Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Ulvan from Ulva ohnoi macroalgae : Green
extraction method and physicochemical
characterization of the ulvan

Kessi Crescencio

Universidade de Sorocaba
Venancio Amaral

Universidade de Sorocaba
Alexandro Souza

State University of Campinas
Cecilia Barros

Universidade de Sorocaba
Juliana Souza

Universidade de Sorocaba
Denicezar Baldo

Universidade de Sorocaba
José Oliveira

Universidade de Sorocaba
Paulo Horta

Universidade Federal de Santa Catarina
Eduardo Bastos

Universidade Federal de Santa Catarina
Ronan Behling
Fernando Batain

Universidade de Sorocaba
Patricia Severino

Universidade Tiradentes
Thais Almeida

Universidade de Sorocaba
Eliana Souto

University of Porto
Marco Chaud

chaudmarco®gmail ., com


https://doi.org/10.21203/rs.3.rs-4751748/v1
https://doi.org/10.21203/rs.3.rs-4751748/v1

Universidade de Sorocaba

Article

Keywords: Ulva ohnoi, ulvan, green macroalgae, sulfated hetero-polysaccharide, green extract methods
Posted Date: August 20th, 2024

DOI: https://doi.org/10.21203/rs.3.rs-4751748/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.


https://doi.org/10.21203/rs.3.rs-4751748/v1
https://creativecommons.org/licenses/by/4.0/

Ulvan from Ulva ohnoi macroalgae: Green extraction method and physicochemical

characterization of the ulvan

Kessi Crescencio!, Venancio Amaral', Alexandro Souza?, Cecilia Barros!, Juliana Souza!,

Denicezar Baldo®, José Oliveira®, Paulo Horta*, Eduardo Bastos*, Ronan Behlings, Fernando

Batain®, Patricia Severino®, Thais Almeida', Eliana Souto’*, Marco Chaud'*

1. Laboratory of Biomaterials and Nanotechnology of UNISO (LaBNUS), University of
Sorocaba, Sorocaba, 18023-000, Sdo Paulo, Brazil

2. Department of Materials and Bioprocesses Engineering, School of Chemical
Engineering, University of Campinas, Campinas, Sao Paulo, Brazil

3. Applied Nuclear Physics Laboratory of UNISO (LAFINAU), University of Sorocaba,
Sorocaba, 18023-000, Sdo Paulo, Brazil

4. Phycology Laboratory (LAFIC), Federal University of Santa Catarina, Florianopolis,
Santa Catarina, Brazil

5. Anton Paar Brazil, Vila Clementino, Sao Paulo, Sdo Paulo, Brazil

6. Institute of Technology and Research, Tiradentes University, Murilo Dantas, Aracaju,
Sergipe, Brazil

7. Laboratory of Pharmaceutical Technology, Faculty of Pharmacy, University of Porto,
4050-313 Porto, Portugal

8. College of Pharmacy, University of Sorocaba, 18023-000 Sorocaba, Sdo Paulo, Brazil

Correspondent authors: Eliana B Souto (souto.eliana@ gmail.com);

Marco Vinicius Chaud (marco.chaud @prof.uniso.br; chaudmarco @ gmail.com )



mailto:souto.eliana@gmail.com
mailto:marco.chaud@prof.uniso.br
mailto:chaudmarco@gmail.com

Abstract

Ulvan belongs to the class of sulfated heteropolysaccharide and is the main component of the
seaweed Ulva ohnoi (U. ohnoi). Ulvan has a chemical structure similar to fucoidan, chondroitin
sulfate, and hyaluronic acid, which are commonly used to develop drug delivery systems. Due
to the potential biomedical applications of sulfated and non-sulfated polysaccharides, this work
aimed to develop an environmentally friendly method for extracting ulvan from U. ohnoi with
high yield and purity. A novel method for the extraction of ulvan is proposed and demonstrated
successfully. Various characterization techniques were employed to evaluate the presence of
sulfated ions, proteins, elements trace, and crystallinity. The structure, morphology, and
physical-chemical properties of ulvan were characterized by electron microscopy (SEM),
scanning transmission electron microscopy (TEM), X-ray diffraction (DRX), Infra-red
spectrometry (FTIR), DSC-calorimetry and hydrogen-1 nuclear magnetic resonance ('t HNMR).
Analysis of the results revealed a fibrous, semi-crystalline structure with regular pores, a yield
greater than 25%, and a degree of purity greater than 94%. A search for chemical compounds
revealed low protein content, high sulfur content, presence of mineral salts, and total absence
of heavy metals. Besides, the results demonstrate that the methodology employed allowed to

obtain ulvan with a high degree of purity.

Keywords: Ulva ohnoi; ulvan; green macroalgae; sulfated hetero-polysaccharide; green

extract methods.



