shin 2021), for drug delivery for poorly soluble drugs (L6bmann and Svagan 2017), as a cosmetic
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ingredient (Jang et al. 2021), and as a supercapacitor (Fukuhara et al. 2021). The dispersibility properties
of CMF are important to ensure their uniform distribution in food and biomedical application.
Conventional CMF production methods rely on harsh chemicals such as sulfuric acid and 2,2,6,6-
tetramethylpiperidine-1-oxylradical (TEMPO), which raise environmental concerns (Salem and Ismail
2022). Thus, interest in green solvents, such as deep eutectic solvents (DESs) as alternatives for
biomass pretreatment, is growing.

DESs, often considered as low-cost, eco-friendly substitutes for ionic liquids (ILs), are composed of
hydrogen bond acceptors (HBA) and donors (HBD) (Ptotka-Wasylka et al. 2020). A treatment with 100%
DES consisting of choline chloride (ChCI) as the HBA with urea, citric acid and oxalic acid as the HBD
together with a mechanical treatment such as microfluidization, ultrasonication and homogenization on
wood cellulose and bagasse induced fibrillation (Sirvio et al. 2015; Li et al. 2021; Pradhan et al. 2024).
Despite their potential, common DESs such as ChCl:urea, ChCl:oxalic acid exhibit high viscosity, which
limits their processing efficiency. This can be mitigated by hydrating the DES with water, which lowers
viscosity and improves cellulose processing performance (Amoroso et al. 2021). Adding water to DES
will also reduce the cost, because less material is used. However, the application of DESs, including
hydrated formulations, for treating U. /actuca cellulose remains underexplored.

Therefore, this study aimed to evaluate the effectiveness of various hydrated DES combinations, using
choline chloride or betaine as the HBA and urea, oxalic acid, or citric acid as the HBD, to pretreat U.
lactuca cellulose obtained as a by-product from ulvan extraction.

Materials and methods

Materials

The materials used in this study were NaOH (Merck KGaA., Darmstadt, Germany), H,0,, choline chloride
(ChCl), and oxalic acid (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), citric acid, betaine, and urea
(Kishida Chemical Co., Ltd., Osaka, Japan). U. /actuca was collected from Minajaya Beach, Sukabumi,
West Java, Indonesia (-7 ° 23 '58.14",106 ° 31'0.61").

Cellulose extraction from Ulva lactuca

The U. lactuca was washed twice with seawater and distilled water then air-dried, and milled into a
powder. The seaweed powder was stored in a vacuum-sealed plastic bag at room temperature. Cellulose
was extracted from the seaweed by removing the water-soluble material, lignin and color. To remove the
water-soluble material, the seaweed powder was heated and continuously stirred in distilled water at a
ratio of 1:20 (w/v) at 90°C for 2 h. The sample material was filtered out using a 100-micron nylon mesh
then dried at room temperature. For delignification, the sediment was boiled in 10% NaOH at a ratio of
1:20 (w/v) at 100°C for 2 h at 400 rpm. The sediment was filtered using a 100-micron nylon mesh,
washed using distilled water until attaining a pH of 7 then air-dried at room temperature. For bleaching,
the sediment was boiled in 6% H,0, at a ratio of 1:20 (w/v) at 80°C for 3 h at 400 rpm. The precipitate

Page 3/14



was filtered using a 100-micron nylon mesh, washed using distilled water until the pH value was 7 then
air-dried at room temperature to obtain the raw seaweed cellulose (RSC).

U. lactuca cellulose deep eutectic solvent treatment

DESs with a combination of ChCl:urea (1:2), betaine:urea (1:3), ChCl:citric acid (1:1), ChCl:oxalic acid
(1:1) and betaine:oxalic acid (1:2) were prepared in molar ratio. The materials were heated at 100°C until
a clear, colorless liquid was obtained. The DES was diluted with distilled water to a concentration of 30%
for the treatment experiments and also to 10%, 20%, and 70% for the ChCl.urea treatments. The RSC was
treated by hydrated DES at a ratio of 1:20 (w /v) at 80°C for 1 h at 600 rpm. The sample was then
centrifuged at 8,000 g and 20°C for 15 min then washed with distilled water. This step was repeated 3
times. The sample was added to distilled water and homogenized at 4000 rpm for 30 min (Polytron PT
3100 D, Kinematica AG, Lucerne, Switzerland), then sonicated (UD-201, Tomy Seiko Co. Ltd., Tokyo,
Japan) at 50% power, and 1200 W for 20 min. For purification, the sample was dialyzed by double-
distilled water in a dialysis bag (MWCO 12-14 kDa; Spectra/Por 2: Repligen, Waltham, MA, USA) for 3 d.
The seaweed cellulose microfibers (SCMF) obtained were freeze-dried for further analysis. The SCMF
yield was calculated based on the initial cellulose weight. Figure 1 illustrates the overall process for
producing RSC and SCMF from U. /actuca.

