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Highlights
• A nanofibrous biomaterial was produced by electrospinning a PVA/ulvan aqueous system
• The ulvan-based nanofiber mat was characterized by FTIR and scanning electron microscopy
• The PVA/ulvan electrospun mat was submitted to thermal treatment (180 °C/60 min)
• The thermally-crosslinked nanofiber mat was stable in water for at least 3 hours
• The thermally-crosslinked PVA/ulvan nanofiber mat showed metal ion binding capacity
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Abstract: Ulvan is the main sulfated polysaccharide isolated from green seaweeds of the genus 
Ulva, showing several biological properties. A fibrous ulvan-based mat exhibiting nanofibers with 
an average diameter of 144 ± 33 nm, was fabricated from electrospun of an aqueous mixture, 
composed by poly(vinyl alcohol) (PVA) and ulvan in a 5:2 mass ratio (PVA5U2). As expected from its 
composition, the PVA5U2 mat readily disintegrated upon contact with water, limiting potential uses. 
For this reason, mat stabilization against water exposition as well as keeping ulvan functional groups 
availability in the biomaterial, as fundamental aspects for functionalization purposes, became the 
main objectives of this work. To achieve them, thermal crosslinking (180 °C/60 min), instead of 
chemical crosslinking, was used for the first time in this type of biomaterial, modulating the poor 
stability of the ulvan-based electrospun mat in water and preventing the formation of polysaccharides 
crosslinking complexes during the stabilization treatment. Infrared spectroscopy and scanning electron 
microscopy were used to characterize the PVA5U2 mat and the thermally-crosslinked PVA5U2 mat, 
evidencing the presence of nanofibers and ulvan functional groups. Nanofibers increased 30% in 
diameter after 180 min of water exposition. The PVA5U2 mat exhibit characteristics that turn them 
into a versatile biotechnological biomaterial.
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Introduction

In the field of biotechnology, the replacement of synthetic 
materials with natural polymers has received great attention, 
considering the advantages associated with this change: 
biocompatibility, biodegradability, low antigen response 
(vegetal sources), renewable character and low cost (Morelli 
& Chiellini, 2010; Jesus Raposo et al., 2015; Cunha & Grenha, 
2016; Alves et al., 2013).

Within the universe of polysaccharides that draw 
attention to replace synthetic materials, those obtained 
from seaweeds have emerged as interesting options, once 
they present the above mentioned characteristics and have 
been described as bioactive compounds, with outstanding 
potential use in different fields: biomedical, food science 
technology, environmental, cosmetic, and pharmacological 
(Sari-Chmayssem et al., 2019; Jesus Raposo et al., 2015; 
Carvalho et al., 2018; Colodi et al., 2021; Cassolato et al., 
2008). Some of these polysaccharides, such as carrageenan, 
alginate, and ulvan, have also been used for the production 
of nanofibers, one of the major goals in nanotechnology 
(Vigani et al., 2018; Toskas et al., 2011; Terezaki et al., 2022; 
Shen & Hsieh, 2014; Mirtič et al., 2019; Madany et al., 2021; 
Kikionis et al., 2015; Daemi et al., 2018; Amjadi et al., 2020).

The interest in nanofibers relies on its high surface area 
to volume ratio which allows different biotechnological 
applications (Xue et al., 2019; Wani et al., 2017; Vass et al., 
2020; Ramakrishna et al., 2006; Phan et al., 2021; 
Persano et al., 2013; Greiner & Wendorff, 2007; Gibson et al., 
2001; Bhardwaj & Kundu, 2010). Nanofibers can be produced 
by different methods, among which the electrospinning 
technique has been highlighted due to its low cost, simple 
fashion and relatively high production rate (Schiffman & 
Schauer, 2008; Ramakrishna et al., 2006; Barnes et al., 

2007). This technique has been used for the development of 
algal polysaccharide-based nanofibers showing interesting 
characteristics from a biotechnological point of view 
(Vigani et al., 2018; Toskas et al., 2011; Terezaki et al., 2022; 
Shen & Hsieh, 2014; Madany et al., 2021; Kikionis et al., 
2022; Daemi et al., 2018). As a prominent representative 
of polysaccharides obtained from seaweeds, ulvan appears 
as a water soluble sulfated polysaccharide that exhibits a 
unique chemical structure characterized by numerous charged 
groups, which has been associated with interesting properties, 
such as: anticoagulant, antithrombotic, cancer preventive, 
anti-inflammatory, antihyperlipidemic, antioxidant, and heavy 
metals chelation (Webster et al., 1997; Tziveleka et al., 
2019; Terezaki et al., 2022; Jesus Raposo et al., 2015; 
Carvalho et al., 2018; Cunha & Grenha, 2016).

The production of spun fibers from pure marine 
polysaccharide (i.e. ulvan) represents a real challenge that 
has been deeply discussed in the review of Mejía Agüero et al. 
(2022). Consequently, the production of ulvan-based 
nanofibers using the electrospinning technique, emerges as 
an alternative that has been barely explored in the literature 
(Toskas et al., 2011; Terezaki et al., 2022; Madany et al., 2021; 
Kikionis et al., 2015, 2022; Hwang et al., 2023). To face the 
drawback associated with the low stability in aqueous media, 
some methods of crosslinking have been used to prevent 
dispersion of these materials in aqueous medium (Shen & 
Hsieh, 2014; Panzavolta et al., 2011; Morelli & Chiellini, 
2010; Daemi et al., 2018; Alves et al., 2012). Among them, 
chemical crosslinking has been highly used for its versatility 
and good mechanical stability, but in some cases, with a 
handicap of using toxic compounds (Patil, 2008) and exhibiting 
irreversible character due to covalent bonds formed, which 
in some cases, have been referred as permanent barriers 
for further functionalization (Saravanakumar et al., 2012). 
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During a chemical crosslinking, some polysaccharide functional 
groups may be compromised, thus limiting its versatility of 
use to different degrees. It is worth to mention that hydroxyl, 
carboxyl and sulfate have been mentioned as important groups 
during the functionalizing process (Schiffman & Schauer, 2008; 
Ma et al., 2015; Carvalho et al., 2018; Cunha & Grenha, 2016) 
of different polysaccharide-based materials, for applications 
as filters to remove cationic dyes and heavy metal ions 
(Ma et al., 2015; Li et al., 2020) carriers for selective drug 
delivery (Saravanakumar et al., 2012; Alves et al., 2012), 
and wound dressing (Tziveleka et al., 2018; Terezaki et al., 
2022; Kikionis et al., 2022).

