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The polysaccharide ulvan has great potential for various industrial applications due to its unique composition
and biochemical properties. The study aimed to optimize the extraction conditions (pH, extraction time, and
Extractant/Solid (E/S) ratio) of ulvan employing Ulva lactuca samples collected in the Orbetello lagoon, Tuscany
(Italy), using a Design of Experiments (DoE) approach. The extraction process was optimized through a screening
phase followed by Response Surface Methodology (RSM) to maximize ulvan yield and selectivity of the
extraction. The purified extracts were characterized by quantitative NMR for rhamnose (Rha) content, turbidi-
metric assay for sulfate content, and HPAEC-PAD for monosaccharide composition. The results indicated that a
low pH value of 2.0, an extraction time of 105 min, and a high E/S ratio (60:1 mL/g) favored higher purity and
yield of ulvan. Ulvan extracted under optimized conditions (9.27 % yield, 27.8 % Rha, and 20 % sulfate content)
was further characterized by 2D NMR experiments and size exclusion chromatography. This optimized extraction
method provides a basis for further exploration of ulvan’s potential in food, pharmaceutical, and biotechno-

logical applications.

1. Introduction

Ulvan polysaccharide is one of the main components of genus Ulva,
green seaweed that inhabits freshwater as well as saline shallow envi-
ronments (Eltamany et al., 2021). The genus is characterized by high
growth and reproductive rates and has been associated with the for-
mation of problematic “green tides”. This phenomenon is becoming
more common today and occurs as a consequence of anthropogenic
activities that lead to water eutrophication, such as extensive aquacul-
ture, agricultural practices, and industrial activities, often associated
with sewage disposal (Kidgell et al., 2021). At the same time, algae are
suitable for the bioremediation of nitrogen and phosphorus originating
from land-based aquaculture and other nutrient-rich marine wastewater
streams. The cost of the bioremediation process can be offset by
exploiting the unique biochemical profile of the biomass produced

(Glasson et al., 2019; Wichard, 2023). Indeed, the genus is included in
the positive list of seaweed approved in the European Union as food and
food supplement (Aratijo & Peteiro, 2021).

Besides from ulvan, that comprises 9-36 % of dry algal matter, three
other polysaccharides have been isolated: the insoluble cellulose, and
two minor ones, the peculiar alkali-soluble linear xyloglucan and the
glucuronan (Lahaye & Robic, 2007).

Ulvan has a distinctive sugar composition and has shown various
biological activities, making it a promising molecule in the food,
cosmetic, and pharmaceutical industries. Chemically, ulvan is mostly
built on disaccharide repeating sequences composed of rhamnose-3-
sulfate (Rha—3S, 8.2-60.8 mol%) linked to glucuronic acid (GlcA,
2.6-52.0 mol%), iduronic acid (IdoA, 5.0-6.0 mol%), or xylose (Xyl,
0.0-35.4 mol%) (Kidgell et al., 2019). The two major disaccharide
repeating units are aldobiuronic acids, designated as type A (B-p-GlcA-
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(1 — 4)-1-Rha-3-sulfate, Asg) and type B (a-L-IdoA-(1 — 4)-a-L.-Rha-3-
sulfate, B3g) (Fig. 1). Minor disaccharides aldobioses (designated as
ulvanobioses type Usg and Uyg 35) are also found, in which xylose resi-
dues, even partially sulfated in the O-2 position, are present in place of
uronic acids (Fig. 1) (Kidgell et al., 2019).

Ulvan thickening properties, together with the amphiphilic charac-
teristics (hydrophilic for hydroxyl, carboxyl and sulfate groups, hydro-
phobic for methyl groups), have been effectively used in food
formulations, such as oil-in-water emulsion of soft drinks (Morelli et al.,
2019) and cinnamaldehyde emulsions (Shao et al., 2016), where ulvan
acted as a stabilizer and emulsifier agent.

Additionally, ulvan has been employed as a prebiotics in synbiotic
yogurt production, enhancing viscosity and firmness and stimulating the
growth of probiotic bacteria (Shalaby & Amin H, 2019). Its gelling
properties in aqueous metal ion solutions, along with its biodegrad-
ability and antioxidant activity, make ulvan a promising material for
food packaging, especially in combination with other biopolymers like
chitosan (Wang et al., 2023).

Beyond these applications, ulvan also possesses significant biological
properties, including anti-inflammatory, immunomodulatory, antico-
agulant, and hypocholesterolemic activities (Cindana Mo’o et al., 2020),
underscoring ulvan’s broad potential across multiple industrial uses.

Recent studies have investigated the influence of extraction condi-
tions on ulvan characteristics, often obtaining conflicting results. It is
reported that the biological and physicochemical properties of ulvan are
highly dependent on the algae species, the period and site of harvesting,
and, most notably, the extraction conditions (Kidgell et al., 2019). This
latter aspect needs further in-depth studies to understand how different
extraction conditions can affect the chemical structure of ulvan. Addi-
tionally, a thorough structural characterization of the extracted poly-
saccharides is also essential to better define their possible uses and
applications (Guidara et al., 2021).

In this scenario, the Design of Experiments (DoE) is a powerful sta-
tistical approach for optimizing extraction parameters efficiently,
reducing the number of experiments while achieving high-quality in-
formation. It estimates interactions between variables and builds pre-
dictive models linking responses to variables (Eriksson et al., 2008;
Hancu et al., 2021; Lewis et al., 1998).

