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Abstract 14 

This study presents the valorization of the Gelidium sesquipedale seaweed for the development of 15 

bioactive aerogels with interest in food packaging applications. The raw seaweed was used to 16 

extract cellulose, highly crystalline (Xc∼70%) and high aspect ratio (∼40) nanocellulose and an agar-17 

based extract, rich in polyphenols and with antioxidant capacity. Subsequently, pure PVA and 18 

hybrid aerogels containing cellulose and nanocellulose were produced by a physical cross-linking 19 

method. The presence of hydroxyl groups provided by the high aspect ratio of nanocellulose 20 

promoted the interactions with water and facilitated the accessibility of moisture towards the 21 

interior of the aerogels, hence generating high water sorption capacity materials.  22 

The agar-based extract was then incorporated into selected formulations and the release in 23 

hydrophobic and hydrophilic food simulant media was investigated. Pure PVA aerogels dissolved in 24 

aqueous media, resulting in an immediate release of the bioactive. Interestingly, the hybrid 25 

aerogels containing cellulose and nanocellulose preserved their integrity and provided a more 26 

gradual release. Although the hybrid aerogels presented similar release profiles during the first 48 27 

h, the presence of nanocellulose led to greater release values after more prolonged times. This 28 

shows the promising properties of hybrid PVA/cellulose/nanocellulose aerogels as matrices for the 29 

controlled release of bioactive compounds in food systems, which could be of interest for the 30 

development of bioactive packaging structures. 31 

 32 

 33 

Keywords: Algae, cellulosic fractions, sulphated polysaccharides, XRD, water sorption, aquatic 34 

biomass.  35 
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1. Introduction 36 

The extremely demanding markets of the developed countries are constantly imposing new 37 

challenges to the food industry sector. Many efforts are currently being focused on the 38 

development of improved methods to produce and distribute novel, sophisticated, safe and stable 39 

foodstuffs, which retain, to the greatest extent possible, the organoleptic properties of fresh 40 

products. In this context, food packages are essential components since they do not only serve as 41 

mere storage containers, but they should also provide physical and barrier protection, ensuring 42 

food quality and safety. Furthermore, current trends in the food packaging industry include the 43 

development of active or intelligent packaging to extend the shelf-life of the product and to monitor 44 

its freshness or any other quality-related parameter. In response to this, novel approaches for the 45 

production of functional food packaging materials, such as the controlled release of bioactive 46 

compounds from the package towards the food product, are being extensively investigated.  47 

In this context, the incorporation of natural extracts rich in phenolic compounds into food 48 

packaging is particularly interesting, since they present interesting functional properties which may 49 

help delaying food oxidative and microbial spoilage processes (Chen & Ho, 1995; Daglia, 2012; Lu 50 

& Foo, 2000, 2001; Rice-Evans, Miller, & Paganga, 1997) and, at the same time, provide different 51 

benefits for human health (Arts & Hollman, 2005; Scalbert, Manach, Morand, Rémésy, & Jiménez, 52 

2005). In particular, the extracts obtained from red seaweed, rich in polyphenols and sulphated 53 

polysaccharides, are promising materials (Gómez-Ordóñez, Jiménez-Escrig, & Rupérez, 2014; Gupta 54 

& Abu-Ghannam, 2011; Jiménez-Escrig, Gómez-Ordóñez, & Rupérez, 2012; Yasantha, et al., 2003). 55 

However, their application in food products is limited due to their bioactive components' sensitivity 56 

to diverse factors, such as temperature, pH, oxygen, exposure to light and enzymes (Lu, Li, & Jiang, 57 

2011). In this sense, the incorporation of bioactive extracts into polymeric matrices is an efficient 58 

strategy to preserve their biological and functional activity by protecting them, while allowing their 59 

release towards the food product under specific conditions. 60 
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Due to their large inner surface areas and high surface to volume ratios, porous materials such as 61 

aerogels may be suitable for the development of controlled release systems. An aerogel is a 62 

polymer network that is expanded throughout its whole volume by a gas and it is formed by the 63 

removal of swelling agents from a gel without substantial volume reduction or network compaction 64 

(Leventis, Sadekar, Chandrasekaran, & Sotiriou-Leventis, 2010). These materials are conventionally 65 

prepared from inorganic compounds such as silica (Demilecamps, Beauger, Hildenbrand, Rigacci, & 66 

Budtova, 2015;  Feng, Le, Nguyen, Nien, Jewell, & Duong, 2016; Wong, Kaymak, Tingaut, Brunner, 67 

& Koebel, 2015); however, current trends are pushing towards the utilization of more sustainable 68 

bio-based and renewable materials. For instance, polysaccharides are suitable materials for the 69 

development of bio-based aerogels (Zhai, Zheng, Cai, Xia, & Gong, 2016; Nissila, Karhula, 70 

Saarakkala, & Oksman, 2018; Jiménez-Saelices, Seantier, Cathala, & Grohen, 2017; Wang et al., 71 