Introduction
Ulvales (Chlorophyta) comprises green marine algae distributed along the coast of all terrestrial
oceans and in freshwater reservoirs. Among the species that make up this order of algae and
Ulva genus, the U. fasciata, U. rigida, U. pertusa, U. lactuca and U. ohnoi are those that attract
the most attention and have been used as a source of pharmaceuticals nutraceuticals [1, 2],
(bio)fertilizers [3] and for polluted water treatment [4]. However, due to their high proliferation
capacity and the possibility of accumulating heavy metals, even under unfavorable
environmental conditions, these invasive algae have been associated with harmful to the
aquatic environment and to the populations that live on the banks of rivers and lakes and the
sea coast [5-7].
The species U. ohnoi was first identified by Hiraoka et al. [8] based on DNA sequencing and
comparison with the other species of green algae of the genus Ulva. U. ohnoi is easily adapted
for cultivation in a controlled environment and is a relevant source of biomass, polysaccharides,
and proteins [8, 9]. Bastos et al. [6] first identified this species of green seaweed in Brazil's
Fernando de Noronha archipelago on the country's northeast coast [6, 10]
Studies have been carried out to increase the commercial value of green algae, particularly
about ulvan and other sulfated heteropolysaccharides, which represent a unique compound of
the anionic sulfated heteropolysaccharides soluble in water. The chemical structure of this
heteropolysaccharide features glucuronic acid, iduronic acid, rhamnose, xylose, and sulfate
groups. These polymeric chain are mainly compose of repeated disaccharide units of the type
B-D-glucuronic acid (1—4)-a-L-rhamnose-3-sulfate and a-L-iduronic acid (1—4)-a-L-
rhamnose-3-sulfate [11-13].
Ulvan has wunique chemical structural properties, and it shares similarities with
glycosaminoglycans such as hyaluronic acid and chondroitin sulfate. However, despite ulvan
sharing glucuronic acid in common with all glycosaminoglycans and the sulfate group with
chondroitin sulfate, ulvan’s chemical structure lacks the amide group found in the hyaluronic
acid and chondroitin sulfate chain [14, 15]. The similarities and differences between the
chemical structure of ulvan and the chemical structures of hyaluronic acid and chondroitin
sulfate are shown in Figure 1. Hyaluronic acid and chondroitin sulfate are important
heteropolysaccharides used to maintain homeostasis and the biomechanical integrity of tissues.
Additionally, they also promote healing at the cellular level and fluids and perform essential
physiological, structural, and lubricating functions [16—18]. Ulvan, unlike polysaccharides

from non-algal sources, has more sulfate groups in its structure. The sulfate groups contribute



more significant biological activities than their counterpart non-sulfated polysaccharides,
which show antiviral, anticoagulant, antioxidant, anticancer, antitumor, and anti-inflammatory
properties [19-21]. The non-adhesive property of native sulfated polysaccharides prevents
microorganisms' adhesion to surfaces, and it has shown promise in inhibiting the formation of
biofilms [22]. These effects and intrinsic and unique properties attributed to the ulvan have
increased researchers' interest in its potential application in medicine and biomedical

engineering [23].
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Figure 1: Chemical structure of ulvan, hyaluronic acid and chondroitin sulfate.

The bioactivity of sulfated polysaccharides is linked with their ability to interact with proteins,
which is influenced by their chemical properties and molecular structure [24]. Therefore,
sulfated polysaccharides can exhibit considerable heterogeneity in terms of molecular mass,
sulfation pattern, and charge density. The use of ulvan for biomedical applications has several
advantages, including the fact that this sulfated polysaccharide is bioavailable, can be obtained
by a sustainable extraction process with low-cost production, shows structural similarities with
fucoidan, chondroitin sulfate, and hyaluronic acid, and can be easily associated with other
biopolymers by electrostatic interaction or carboxymethylation by the acid-catalyzed reaction
[25, 26].

Bioactive sulfated polysaccharides with functional properties have been isolated from
seaweeds, purified, characterized, and evaluated for biological applications. The primary focus
of this study was to extract ulvan from U. ohnoi using an environmentally friendly technique

based on suitable extraction and precipitation methods to assess its purity, enlarging the
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potential of applications of the sulfated polysaccharides from seaweeds. The ulvan was
morphologically and chemically characterized. The results unequivocally demonstrate that the
achievement was reached, and that the suitable extraction method prove feasible involving
fewer steps, resulting in high purity product, and being cost-effective.
Results and Discussion

The main aim of this study was to extract ulvan from U. ohnoi using an environmentally
friendly technique based on suitable extraction and precipitation methods to assess its purity,
enlarging the potential of applications of the sulfated polysaccharides from seaweeds. The
macroscopic characteristics of dried U. ohnoi seaweed and ulvan are shown in Supplementary
Material (Figure S2). Figure S2.A shows the macroscopic appearance of dried and
standardized seaweed with a particle size of about 80 mesh. Figure S2.B shows that the
lyophilized ulvan from the microwave-assisted extraction method (MAU-extraction) exhibits
a flocculated structure of white color, with the absence of greenish pigments. Greenish
pigments are regarded as impurities have origin in the extraction/purification process involving
alkaline or acid solvents such as ammonium oxalate [(NH4)>C204] [40, 41] and hydrochloric
acid (HCI) [42].