In this study, an optimized extraction method for ulvan from Ulva
lactuca collected in the Orbetello lagoon, Tuscany (Italy), was devel-
oped, with the aim of maximizing both the yield of the extracted poly-
saccharides and the selectivity of the extraction. The algae grow
naturally in the aquaculture tanks of the region and pose a disposal
challenge for local farmers as it is considered a special waste, leading to
additional costs. The study aims to gather useful insights for trans-
forming this algal biomass from a waste product into a valuable source
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of bioactive compounds. The effects of extraction pH, extraction dura-
tion, and Extractant/Solid (E/S) ratio were investigated by applying a
Design of Experiments (DoE) combined with Response Surface Meth-
odology (RSM) to generate predictive maps of the responses throughout
the experimental domain. This is an example of the application of
multivariate optimization using RSM, whose methodological approach
could be applied to other ulvan sources. Additionally, ulvan extracts
were chemically characterized by quantitative 'H NMR for rhamnose
content, turbidimetric assay for sulfate, and HPAEC-PAD for mono-
saccharide composition.

2. Methods
2.1. Ulva lactuca samples

Ulva lactuca was collected in August 2022 in an aquaculture tank of
the “Pescatori Orbetello” cooperative, in Tuscany (Italy), and identified
by Alessio Papini, Full Professor of Botany at the Department of Biology
of the University of Florence. The algae were covered by a thin sheet of
filter paper and sun-dried for one day, then stored in plastic bags under
vacuum at room temperature. Before analysis the dried sample was
ground to obtain a homogeneous powder.

2.2. Chemical and reagents

The following solvents and reagents were purchased from Merck
KGaA (Darmstadt, Germany): ethanol (EtOH, #1.59010), methanol
(MeOH, #34966), hydrochloric acid (HCl, #258148), methanolic HCl
(#90964), trifluoroacetic acid (TFA, #T6508), gelatin from bovine skin
(#G9382), BaCl, dihydrate (#217565), maleic acid (purity grade 98 %,
#MO0375), myo-inositol (purity grade > 99 %, #15125), 1.-(+)-rhamnose
monohydrate (#83650) b-(+)-xylose (#W360600), b-(+)-glucose
(#47249), p-(+)-galactose (#PHR1206), and p-(+)-fucose (purity grade
> 98 %, #F8150). p-(—)-arabinose (purity grade 99 % #A10357), b-
glucuronic acid (purity grade > 98 % #L14350), sodium acetate anhy-
drous (purity 99 %, #446882500) and sodium hydroxide (extra pure 50
wt% solution in water, #259860010) were purchased from Thermo
Fisher Scientific Inc. (Waltham, MA, USA). r-iduronic acid (#21066)
was purchased from Cayman Chemical (Ann Arbor, MI, USA). D3O
(#84541) and NaySO4 (#28104) were purchased from VWR Interna-
tional (Radnor, PA, USA). Ultrapure water was obtained by the Milli-Q-
system (Millipore SA, Molsheim, France). The dialysis kit (cut-off 12-14
kDa) was purchased from Spectrum Laboratories, Inc. (Breda, The
Netherlands). Anhydrous 2 M HCl in MeOH was prepared by dilution
with MeOH MS-grade (dried with molecular sieves) of a commercial
solution 3 M HCI in methanol.
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Fig. 1. Structure of the main repeating disaccharides in ulvan (subscript numbers indicate the bond position of sulphate group to the monosaccharide): ulvano-
biuronic acids A3S and B3S and ulvanobioses U3S and U2’S,3S. (Figure reproduced from Robic, Rondeau-Mouro, et al., 2009).
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2.3. Experimental design and statistical analysis

In the screening phase, a Free-Wilson model (Lewis et al., 1998) was
used to determine the effects of pH, E/S ratio, and extraction time on
yields (before and after the purification process by dialysis), selectivity
(expressed as rhamnose %), and sulfation degree. The coefficients of the
model were estimated by a symmetrical screening matrix generated by
NemrodW software (NemrodW, LPRAI sarl, Marseille, France), where
each factor was investigated at three levels (pH 2.0-3.5-5.0; Extraction
time 30-105-180 min; E/S ratio 20-50-80 mL/g). The range of the
experimental domain, as well as the fixed temperature of 100 °C, were
set based on preliminary tests (not reported).

RSM with the related statistical data treatment was carried out with
the support of MODDE Pro Version 13.0.2 software package (Sartorius
Data Analytics, Gottingen, Germany). A Central Composite Design
(CCD) was applied to study the effects of extraction time (range 70-140
min) and E/S ratio (range 40-80 mL/g) at 5 levels. pH was fixed at 2.0
based on results of preliminary screening.

2.4. Extraction protocol and purification

The extractions were conducted on 3.00 g of dried matter. An
aqueous pre-extraction with ultrasounds (ultrapure water, 5 min, room
temperature, 1:16 w/v, 120 W power, and 40 kHz frequency) was per-
formed on the dry algae to remove salts and small water-soluble mole-
cules, according to the work of Glasson and coworkers (Glasson et al.,
2017). Salts increase the aggregation properties of ulvan and could also
precipitate with the polysaccharides; their removal prior to ulvan
extraction is an efficient and time-saving treatment to improve the yield
and quality of the extracted ulvan. After the pre-extraction, the sample
was centrifuged (10 min, 3969 g) and the supernatant was discarded.

Ulvan extractions were performed on the remaining pellet at 100 °C
under magnetic stirring (77 g); the solvent volume, pH, and time of
extraction were set according to the experimental matrices (Tables 1-2).
The aqueous extract was separated from the pellet by centrifugation for
10 min at 3969 g, and then it was concentrated to 50 mL using a rotary
evaporator. The final pH values of extracts were 3.5, 5.0, and 7.0 for
extractions at initial pH values of 2.0, 3.5 and 5.0, respectively. Inten-
tionally, no pH adjustments were made, as a pH > 3.5 reduces ulvan
solubility and promotes its precipitation (Morelli et al., 2017). Poly-
saccharides were then precipitated from the concentrated extract by
adding 3 volumes of EtOH in ice. After 45 min, the sample was cen-
trifugated and the pellet was freeze-dried to obtain raw ulvan. The
percentage yield before dialysis was calculated as mg of freeze-dried
sample per mg of dried matter.