2016). The particular interest of polysaccharide-based aerogels lies in their high water sorption 72 

capacity (Mallepally, Bernard, Marin, Ward, & McHugh, 2013; Salam, Venditti, Pawlak, & El-73 

Tahlawy, 2011), edibility, renewability, sustainability and low cost. In particular, cellulosic materials 74 

have demonstrated to be optimum for the development of aerogels with excellent mechanical 75 

properties (Gnanaseelan et al., 2018; Henschen, Illergård, Larsson, Ek, & Wågberg, 2016; Wang et 76 

al., 2016; Lin et al, 2014). Although these aerogels present promising properties, they are typically 77 

obtained by means of a complex synthesis method involving multiple steps: a first stage in which 78 

cellulose is dissolved (i.e. the crystalline structure has to be disrupted), followed by gelation, 79 

cellulose regeneration, solvent exchange and a final drying step such as freeze-drying or 80 

supercritical drying (Geng, 2018, Gavillon, & Budtova, 2008; Innerlohinger, Weber, & Kraft, 2006). 81 

Apart from the complexity and high cost of the production process, the use of organic solvents 82 

makes these materials not suitable for food-grade applications. As an alternative, aerogels can be 83 

made by a much simpler physical cross-linking method using polyvinyl alcohol (PVA) as the matrix. 84 

This method avoids the use of toxic chemical cross-linkers and, thus, it is suitable for biomedical 85 

and food-related applications (Chang & Zang, 2011). On the other hand, PVA is a synthetic polymer 86 
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and it would be desirable to replace it, at least partially, with renewable biopolymers such as 87 

cellulose. 88 

Cellulose is typically extracted from land biomass, such as terrestrial crops and agro-industrial waste 89 

(Oliveira et al., 2017; Halal et al., 2015). However, the use of aquatic biomass such as algae and 90 

aquatic plants, which is available at large quantities and does not compete with food-related 91 

applications, is an interesting alternative. Cellulose can be subjected to controlled hydrolysis 92 

conditions, resulting in the digestion of the amorphous domains and yielding nanocellulose 93 

(Martínez-Sanz, Lopez-Rubio, & Lagaron, 2011), which is a highly crystalline material, with large 94 

specific surface area, high aspect ratio, good mechanical properties and high thermal stability 95 

(Naduparambath et al., 2018). In this work we propose studying the effect of using both cellulose 96 

and nanocellulose to partially replace the PVA matrix in aerogels. The raw material proposed to 97 

extract these cellulosic fractions was the red seaweed Gelidium sesquipedale, which is rich in 98 

carbohydrates, mainly cellulose and agar (Jeong, Choi, Lee, & Oh, 2012; Yoon et al., 2010). This 99 

seaweed species is industrially used for agar extraction by means of a relatively complex process 100 

which involves the use of alkaline pre-treatments, high-temperature and high-pressure treatments, 101 

filtration processes at high temperatures and several freeze-thawing cycles (Armisen & Galatas, 102 

1987). Alternatively, a much simpler and faster extraction protocol based on the application of a 103 

combined hot-water and sonication treatment was used in this work. The agar extracted by this 104 

method contained bioactive compounds such as polyphenols, which are well-known for presenting 105 

antioxidant activity, as well as antifungal and antiviral properties (Basu & Lucas, 2007; Khan & 106 

Mukhtar, 2007). Therefore, a complete valorization of the seaweed can be carried out to extract 107 

both bioactive extracts (agar-based extracts) and bio-based reinforcing agents (cellulose and 108 

nanocellulose).  109 

The present work reports on the development and characterization of hybrid PVA aerogels 110 

reinforced with cellulose and nanocellulose extracted from the Gelidium sesquipedale seaweed. 111 
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The suitability of these aerogels to be used as matrices for the release of a bioactive agar-based 112 

extract, obtained from the same seaweed, into hydrophilic and hydrophobic food products, has 113 

been investigated and the effect of cellulose and nanocellulose incorporation into the hydrogels 114 

has been evaluated. The results presented in this work will provide the basis for the production and 115 

further optimization of bio-based bioactive aerogels whose components are produced by a 116 

complete valorization of aquatic biomass.  117 

 118 

2 Materials and methods 119 

2.1 Materials 120 

Raw Gelidium sesquipedale seaweed and commercial agar PRONAGAR were kindly donated by 121 

Hispanagar (Burgos, Spain). Polyvinyl alcohol (PVA) was acquired from Plásticos Hidrosolubles 122 