Morphological analysis

The structures of RSC and SCMF were analyzed using Scanning Electron Microscopy (SEM) SU3500
(Hitachi High-Tech Corporation, Tokyo, Japan). The particle sizes were determined using ImageJ
software.

Dispersion of SCMFs

The SCMFs were dispersed in distilled water at a ratio of 1:50 (w /v). The hydrodynamic diameter and
polydispersity index (PDI) of the SCMF in water were characterized by dynamic light scattering (DLS)
(NanoZSP, ZEN5600, Zetasizer Nano, Malvern Panalytical Ltd., Malvern, UK).

Functional group analysis

The functional groups of RSC and SCMFs were analyzed using Fourier Transform Infrared Spectroscopy
(FTIR, Spectrum Two, PerkinElmer, Waltham, MA, USA). The functional group spectra were measured

over a wave number range of 4000 - 500 cm™.
Crystallinity analysis

The crystal structure was analyzed using X-Ray Diffraction (XRD) (SmartLab SE, Rigaku Corporation,
Tokyo, Japan). The RSC or SCMF samples were spread evenly on an Si crystal plate which was then
attached to the analyzer holder. The tool was conditioned with a Cu-Ka radiation beam mode at a voltage
of 40 kV and a generator current of 30 mA. The analysis was carried out using 26 angle diffraction at an
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initial angle of 10 ° to a final angle of 80 ° with a reading speed of 2 ° per min. The degree of crystallinity
Index (Crl) was determined by the Segal method (Segal et al. 1959).

Results and discussion

Yields of RSC and SCMFs

The raw seaweed cellulose (RSC) obtained from 100 g of U. /actuca biomass was 7.6 + 0.9 g at the start
of extraction, therefore the overall yield was approximately 8%. This value is comparable to the
theoretical value of U. lactuca from Indonesia, potentially containing approximately 10% cellulose,
depending on the harvest season and geographic location (Pari et al. 2024). The RSC was treated with
various combinations of 30% hydrated DESs (30% DES, 70% water) followed by mechanical treatment to
produce SCMFs. The yield of SCMF is shown in Fig. 2a. The yields of SCMF varied significantly between
the various hydrated DES treatments. The repeated washing and purification steps, before and after
mechanical treatment, caused the loss of yield. This result was also similar to DES-treated wood
cellulose (Sirvi6 et al. 2024). Hydrated DES containing oxalic acid as the HBD tended to have significantly
lower yields (58%) than other treatment. Oxalic acid has potential ability for cellulose hydrolysis (Li et al.
2017), contributing to a reduction in SCMF yield. In contrast, higher yields of SCMF (69%) were obtained
by a treatment using urea as the HBD where it was reported that urea reacted with cellulose to form
gelation and dissolved cellulose (Cai and Zhang 2006).

Dispersity of SCMFs

The dispersed state of 2% SCMFs in water was analyzed by DLS. The SCMF were homogeneous in
solution with an average PDI of 0.23 (Fig. 2b). The PDI value is a dimensionless index in the range from 0
(perfectly homogenous particle size sample) to 1 (highly polydisperse sample with heterogenous size
populations). For cellulose of a micro particle size, a PDI of less than 0.7 is considered highly
polydispersed (Ceaser and Chimphango 2021), so the particle size distribution in the present study was
relatively good. Besides being homogeneous, the SCMF particles were also pure, and uniform based on
their hydrodynamic size in solution which ranged from 134 to 471 nm, the smallest from ChCl:urea
treatment and the largest from ChCl:oxalic acid treatment (Fig. 2c). A well-dispersed SCMF is important
for industrial application because it can guarantee a uniform distribution and stable suspension, for
example, during formulation in drug delivery platforms (ranging from injectable systems to advanced
bioprinted constructs) and in food emulsion stabilizers (mayonnaise and ice cream) (Tofanica et al.
2024).