The elemental analysis by XRF to determine the crude protein content and total sulfate ions in
the dry extract of ulvan is justified by the interest in evaluating the accuracy of the sulfate
polysaccharide extraction method concerning the contents of these chemical elements [32, 36,
43]. The results for the elemental analysis of Carbon (C), Hydrogen (H), Nitrogen (N), sulfur
(S), sulfate ions (SO4), and total protein content in the ulvan samples are shown in Table 1.
The sensitivity of this analytical method also makes it possible to measure the composition of
the samples, as they may vary according to the algal species, seasonal collection periods, and
conditions of the aquatic environment or the cultivation of algae [36, 44, 45]. Proteins in the
cell walls of green algae are associated with polysaccharides. In this way, the protein content,

especially the sulfated ones extracted with the polysaccharides, is considered impurities.



1 Table 1: Percentage (g/%) of carbon, hydrogen, nitrogen, sulfur, total protein, and sulphate for U. ohnoi and ulvan (experimental data) compared
2 to Ereviouslz regorted data (literature data)
Samples Carbon Hydrogen Nitrogen Sulfur Protein Sulphate  References
Ulva ohnoi 2448 + 1.38 = 14.39 +
3 4.4+0.24 48£0.63 6.88+0.21 n.a.
g (powdered dry seaweed) 1.10 0.04 1.89
S
3 < 16.04 + 3.84 + 0.94 + 832+ 24.97 +
g Ulvan Microwave Assisted Aqueous Extraction 0.68 £0.18 n.a
3 0.20 0.20 0.04 0.20 0.88
27.00 + 5.50 + 370 + 3.30 18.50 +
Ulva ohnoi (powdered dry seaweed) n.d [46-48]
1.20 0.10 0.30 0.10 1.50
Ulvan from Ulva ohnoi under acidic medium (HCI) and 28.58 £ 483 + 1.36 = 5.74 + 181 £0.10 17.60 [42, 47]
o1l £0.
® ultrafiltration 0.02 0.23 0.12 0.10 1.40
S
§ ‘§ Ulvan from Ulva ohnoi in presence of Na,C,0O4 and 28.92 +
S 4.66 £0.11 3.43 3.6 590+£0.70 7.10%£0.70 [43, 46]
3 ethanol 0.30
Ulvan from Ulva clathrate hot water method n.d n.d n.d n.d n.d 16.9 [49]
Ulvan from Ulva lactuca dialysis and ethanol 29.23 + 4.61 = 2.04 + 7.08 +
327 +£0.25 n.d [50]
precipitation 0.47 0.29 0.55 0.26
3 n.a., not applicable. n.d not determined



The amount of sulfate ions in various species of algae of the genus Ulva has been reported in
the 2.3 to 40% range [49, 51] that, in turn, is associated with the molecular weight of ulvan and
directly associated with bioactivity and with the characteristics of the polysaccharide group,
including the chemical structure [36, 44, 52]. In the MAU-extraction method used in this study,
the percentages of carbon, hydrogen, nitrogen, and total protein were lower than the values
obtained when sodium oxalate [43, 46] was used in the extraction process. However, the
amount of nitrogen, sulfur, and total proteins were higher than the values obtained when HCI
[42, 47] was used for ulvan extraction. In contrast, the sulfate ion content was about three times
higher when compared to the extraction method that used sodium oxalate, followed by ethanol
precipitation [46], and about 1.5 times higher when compared to the extraction method having
HCI as an extractor, followed by ultrafiltration [42]. These results show that the MAU-
extraction method is more efficient, besides that faster and environmentally friendly when
compared to other previously reported techniques for U. ohnoi. Additionally, as recently
reported by Chen et al. [53], the content of sulfate ions obtained in this extraction process
indicates that the molar mass of the ulvan, and consequently its antioxidant and anti-
inflammatory bioactivities, are more significant than the ulvan obtained by the other
aforementioned extraction techniques [43, 47, 48].

Free metallic elements act as counterion to ionizable radicals, such as sulfate, nitrate and
phosphate groups. The sulfated polysaccharides found in green algae of the Ulvales genus are
capable of accumulating trace elements of metals (~ 100ug/g), and therefore they must be
investigated due to their importance from an environmental and public health point of view
[54, 55]. To identify free metallic chemical elements potentially harmful, and other biologically
active an X-ray fluorescence (XRF) was conducted.