Based on the previous background, this work proposes 
the production of an electrospun ulvan-based material, 
preserving the original polysaccharide functional groups in 
the final material. It is envisaged that the mat produced in 
this study may find application through its chelating capacity. 
For these reasons, the present work deals with the production 
of a novel electrospun ulvan-based biomaterial, employing a 
physical process to make it stable in aqueous media, avoiding 
its instantaneous solubilization and ensuring dilution rates 
that allow functional uses with the advantage of not using 
toxic compounds as it could happen in chemical crosslinks.

Materials and methods

Seaweed

Samples of Ulva fasciata Delile (Ulvales, Chlorophyta) were 
collected in Florianópolis (27º 35ʹ 49ʺ S and 48º 32ʹ 58ʺ W) Santa 
Catarina State, Brazil in May 2013, and identified by Professor 
Franciane Maria Pellizari UNESPAR, Paranaguá (Paraná State, 
Brazil). The study performed with this biological material was 
regulated and authorized by Sistema Nacional de Gestão do 
Patrimônio Genético e do Conhecimento Tradicional Associado 
(SisGen), under protocol A41FD6D.

Poly(vinyl alcohol) (PVA)

PVA employed in this research was in the powder form 
supplied by Dinâmica (batch no. 94332, Londrina, Brazil), 
and used without further purification. The supplier informed 
a mass average molar mass (Mw) of 72,000 g.mol─1 and 87-
89% of hydrolysis.

Other materials

Ultra-purified water was produced employing an Ultra 
Purifier Equipment (Gehaka, Master All), equipped with: 
inlet filter; activated carbon filter (10”); deionizing filter; 
microbiological filter; reverse osmosis membrane and the 
UV light Lamp. Ultrapure water was used as the solvent 
aqueous system. Deuterated water (D2O) (Cambridge Isotope 
Laboratories, Inc.), dimethyl-d6 sulfoxide (Me2SO-d6) (Sigma 
Aldrich) and acetone (Sigma Aldrich) were used for Nuclear 
Magnetic Resonance (NMR) analyses. All chemicals and 
reagents used were of analytical grade.

Polysaccharide extraction

Seaweed samples were processed to perform polysaccharide 
extraction. The ulvan (U) was obtained as described by de 
Carvalho et al. (2018) and employed as the working fraction. 
Details about protocols of extraction and purification can be 
found in Supplementary Material.

Polysaccharide chemical characterization

The U mass average molar mass (Mw) was determined by 
High-Performance Size Exclusion Chromatograph (HPSEC). 
The monosaccharide composition of U (Taylor & Conrad, 1972; 
Cassolato et al., 2008; Carpita & Shea, 1990; Anderson & Stone, 
1985) was performed by Gas Chromatography-Mass Spectrometry 
(GC-MS). The contents of protein, carbohydrate, sulfate and 
uronic acids of U were determined according to Lowry et al. 
(1951); Filisetti-Cozzi & Carpita (1991); Dubois et al. (1956); 
Dodgson & Price (1962), respectively. Further details about 
protocols of characterization are described in Colodi et al. (2021).

PVA: U blends for electrospinning

PVA and U solutions were prepared separately. The PVA 
solutions were prepared in glass bottles and stirred at 80-
90 °C until total dissolution. Sequentially, the PVA solutions 
were mixed (50:50) with U solutions to produce PVA: U blends 
of several mass ratios. The working PVA:U mass ratio (5:2) 
was selected based on the spinnable character of the blend 
and uniformity of the fibers.

Spectroscopic methods

Nuclear Magnetic Resonance (NMR)

1H NMR analyses of U (2% wt), PVA (5% wt), and PVA5U2 solutions 
were performed at 70 °C, on a Bruker Advance DRX400 NMR 
spectrometer equipped with a 5-mm multinuclear inverse 
detection probe, and a base frequency of 400 MHz for 1H 
nucleus. All samples were dissolved in 99% deuterated water, 
using acetone as the internal reference (1H: 2.23 ppm). 1H NMR 
analysis was also performed for the PVA dissolved in Me2SO-d6. 
The NMR spectra were analyzed using Topspin 4.0.6.

Attenuated Total Reflectance - Fourier Transform 
Infrared analyses (ATR-FTIR)

ATR-FTIR analyses were performed using a Fourier Transform 
Infrared ALPHA Spectrometer (Bruker, Germany) with 4-25 µm 
Mid IR, 4000-400 cm─1, 24 scans and 4 cm─1 of spectral 
resolution. To obtain the FTIR spectra, the dialyzed U extract, 
PVA commercial powder, and the PVA5U2 nanofiber mat were 
placed in contact with the laser using a Platinum ATR module.

Rheological and surface tension measurements

Rheological measurements of U, PVA, and PVA5U2 solutions 
were carried out using a Rheometer HAAKE RheoStress 
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(Thermo Fisher, Germany), equipped with a water bath 
temperature controller, and using a cone and plate probe 
(cone diameter 60 mm, angle 2° and gap of 0.105 mm). 
The viscoelastic properties of PVA: U systems, given by the 
elastic (G’) and viscous modulus (G”), were measured over 
a frequency range of 0.01-100 Hz, at linear viscoelastic 
region. Viscosity and thixotropy (hysteresis in up-down flow 
curves) were determined using a shear rate over a range from 
0.1 to100 s─1 during 300 s, remaining 30 s at 100 s─1, and from 
100 to 0.1 s─1. The graphs were constructed considering the 
equipment sensitivity, given by the minimum torque of 5 μN 
m. The border effect on the sample rheological behavior 
was also determined modifying the geometry gap, and 
further details can be found in the Supplementary Material. 
All rheological analyses were performed at 20.0 °C ± 0.2 °C.