The changes of morphological characteristics

The SEM measurements on RSF and SCMFs allowed the visual analysis of their structural
characteristics. The SEM images (Fig. 3) show the changes in the RSC structure after hydrated DES
treatment, homogenization and sonication. Before the treatment, the RSC was of a macro size with an
irregularly wrinkled and thick surface. The hydrated DES and mechanical treatment, particularly for the
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ChCl:urea, betaine:urea, and ChCl:citric acid treatments, created large pores in the surface and thinned
the sheets of cellulose. Urea makes cellulose soluble in water (Walters et al. 2020). Hydrated ChCl:urea
promoted partial deconstruction of the cellulose structure by weakening hydrogen bonds, rather than
achieving full dissolution. Increasing the temperature weakens hydrogen bonds, so that at temperatures
over 55°C, the cellulose begin to expand and stretch (Cai and Zhang 2006). After the treatment with
oxalic acid as the HBD, the cellulose was degraded into smaller fractions. Hydrolysis of cellulose occurs
in the presence of oxalic acid (Henschen et al. 2019), resulting in its disintegration.

Based on the SEM images, we determined the fiber diameter and particle size of the SCMFs (Fig. 2b). Of
all the treatments, only the ChCl:urea treatment produced microfibers (diameter 372 + 156 nm), while the
other treatments produced spherical cellulose microparticles with diameters from 605 + 246 to 777 +
321 nm. The hydrolysis mechanism of RSC with ChCl:urea can be explained as follows: the urea carbonyl
group and the chloride anion interact with the cellulose hydroxyl groups, catalyzing the breakdown of
hydrogen bonding networks in the cellulose fiber (Smirnov et al. 2020). After mechanical treatments, the
hydrolyzed portion degrades, thus fibers were formed predominantly in the ChCl:urea treatment. Using
DES composed of ChCl:urea, different hydration concentrations were also conducted at 10%, 20%, and
70% of DES in water (Supplementary Fig. 1). However, in 10% ChCl:urea, the RSC did not turn into fibers,
but formed a pipe-like shape (10.36 um diameter). However, in the 20% ChCl:urea treatment, the RSC
formed both fibers and sheets. In the 70% ChCl:urea treatment, the RSC was still present in large
compact masses. The hydrated DES conditions improved cellulose swelling easing the penetration of
solvent into the cellulose (Sirvio et al. 2022). Therefore, 30% was considered the best concentration for
hydrated ChCl:urea to obtain SCMF from RSC, as it produced a fibrous morphology with a high yield.

Structural characteristics of CMFs by XRD and FTIR

The crystallinity of the samples was examined using XRD (Fig. 4a). RSC showed the crystallinity peaks
(Ip00) @t 20 °. The I, of CMFs were shifted to approximately 21 °. In addition, SCMF from hydrated DES
with oxalic acid as the HBD also showed new peaks at 15.01 °, 26.63 °, and 30.23 °, corresponding with
l101, looa @nd g4, respectively. These results suggested the formation of cellulose | where hydrated DES
hydrolyzed cellulose caused the removal of amorphous component, the shifted peak and thus an
increase in the crystallinity index. Hydrated DES with oxalic acid as the HBD promoted the reorganization
of the cellulose chain into more ordered structures.

The crystallinity indices of U. lactuca cellulose and SCMFs are shown in Fig. 4b. The RSC from U. /actuca
cellulose had a crystallinity index of 13%. The crystallinity indices from the present study were lower than
those of CMFs from hardwood (Willberg-Keyrildinen et al. 2018). The combination of hydrated DES with
mechanical treatment improved the crystallinity index. The ChCl:urea treatment did not change the
crystallinity index, while the other treatments significantly increased it. For ChCl.oxalic acid treatment,
the crystallinity index of SCMF at 29% was twice that of the RSC crystallinity index (13%). This was in line
with research on kraft pulp cellulose which increased 5% after treatment with 30% ChCl.oxalic acid (Ma
et al. 2019). The crystallinity index indicates the percentage of the crystalline area in cellulose (Salem et
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al. 2023), so a crystallinity index of 30% means that 70% of the cellulose is amorphous, making it more
soluble and dispersible in aqueous media. Amorphous CMF would thus lead to drugs of poor solubility
(Lébmann and Svagan 2017). The amphiphilic property of CMF has been reported to make it suitable in
stabilizing oil-in-water emulsions (Gestranius et al. 2017).