The results shown in Table 2 do not register the presence of any known harmful chemical
elements including, heavy metals and others foreign to the molecular composition of ulvan.
The free metallic chemical elements found in the samples of U. ohnoi and ulvan are probably
from the aquatic environment in the region where the alga was raised and do not pose any
danger to human health or ecosystems [56]. The absence of heavy metals reflects the marine
ecosystem, which can be considered healthy, without harming fauna, flora and humans [56,
57]. In contrast, the presence of silicon is a relevant finding since this mineral element is a
biological cross-linking agent and it also participates in the structure of connective tissues and
plays an important role in initiating the bone -calcification/mineralization process, by

stimulating osteosynthesis by increasing collagen biosynthesis [58, 59].



Table 2: Free chemical elements present in U. ohnoi and ulvan.

Chemical elements U. ohnoi (%) Ulvan (%)
Sodium (Na, natrium) Not detected Not detected
Aluminium (Al) Not detected Not detected
Magnesium (Mg) 5.10+0.02 1.09 £0.23
Calcium (Ca) 0.50+0.03 0.78 £0.09
Potassium (K, kallium) 0.80 £0.10 1.77 £0.10
Silicon (Si) 0.30 £0.08 0.19 £0.02
Phosphorus (P) 0.04 £ 0.07 0.13+£0.03
Clorum (Cl) 0.30 £0.05 1.05 +£0.23
Total 12.05 £0.12 5.01+£0.70

The yield from the MAU-extraction method was 27.77 + 4.83%, which is about twice higher
than the 13.88 £ 0.4% obtained when using ammonium oxalate and heating (80 °C, 2h). The
differences in yield have been attributed to various factors in the ulvan extraction process, such
as time, temperature, types of solvents, and methods [41]. The purity of the ulvan extracted
from U. ohnoi by the MAU-extraction method was around 85%, which is a significant
improvement compared to the purity ranging between 31% - 68% obtained using sulfuric acid
(pH 1.0, 2.5, 4.0), different temperatures (40 °C, 65 °C, 90 °C), or various extraction times
[35]. In addition to increasing yield, the MAU-extraction method decreased extraction time,
reduced electricity consumption, and is more environmentally friendly than previously
described methods [35, 60, 61]. Besides, the ulvan had a lower content of impurities, such as
proteins (4.68 + 0.18%) and ash (5.01 £ 0.70%), compared to the ulvan obtained in the
extractive processes described by Glasson et al. [35] and Tsubaki et al. [60] who presented
percentages of proteins in the range of 4.1 — 15% and ash in the range of 11.2 —41.2% [30, 52,
60].

Figure 2 (a-b) illustrates the results of microscopic analyzes (SEM, HRTEM) and energy-
dispersive X-ray spectroscopy in scanning TEM mode (EDX-STEM). These analyzes were
performed to observe the ulvan morphology and texture as well as to determine the qualitative

and quantitative elemental composition.



Figure 2: Micrographs captured by SEM and HRTEM. Panel 2A — By SEM at varying
magnifications: a) 65x e 200 um; b) 150x e 100 um; c) 250x e 100 um e d) 500x e 50 pum.
Panel 2B — By HRTEM (a); elemental mapping of ulvan, where: oxygen — purple (b) |
magnesium — turquoise (c) | sulfur — red (d) | phosphorus — orange (e) | calcium — yellow (f)
and EDX spectrum of ulvan (g).

Figure 2A (a — d) shows the micrographs obtained by SEM. Images were randomly captured
at distances between 200 and 50 nm and magnification factors of 65x, 150x, 250x, and 500x.
The micrographs show the surface morphology of the fibers, filaments, and pores present in
the ulvan structure. The surface morphology and the porosity of the fibers appear to be regularly
shaped. So, the porous structure of ulvan suggests that it has a good swelling capacity; it can
easily accommodate water-soluble or insoluble bioactive agents in this structure, like a
scaffold, or make a gel and micro- and nanostructured systems and regulate the release of the
active compound. Furthermore, the ulvan in thin film form could absorb a significant amount
of exudate, contributing to wound healing [62]. The SEM micrographs of the ulvan did not
show similarities with the SEM images reported in the previous study for the ulvan extracted
from the seaweed Ulva spp. and U. reticulata, which showed a spongy-like structure without

traces of fibers, pores, and filaments. The differences in the microscopic structure of ulvan may



be linked to the use of different species of green algae and the various extraction processes [41,
45, 56, 63]. In the HRTEM micrograph of the ulvan (Figure 2B, a —f), it is possible to observe
the presence of holes that ratify the pores in the fibers. The elemental mapping and the EDX
spectrum shown in Figure 2B (b — g) indicate the presence of oxygen, magnesium, silicon,
sulfur, phosphorus, and calcium in the structure of the ulvan, which corroborates with the
results obtained in elemental analysis (Table 1) and X-ray fluorescence (Table 2). According
to the EDX results (Figure 2B, g), the ulvan sample analyzed showed 79.49% O, 7.48% Mg,
11.62% Si, 0.44% P, 0.95% S. These results are more promising for biomedical application of
ulvan extracted from U. ohnoi than the results reported by Wahlstrém et al. [56] for ulvan
extracted from U. lactuca and U. compressa.