Surface tension was determined using a surface tensiometer 
(Dataphysics Instruments GmbH contact Angle System OCA 
15, Germany), employing a Hamilton syringe (500 µL) with 
a needle of 0.91 mm of external diameter and 38.1 mm of 
length. The sample density was determined and registered 
in the program, before each surface tension measurement 
at 20 °C. Ultrapure water was employed to calibrate the 
equipment at 72.8 mN m─1. Measurements were performed at 
rate 1.00 µL .seg─1 after 10 s of the drop formation. The results 
were calculated from the average of five values for each test.

Electrospinning conditions

Stubs coated with copper double side adhesive tape 
were attached on the top of an aluminum collector disk 
to collect the electrospun composite nanofibers. A 2.5 mL 
Hamilton syringe was loaded with the polymeric solution, 
placed into a syringe pump, and the flow rate set to 2.5 + 
0.2 µL.min─1. The voltage source was connected to the blunt 
syringe needle (+) and the aluminum collector disk (─), and 
adjusted to 17 + 1 kV until a stable Taylor cone was obtained. 
The distance between the syringe tip and the collector was 
of 12 cm, the room temperature of 20 °C ±2 and relative 
humidity of 39% ±1.

Scanning Electron Microscopy (SEM) analysis

The spun nanofibers were dried at room temperature, 
maintained in desiccator under reduced pressure and covered 
with gold plating in a Balzers SCD030 equipment. A VEGA3 LMU 
(TESCAN, Czech Republic) and a JSM 6360-LV (JEOL, Japan) 
Scanning Electron Microscopes (SEM), were used to analyze 
the morphology and to determine the mean diameter of 
PVA5U2 electrospun nanofibers. The fibers were examined at 
an accelerating voltage of 15.0 kV and magnifications from 
500X to 20,000 X. The mean fiber diameter was obtained 
by measurement of 50 fibers (distributed in four quadrants 
along the micrograph).

Stabilization of fibers in water

As a first approach to stabilize fibers in water, the 
PVA5U2 electrospun mat was subjected to thermal 
crosslinking employing dry heat in a drying oven (160 °C for 
30 min), following the method of Pelipenko et al. (2013). 

Afterward, some modifications to the original method of 
Pelipenko et al. (2013) were introduced, by using different 
time-temperature combination treatments. Rynkowska et al. 
(2019) pointed out the temperature as a factor influencing 
the crosslinking efficiency. Taking it into consideration, 
crosslinking temperature increases were performed in this 
work (170 or 180 °C for 30 min), to evaluate the effect of 
higher temperatures on the water stability of PVA5U2 mat. 
Subsequently, an increase in the time of treatment was also 
considered (60 min) (Riyajan et al., 2009).

The proper crosslinking treatment was selected considering 
the results obtained by direct observation (tendency to 
acquire jelly foil aspect during the water immersion) and SEM 
analysis of the crosslinked mat before and after immersed in 
distilled water for different time periods (10, 30, 60, 120, 
and 180 min).

At the end of each immersion time, the mat water excess 
was removed with filter paper and maintained in desiccator 
under reduced pressure, at room temperature. Prior to 
SEM analysis, samples were fixed with glutaraldehyde and 
dehydrated in increasing concentrations of ethyl alcohol 
(50, 60, 70, 80, 90, and 100%). The mat was maintained for 
15 min in each of the ethyl alcohol solutions. Afterward, 
the samples were treated as described in the Scanning 
Electron Microscopy (SEM) analyses section, to determine 
the characteristics and stability of nanofibers.

PVA5U2 mat swelling and dissolution degree mea-
surements

The PVA5U2 spun mat was dried under vacuum and 
weighted repeatedly until constant weight, obtaining a 
dried mat (mdry). Subsequently, the PVA5U2 mat swelling was 
performed in water, at room temperature. The mat water 
excess was removed with filter paper and the water uptake 
was calculated from the mass gain between the mdry and 
the mat equilibrated in water (mwet). The PVA5U2 mat mass 
swelling degree (SD) in water was calculated according to 
the following equation (Rynkowska et al., 2019):

( ) ( ) /   /wet dry drySD g solvent g dry mat m m m= −  (1)

The dissolution degree was evaluated in terms of the mat 
weight loss, and calculated as the difference between mdry 
and the mat taken from the water. The mat water excess 
was removed with filter paper and dried under vacuum (up 
to constant weight). The SD and dissolution degree of the 
PVA5U2 were determined considering the following immersion 
times: 10, 30, 60, 120 and 180 min.

Metal adsorption

A volume of 50 μL of 2 mol/L FeCl3H2O solution was added 
to small glass bottles containing PVA5U2 crosslinked mats 
(0.0058 g). The small glass bottles were placed in a water 
bath and stirred at 50 °C for 40 min. Then, the mat was taken 
from the solution and maintained in the desiccator under 
reduced pressure. SEM and ATR-FTIR analyses were performed 
to evaluate the presence of fibers, as well as, changes in the 
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PVA5U2 crosslinked mat spectrum. The method was adapted 
from previous works (Li et al., 2019; Chi et al., 2021).

Results and discussion

Polysaccharide chemical characterization

The polysaccharide extraction of the green macroalga Ulva 
fasciata allowed a recovery of 17.5% dry weight (working 
fraction: U, Table S1), obtaining a colorless polysaccharide 
with light cotton aspect. The analysis by HPSEC revealed that 
the Mw of U polysaccharide was 2.12 x 105 g mol─1. The results 
of chemical analyses and monosaccharide composition can 
be found in Tables S1 and S2.

PVA:U solution for electrospinning

In the present work, aqueous systems with different PVA:U 
ratios were tested to finally select the PVA:U blend mass 
ratio 5:2 (PVA5U2) as the working system. This was based 
on the spinnable character of the blend and uniformity of 
the fibers (Figures S1 a-b). The system was characterized 
by rheological and surface tension measurements and 1H 
NMR analysis.