(Valencia, Spain). All the use reagents were of analytical grade.  123 

 124 

2.2 Production and characterization of the agar-based extract  125 

The production of the agar-based extract from Gelidium sesquipedale seaweed was carried out by 126 

applying an optimized method combining heat and sonication. Briefly, the dry algae was ground 127 

into powder and the required amount of water was added to have a final ratio of 1:10 (w/v) 128 

algae:water.  The material was then heated up to 90 °C and held at that temperature for 30 min, 129 

while keeping it in contact with an ultrasonic probe UP-400S (Hielcher GmbH, Germany) at the 130 

maximum power of 400W and at constant frequency of 24 kHz. Subsequently, the material was 131 

centrifuged at 12500 rpm for 20 min at 15 °C, obtaining three different phases: (i) the supernatant, 132 

which was discarded, (ii) a gelatinous layer of precipitated agar based-material which was manually 133 

removed with the aid of a spatula and (iii) a dense layer of fiber-like precipitate. The agar fraction 134 

was separated and freeze-dried for further characterization. 135 
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The extraction yield of the agar-based extract was calculated gravimetrically through the following 136 

equation:  137 

Extraction yield(%) = 𝑊𝑊𝑊𝑊
𝑊𝑊𝑊𝑊

x100         (1) 138 

Where Wo refers to the dry weight of the agar-based extract and Wt refers to the initial weight of 139 

the dry Gelidium sesquipedale seaweed.  140 

Total phenolic compounds were determined by the Folin–Ciocalteu method, with some 141 

modifications (Singleton, Orthofer, & Lamuela-Raventós, 1999), total polysaccharide content was 142 

determined according to the phenol sulphuric acid method suggested by DuBois et al. (1956) and 143 

the total protein content was measured following the Lowry method (Lowry, Rosebrough, Farr, & 144 

Randall, 1951). The antioxidant activity was measured by the ABTS·+ radical cation scavenging 145 

activity method (Re et al., 1999).  146 

 147 

2.3 Production of cellulose and nanocellulose  148 

The extraction of cellulose from the raw Gelidium sesquipedale seaweed was carried out by 149 

applying a protocol previously used for agro-industrial (Martínez-Sanz, Vicente, Gontard, Lopez-150 

Rubio, & Lagaron, 2015) and aquatic biomass (Benito-González, Martínez-Sanz, & Lopez-Rubio, 151 

2018). In the first purification step, 10 g of dry seaweed were washed in a Soxhlet apparatus with 152 

800 ml of toluene/ethanol 2:1 (v/v) during 24 h. The resulting material was dried in an oven at 60 153 

°C, until reducing the level of moisture to ca. 10%, thus obtaining the first fraction, designated as 154 

F1. The second step consisted of a bleaching treatment for the removal of lignin. 10 g of ground F1 155 

were treated with 700 mL of 1.4% NaClO2 solution (pH=3-4) at 90 °C for 5 h. After that, the reaction 156 

was stopped using an ice bath and the material was washed with distilled water and centrifuged (3 157 

times) at 12500 rpm and 15 °C for 20 min. The precipitate was separated and washed with distilled 158 

water and repeatedly filtered until neutrality (pH=7) was reached, hence obtaining the fraction 159 
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labelled as F2. The third step consisted of the removal of the remaining hemicelluloses by washing 160 

with 400 mL 5% KOH solution for 24 h at room temperature, followed by further 2 h at 90 °C. The 161 

material was again centrifuged (2 times) at 12500 rpm and 15 °C for 20 min, with subsequent 162 

washing with distilled water until the material reached neutrality (pH=7). The extracted gel-like 163 

cellulose, in its partially hydrated state, was stored in the fridge until use. 164 

Additionally, one fraction of the extracted cellulose was used for the production of nanocellulose 165 

by means of an acid hydrolysis protocol adapted from the methodology previously reported by 166 

Martínez-Sanz et al. (2011) and optimized on the basis of prior tests done on the raw Gelidium 167 

seaweed. An amount of 2.7 g of cellulose (dry weight) was dispersed in 161 mL of 30% sulphuric 168 

acid solution and kept at 50 °C with stirring for 24 h. Subsequently, the sample was centrifuged (4 169 

times) at 12500 rpm and 15 °C for 20 min and the gel-like precipitate was collected. The material 170 

was then neutralized with sodium hydroxide (1 M) and centrifuged again at 12500 rpm and 15 °C 171 

for 20 min. The obtained gel-like nanocellulose was stored in the fridge until use.  172 

 173 

2.4 Preparation of aerogels  174 

Pure PVA and hybrid PVA/cellulose or PVA/cellulose/nanocellulose aerogels were prepared 175 

following the procedure described in a previous work (Oliveira et al., 2017), according to the 176 

formulations listed in Table 1. Aqueous dispersions of PVA (11% or 21%, w/v) were prepared and 177 

when required, mixed with 7% (w/v) aqueous dispersions of cellulose to obtain a final PVA:cellulose 178 

volume ratio of 3:1. Selected formulations were also prepared by partially replacing the total 179 

cellulose weight with 1% w/w or 3% w/w of nanocellulose. When nanocellulose was added to the 180 

formulations, the required amount of gel-like material was dispersed in water together with 181 

cellulose and then mixed with PVA. For the preparation of the bioactive aerogels, the produced 182 

agar-based extract (ABE) was dispersed together with the PVA, PVA/cellulose or 183 