The differences are probably related to the use of different algae, the extraction process, and
the characteristics of the aquatic environment where the algae were collected [44, 56, 64]. The
presence of oxygen and sulfur in the ulvan EDX spectrum comes from the chemical structure
of the ulvan. While Ca, Mg, and P in ulvan are related to the presence of these elements in the
environment. The presence of Si, in the form of SiO2, comes from sea sand [56, 65]. The
presence of copper (Cu) in the EDX spectrum comes from the copper mesh used for sample
preparation in TEM [66].

The DSC method was employed in this study to assess the behavior of ulvan under controlled
temperature increase and to evaluate the sample's thermal properties, such as melting
temperature (Tm), glass transition (Tg), crystallization (Cry). The thermogram obtained by

DSC for ulvan is shown in Figure 3.
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Figure 3: DSC thermogram of ulvan extracted of U. ohnoi.

Table 3 shows the results obtained for Mp events (86.04° C and 94.86° C) including onset,
endset temperatures, an exothermic thermal of Cry at 213.15° C, and the enthalpies (AH) of
fusion (213.01 °C) and Cry (+ 26.28 °C), and discreet Tg event (0,08 mW/mg) between 174.08
°C and 180.74 °C that is poorly defined due to the high crystallinity degree. The Cry peak is a
typical feature of polysaccharides that occurs to some extent if a molecule has a sufficiently
regular structure. The ulvan thermal events observed in this study differ from another one
previously reported DSC for the ulvan from the seaweed U. rigida, which showed a broad
endothermic melting event at 105.4 °C and an exothermic degradation event at 227.7 °C [67].
Then, it is further evidence that the different species of green algae or extraction methods
modify the ulvan properties.

Table 3. Thermal properties of ulvan from Ulva Ohnoi.

Sample Peaks Onset (°C) Mp (°C) CRY (°C) | Endset (°C) AH (J/g)
1 66.68 86.04 - 108.72 -231.01
Ulvan 2 92.33 94.86 - 101.08 -4.96
3 204.20 - 213.15 230.26 +26.28

The thermogram is typical of a semicrystalline substance since it presents endothermic and
exothermic events and discreet Tg (0,08 mW/mg). The endothermic event at 174.08 — 184 °C
also differs from the other reported results for the ulvan extracted from the seaweed U.
armoricana [37, 68]. The presence of the endothermic events at 86.04 °C and 94.86 °C are
related to the ulvan and evaporation of free water present in the sample, respectively [69, 70].
These results corroborate the analysis of the DSC results previously reported by since,
according to these authors, a broad endothermic event indicates the presence of several
substances, while an endothermic sharp melting event characterizes samples of the pure
polysaccharides [37, 69, 70]. Compared to chondroitin sulfate, ulvan showed differences in the
endothermic and exothermic events [71]. These results can be explained by the differences in
the molar weight of ulvan and chondroitin sulfate and the presence of impurities [71-75].

FTIR was used to characterize and identify characteristic chemical groups of ulvan [62, 76].

The spectrogram obtained by FTIR for the ulvan is shown in Figure 4.
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Figure 4: FTIR spectrogram of the ulvan extracted from Ulva ohnoi.

Analysis of the results obtained for ulvan show a band at 3417.86 cm™ that is attributed to
hydroxyl groups (— OH), the peak at 2939.52 cm™! corresponds to the stretching of the -CH
bond, the peak at 1647.21 cm™ corresponds to the asymmetric stretching of the carboxylic
groups (-COOH) present in uronic acids. The peak 1429.25 cm™ corresponds to the
symmetrical stretching of the carboxylic groups ((COOH) and the stretching of the C—OH
bond that belongs to the -COOH groups [49, 76]. The peak displayed at 1201.65 cm’!
corresponds to the stretching of the S = O bond of the sulfate groups (RO—- SO3-) present in
the chemical structure of ulvan, the peaks at 1136.07 cm™ and 1099.43 cm™! correspond to the
stretching of the C bonds — OH and HC— O— CH corresponding to the glycosidic ether, and the
peak at 846.75 cm™! corresponds to the flexural stretching of the C— O — S bond of the sulfate
groups in the axial position [76, 77].

The ulvan FTIR spectrogram presents chemical similarities with chondroitin sulfate and
hyaluronic acid, except in the stretch that corresponds to the amide group (1653-1636 cm™),
since this group is not present in the chemical structure of ulvan (Figure 1) [78, 79].