Rheological and surface tension of PVA5U2 solution

The selection of the proper solvent during the formulation 
of spinnable mixtures, represent an essential condition to 
define the occurrence of spraying (formation of droplets) or 
spinning (production of fibers). This is because solvent physical 
characteristics exert a remarkable influence over important 
aspects associated to the electrospinning process, such as: 
the rheology of the mixture (Mejía Agüero et al., 2022).

In the pioneering work of Toskas et al. (2011), ulvan 
was mixed with boric acid/calcium chloride (H3BO3:CaCl2) 
water solution to obtain a spinnable system. The solution 
was characterized as presenting a viscoelastic gel-like 
behavior (G′ ˃ G′′). Due to the limited flow behavior of 
ulvan in this solvent, Toskas et al. (2011) introduced PVA 
to the mixture, to obtain a spinnable system. The authors 
noted the occurrence of rheological changes that favored 
the electrospinning process, where G′′ dominated G′ at low 
frequencies, characteristic of a viscoelastic-liquid behavior.

In the present work, the H3BO3:CaCl2 water solution 
was replaced by ultrapure water, as previously used by 
Madany et al. (2021); leading to the formation of non-
spinnable pure U aqueous solutions. The spherical like-shape 
conformation exhibited by pure ulvan in aqueous systems 
(Carvalho et al., 2020) limited the creation of sufficient 
entanglements (chains percolation), preventing jet formation 
as a hypothesis. As an alternative, the introduction of another 
polymer into ulvan systems, such as PVA could act by trapping 
ulvan, increasing the chain percolation and becoming suitable 
for electrospinning (Mejía Agüero et al., 2022).

As performed by Toskas et al. (2011) and Madany et al. 
(2021) the polymer selected in the present work was also 
PVA. However, the Mw of PVA, U/PVA ratio and the ulvan 
(chemical composition) contained in the system formulated 

by Madany et al. (2021), were distinctive from those in the 
system formulated in the present work. As previously reported 
by Robic, Sassi, Dion, Lerat & Lahaye (2009), Kidgell et al. 
(2021) and Dodero et al. (2019), the molar mass, the polymers 
mass ratio in the mixture and the inherent characteristics 
of the polysaccharide used to form a system, will affect the 
solution rheology, and hence, the electrospinning process. 
Consequently, the aqueous system inherent characteristics 
used by Madany et al. (2021) will be different of the one used 
in the present work. These corresponded to two different 
ulvan colloidal aqueous systems.

Rheological measurements performed in the PVA5U2 system, 
U, and PVA solutions produced in this work, showed that the 
(G”) modulus was greater than (G’) (Figure 1a-c, Figures 
S2a-c), indicating that these solutions exhibited liquid-
like viscoelastic behavior (Sari-Chmayssem et al., 2019). 
Consequently, the substitution of H3BO3:CaCl2 solution 
by ultrapure water during the fabrication of ulvan-based 
fibers, allow to overcome the drawback associated with gel 
formation, producing solutions with no measurable yield 
stress.

From the results above it is possible to note that G” over 
G’ is a necessary but not sufficient condition to guarantee 
the electrospinning of ulvan solutions. The viscosity and the 
viscoelastic properties will also define the spinnability of 
polymer solutions. Additionally, as observed in the Figure 1, 
a transitory network was observed at higher frequencies, 
and the relaxation time (τ), defined as τ=1/f when G’=G”, 
reduced 10 times when U was mixed with PVA. Another 
important observation is that τ is almost the same for U:PVA 
and pure PVA, demonstrating that the lower τ is associated 
to an improved relaxation of stored elastic stresses thought 
a rearrangement and conversion to viscous stresses.

Viscosity profile and thixotropic property were also 
evaluated in this work (Figure 1d). The result obtained for 
the first determination showed that the samples (U 2wt% 
solution, PVA 5wt% solution, and PVA5U2 system) exhibited 
the characteristic behavior of Newtonian and non-thixotropic 
fluids, since no significant hysteresis was observed. 
A considerable increase in the PVA5U2 viscosity was observed 
when compared with its two individual’s components (U2wt% 
and PVA 5wt% solutions). This behavior has been previously 
correlated with the occurrence of intermolecular interactions, 
probably via hydrogen bonding (Shen & Hsieh, 2014).

The previous result contrasts with the one reported by 
Toskas et al. (2011) for the ulvan/H3BO3/CaCl2 system, in 
which a decrease of viscosity favored the electrospinning. 
This difference could be explained as a consequence of 
the distinct natures of the solvent systems nature used in 
each case, and the interaction effect between ulvan and 
the H3BO3:CaCl2 solvent. The edge effect on the rheological 
behavior is presented in Figure S3.

Surface tension measurements performed for U (2 wt%), 
PVA (5 wt%) and PVA5U2 solutions, corresponded to: 66.75 + 
0.4 mN.m-1, 48.09 + 0.3 mN.m-1 and 47.56 + 0.3 mN.m-1, 
respectively. These results showed that the PVA5U2 blend 
exhibited a reduction in the surface tension when compared to 
the U solution, compatible with pure PVA 5 wt%. The surface 
tension decrease of PVA5U2 system is a consequence of the 
shrinking force decreasing, which contributes (among other 
factors) to improve the jet formation and promotes spinning 
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(Rwei & Huang, 2012). As previously mentioned, a high surface 
tension induces bead formation, therefore, lower surface 
tensions are desirable to obtain continuous fibers with higher 
surface area (Williams et al., 2018; Fong et al., 1999).

The rheological and surface tension analyses performed 
in the PVA5U2, evidenced interesting characteristics for this 
system, attending the objectives set out in the present work. 
Behind the liquid-viscoelastic behavior which prevented the 
formation of a viscous gel, the non-thixotropic behavior 
of this system evidenced that the PVA5U2 system has a 
certain degree of elongation, which is desirable to prevent 
jet break under the effects of the electric forces applied 
during the electrospinning (Mata et al., 2022). Additionally, 
we observed that the surface tension of this system favored 
the electrospinning process using lower electric fields.