All the polysaccharides were dialyzed in membrane tubing with a
cut-off 12-14 kDa (Spectrum™ Spectra/Por™ 4, Regenerated Cellu-
lose); the samples (approximately 30 mg/mL Milli-Q water) were
maintained at 4 °C for four days, changing the water every 3 h (15 h in
the night). The dialyzed polysaccharides were then freeze-dried, and %
yields after dialysis were calculated as mentioned above.

Table 1
3%//9 Symmetric screening matrix and measured responses.
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2.5. Chemical characterization of ulvan extracts

2.5.1. Purity of the extract and selectivity of extraction

Rhamnose content was evaluated by quantitative *H NMR using
maleic acid as internal standard (75 pg for each sample). The spectra
were obtained on a Bruker instrument Advance 400 MHz (Bruker, Bre-
men, Germany) using the same acquisition and processing parameters
for all samples (Bruker sequence “zg”; temperature, 298 K; relaxation
delay (D1), 12 s; pulse width, 7 ps; number of scans (ns), 12). Freeze-
dried polysaccharides were analyzed after dialysis at a concentration
of 5 mg/mL in D»0. The proton signal of the rhamnose methyl group at
H6 (1.31 ppm) was used as a reference, as it is the most abundant signal
in the spectrum and appears in a region relatively free of interference
from other signals. The proton signal of maleic acid (6.33 ppm) was
integrated as reference signal for the quantitative evaluation according
to Eq. 1, adapted from the qNMR guidelines (DWG-NMR-001, 2019).

2cy, MWgna Mg

Rha% = X
MWISTD

X Pistp (@)

3lsmp Msample

where Icys = absolute integrals of the methyl group; I;syp = absolute
integrals of maleic acid; MWgrp = molecular weight of maleic acid
(116); MWRha = molecular weight of rhamnose (164); msrp = weight of
maleic acid; mgample = Weight of sample; Pisrp = purity grade of maleic
acid (98 %).

For quantification, spectra were processed with MestReNova 14.2.1
(Mestrelab Research S.L., Bajo, Santiago de Compostela, Spain) applying
automatic phase and baseline corrections. Chemical shifts were cali-
brated according to residual water signal (4.79 ppm).

2.5.2. Sulfate content

The protocol to determine sulfate content in ulvan was adapted from
one recently published (Torres et al., 2021). The modifications con-
cerned a 10-fold increased volume of reagents and weight of starting
materials to analyze the samples with a DAD 8453 spectrophotometer
(Agilent Technologies, Waldbronn, Germany). The calibration curve
was built with solutions of Na;SO4 in 0.5 M HCI. Briefly, hydrolysis was
performed on 3 mg of dialyzed ulvan, in triplicate, added with 750 pL of
0.5 M HCI, and samples were maintained for 3 h at 100 °C. Absorbance
was measured at 405 nm before and after adding 400 pL of BaCl,-gelatin
reagent. Sulfate content was calculated on the corrected absorbance
value (second reading minus first reading).

2.5.3. Hydrolysis and monosaccharide composition

Double hydrolysis was performed in triplicate on 2.5 mg of freeze-
dried samples. First, 2.5 mL of anhydrous 2 M HCI in methanol was
added and the samples were incubated at 100 °C for 5 h. Then, the
solvent was evaporated with a rotary evaporator, and 2.5 mL of 2 M TFA
was added. TFA solution contained 100 pg/mL of myo-inositol, used as
internal standard. Samples were incubated at 120 °C for 1 h, diluted
with Milli-Q water, and freeze-dried twice to remove all TFA residues.
The procedure was adapted from the ones reported in (Costa et al., 2012;
De Ruiter et al., 1992; Wahlstrom et al., 2020).

Run number Extraction time (min) pH Extractant/Sample ratio (mL/g) Pre-dialysis Post-dialysis Sulfate % Rhamnose %
% yield % yield
1 30 2.0 20 9.74 4.29 16.83 24.93
2 30 35 50 11.39 8.99 16.53 22.98
3 30 5.0 80 11.90 8.71 20.68 20.88
4 105 2.0 50 14.85 8.38 18.32 26.35
5 105 35 80 14.88 8.07 16.24 23.67
6 105 5.0 20 7.41 3.86 13.02 23.31
7 180 2.0 80 10.21 7.61 11.45 25.63
8 180 35 20 7.27 5.49 15.14 23.80
9 180 5.0 50 14.38 9.36 13.74 21.22
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Table 2
Central Composite Design and measured responses.
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Run number Extraction time (min) Extractant/Sample ratio (mL/g)

Pre-dialysis Post-dialysis Sulfate % Rhamnose %

% yield % yield
1 80 46 14.47 7.38 14.72 23.81
2 80 74 14.79 10.16 15.47 26.37
3 130 46 12.11 8.81 16.58 27.24
4 130 74 13.20 8.33 17.08 26.75
5 105 40 15.76 7.24 17.56 22.33
6 105 80 14.50 10.78 16.66 25.63
7 70 60 13.51 8.40 16.10 26.92
8 140 60 12.26 6.61 15.41 27.68
9 105 60 13.78 9.65 21.36 27.09
10 105 60 13.34 8.67 19.91 28.25
11 105 60 14.07 9.50 19.26 28.06