The "HNMR technique was performed in order to study the chemical structure of ulvan in more
detail [36, 37]. In the '"H NMR spectrum of ulvan (Figure 5), the hydrogen chemical shifts at
4.65 ppm, in the range of 3.51 — 3.53 ppm and in the range of 3.31 — 3.34 ppm refer to
glucuronic acid, the shifts in 4.67 ppm, 3.98 ppm and 3.51 ppm refer to iduronic acid, the shifts

12



at4.12 ppm and 3.63 ppm refer to sulfated rhamnose and the shifts at 2.78 ppm and in the range
of 1.03 — 1.20 ppm refer to the methyl group (-CH3) present in sulfated rhamnose [36, 49, 69].

-2

140 135 130 125 120 1S 1O 108 100 95 90 &S 80 7S 70 65 60 SS S0 45 40 3% 30 25 20 15 10 05 0 OS -0 A8 20
Cromcal S8 (g

Figure 5: "THNMR spectrogram of the ulvan from Ulva ohnoi.

Thus, the 'H NMR spectrum of ulvan presents similarities with the 'H NMR spectra of
hyaluronic acid, and chondroitin sulfate found in the literature since the spectra of the three
polymers present chemical shifts corresponding to the glucuronic acid; however, the ulvan
showed differences in the intensity and positioning of these displacements, which are related
to differences in the chemical structures of these polymers, since, instead of presenting sulfated
rhamnose in its polymeric chain, hyaluronic acid and chondroitin sulfate present the
monosaccharides N-acetylglucosamine and N-acetyl-p-galactosamine-4-sulfate, respectively.
Furthermore, differences in the intensity of chemical shifts may be related to differences in
molar masses and chain sizes of these three polymers [80, 81].

XRD was performed in order to determine the degree of crystallinity and the main crystalline
reflections of the ulvan [69]. The XRD diffractogram obtained for the ulvan is shown in Figure
6, in which the crystalline reflections at 16.1°, 18.4°, 20.3°, 22°, 24.8°, 28.2°, 30.6°, 32.2°,
35.7°,39.5°, 45.5° and 48.7° are notable.

13
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Figure 6: XRD diffractogram of ulvan from Ulva ohnoi.

From this diffractogram, it was determined that the ulvan obtained in this study presents a
degree of crystallinity of 38%, which characterizes a semi-crystalline polymer, since the
diffractogram of this sulfated polysaccharide presented a region of peaks characteristic of
crystalline substances and an amorphous region predominant [34, 82]. The differences between
the ulvan diffractogram and the chondroitin sulfate and sodium hyaluronate diffractograms can
be explained by differences in the chemical structures and molar weight of these polymers
since the crystallinity of the polymers is directly related to these factors [83, 84].

The present study aimed to extract ulvan from U. ohnoi using an environmentally friendly
technique, focusing on the yield and purity of this important sulfated polysaccharide. We used
a range of characterization techniques, exceptionally high-resolution microscopy, to
investigate the structural properties of ulvan that would justify its use for drug delivery and
other biomedical applications. Due to the chemical similarity and structure of ulvan with
hyaluronic acid, and following its example, we envision the possibility of ulvan serving as a
monoclonal antibody transporter via overexpression of M cells in Peyer's patches, which are
connected to the mesenteric lymph nodes [18]. From the sulfate ion, we evaluated the use of
ulvan for the graphitization of the nanoparticulate systems (studies not yet published). The anti-
biofilm activity of sulfated polysaccharides has been reported [22], as well as antibacterial
activity [85]. Despite the few studies reporting the use of ulvan for medicinal purposes, we

believe that ulvan extracted from green macroalgae, especially from the genus Ulva and
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particularly of the macroalgae U. ohnoi, can now be recognized as a platform for conducting
various biomedical studies. The ongoing efforts hold promise for the future of genus Ulva and
its potential biomedical applications, including vaccines for nasal administration and target-
specific systems, among other smart drug delivery systems.