1H NMR of PVA5U2 solution and its individual 
components

Spectroscopic analysis of PVA5U2 solution was performed 
considering the changes suffered in the embedded 
materials properties of a mixture, as previously reported 
(Kamoun et al., 2014). Aiming to describe the NMR 
spectroscopic characteristics of the U and PVA mixture, 1H 
NMR analyses of the PVA5U2 system and of its individual 
components, U and PVA, were carried out and presented in 
the Figures 2, S4, and S5. Chemical assignments for U are 
shown in Table S3 and those for PVA (dissolved in D2O and 
Me2SO-d6) are compared in Table S4.

The 1H NMR analysis of PVA5U2 solution (Figure 2) showed 
various peaks also present in the spectrum of U solution 

and all the characteristic 1H peaks of PVA. The main 1H 
chemical shifts of PVA5U2, U, and PVA solutions were assigned 
according to previous references (Table S5) (van der Velden 
& Beulen, 1982; Shaohua et al.,1990; Petit & Zhu, 1996; 
Lahaye & Robic, 2007; Lahaye, 1998; Lahaye et al., 1997, 
1998; Carvalho et al., 2018; Aranha & Lucas, 2001; Amiya, 
1994; Amiya et al., 1990).

The PVA5U2 spectrum (Figure 2) clearly shows two peaks at 
4.85 and 4.65 ppm, the first one was attributed to the anomeric 
proton of α-L-rhamnose 3-sulfate linked to β-D-glucuronic acid, 
while the second resonance corresponds to the anomeric protons 
of β-D-glucuronic acid and β-D-xylose of U. Additional signals 
corresponding to the polysaccharide unit ring protons at 3.81-
3.36 ppm, as well as the resonance at 1.32 ppm attributed to 
H-6 of α-L-Rhap of U were also observed in PVA5U2 mixture 
(Figure 2, Tables S3 and S5). In contrast with that, some U 
resonances, such as those of iduronic units at 3.68 (H-2) and 
3.84 (H-3) ppm disappear in the PVA5U2 spectrum while others 
could be overlapped by the PVA signals. These results confirm 
the presence of both polymers in the PVA5U2 mixture. As a 
first approach, we consider that U anomeric signals at 5.18 and 
4.91 ppm as well as ring proton resonances between 4.09-
3.86 ppm could be overlapped by the methine PVA signals at 
5.22-4.92 and 4.03 ppm, respectively. Besides, the considerable 
decrease in the peak intensity of α-L-Rhap H-6 (1.32 ppm) 
could indicate that rhamnose units interact with PVA. Further 
studies will be necessary aiming to describe all possible chemical 
interactions between U and PVA in aqueous system.

PVA5U2 nanofiber mat

The PVA5U2 mat behavior in aqueous systems must be 
considered in order to determine the potential uses of 

Figure 1. G’ and G” as a function of the frequency and shear stress at 20 °C for: (a) U 2 wt % solution, (b) 5 wt %, PVA solution 
and (c) mixture PVA5U2. Shear rate effect on the apparent viscosity of U 2wt% solution, PVA 5wt% solution and the PVA5U2 system, 
considering the thixotropic property at 20°C (d).
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ulvan-PVA nanofibers. Bearing in mind biotechnological 
applications, it would be desirable that the PVA5U2 nanofiber 
mat should be stable in aqueous medium. However, as it would 
be expected from the PVA5U2 nanofiber mat composition 
(two water-soluble polymers), the U-based mat produced 
in this work readily solubilized upon contacting with water 
(Figure 3 (aiii)).

To face the drawback of polysaccharide-based nanofibers 
water-solubility, some authors have used chemical 
crosslinking to stabilize this type of biomaterials in water 
(Morelli & Chiellini, 2010; Alves et al., 2012). Nevertheless, 
attending to the objectives of this research, an alternative 
crosslinking method was evaluated to avoid the instant 
dissolution of PVA5U2 nanofiber mat upon contacting with 
water.

As an alternative crosslinking method, thermal crosslinking 
has been effectively applied to PVA and PVA/polysaccharide 
mixture mats (Pelipenko et al., 2013; Lubambo et al., 2015). 
Considering these previous results, the thermal crosslinking 
of PVA5U2 mat was evaluated following the method employed 
by Pelipenko et al. (2013).

After the thermal treatment (160 °C for 30 min), the 
PVA5U2 crosslinked mat was tested by submerging it in 
purified water (Figure 3(b)), obtaining a thin mat with a 
jelly foil aspect that showed to be stable after heat drying, 
exhibiting a moistening resistant behavior. Despite it, a fast 
increase in its gel consistency was observed after ten minutes 
of immersion in water; acquiring a softer appearance up to 
its progressive and complete dissolution.

As a second approach to stabilize the mat using only dry 
heat, an increase in the crosslinking temperature was also 
evaluated (at 170 or 180 °C). The results showed a close 
similar behavior between the mat heated at 170 °C (30 min) 
and the one treated at 160 °C (30 min). However, an improved 
stability was exhibited for the mat heated at 180 °C for 30 min, 
despite the observation of a decrease in its firmness over the 
time. Our strategy using a higher temperature (180 °C) was 
combined with a longer time (60 min) treatment, resulting 
in a mat exhibiting good stability during the first 3 hours of 
immersion in water (Figure 4). Consequently, the water stability 
of the crosslinked PVA5U2 mat was enhanced by increasing 
the crosslinking temperature and time of treatment.