Figure 4c shows the FTIR results. The RSC exhibited peaks related to sulphated polysaccharide ulvan at
1459, 1259, and 846 cm™ for COO’, S = 0 and COS, respectively. The peaks related to ulvan disappeared
in all SCMFs, indicating that the treatments also produced purer cellulose. The presence of a peak at
3700 - 3584 cm™ indicated the O-H stretching group. In the case of amorphous cellulose, the peak
shifted to a higher wavelength because of the breaking of intra- and inter-molecular hydrogen bonds. The
presence of amorphous cellulose was also confirmed by a slight peak shift of 2909 cm™ for the C-H
stretching group. There was an increase in water absorption with the presence of the O-H group peak at
a wavelength of 1629 cm™, indicating the affinity of SCMFs towards water. The peak at 1320 cm™ for CH
bending was stronger in CMF treated by hydrated DES with oxalic acid as the HBD which was associated
with crystalline cellulose. This wavenumber is also known as the “crystallinity band”, which indicated that
the decrease in intensity was reflecting a decrease in the degree of crystallinity of the sample, and vice
versa (Salem et al. 2023). The C-O-C stretching peak appeared at a wavelength of 1061 cm™, which

indicated an amorphous structure. The peak found at a wavelength of 1671 cm™ for the C = O group,
indicated that SCMF treated by hydrated DES with oxalic acid as the HBD had possibly gained an
additional carboxyl and hemiacetal group. Simultaneous esterification and hydrolysis of cellulose can
potentially occur in the presence of oxalic acid at elevated temperatures (Henschen et al. 2019). The
appearance of carboxyl peaks was also observed in nanocellulose derived from kraft pulp treated with
hydrated CO in combination with ultrasonication (Ma et al. 2019), highlighting the possible structural
functionality imparted by the hydrated DES system.

Conclusion

The use of hydrated deep eutectic solvents (DESs) for the pretreatment of Ulva lactuca cellulose has
been successfully demonstrated, thus enabling the production of cellulose microfibers (CMFs) with
tailored structural and functional properties. Of the DES combinations studied, ChCl:urea (30% hydration)
was most effective at producing well-dispersed, and highly water-dispersible CMFs of low polydispersity
with a preserved amorphous structure, which is desirable for applications in drug delivery and food
emulsion stabilization. Conversely, hydrated DESs containing oxalic acid significantly enhanced the
crystallinity and introduced carboxyl groups into the CMF structure, thus expanding their potential for
functional material applications. Overall, the present study has highlighted the versatility of hydrated DES
formulations as green and tunable pretreatment systems for seaweed-derived cellulose, offering an
environmentally-friendly approach to producing CMFs with application-specific properties.
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Figure 1

Seaweed cellulose microfiber (SCMF) production process from green seaweed Ulva lactuca using
hydrated deep eutectic solvent (DES) treatment.
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Figure 2

(a) The yield; (b) polydispersity index (PDI), and (c) Z-average hydrodynamic diameter of seaweed
cellulose microfiber (SCMF) obtained after hydrated deep eutectic solvent (DES) treatments with 30%
choline chloride:urea (CU), betaine:urea (BU), choline chloride:citric acid (CC), choline chloride:oxalic acid
(CO), and betaine:oxalic acid (BO). Data are presented as mean + SD (n = 3). Statistical analysis was
performed using Tukey’s multiple comparison test. Significant differences are indicated by * p < 0.05, **
p <0.01, ***p < 0.001, **** p < 0.0001, and n.s. for not significant.
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Figure 3

Scanning electron micrographs of raw seaweed cellulose (RSC) from Ulva lactuca, treated cellulose and
seaweed cellulose microfiber (SCMF) produced using various hydrated deep eutectic solvent (DES)
treatment.
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Figure 4
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Structural characteristics of raw seaweed cellulose (RSC) and seaweed cellulose microfibers (SCMF)
produced by hydrated deep eutectic solvent (DES) treatment with 30% of choline chloride:urea (CU),
betaine:urea (BU), choline chloride:citric acid (CC), choline chloride:oxalic acid (CO), and betaine:oxalic
acid (BO). (a) X-ray diffraction (XRD) patterns, (b) crystallinity index (Crl), and (c) Fourier-transform
infrared (FTIR) spectra. Crl data are shown as mean + SD (n = 3). Statistical differences were analyzed
using Tukey's test; **** p < 0.0001, n.s. not significant.
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