PVA/cellulose/nanocellulose dispersions, to attain a final concentration of 3 mg extract/g sample. 184 
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This concentration was chosen based on the minimum concentration at which a similar polyphenol-185 

rich extract showed antioxidant activity, according to a previous study (Utama-ang, 186 

Phawatwiangnak, Naruenartwongsakul and Samakradhamrongthai, 2017). The obtained 187 

dispersions were kept in a sealed container under agitation at 90 °C for 1 h. After that, 4 g of the 188 

mixture were placed in a Petri dish (2.4 cm diameter). Subsequently, a physical crosslinking was 189 

performed, which consisted of 5 successive freeze (-20 °C) and thawing (room temperature, 20 °C) 190 

cycles, followed by a final freeze-drying step.  191 

 192 

Table 1. Formulations of the different prepared aerogels. 193 

All the concentrations are expressed in weight percentage with regards to the total weight of the 194 
aerogel. 195 

 196 

Sample code  PVA (% w/w) 
Celullose 

(% w/w) 

Nanocellulose 

(% w/w) 

Agar-based 

extract (ABE) 

(% w/w) 

PVA 11% 100 0 0 0 

PVA 21% 100 0 0 0 

PVA 11% + Cell 82.5 17.5 0 0 

PVA 21% + Cell 90.0 10.0 0 0 

PVA 11% + Cell/Nano_1 82.5 17.3 0.2 0 

PVA 11% + Cell/Nano_3 82.5 17.0 0.5 0 

Bioactive aerogels 

PVA_11%+ABE 99.7 0 0 0.3 

PVA 11% + Cell + ABE 82.3 17.4 0 0.3 

PVA 11% + Cell/Nano_3 + ABE 82.3 16.9 0.5 0.3 
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2.5 Fourier transform-infrared (FTIR) spectroscopy 197 

FTIR analyses were carried out in attenuated total reflectance (ATR) mode using a Thermo Nicolet 198 

Nexus (GMI, USA) equipment. Samples were placed on the ATR crystal for analysis at room 199 

temperature (22 ± 2 °C) and the scans were collected with 4 cm-1 resolution in the spectral range of 200 

4000-500 cm-1 and averaging a minimum of 32 scans.  201 

 202 

2.6 X-ray diffraction (XRD) 203 

XRD measurements of the different fractions extracted from Gelidium sesquipedale, as well as the 204 

prepared aerogels, were carried out on a D5005 Bruker diffractometer. The instrument was 205 

equipped with a Cu tube and a secondary monochromator. The configuration of the equipment was 206 

θ–2θ, and the samples were examined over the angular range of 3°–60° with a step size of 0.02° 207 

and a count time of 200 s per step. Peak fitting was carried out for the extracted cellulosic fractions 208 

using the Igor software package (Wavemetrics, Lake Oswego, Oregon) as described in a previous 209 

work (Martínez-Sanz, Lopez-Sanchez, Gidley, & Gilbert, 2015). The crystallinity index (Xc) was 210 

determined by the method reported by Wang et al. (2007): 211 

100(%) ×= ∑
Total

Crystal
C A

A
X          (2) 212 

Where ATotal is the sum of the areas under all the diffraction peaks and ΣACrystal is the sum of the 213 

areas corresponding to the three crystalline peaks from cellulose I.  214 

 215 

2.7 Transmission electron microscopy (TEM) 216 

The morphology of the extracted nanocellulose was visualized in a JEOL 1010 TEM microscope 217 

equipped with a digital image acquisition system Bioscan (Gatan) at 80 kV. One drop (8 µL) of a 218 
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0.001% aqueous suspension of nanocellulose was allowed to dry on a carbon coated grid (200 219 

mesh). The dimensions of the nanocellulose were estimated from at least 100 measurements done 220 

on at least five TEM images using the ImageJ software. 221 

 222 

2.8 Scanning electron microscopy (SEM) 223 

The morphology of the aerogels was visualized in a Hitachi SEM microscope (Hitachi S-4800) at an 224 

accelerating voltage of 10 kV and a working distance of 8-16 mm. The aerogel samples were frozen 225 

in liquid nitrogen and fractured immediately. Then a thin film of palladium-gold was sprayed on 226 

their surface.  227 

 228 

2.9 Water vapour sorption and water swelling 229 

The water vapour sorption of the aerogels was determined gravimetrically. The weight of each 230 

sample was measured initially and periodically after being deposited in a desiccator equilibrated at 231 

a relative humidity of 100% and a temperature of 25 °C, until reaching constant weight. 232 

The water swelling of the aerogels was evaluated according to the methodology suggested by 233 

Demitri et al. (2013), with some modifications. A known amount of aerogel was immersed in 50 mL 234 

of distilled water at room temperature for 48 h. The water sorption capacity (WSC) was defined as 235 

follows: 236 

WSC = ws−wd
wd

x 100          (3) 237 

where ws is the weight of the hydrated aerogel, after 48 h, and wd is the initial weight of the dry 238 

aerogel.  239 

 240 

2.10 In-vitro release of bioactive aerogels 241 



12 
 

In-vitro release assays were carried out for the bioactive aerogels incorporating the agar-based 242 

extract using two different media: ethanol 10% and ethanol 50%, which, according to the 243 