Neutral and acidic sugars were evaluated by HPAEC-PAD performed
on a Dionex ICS-6000 system (Thermo Scientific, Waltham, MA, US)
using an Ag/AgCl reference electrode and a gold working electrode.
Chromatographic separation was performed with a CarboPac PA20 (6
um, 3 x 150 mm) analytical column and a CarboPac PA20G (6 pm, 3 x
30 mm) guard column. The column and the detector temperature were
set at 30 °C. Ultrapure water, sodium hydroxide solution (100 mM in
water), and sodium acetate solution (500 mM in 100 mM NaOH) were
used as the mobile phases A, B and C, respectively, and maintained
under argon atmosphere. The dried samples were resuspended in 8 mL
water, sonicated in an ultrasound bath for 10 min at 35 °C, centrifuged
at 21000 g for 10 min, and filtered at 0.2 pm. The injection volume was
5 pL. The analyses were performed at a 0.4 mL/min flow rate by a
gradient elution as follows: 90 % A /10 % B / 0 % C (0-10min); 60 % A /
0% B /40 % C (10-22min); 60 % A / 0 % B / 40 % C (22-29min) and
90 % A /10 % B / 0 % C (29-30min). The column was reported to
starting conditions by washing in 90 % A and 10 % B for 17 min.

Eight-point calibration curves in a 2.5-60 mg/L linearity range were
performed for L-rhamnose, L-arabinose, L-fucose, p-galactose, p-glucose,
p-xylose, p-glucuronic acid and 1-iduronic acid. Myo-inositol was used as
an internal standard. Thermo Scientific Chromeleon 7.2.9 software was
used for data acquisition and processing.

2.5.4. NMR experiments

Experiments were performed with a Bruker FT-NMR Avance III HD
600 MHz spectrometer. 1H, 13C, 'H—'H COSsY, 'H—!3c HMBC and
1H—13C HSQC spectra were acquired, respectively, with Bruker se-
quences “noesygpprld” (D1, 8 s; pulse width, 12.22 ps; ns, 16),
“zgpg_pisp_f2.fas” (D1, 5 s; pulse width, 11 ps; ns, 1048), “cosygpprqf”
(D1, 1 s; pulse width, 12.22 ps; ns, 8), “hmbcetgpl3nd” (D1, 1 s; pulse
width, 12.22; ns, 32), and “hsqcedetgpsp” (D1, 1.5 s; pulse width, 12.22
ps; ns 16). All experiments were conducted at 298 K. MestReNova 14.2.1
was used for baseline and phase corrections, and for chemical shift
calibration according to TSP signals.

2.5.5. Size exclusion chromatography (SEC)

The molecular weight of ulvan extracted under optimized conditions
was determined by High-Performance Size Exclusion Chromatography
(HPSEC). The sample (5 mg) was dissolved in 1 mL of ultrapure water
and filtered through a 0.22 pm filter membrane.

The HPSEC system consisted of an Ultimate 3000 HPLC (Thermo
Fisher Scientific, MA, US) with three TSK-GEL columns connected in
series (4000-3000-2500 SuperAW; 150 x 6 mm) and a TSK-Gel guard
column (TSKgel Guardcolumn SuperSW, 6 mm ID x 40 mm). The system
was coupled with an RI detector (RefractoMax520, Thermo Fisher).
Column oven was set at 55 °C. A mobile phase consisting of 0.2 M
NaNOj solution was used at a flow rate of 0.6 mL/min. Standard curve
was obtained by various pullulan standards (MWs of 6.1, 21.1, 47, 107,
194, 344 kDa).

3. Results and discussion

DoE approach was applied for the optimization of ulvan extraction
from Ulva lactuca L. of the Orbetello lagoon. DoE consisted of two
phases: the screening phase, which evaluated the variable effects on
responses with minimal experiments, allowing to narrow down the
experimental domain toward the “experimental zone” that could lead to
the best results; and the optimization phase, which used Response Sur-
face Methodology (RSM) to create predictive maps of the responses,
identify factor interactions, and discover experimental zones for simul-
taneous optimization of the responses. Finally, the sweet spot region,
where the method meets its target responses, was defined inside the
experimental domain and a working point was selected (Eriksson et al.,
2008; Hancu et al., 2021; Lewis et al., 1998).

3.1. Screening phase

During this phase, a Free-Wilson model was chosen to relate the
experimental factors to the responses. This model (Eq. 2) is a linear
model without interactions; it contains a constant term and a number of
coefficients for each variable equal to the number of levels investigated
(three) minus one:

y=Ao+AA+AA+B;B+B:B+C;C+C,C (2)

where y represents the response, A is the time of the extraction, B is the
pH, C is the E/S ratio.

A3%//9 symmetric screening matrix was chosen to estimate the co-
efficients of the model and is reported in Table 1, along with the results
obtained from the experiments.

Four responses (rhamnose and sulfate percentages and pre- and post-
dialysis yields) were chosen and investigated based on ulvan charac-
teristics. Rhamnose is the most representative sugar in the ulvan struc-
ture and was therefore selected as a marker for the selectivity of the
extraction conditions. A selective method is necessary to obtain ulvan in
high purity, minimizing the extraction of other polysaccharides and
impurities that could also precipitate in EtOH/H20. Rhamnose values
were estimated by quantitative 'H NMR, a technique chosen for its
reliability and simplicity. The acquisition of the proton spectrum re-
quires only a few minutes and can be obtained by working on the sample
without any preliminary processing (e.g. hydrolysis). At the same time,
the NMR allows the acquisition of further information on the organic
molecules co-present in the sample. The second response investigated
was sulfate content, since ulvan, unlike other more common poly-
saccharides, contains sulfated sugars, which are also correlated with its
biological properties, such as anticoagulant and antioxidant activities
(Kang et al., 2022). Finally, the last two responses were the yields, which
correlate with extraction efficiency and are an essential parameter to be
considered in any process.