Conclusions
A bioactive sulfated polysaccharide was obtained through suitable extraction and precipitation
using an environmentally friendly method free of acid or alkaline solvents, involves fewer
steps, results in high purity, and is cost-effective with potential to be commercially explored.
The experimental differences observed in ulvan properties, which are likely influenced by the
use of different algae and extraction methods, and the unique characteristics of this
polysaccharide, as well as its potential for biomedical use, underscore the novelty and
importance of our research.
Our studies demonstrate that the aqueous extraction process assisted by microwave energy,
followed by ethanol precipitation, efficiently obtained the ulvan with high yield and purity. The
porous nature of ulvan supported by sulfated polysaccharide fibers reveals various possibilities
for transporting and releasing drugs, macromolecules, and antigens. In addition to the reported
bacterial activity, the sulfated polysaccharides can be beneficial for the manufacture of
scaffolds intended for tissue regeneration and wound healing. The presence of mineral elements
in the dry extract of ulvan is natural and is linked to the marine microenvironment at the time
of seaweed collection. We investigated and demonstrated that the ulvan samples obtained are
free of heavy metals, an important finding when dealing with algae of the Ulvaceae family.
On the other hand, the presence of Si identified in the extract can be seen as positive since it
contributes to the increase of collagen biosynthesis, as one of the main constituents of the
extracellular matrix, an important element in the regeneration of organic tissues, especially
bone tissue. Furthermore, due to the presence of mineral salts, the biomass of the U. ohnoi plant
or extract has been investigated as an alternative supplement that supports nutrition and
promotes vegetative growth of plants grown in soil poor in mineral nutrients [86]. Due to the
different applications, the dried plant and the U. ohnoi extract should be seen as a platform for
studies to use better the marine biomass of this macroalgae and others of the order Ulvales
(Chlorophyta).
MATERIALS and METHODS

Materials
Seaweed U. ohnoi (dried and without residual moisture) was kindly donated by the Laboratory

of Phycology (LAFIC) of the Federal University of Santa Catarina (UFSC), campus of
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Florian6polis — Santa Catarina — Brazil. Absolute ethanol PA was obtained from Synth
(Diadema, Sdo Paulo, Brazil — Batch: 226903).

Ulvan extraction and chemical characterization
For ulvan extraction, the previously described procedures [27-29] were used with
modifications to increase yield and reduce extraction time. A flowchart with the main stages
of the extraction process is shown in Supplementary Material (Figure S1). Briefly, the dried
seaweed was crushed in a knife mill (model O35, Marconi, Piracicaba, Brazil) to a
granulometry corresponding to 80 mesh (180 um). The seaweed powder was dispersed (1: 36)
in purified water over 60 min. The obtained dispersion was subjected to homogenization (Ultra-
Turrax, T 25 D S32, IKA, Staufen, Germany) with constant stirring (3,400 rpm/ 10 min.). The
aqueous dispersion was heated in a microwave oven (BMS45A, Brastemp, Sao Paulo, Brazil)
for 30s with an average power of 420 W. Then, the dispersion was filtered through filter paper
with a vacuum aid. The residue retained on the filter paper was dried in an oven with forced
air circulation at 35° C (TE-394/2, TECNAL, Piracicaba, Brazil) and stored for further analysis.
The aqueous extract was mixed with ethanol (1: 3) and quickly refrigerated to precipitate the
ulvan (-75 + 5° C, 2 h). The precipitate was concentrated by removing the ethanol using a
rotatory evaporator (45 + 1° C, -600 mmHg). The concentrated aqueous dispersion was frozen
(-75 £ 5° C) for 24 h and lyophilized (Freeze-drier - L101, Liotop, Sao Paulo, Brazil). The
dried extracts were then stored in a packing hermetically closed and protected from light.

Scanning electron microscopy
To perform the scanning electron microscopy (SEM) technique, a sample of the ulvan was
placed on an adhesive carbon tape, fixed to an aluminum support and covered with a thin layer
of gold ions (DII-29010SCTR Smart Coater, JEOL, Tokyo, Japan). The sample was randomly
microphotographed in SEM (JSM-IT200, JEOL, Tokyo, Japan), with an interference voltage
of 15kV.

Transmission electron microscopy
To perform the high-resolution transmission electron microscopy (HRTEM) technique, a
sample of ulvan was dispersed in water and properly homogenized in an ultrasound bath (40
kHz, 1 h). A drop of the dispersion was placed on an ultrafine copper grid with Lacey carbon
mesh film, 400 mesh, and subject to water evaporation at room temperature. The morphological
characteristics of the ulvan were analyzed in HRTEM (FEI / TECNAI G2 F20) with an
accelerating voltage of 200 kV. Simultaneously, to characterize the main chemical elements
present in ulvan, energy dispersive X-ray spectroscopy (EDX) was performed in scanning

transmission electron microscopy (STEM) mode [30].
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Protein and sulfate ion contents

To determine the percentages of carbon (C), hydrogen (H), nitrogen (N) and sulfur (S) present
in ulvan, an elemental analysis by combustion was performed (FlashSmart, Thermo-Scientific,
Massachusetts, USA). A sample of ulvan (4 mg) was heated to a temperature of 950° C and
held for 12 minutes [31]. The test was performed in triplicate. The percentage of proteins in
the ulvan was calculated from the nitrogen (N%) content, following the Dumas method. This
method determined the total protein content present in the ulvan based on the nitrogen
conversion factor for both U. ohnoi and ulvan [31-33]. The total protein content present in
ulvan was calculated (Equation 1). Data were expressed in percentage of dry mass (n=3).