Commission Regulation 10/2011 EU (10/2011/EC), are considered as food simulants for hydrophilic 244 

and hydrophobic food products, respectively. A method adapted from Costamagna et al. (2017) 245 

was used to build the release profiles. Briefly, 160 mg of aerogel samples were soaked into 2 mL of 246 

the food simulant media at room temperature. At appropriate time intervals, the concentration of 247 

bioactive agar-based extract in the release media was estimated by measuring the absorbance of 248 

the supernatant at a wavelength of 301 nm using a NanoDrop ND1000 spectrophotometer (Thermo 249 

Fisher Scientific, USA). A calibration curve was previously built by recording the whole spectra of 250 

agar-based extract diluted in ethanol 10% and ethanol 50% at concentrations ranging from 0.4 251 

mg/mL to 4 mg/mL. The obtained data were used to determine the total amount of the bioactive 252 

agar-based extract released from the aerogels at each time point. Three independent replicates of 253 

each sample were analyzed. 254 

 255 

2.11 Statistical analysis 256 

For those measurements in which replicates were analyzed, the data have been represented as the 257 

average ± standard deviation. Different letters show significant differences both in tables and 258 

graphs (p≤0.05). Analysis of variance (ANOVA) followed by a Tukey-test were used when comparing 259 

more than two data sets. 260 

 261 

3. Results and discussion 262 

3.1 Valorization of Gelidium sesquipedale seaweed 263 

3.1.1 Production of agar-based extract 264 
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The objective of this work was to produce aerogels with bioactive properties while valorizing the 265 

Gelidium sesquipedale seaweed. Previous trials showed that it is possible to generate agar-based 266 

extracts with bioactive properties by simple extraction protocols based on hot-water and combined 267 

hot-water plus sonication treatments. In particular, the combination of heat with sonication was 268 

determined to be the most optimum extraction protocol since it allowed reducing 4-fold the 269 

extraction time, while preserving the properties of the agar-based extract as compared with the 270 

hot-water treatment. This protocol was followed in this work, generating an agar-based extract 271 

with an extraction yield of 9.9% ± 0.8. Apart from intrinsic process parameters, such as the 272 

extraction time and temperature, the pH and the use of alkaline pre-treatments, the extraction 273 

yield has been observed to be highly dependent on the seaweed species (Arvizu-Higuera, 274 

Rodríguez-Montesinos, Murillo-Álvarez, Muñoz-Ochoa, & Hernández-Carmona, 2008). Therefore, 275 

it would not be fair to compare the obtained extraction yield with the values reported in the 276 

literature for other seaweed species.  277 

The total polysaccharide, protein and polyphenol content of the agar-based extract generated in 278 

this work were determined to be 268.8 ± 8.8 mg galactose/g extract, 128 ± 0.2 mg BSA/g sample 279 

and 17.2 ± 2.8 mg GA/g extract, respectively. Thus, one important implication from the applied 280 

extraction protocol is that while it allows to reduce significantly the process complexity, the amount 281 

of applied energy and the required time for the extraction, the obtained material does not consist 282 

of pure agar. The total polyphenol content in the agar-based extract was higher than that previously 283 

reported for the water extracts from Gelidium pusillum and Gelidium corneum seaweed and the 284 

organic extract from Geldium amansii seaweed (Alvarez-Gómez, Korbee, & Figueroa, 2016, Lee, & 285 

Kim, 2015), showing the potential of the applied extraction protocol to extract bioactive 286 

compounds. 287 

The compositional differences of the agar-based extract from Gelidium sesquipedale were also 288 

evidenced by comparing its ATR-FTIR spectra with that of a commercial agar (cf. Figure 1). As 289 
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observed, the raw seaweed and the extracted and commercial agar presented several bands 290 

characteristic of polysaccharides, such as the broad band at 3000-3600 cm-1, associated with OH 291 

groups, the CH stretching band located at 2915 cm-1 and the bands detected at 1070-1010 cm-1, 292 

corresponding to the C-C stretching vibrations of pyranose rings. The two most characteristic bands 293 

from the agar polysaccharide, located at 930 cm-1 (arising from the 3,6-anhydro-galactose residue) 294 

and at 890 cm-1 (corresponding to the C-H bending at the anomeric carbon in β-galactopyranosyl 295 

residues), were visible in the three samples but, as expected, it was much more intense in the 296 

commercial agar due to its higher purity as compared with the agar-based extract. The presence of 297 

sulphate groups in the agar structure was also confirmed by the appearance of two bands (marked 298 

with arrows in Figure 1) which were more evident in the agar-based extract: one band located at 299 

1260 cm-1, characteristic of sulphate ester groups (Gómez-Ordóñez & Rupérez, 2011) and another 300 

band at 1150 cm-1, ascribed to the vibration mode of ester-sulphate linkages (Guerrero, Etxabide, 301 