The effects of the different levels of the variables on the responses are
shown as graphical analyses in Fig. 2. For each response two graphs are
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Pre-dialysisyield
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Post-dialysisyield

Time ) Time
Time/2-1 30 Time/2-1 30
Time/3-1 105 Time/3-1 105
Time/3-2 180 Time/3-2 180
pH pH
E pH/2-1
pPH/2-1 20 20
pH/3-1 35 pH/3-1 35
pH/3-2 5.0 pH/3-2 5.0
i . E/S ratio
E/S ratiof2-1 E/Srstio E/S ratio/2-1 /
20 ) 20
E/S ratio/3-1 50 E/S ratio/3-1 50
E/S ratio/3-2 80 E/S ratio/3-2 80
(a) (b) (c) (d)
Sulfate % Rhamnose %
Time .
Time/2-1 30 Time/2-1 Time
Time/3-1 .5 105 Time/3-1 30
105
Time/3-2 180 Time/3-2 180
pH/2-1 pH 'o pH/2-1 pH
pH/3-1 35 pH/3-1 ;fs)
pH/3-2 5.0 pH/3-2 510
E/S ratio/2-1 E/S ratio E/S ratiof2-1 E/S ratio
E/S ratio/3-1 ig E/S ratio/3-1 20
) 50
E/S ratio/3-2 80 E/S ratio/3-2 5
(e) (f) (8) (h)

Fig. 2. Graphical analysis of the effects resulting from the experiments of the screening phase. In the plots (a), (c), (e) and (g) the length of the bar is related to the
difference in the effect on the response between two selected levels of each variable; the orange bars represent statistically significant differences. In the plots (b), (d),
(f) and (h) the bars correspond to the effects of the single level of each variable on the response.

reported: the one on the right (Fig. 2b,d,f,h) represents the effects on the
response of the three levels of each variable tested, with the bar length
proportional to the magnitude of the effect; the longest bar is related to a
maximization of the response. The graphs on the left (Fig. 2a,c,e,g) show
the statistical significance of the effect of the variation between two
selected levels of each response. The significance is estimated on the
basis of the experimental variance and the orange bars correspond to a
significant difference. For instance, Time/2-1 refers to the difference of
effect between level 2 (105 min) and level 1 (30 min) of factor Time.

Pre-dialysis yields varied between 7.27 and 14.88 % and were most
significantly influenced by the E/S ratio. The lowest E/S ratio tested (20
mL/g) led to very low yield values, indicating that this small value is not
suitable for the extraction of these high MW polysaccharides. At the
same time, the best level maximizing this response was a medium E/S
ratio (50 mL/g). Furthermore, pre-dialysis yields were not influenced by
the extraction pH, while there is a slight increase in the response at the
medium level of extraction time (105 min).

Regarding post-dialysis yields, the values were obtained after the
purification of the precipitated polysaccharides through dialysis. This
process involved a semipermeable membrane with a specific cut-off of
12-14 kDa; salts, small molecules and oligosaccharides permeated
through the pores and were removed from the sample. As expected, the
yields after dialysis were 20 % to 50 % lower than those obtained before
dialysis, with final values that ranged between 3.86 % and 9.36 % of
dried algae. In this case, the E/S ratio was the only factor that influenced
the response, with the maximum values obtained at the medium and
high levels of extractive solvent.

The third response investigated was the sulfate content, whose
values ranged between 11.45 % and 20.68 % of the dried weight of
ulvan; the results are in agreement with the literature (Kidgell et al.,
2021). Sulfate content resulted not influenced by pH or E/S ratio, while
there is a negative effect of the extraction time on this response. This
latter result may be determined by the prolonged extraction time in

acidic conditions at 100 °C, which could favor the hydrolysis of the
sulfate group from the rhamnose units, explaining this negative
correlation.

Finally, rhamnose values ranged between 20.88 % and 26.35 %, and
were mostly influenced by the extraction pH. This factor had a negative
effect on the response, with maximum values reached at pH 2.0.
Furthermore, a slight increase in the content of rhamnose was observed
for longer times of extraction (105 and 180 min).

The influence of pH on selectivity can be partially explained by the
conformation of ulvan in solution. As an acidic polysaccharide, its sol-
ubility should decrease at pH below the pK, of the acidic groups
(respectively ~2 for sulfate and ~ 3.28 for the uronic acids), where they
are not charged. Conversely, at neutral to acid pH (approximately above
3.5) ulvan can assume a bead-like conformation, similar to those
assumed by polyelectrolytes in non-aqueous conditions (Morelli et al.,
2017; Robic, Gaillard, et al., 2009; Robic, Rondeau-Mouro, et al., 2009)
such aggregates are dissolved at pH < pKj, of uronic acids, making ulvan
more soluble. Moreover, the higher selectivity of extraction at acidic pH
may be also due to the lower solubility of possible co-extracted side-
molecules (proteins or other soluble polysaccharides as glucuronan
and xyloglucan) (Kidgell et al., 2021).

Despite some studies reported that extraction at low pH increased the
selectivity, and at the same time affected yields and MW of the extracted
ulvan (Kidgell et al., 2021), our results highlighted that yields were not
influenced by the pH variation. Therefore, thanks to the screening phase,
in the subsequent experiments by RSM the pH was set at 2.0 and the
ranges of the other two variables investigated were narrowed down
around the medium levels that gave the best results, as reported in
Table 1 and Fig. 2.