Protein content %(w/w) =N X 5/100 eq.1

where w/w represents mass/mass percentage, “N” is the nitrogen content and “5” is the
conversion factor for protein determination. The result of the elemental analysis for S was used
to determine the content of sulfate ions (SO4>) present in the ulvan. This content was
determined based on the percentage of sulfur (%S) present in the sample and the S conversion
factor (factor 3) [34]. Thus, the sulfate ion content of ulvan was calculated (Equation 2). Data
were expressed in percentage of dry mass (w/w), n=3.

Sulfate content (%) =S x 3 /100 eq.2

where "S" is the sulfur content, and "3" is the conversion factor for sulfate ions determination.
X-ray fluorescence
The X-ray fluorescence (XRF) technique was used to identify the main metallic and non-
metallic chemical elements present in the ulvan sample and to determine their respective atomic
concentrations. To carry out this technique, a tablet composed of ulvan and cellulose (1:8) was
prepared, which was analyzed in an XRF spectrometer (Epsilon 1, PANalytical, Almelo,
Holland) equipped with a silver anode (Ag) and the results were obtained with the Epsilon 3
software.
Yield and purity
The yield of the ulvan extraction process was calculated based on the dry mass of U. ohnoi and
the mass of freeze-dried ulvan (Equation 3). Data were expressed in percentage of dry mass
(wiw).

» eld (%) = Mass of lyophilized ulvan (g) % 100 3
van yie 0) = Dry mass of Ulva ohnoi (g) -

For the calculation of the polysaccharide mass yield, the masses relative to impurities

determined in the X-ray fluorescence assays were disregarded (protein content and other
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chemical elements that are not part of the ulvan polymeric chain) [35, 36]. The impurity-free

ulvan mass and percentage of purity was calculated using Equation 4 and Equation 5,

respectively.
Ulvan If (g) = UlvanT (g) — TIc (g) eq.4
Ulvan If (g)
l ity (%) = ———=~ x 1 _
Ulvan purity (%) Ulvan T (g) x 100 eq.5

Ulvan-If is the amount of ulvan free impurities, Ulvan-T is the amount of ulvan, and TI-c is
the total impurity content.

Differential scanning calorimetry
The ulvan thermogram was obtained by the differential scanning calorimetry (DSC) technique
(Thermal Analyzer TA 60W — Shimadzu, DSC-60, Kyoto, Japan). For this, a mass of
approximately 3 mg of ulvan was transferred to an aluminum crucible, which was hermetically
closed. Heating was carried out at a temperature range of 25 to 300 °C, under a dynamic
nitrogen (N2) atmosphere and a flow rate of 50 mL/min, and a heating rate of 10 °C/min.
2.1. Fourier transform infrared spectroscopy
The ulvan was characterized by Fourier Transform Infrared (FTIR) spectroscopy (IRAffinity-
1S, Shimadzu, Kyoto, Japan and Software LabSolutions v.2.10) in transmittance mode, using
a KBr chip, in the wavelength range of 4000 — 400 cm’!, after 64 scans, and resolution of 4 cm™
!, Spectrograms were normalized, and vibration band assignment was carried out in the IR
spectra of samples by comparing the position, relative intensity, or shape of the bands
associated with the main chemical groups found in the sulfated polysaccharides with the
corresponding features of the associated functional group bands.

Nuclear resonance magnetic spectroscopy
To perform hydrogen-1 nuclear magnetic resonance (‘H NMR) spectroscopy, ulvan dispersion
was prepared in the presence of deuterium oxide (D20) with a high degree of purity (99.9%).
The sample (10 mg) was dispersed and homogenized in 700 uL of D>O, which was placed in
NMR tubes with a diameter of 5 mm. The '"H NMR technique was performed using a nuclear
magnetic resonance spectrometer (500/54 Premium Shielded, Agilent Technologies,
California, USA) with a proton frequency of 500 MHz and a temperature of 25° C. The 'H
NMR spectrum of the ulvan was recorded with a pulse width of 8 us, acquisition time of 4.089
s, relaxation delay of 2 s and 256 transients. Spectral width ranged from 2 to +14 ppm [37].

X-ray diffraction
The ulvan was analyzed in an X-ray diffractometer (D8 advance, Bruker, Massachusetts, USA)

with a position-sensitive detector (LinxEve) and with a Cu-Ka radiation source (A = 1.5418 A).
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XRD data were recorded in the range of 10° < 260 < 80° with a step of 0.02° and irradiation
time of 0.5 s per step [38]. The degree of crystallinity of this sulfated polysaccharide was
determined by calculating the ratio of the crystalline area corresponding to the peaks to the
total area of the diffractogram, as shown in Equation 6. The total area of the diffractogram was
calculated using the OriginPro 8.5 software after the line correction baseline [39]. The

crystallinity degree was expressed in percentage (%).

o Crystalline area
Crystallinity degree (%) = Total ared x 100 eq.6
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