Leceta, Peñalba, & De la Caba, 2014). Additionally, the presence of proteins in the raw seaweed 302 

and the agar-based extract was evidenced by the appearance of the amide I band, located at 1641 303 

cm-1, and the amide II band, located at 1540 cm−1. These two bands were masked to some extent 304 

by the intense band corresponding to bound water (located at ca. 1630 cm−1), but they were still 305 

detectable, especially in the raw seaweed.  306 

 307 
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 308 

Figure 1. ATR-FTIR spectra of the Gelidium sesquipedale seaweed, the commercial agar and the 309 

produced agar-based extract. The spectra have been offset for clarity. 310 

 311 

According to previous works (Fernando, Nah, & Jeon, 2016), phenolic compounds derived from 312 

marine algae present bioactivities beneficial to human health such as anticancer, antimicrobial, 313 

anti-inflammatory and antioxidant activities. The agar-based extract generated in this work 314 

contained polyphenols and its antioxidant activity was determined to be 1057.6 ±1.5 µmol TE/g 315 

extract. This value is significantly higher than those previously reported for the water extracts from 316 

Gelidium pusillum and Gelidium corneum seaweed (lower than 4 µmol TE/g extract) (Alvarez-Gómez 317 

et al., 2016) and the methanolic extract from Geldium amansii (39.4 µmol TE/g extract) (Lee & Kim, 318 

2015). These seaweed species have been reported to present lower polyphenol contents (ca. 6.5, 319 

3.5 mg and ca. 14.1 mg GA/g sample for Gelidium pusillum, Gelidium corneum and Geldium amansii, 320 

respectively (Alvarez-Gómez et al., 2016; Lee & Kim, 2015)) than that of the agar-based extract used 321 
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in this work. These results highlight the potential of this extract for pharmaceutical, nutraceutical 322 

and functional food applications. 323 

 324 

3.1.2 Extraction of cellulose and nanocellulose 325 

A sequential extraction process was applied for the purification of cellulose from the Gelidium 326 

sesquipedale seaweed. The ATR-FTIR spectra of the fractions generated after each purification step, 327 

as well as the purified cellulose and the nanocellulose generated by acid hydrolysis are shown in 328 

Figure 2. As observed, several characteristic bands of the functional groups of the lignin and 329 

hemicelluloses, which were present in the raw seaweed, were gradually decreased with the 330 

purification steps. For instance, the band located at 1540 cm-1, related to the C = C stretching from 331 

aromatic hydrocarbons of lignin (Hassan, Mathew, Hassan, & Oksman, 2010), and the band at 1240 332 

cm-1, mainly associated with the stretching vibration mode of acyl oxygen CO-OR in hemicelluloses 333 

(Mohamed, Salleh, Jaafar, Asri & Ismail, 2015, Chen, Lee, Juan, & Phang, 2016), were more intense 334 

in the F1 and F2 fractions (cf. Figure 2). Additionally, the two bands characteristic from the presence 335 

of agar (located at 890 cm-1 and 930 cm-1), were absent after the alkaline treatment for the removal 336 

of hemicelluloses. Furthermore, the intensity of the band located at 1630 cm−1 was strongly 337 

reduced for the cellulose and nanocellulose fractions, indicating a lesser amount of bound water in 338 

the materials after the removal of hemicelluloses and lignin. On the other hand, several bands 339 

related to the cellulose I crystalline content, such as those located at ca. 1430 cm−1, 1300 cm−1 and 340 

1100 cm−1 (marked with arrows in Figure 2), became more visible in the cellulose and nanocellulose, 341 

thus confirming that the extraction protocol was efficient for the isolation of cellulose from 342 

Gelidium sesquipedale seaweed. It should be noted that the relative intensity of these bands was 343 

only slightly increased when comparing the cellulose with the nanocellulose, suggesting that a 344 

limited crystallinity increase was attained after the acid hydrolysis treatment of cellulose. 345 

 346 
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 347 

Figure 2. ATR-FTIR spectra of the different cellulosic fractions extracted from Gelidium sesquipedale 348 

seaweed. Spectra have been offset for clarity. 349 

 350 

To evaluate the effect of the different purification steps and the final hydrolysis treatment on the 351 

crystalline structure of the generated fractions, XRD experiments were carried out and the obtained 352 

diffractograms are shown in Figure 3. As observed, the raw seaweed presented a more complex 353 

pattern with small and sharp diffraction peaks which arose from the presence of mineral 354 

compounds, such as silica (SiO2) and weddellite (CaC2O4·2H2O) (Chen et al., 2016;  Singh, Gaikwad, 355 