In particular, the new domains for Extraction time and E/S ratio were
70-140 min and 40-80 g/mL, respectively.
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3.2. Response Surface Methodology (RSM)

An RSM optimization was carried out to find out the best extraction
conditions to maximize selectivity and efficiency. A CCD with 3 exper-
iments at the central point (used for the estimation of the experimental
variance) was used to estimate the coefficients of the quadratic poly-
nomial model including linear (f; and f2), quadratic (8;; and f22) and
interaction (f22) terms (Eq. 3):

Y = Bo +BiXa + ByXa + By Xa® + PrXo” + ProXaXo + € 3
where x; is E/S ratio, xz is extraction time and ¢ is the experimental
error.

The experimental domain of the CCD was fractionated at five levels
(—a, -1, 0, +1, 4+a, with a = 1.41) and the number of experiments,
including the three replicates at the center, was equal to 11. The
experimental plan with the measured responses is reported in Table 2.

The responses were not mathematically transformed apart from pre-
dialysis yield, for which the inverse was calculated (y~1). All the models
were refined for improving their goodness of prediction Q? and resulted
valid and significant according to ANOVA. Their quality parameters
were good, as shown in Table 18, except for Q2 value in the case of pre-
dialysis yield (Q? = 0.1148) (Eriksson et al., 2008)). The contour plots
for the four responses are presented in Fig. 3.

What can be firstly observed in this second set of experiments is the
increase in yields post-dialysis (6.61-10.78 %) and rhamnose content
(up to 28.25 %), in agreement with the indications obtained by the
screening phase. Sulfate content remained around 15-20 %
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(14.72-21.36 %).

The contour plot for pre-dialysis yield shows a negative correlation
with extraction time and a notable influence by E/S ratio. The maximum
response value is obtained with 75-100 min of extraction and E/S ratio
of both 40 and 80 mL/g. The correlation with E/S ratio is more evident
in post-dialysis yield, which can be maximized with low extraction times
(70-95 min) and high extractant volumes (77-80 mL/g). The quadratic
effect of extraction time was also evidenced. As for the sulfate content,
strong quadratic effects of both extraction time and E/S ratio were
demonstrated, and this response is maximized in the intermediate region
of the experimental domain (100-115 min, 55-65 mL/g). Lastly, the
rhamnose content showed a quadratic effect of E/S ratio with maximum
values obtainable with 55-67 mL/g and 120-140 min of extraction time.

In light of these results, it is clear that the responses cannot be
maximized simultaneously but it is necessary to find a suitable
compromise among the responses. According to the main purpose of this
study (to select the best conditions to obtain high quality ulvan with the
maximum efficiency), only rhamnose content and post-dialysis yield
were the parameters evaluated to define the optimal working condi-
tions. Certainly, based on possible application of the extract, RSM can
always be usefully applied to evaluate case-by-case the best conditions
for the desirable response.

3.3. Constituent monosaccharide composition

The constituent monosaccharide compositions of all extracted ulvans
generally agreed to the literature values (Kidgell et al., 2019). The ex-
tracts were predominantly composed of rhamnose and glucuronic acid,
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Fig. 3. Contour plots for the four responses of the optimization phase.



B. Zonfrillo et al.

which are the typical constitutes of ulvan (disaccharide unit Agg)
(Table 3).

Other ulvan-constituting sugars, xylose (Usg) and iduronic acid (Bsg),
were present in smaller amounts. A consistent presence of glucose is in
agreement with previous studies, though its role as a component or a
contaminant of ulvan remains unclear (Kidgell et al., 2019). Arabinose
and galactose were also present in trace amounts, while fucose, ribose,
and mannose were not detected. A representative chromatogram is re-
ported in Fig. 1S.

Total constituent monosaccharide content, expressed as pg of hy-
drolyzed sugars per mg of dried extract, showed a significant increase
from S to RS series, with values ranging from 250 to 450 pg/mg in the S
series to 700-850 pg/mg in the RS series. This large difference can be
attributed to the combined influence of solvent, pH, extractant volume
and extraction time, which allowed obtaining purer ulvan extracts in the
RS set. For S experiments, the coextracted molecules with ulvan are
characterized by a molecular weight > 12-14 kDa, high solubility at pH
2.0 at 100 °C and insolubility in 80 % ethanol. It can be hypothesized
that these co-extracted molecules are proteins residues or peptides.

The four monosaccharides of ulvan (Rha, GlcA, IdoA, Xyl) repre-
sented, on average, 80 mol% of the total constituent monosaccharide
content in RS extracts, and 72 mol% in S extracts. The uronic acids (GlcA
and IdoA) increased significantly from the screening phase to the opti-
mization phase, confirming the extraction of ulvan.

Ulvan backbone mainly consists of a linear polymer composed of
alternating sequences (Paradossi et al., 2002), even if some branches can
occur (Kidgell et al., 2024). In the backbone, the ratio of rhamnose to the
sum of glucuronic acid, iduronic acid and xylose ([Rha]:[GlcA + IdoA +
Xyl]) is theoretically 1:1. This ratio can be used as a general reference for
comparing different extracts, although the experimental ratio often de-
viates from the theoretical 1:1. In RS extracts, this ratio varied from
1.0:1 to 2.1:1 while in S extracts, a significantly higher proportion of
rhamnose is present (ranging from 1.8:1 to 9.8:1). These ratios, along
with the higher content of sugars, highlight the increased selectivity for
ulvan extraction under RS conditions compared to S conditions. The

Table 3
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higher rhamnose content in S extracts could be due to interspaced units
between conventional disaccharides or possible repeating rhamnan
(Kidgell et al., 2021). The evaluation of these differences in sugar
composition requires further analysis and is beyond the scope of the
present work.