Figure 2. 1H NMR spectra of PVA5U2, PVA, and U (solvent: D2O, temperature: 70 °C, ACE: acetone internal reference). Monosaccharide 
units of each U dyad (A3S, U3s, B3s) are represented as follows: R: rhamnose, G: glucuronic acid, X: xylose, I: iduronic acid unit. RG, 
Rx, RI represent rhamnose 3-sulfate linked to glucuronic acid, xylose, or iduronic acid, respectively. Subscribed numbers represent 
the corresponding hydrogen. PVA: CH3, CH2, and CH correspond to the methyl, methylene, and methine groups of PVA, respectively.
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PVA5U2 nanofiber mat scanning electron 
microscopy (SEM) analyses

As a first approach to describe the physical morphology 
of this novel biomaterial, the crosslinked PVA5U2 mat was 
examined by SEM (Figure 5). Firstly, the microscopic analyses 
were performed before and after the thermal treatment. 
Figure 5a corresponds to the native PVA5U2 nanofibers SEM 
micrograph, exhibiting a random arrangement of elongated 
and uniform fibers with mean diameter of 144 ±33 nm with few 
enlargements up to 355 nm. SEM analysis of the crosslinked 
PVA5U2 mat exhibited nanofibers with mean diameter of 

160 ±42 nm with few enlargements up to 380 nm, without 
significant changes in the morphology (Figure 5b).

In this work, the diameter of the produced fiber was 
bigger than reported by Madany et al. (2021). Some aspects 
responsible for this difference were the higher ulvan mass 
used in the mixture prepared by Madany et al. (2021), as 
well as, the higher voltage (24 kV) used by them during the 
electrospinning process. Toskas et al. (2011) stated that the 
electrospinning of aqueous solutions demands high voltages 
because of the high surface tension of water. In the present 
work, surface tension measurements of the PVA:U aqueous 
blends evidenced a drop in the surface tension values (47.56 ± 

Figure 3. (a) PVA5U2 nanofiber mat and (b) thermally-crosslinked (160°C for 30 min) PVA5U2 nanofiber mat: (i) as deposited, (ii) 
in purified water, (iii) after 10 min submerged in distilled water.

Figure 4. PVA5U2 thermally-crosslinked nanofiber mat (180 °C for 60 min): (i) after deposited and treated, (ii) in distilled water, 
(iii) after 10 min submersed in distilled water.
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0.3 mN.m─1) with respect to both the water surface tension 
(72.8 mN.m─1) and the U solutions (66.75 ± 0.4 mN.m─1). As a 
consequence, in the present work, the electrospinning of 
the PVA:U solutions was performed at lower voltages (17 ± 
1 kV) than those used in previous studies (Toskas et al., 2011; 
Madany et al., 2021).

The crosslinked PVA5U2 (180°C/60 min) was examined 
at the end of each water immersion time, evidencing 
that nanofibers were conserved in the mat. From the 
results obtained, nanofibers with an increase in the mean 
diameter were observed, showing 176 ± 35 nm (after 30 min 
immersion), 172 ± 32 nm (after 60 min immersion), 165 ± 
46 nm (after 120 min immersion), and 186 ± 52 nm (after 
180 min immersion) (Figure 6). Important variations in the 
mean diameter of the fibers were not observed during 

the first two hours of immersion. An increase in the mean 
diameter of about 30% from the native nanofibers and 16% 
from the crosslinked fibers was observed after 180 min of 
immersion.

From the results obtained in this research, interactions 
between U and PVA were detected by NMR, FTIR, and 
rheological analyses. As determined by ATR-FTIR (to be 
discussed later), hydrogen bonding seems to play an important 
role in the PVA5U2 mat conservation. Hydrogen bonds are 
able to undergo reversible changes under different solution 
environments, such as pH, temperature, solvent, and ion type 
and strength (Qi et al., 2021). Then, as would be expected, 
the thermally-crosslinked PVA5U2 mat was not stabilized by 
the permanent covalent bonds that would be characteristic 
in a chemical crosslinking (Qi et al., 2021).

Figure 5. Scanning electron microscopy analysis of (a) PVA5U2 nanofiber mat (b) thermally-crosslinked nanofiber mat.

Figure 6. Scanning electron microscopy analysis of PVA5U2 nanofiber mat. (a) thermally-crosslinked nanofibers mat, (b) after 
30 min, (c) 60 min, (d) 120 min, (e) 180 min of water immersion.
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Based on what was previously mentioned, the PVA5U2 mat 
appears as an interesting platform for post spinning surface 
crosslinking events and different application purposes.

ATR-FTIR analysis of PVA5U2 nanofiber mat

The PVA5U2 nanofiber mat ATR-FTIR spectrum was 
compared with those of U and PVA (Figure 7), and their 
absorption bands attributed in agreement with previous 
reports (Zhang et al., 2010; Thu et al., 2016; Robic, Bertrand, 
Sassi, Lerat, & Lahaye (2009); Raveendran et al., 2013; 
Krimm et al., 1956; Jaulneau et al., 2010).

The PVA5U2 FTIR spectrum presented a reduction in the 
intensity of the following absorption bands of both U and 
PVA (Figure S6, S7, S8 and S9): the asymmetrical stretching 
vibration of U –COO─ groups (1600 cm−1) and the PVA bands 
corresponding to: OH (3303 cm−1), CH2 (2939 and 2906 cm−1), 
the carbonyl from carboxylic acid groups (1734 cm−1) and 
oxygen associated to the non-hydrolyzed acetate (1714 cm−1) 
(Zhang et al., 2010) and the CH2 and CH-OH groups (1376 and 
1325 cm−1). The variations observed in these bands suggested 
that these groups could be taking part in chemical interactions 
established within the PVA5U2 nanofiber mat.