Park, & Lee, 2017). The shape of the diffraction patterns for the raw seaweed and the fraction F1, 356 

with one broad peak located at ca. 19.0° and a shoulder at ca. 13.9°, was indicative of the presence 357 

of agar (Atef, Rezaei, & Behrooz, 2014, Guerrero et al., 2014).  On the other hand, the patterns from 358 

the F2, the cellulose and the nanocellulose samples were dominated by the diffraction peaks from 359 

crystalline cellulose Iβ, located at ca. 2θ = 15.0°, 16.6° and 22.7° (corresponding to the (1-10), (110) 360 

and (200) crystalline planes, respectively) (Martínez-Sanz, Pettolino, Flanagan, Gidley, & Gilbert, 361 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/silicon-dioxide
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/weddellite
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2017). Furthermore, two peaks located at ca. 26.7° and 34.7° were detected in the case of the 362 

nanocellulose and an additional peak located at ca. 29.5° also appeared in the cellulose pattern. 363 

From all these peaks, only the one located at 26.7° was visible in the raw seaweed, suggesting the 364 

presence of some mineral impurities in the extracted cellulosic materials, which may have also 365 

undergone structural changes during the several applied extraction treatments, leading to the 366 

formation of new crystalline structures in the material. The crystallinity values estimated from the 367 

XRD patterns were 10.9% for the raw Gelidium sesquipedale seaweed, 5.9 % for the F1 fraction, 368 

33.1% for the F2 fraction, 64.5% for the cellulose and 69.8 % for the nanocellulose. The cellulose 369 

and nanocellulose samples had a higher crystallinity index when compared to the other samples, 370 

evidencing the removal of amorphous components such as lignin and hemicelluloses (Oliveira et 371 

al., 2017, Abraham et al. 2011), which, as previously suggested by the FTIR characterization, were 372 

present in the less purified fractions. The cellulose crystallinity value was very similar to that 373 

previously reported for the cellulose extracted from Gelidium elegans seaweed (XC~63%) (Chen et 374 

al., 2016) and higher than that of cellulose extracted from aquatic plants, such as Posidonia leaves 375 

and waste (XC~48-51%) (Coletti, Valerio, & Vismara 2013, Benito-González et al., 2018). Although 376 

the acid hydrolysis was expected to digest the amorphous domains of cellulose through cleavage 377 

of the β-1,4-glycosidic bonds, releasing the individual crystal segments, it seems that, in agreement 378 

with the FTIR results, only a slight increase in the crystallinity index was attained. Although the acid 379 

hydrolysis treatment applied in this work has been previously utilized for the extraction of bacterial 380 

cellulose nanocrystals, these conditions may have been too harsh for the cellulose extracted from 381 

Gelidium sesquipedale seaweed, disrupting both the amorphous and the crystalline domains and, 382 

thus, not being able to markedly increase the crystallinity index of the extracted material.  383 

 384 
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 385 

Figure 3. XRD patterns of the raw Gelidium sesquipedale and the extracted cellulosic fractions. 386 

 387 

The morphology and dimensions of the nanocellulose obtained after the acid hydrolysis of the 388 

cellulose extracted from Gelidium sesquipedale seaweed were estimated from TEM images. As 389 

shown in Figure 4, the morphology of the extracted material was typical of cellulose nanocrystals 390 

(Dufresne, 2013; Dash, Li, & Ragauskas, 2012), with a width within the range of tenths of 391 

nanometers and a much larger length. Cellulose nanocrystals generally present size diameter values 392 

ranging from 6 to 40 nm and lengths in the range of 80–450 nm (Hebeish, Farag, Sharaf, Rabie, & 393 

Shaheen, 2013). The dimensions of the nanocellulose extracted in this work were within the range 394 

of nanocelluloses extracted from other sources, such as bacterial nanocellulose (diameter∼29-18 395 

nm and length∼467-1450 nm) (Martínez-Sanz et al., 2011) and cotton nanocellulose (diameter∼6-396 

40 nm and length∼80–450 nm) (Hebeish, Farag, Sharaf, Shaheen, 2014). The aspect ratio (L/D) of 397 

nanocellulose is an important parameter, since higher aspect ratios usually give rise to improved 398 



20 
 

mechanical and barrier properties when incorporated into polymeric matrices (Martínez-Sanz et 399 

al., 2011). The nanocellulose obtained in the present study presented a relatively high aspect ratio 400 

of ca. 40, as compared with other vegetal resources such as cotton (10-30) (Qi, Cai, Zhang, & Kuga, 401 

2009; Habibi, Lucia, & Rojas, 2010), rice straw (9-11) (Lu & Hsieh), wood (35-38) (Roman & Gray, 402 

2005), showing the potential of this nanocellulose to act as a reinforcement in composite materials. 403 