3.4. Optimized working conditions and ulvan chemical characterization

The results from the RSM were used to build the sweet spot, defined
as the region where all the predicted values for the responses are higher
than the selected thresholds (Eriksson et al., 2008). The sweet spot plot
(Fig. 4) was created overlaying the predicted values for the rhamnose
content and post-dialysis yield, highlighting in green the region where
ulvan can be obtained in high yield (> 9 %) and selectivity (rhamnose
content >26 %). The sweet spot is colored green, while the blue region
corresponds to the zones where only one criterion is met.

The central point of the experimental domain (E/S ratio 60 mL/g and
extraction time 105 min) was chosen as the working point. As a matter of
fact, this point met all the criteria using the minimum amount of solvent,
reducing not only the amount of reagents used but also the time required
to evaporate the extracts. The working conditions were also evaluated
by scaling-up the extraction to 12 g of starting raw material (Table 2S).
The extraction procedure was the same as described in paragraph 2.4,
except for the concentration step carried out with the freeze-dryer
instead of the rotary evaporator. The results obtained still met the
criteria chosen.

Ulvan extracted under optimized conditions yielded average values
of 9.27 %, 27.8 %, 20.17 %, and 67 % for yield, rhamnose, sulfate
content, and total sugars, respectively. Compared to other studies on
ulvan extracted from U. lactuca at pH 2.0, these values are higher those
reported by (Yaich et al., 2014) for ulvan extracted under similar con-
ditions (temperature 90 °C, extraction time 60 min, extractant ratio =
16.5 mL/g), which achieved a yield of 8.11 %, rhamnose content of 15.8
%, sulfate content of 15.11 %, and total sugars of 22.07 %. This
discrepancy aligns with the effects of extractant time and volume

Constituent sugar composition of extracts after dialysis of screening (S1-S9) and optimization (RS1-RS11) phases evaluated by HPAEC-PAD, and for rhamnose content
evaluated also by "H-qNMR. Data are expressed as average duplicates in pg/mg extract and normalized mol%.

Ara Gal Glc GlcA IdoA Rha Xyl Tot [Rha]: Rha
sugars [GlcA + IdoA (gNMR)
- + Xyl] -
ng/ mol ug/ mol ug/ mol ng/ mol ug/ mol ng/ mol ug/ mol pg/mg pg/mg
mg % mg % mg % mg % mg % mg % mg %
Screening phase: pH 2.0-5.0, E/S ratio 20-80 mL/g, time 90-180 min
S1 tr 6 1 82 23 3 1 nd 214 65 19 6 324 9 249
S2 tr 6 2 58 15 47 11 7 2 195 57 25 8 338 2.7 230
S3 tr 6 2 55 16 32 8 6 2 189 60 21 7 310 3.4 209
S4 50 16 8 2 64 17 4 1 tr 206 58 16 5 348 9.8 263
S5 tr 6 2 19 6 25 8 3 1 193 71 17 7 263 4.6 237
S6 tr 10 2 85 18 6 1 nd 275 64 27 7 404 7.8 233
Ss7 tr 6 1 187 37 77 14 8 1 158 35 16 4 453 1.8 256
S8 22 7 9 2 66 16 4 1 nd 232 62 18 5 351 9.8 238
s9 tr 8 2 72 18 29 7 2 tr 225 63 17 5 353 5.1 212
Optimization phase: pH 2, E/S ratio 40-80 mL/g, time 70-140 min
RS1 tr 1 10 1 98 12 226 26 38 4 307 43 35 5 719 1.2 238
RS2 tr 11 1 104 12 258 28 45 5 342 44 39 5 801 1.1 264
RS3 tr 11 1 130 15 291 30 47 5 338 41 36 5 854 1 272
RS4 tr 11 1 164 18 285 29 48 5 333 40 34 4 875 1 267
RS5 tr 5 1 43 12 57 15 19 5 166 51 22 7 313 1.9 223
RS6 tr 13 1 96 11 191 21 40 4 335 44 41 6 716 1.4 256
RS7 tr 7 1 74 15 82 16 15 3 214 48 23 6 416 2 269
RS8 tr 6 2 52 13 65 15 17 4 201 54 24 7 366 2.1 277
RS9 tr 11 1 140 19 173 21 34 4 306 45 32 5 697 1.5 271
RS10 tr 14 2 27 4 228 28 37 5 340 50 39 6 684 1.3 282
RS11 tr 1 9 1 74 11 230 32 38 5 264 43 26 5 644 1 281

tr trace (< 1 pg/mg or 1 mol%).
nd not detected.
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Fig. 4. Sweet spot plot for the responses rhamnose content and post dialysis-yield, obtained by plotting Extractant/Sample ratio vs Extraction time. The green zone
corresponds to the area where the requirement is fulfilled (rhamnose content >26 %, post-dialysis yield >9 %).

observed in our study, where shorter times and lower volumes reduce
rhamnose and sulfate content. The contour plots generated in this study
also provide insights into the results of Guidara et al. (2021), who used a
lower extractant volume (60 mL/g) and extraction time (60 min),
resulting in higher yields but lower levels of rhamnose, sulfate, and total
sugars. Additionally, Wahlstrom et al. (2020) applied a longer extraction
time (240 min) and a reduced extractant volume (25 mL/g), obtaining
higher yields (18 %), comparable rhamnose (26.6 %) and total sugar
content (76.8 %), though at the cost of sulfate content (<0.5 % bonded,
17.8 % quantified as free sulfate). It is important to note that these ex-
tractions reported in the literature were performed at temperatures of
80-90 °C, whereas the optimized extraction in this study was conducted
at 100 °C. Since temperature was not included as a variable in the
experimental design, its specific contribution to the observed differences
cannot be estimated.

Ulvan extract under optimized conditions was further characterized
by NMR and SEC analysis. \H—'H COSY, 'H—'3C HMBC and 'H—'3C
HSQC experiments (Fig. 5c,d,e) were conducted to elucidate the struc-
ture of ulvan. 'H and '3C chemical shifts (Table 4) were assigned based
on literature references (Guidara et al., 2021; Kidgell et al., 2024; Thanh
et al., 2016; Tran et al., 2018).