Comparison of PVA5U2 mat spectrum with that obtained 
by Toskas et al. (2011) showed differences in the band 
corresponding to the U –COO─ groups. While Toskas et al. 
(2011) reported a shift (from 1620 to 1713 cm−1), in the 
present study the –COO─ band is in the same range than 
that observed in the U spectrum (1608-1600 cm−1) (Figure 
S6 and S7). Furthermore, the band at 1713 cm−1, referred by 
Toskas et al. (2011) as a shift for the original –COO─ band, 
was observed at the same position in both PVA5U2 and PVA 
spectra (Figures S8 and S9). For this reason, in the present 
research, the band at 1714 cm–1 was attributed to the PVA non-
hydrolyzed acetate groups (Krimm et al., 1956). Additionally, 
it was possible to observe both bands (1608 and 1712 cm−1) in 
the PVA5U2 mat spectrum with reduced intensity in respect to 
the reference spectra (Figures S6, S7, S8, S9). The reduction 
observed in the –COO─ FTIR band together with the 1H NMR 
results suggest that the PVA-U interactions could mainly occur 

through the polysaccharide uronic acid units. The differences 
observed between the present study and the one carried 
out by Toskas et al. (2011) can be attributed to the solvent 
system utilized in each case, while the latter authors used 
H3BO3/CaCl2 aqueous solution, the current research used 
only ultrapure water.

Increases in the intensit ies of FTIR bands at 
2939 cm−1 (stretching of CH) and 1420 cm−1 (stretching 
vibration of –COO─) were observed in PVA5U2 when compared 
to U spectrum (Figures 7, S6, and S7). These increases could 
be consequence of the overlapping of bands attributed to 
PVA CH2 groups (Figure S8) that are not taking part in the 
polymer interactions. Moreover, the peak at 1244 cm−1, in the 
region assigned to the wagging vibration of CH PVA groups, 
overlaps the stretching vibration band of U sulfate groups (S-O, 
1217 cm−1), exhibiting a similar behavior than that observed 
for the band at 842 cm−1 (Figure S6 (b)) that corresponds to 
the overlapping of –COS bending vibration in axial position 
of U sulfate groups (847 cm−1) and C-C stretching vibration 
band of PVA (at 833 cm−1).

Finally, in the region between 1100 and 900 cm−1 of 
PVA5U2 mat spectrum a broad and intense absorption band 
centered at 1050-1029 cm−1 with shoulders at 1084 and 
985 cm−1 was observed (Figure 7 and S6 (b)). When compared 
with the PVA and U spectra, a reduction in intensity can be 
observed in those bands attributed to stretching vibration 
of PVA -CO (1084 cm−1) and the stretching vibration of 
C-O-C of glycosidic U linkages (979 cm−1), in parallel with an 
increase in the two central bands intensity, attributed to the 
stretching vibration of C-O (1050 cm−1) of U (Figure S6 and 
S7), and the band at 1029 cm−1 attributed to an overlap of 
sugar ring vibration absorption bands with C-O-C glycosidic 
bonds and stretching vibration of C-OH of U and C-H2 of PVA 
(Figures S7 and S8).

Our results exhibit similarities with those reported by 
Rynkowska et al. (2019) who characterized a chemically/
thermally crosslinked PVA-based membrane, using 
sulfosuccinic acid (SSA), a chemical compound that presents 
–COOH and –SO3H groups in its structure. Rynkowska et al. 
(2019) stated that PVA crosslinked by esterification between 
PVA –OH groups and SSA –COOH groups. In agreement with it, 
we also postulated that the –COO─ groups of the polysaccharide 
may play an important role in the interactions between U 
and PVA. The participation of PVA –OH groups (by hydrogen 
bond interactions) was justified by Rynkowska et al. (2019) 
for the significant decrease observed in the PVA –OH group 
intensity, also observed in the PVA5U2 spectrum.

ATR-FTIR analysis of thermally-crosslinked PVA5U2 
nanofiber mat before and after water immersion

After thermal crosslinking (180°C/60 min), the 
PVA5U2 nanofiber mat FTIR spectrum exhibited the following 
absorption bands: 791, 846, 986, 1027, 1046, 1087, 1245, 
1326, 1374, 1417, 1612, 1716, 1731, 2915, 2937, and 
3325 cm−1 (Figure 8a). Absorption bands at 791, 846, 986, 
1027, 1245, 1417, and 1622 cm−1 were attributed to U groups 
(Figure S6), while those bands at 1087, 1326, 1374, 1716, 
1731, 2915 cm−1 were attributed to PVA (Figure S8a). Bands 
presented by U and PVA were observed at 2937 and 3325 cm−1. 

Figure 7. ATR-FTIR spectra of: (a) U, (b) PVA powder, and (c) 
PVA5U2 mat



Poly(vinyl alcohol)/ulvan nanofibers thermally stabilized 11-16

The crosslinked mat exhibited the same bands observed in 
the original nanofiber mat as shown in Figure 8a.

Variations in the intensity of the crosslinked PVA5U2 mat 
FTIR bands compared with those of the native PVA5U2 were 
observed. A decrease in the intensity of the peaks depicted 
at 3325, 1731, 1716, 1622, 1417, 1374, 1326, 1245, 1087, 
1027 986, 846, and 791 cm−1 were observed in the crosslinked 
PVA5U2 bands. These results clearly show that the thermal 
treatment does not compromise the polysaccharide functional 
groups present in the original PVA5U2 nanofiber mat.

After 180 min of water immersion, the ATR-FTIR spectrum 
of PVA5U2 crosslinked mat (180°C for 60 min) exhibited the 
same absorption bands showed before immersion (Figure 8b).

ATR-FTIR analysis of PVA5U2 crosslinked mat after 
impregnation with a ferric chloride solution

Changes in the FTIR bands of crosslinked PVA5U2 mat 
functional groups were identified after impregnation with a 
ferric chloride solution (Figure 9). Firstly, the band depicted 
at 3325 cm-1 (stretching of OH) showed a lower intensity and 
narrow shape when compared with the band observed in the 
PVA5U2 crosslinked mat spectrum. In addition to it, the band 
at 1612 cm-1, attributed to the carboxyl group of U showed 
a shift to 1652 cm-1, and a decrease in its intensity; while 
the band at 1245 cm-1 in the region assigned to the wagging 

vibration of CH from PVA overlaps the stretching vibration 
band of U sulfate groups, showed an increase in its intensity.