Beginning with the characteristic proton signal at 1.31 ppm, six 'H
resonances were identified from the crossed peaks in the COSY spectrum
(Fig. 5¢). The carbon chemical shifts (C1 to C6) were assigned from the
HSQC spectrum based on the chemical shifts of protons (Fig. 5e). This
first molecule was identified as rhamnose. The carbon signal at 178.42
ppm, linked to proton signals at 3.83 and 3.75 ppm in the HBMC spec-
trum (Fig. 5d), was assigned as C6 of uronic acids. Based on HMQC and
COSY spectra, the signal at 3.83 ppm was attributed to H5 of glucuronic
acid while the signal at 3.75 ppm corresponded to H5 of iduronic acid,
with their H1 signals at 4.63 and 5.11 ppm, respectively. In agreement
with the sugar composition analysis after hydrolysis (Table 3) the most
intense peaks in the spectra were attributed to rhamnose and glucuronic
acid. These two sugars are linked in ulvanobiuronic acid Asg, which is
reported as the most common unit in ulvan polysaccharide (Kidgell

et al., 2019). Xylose, with an H1 chemical shift at 5.41 ppm and a C5
chemical shift at 63.34 ppm, was also identified (Guidara et al., 2021;
Thanh et al., 2016). However, as with iduronic acid, full characteriza-
tion was limited due to the low signal intensity, indicating a low
abundance of these sugars in the extract.

Finally, the molecular weight (Mw) of ulvan was determined to be
88.76 kDa, which is consistent with the low to intermediate values re-
ported in the literature for HCl extractions (Kidgell et al., 2019) (Fig. 5f).
The wide range of molecular weights observed for ulvan is primarily due
to variations in extraction methods (particularly pH), sample poly-
dispersity, and seasonal fluctuations in crop characteristics (Thanh
et al., 2016). Preliminary studies on ulvan extracted at pH 2.0, 3.5 and
5.0 — under identical conditions for Ulva batch, temperature, extraction
time and solvent volume - revealed an increase in molecular weight
from pH 2.0 to 3.5, and several populations at pH 5.0 (data not shown).
For the optimization phase, pH 5.0 was discarded due to the lack of
selectivity for ulvan extraction, and between pH 2.0 and 3.5, 2.0 was
chosen as the optimal condition because, as discussed in Section 3.1, it
increased rhamnose content without reducing overall yields. The
reduction in molecular weight observed at pH 2.0 is not considered a
limitation, as there is not an ideal molecular weight for ulvan. Its
chemical and biological properties are indeed influenced by molecular
weight, but the optimal value depends on the intended application. For
example, a higher molecular weight enhances viscosity but compro-
mises water solubility. Conversely, a lower molecular weight may
facilitate microbial degradation and improve fermentability, such as by
the human gut microbiota.

4. Conclusion

In this study, the extraction conditions for ulvan polysaccharide were
optimized applying a Design of Experiment approach combined with
Response Surface Methodology. This multivariate optimization was
applied for the first time to the algae Ulva lactuca collected in summer in
the Orbetello lagoon. The results showed that pH, extraction time, and
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Fig. 5. Ulvan extracted under optimized conditions: a) 'H NMR spectrum; b) 13C NMR spectrum; ¢) 'H—'H COSY spectrum, d) 'H—3C HMBC spectrum, ) 'H—'3C
HSQC spectrum, f) SEC-RID chromatogram. R and R’, rhamnose; G, glucuronic acid; X, xylose; I, iduronic acid. The acronyms are consistent with those in Table 4.

extractant/sample ratio are critical factors that significantly influenced
ulvan yield, purity, and sulfation degree. The optimized extraction
conditions identified by the DoE methodology have led to a significant
increase in efficiency and selectivity for ulvan extraction, providing a
robust protocol also under scaled-up conditions. Moreover, the

application of the RSM provided a comprehensive understanding of the
interactions between the extraction variables. Future studies will need to
address the effects of seasonality and varying eco-physiological condi-
tions on ulvan content in Ulva lactuca, as these factors are known to
influence its composition.
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Table 4
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1H and 3¢ NMR chemical shifts (ppm) of ulvan extracted under optimized conditions. The acronyms are in accordance with those in Fig. 5.

Disaccharide Units Acronym Chemical shifts (ppm)
H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6
Ass [—4)-B-p- GlcpA- (1— G 4.63 3.36 3.65 3.65 3.83
106.12 76.75 76.75 81.83 74.10 178.42
4)-a-1- Rhap3S- (1-] R 4.76 4.24 4.60 3.76 4.17 1.31
102.76 71.73 81.02 81.02 71.00 19.84
Bss [—>4)--p- IdopA- (1— I 5.11 3.72 3.83 4.60 3.75
106.12 72.98 81.09 78.97 178.42
4)-a-1- Rhap3S- (1] R 4.91 1.27
100.32 71.83
Uss [=4)-p-p- Xyl-(1- X 5.41 3.64 3.96 3.74 3.85
102.76 74.45 76.27 63.34
4)-a-1- Rhap3S- (1-1] R"
The criteria identified in this study, which highlight how the re- References

sponses of interest vary with the extraction conditions, can guide further
studies on ulvan extraction from other sources, such as different Ulva
species from other marine areas. The successful extraction of high-
quality ulvan represents a crucial step toward the conversion of this
widespread and underexploited algae into a valuable resource of active
biomaterials, with possible applications as a viscosity enhancer and
functional ingredient, or as a potential fermentable fiber in food
supplements.
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