We assume that these results show the interactions 
between the Fe metal ion with the hydroxyl, carboxyl 
and sulfate groups involved in the PVA5U2 mat structure. 
These variations are similar to those reported by Li et al. 
(2019) for an ulvan derivative complexed with Fe(III) and 
the results obtained by Chi et al. (2021) who investigated 
the metal ion binding properties of Ulva clathrata. They 
reported that the hydroxyl groups on the ulvan chain, were 
the main functional groups participating in the adsorption 
of metal ions. In the present work, the bands at 1087, 
1027, and 966 cm-1 (attributed to PVA -CO, the sugar ring 
vibration overlapping with C-O-C glycosidic bonds and C-OH 
of U, and the C-O-C stretching glycosidic bond of U) showed 
modifications in shape indicating that these groups could be 
participating in the interactions.

Swelling degree and dissolution degree of the 
PVA5U2 mat

The swelling behavior and dissolution rate of PVA5U2 mat 
(treated at 180°C for 60 min) were evaluated at the end of each 
water immersion time. The results are shown in the Table 1.

Table 1. Swelling degree and dissolution degree of the 
PVA5U2 mat.

Immersion time 
(min)

SD  
(%)

Dissolution 
degree (%)

10 475.2 ± 17.5 11.9 ± 2.8

30 479.4 ± 41.6 14.5 ± 1.8

60 444.4 ± 30.8 18.4 ± 2.6

120 444.8 ± 36.2 22.6 ± 4.9

180 437.6 ± 44.8 28.3 ± 4.7

SD: mass swelling degree. The water uptake was 
calculated from the mass gain between the dried 
membrane and the membrane equilibrated in water.

Figure 8. Comparison of ATR-FTIR spectra of: (a) PVA5U2 mat 
and PVA5U2 thermally-crosslinked mat, (b) PVA5U2 thermal-
ly-crosslinked mat before and after 180 min of water immersion.

Figure 9. Comparison of ATR-FTIR spectra of PVA5U2 thermal-
ly-crosslinked mat and PVA5U2 thermally-crosslinked mat after 
impregnation with a ferric chloride solution.
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The PVA5U2 mat swelling during the first hour was similar 
to the results of the immersion of an ionically crosslinked 
scaffold reported by other authors (Gajaria et al., 2020). 
The swelling percentages of the ulvan-calcium scaffold 
previously reported were: 405.33% ± 39.50% (after 15 min 
of immersion), 439.17% ± 22.10% (30 min), 466.27% ± 17.30% 
(1 h), and 502.61% ± 8.70% (at the end of 24 h).

The crosslinked PVA5U2 nanofiber mat exhibits important 
attributes for different applications (currently under 
investigation), envisaging studies in which the interaction with 
water-soluble elements is desirable (Webster et al., 1997; 
Santos et al., 2014; Persano et al., 2013; Mahinroosta et al., 
2018). The chelating capacity of PVA5U2 mat as an iron-
ligand, turns it out as suitable candidate to produce 
an easily degradable smart food-film for supplemented 
foods. Additionally, the swelling behavior exhibited by the 
PVA5U2 mat during the first hours of immersion in water, 
also shows it as an ideal candidate to produce wound healing 
biomaterials.

The strategy of using thermal crosslinking to stabilize the 
PVA5U2 mat against water impregnation created a smart and 
versatile platform that meets one of the scientific community 
focuses, the production of physical (or reversible) gels in which 
cross-linkers removal is unnecessary (Mahinroosta et al., 
2018).

Conclusion

In this work, bead-free nanofibers from PVA/U aqueous 
system were produced, exhibiting an average diameter of 
144 ± 33 nm. Interactions between the seaweed sulfated 
polysaccharide and synthetic polymer in the PVA5U2 system 
were confirmed by 1H NMR, ATR-FTIR, and rheological 
analyses. The ATR-FTIR and 1H NMR results suggested that 
the uronic acid -COO─ groups present in U could be the main 
responsible for these interactions, which highlights the 
importance of the ulvan composition in the production of 
this kind of biomaterial. A considerable reduction of surface 
tension was observed in the PVA5U2 solution in comparison to 
U solution. The addition of PVA makes possible the spinning 
at lower voltage (17 ± 1 kV) when compared to previous 
works. The reduction in the working voltage represents an 
important advantage during the fiber formation. The seaweed-
derived biomaterial formed by two water-soluble polymers 
became water-resistant after thermal crosslinking. To the 
best of our knowledge, this is the first successful approach 
to stabilize an ulvan-based electrospun mat by a physical 
method. No significant changes in both, nanofiber chemical 
composition and morphology were observed after thermal 
crosslinking. From a biotechnological point of view, interesting 
aspects can be highlighted in this novel nanofiber mat, among 
which can be mentioned the presence of ionic functional 
groups (sulfate and carboxylic groups), water-resistant 
properties, and a fully biodegradable low-cost composition. 
Finally, considering the previous background, it is possible to 
conclude that the thermally-crosslinked PVA5U2 nanofiber mat 
corresponds to a versatile biomaterial, available for further 
chemical modifications and therefore functionalization.
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Figure S1. Fibers produced by spinning U/PVA blends in two different mass ratios: (a) 5:2 and (b) 3:5.
Figure S2. G’ and G” as a function of shear stress (constant frequency 1Hz) at 20 °C for: (a) mixture U/PVA (PVA5U2), (b) 

U 2 wt % solution, (c) PVA 5 wt % solution.
Figure S3. Edge effect and rheological behavior.
Figure S4. 1H NMR spectrum of U (2wt% solution in D2O. *Acetone as internal reference at 70°C).
Figure S5. 1H NMR spectrum of PVA (5wt% solution in D2O. *Acetone as internal reference at 70°C).
Figure S6. (a) ATR-FTIR spectrum of U, (b)ATR-FTIR spectrum of PVA5U2 mat.
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Figure S8. ATR-FTIR spectrum of PVA powder.
Figure S9. Comparison between ATR-FTIR spectra of PVA5U2 mat and PVA powder.
Figure S10. PVA5U2 crosslinked nanofiber mat after impregnation with a ferric chloride solution PVA5U2 mat swelling 

and dissolution rate measurements.
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