 404 

 405 

Figure 4. TEM micrograph of the nanocellulose extracted from Gelidium sesquipedale and the 406 

estimated dimensions. 407 

 408 

3.2. Production and characterization of bioactive aerogels 409 

The different materials extracted from the Gelidium sesquipedale seaweed were utilized to produce 410 

hybrid PVA aerogels with bioactive properties. On one hand, the cellulose and nanocellulose were 411 

used to improve the properties of pure PVA aerogels and, on the other hand, the agar-based extract 412 
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was incorporated into selected formulations to confere the aerogels with bioactive properties such 413 

as antioxidant capacity.  414 

The cross-section morphology of the PVA and hybrid PVA/cellulose and PVA/cellulose/ 415 

nanocellulose aerogels was studied by SEM and representative images are shown in Figure 5. All 416 

the formulations gave rise to homogeneous aerogel structures, without any separation of the 417 

polymer phases. In the dry state, the porosity of the different aerogels was not strongly affected by 418 

either the PVA concentration or by the incorporation of cellulose or nanocellulose. In general, after 419 

subjecting the samples to high relative humidity conditions (100% RH and 25 °C), the pore size 420 

increased. This effect was more obvious when decreasing the PVA concentration (i.e. 11% PVA) and 421 

when incorporating cellulose into the formulations. In particular, the PVA 11%+Cell aerogel 422 

presented a distinct structure, with larger and more spherical-shaped pores than the other 423 

formulations. Furthermore, the partial replacement of the cellulose with nanocellulose gave rise to 424 

much more open structures, as clearly seen for the PVA 11%+Cell/Nano_3 aerogel. The marked 425 

effect of the high relative humidity conditions on the structure of these aerogels may be due to a 426 

higher water sorption taking place and being promoted by the presence of the highly hydrophilic 427 

cellulosic components. In particular, the presence of nanocellulose, with higher surface area and 428 

greater amount of hydroxyl groups available to interact with water, seemed to promote water 429 

sorption in the hybrid aerogels. Spagnol et al. (2012) reported that aerogels with small and 430 

interconnected pores create open channels that allow water movement inwards the matrix for 431 

capillarity. According to these authors, the incorporation of nanocellulose into the aerogel matrix 432 

may increase the amount of hydrophilic groups, which promotes the diffusion of liquids inwards 433 

the aerogel matrix. Oliveira et al. (2017) also reported that the water sorption capacity of the PVA 434 

aerogels with rice husks was affected by their morphology. 435 

 436 
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 437 
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Figure 5. Morphology of the different aerogels before (a-f) and after subjecting them to high 438 

relative humidity conditions (100% RH and 25 °C) (g-l).  439 

 440 

To investigate possible interactions between the PVA matrix and the other components present in 441 

the hybrid aerogels, the ATR-FTIR spectra of the samples were collected and the results are shown 442 

in Figure 6. As observed in Figure 6A, the spectra from the pure PVA aerogels show characteristic 443 

bands such as the broad band centered at approximately 3300 cm−1, corresponding to the O-H 444 

stretching from the intermolecular and intramolecular hydrogen bonds, the bands observed 445 

between 2840 and 3000 cm−1, assigned to the C-H stretching from alkyl groups, and the peaks 446 

located at 1730cm-1 and 845 cm−1, attributed to the C═O and C-O stretching from residual acetate 447 

groups, respectively (Jayasekara, Harding, Bowater, Christie, & Lonergan, 2004; Peresin, Habibi, 448 

Zoppe, Pawlak, & Rojas, 2010). Since the most characteristic bands from cellulose overlapped with 449 

those from the PVA matrix, it was not possible to unambiguously determine the appearance of new 450 

bands by the incorporation of cellulose in the hybrid aerogels. However, the shape of the bands 451 

located in the region between 3600 cm-1 and 2800 cm-1 was significantly affected when cellulosic 452 

components were added into the aerogels. This was especially evident in the case of the 453 

PVA11%+Cell sample, where the relative intensity of the O-H stretching band was decreased and 454 

the band position shifted towards lower wavenumbers and the C-H stretching peaks at 2915 cm-1 455 

and 2815 cm-1 (pointed out with arrows in Figure 6A) became much more defined. A similar effect 456 

on the band associated to hydroxyl groups has been previously reported for PVA blends with lignin 457 

(Kubo & Kadla, 2003) and electrospun PVA fibres with cellulose nanocrystals (Peresin, et al., 2010) 458 

and it was attributed to the formation of hydrogen bonding-mediated interactions between the 459 

PVA and the additives. The fact that this effect was more pronounced in the cellulose as compared 460 

with the nanocellulose might be related to the amount of free hydroxyl groups provided by each 461 

material. It seems that the limited amount of free hydroxyl groups in cellulose, as compared with 462 
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the higher nanocellulose surface area, led to a reduction in the overall number of free hydroxyl 463 

groups in the hybrid PVA11%+Cell aerogel through the establishment of hydrogen bonding with the 464 

PVA matrix. On the other hand, given the “excess” hydroxyl groups provided by the nanocellulose, 465 

there was not an apparent overall decrease in the amount of free hydroxyl groups of the hybrid 466 

aerogels containing nanocellulose. 467 

In the case of the bioactive aerogels (cf. Figure 6B), the presence of the agar-based extract was 468 

evidenced by the detection of the band located at 1029 cm-1 and the amide I band at 1615 cm-1, 469 

which was shifted towards larger wavenumbers in the aerogels as compared with the pure extract. 470 

This might be indicative of interactions being established between the proteins in the extract and 471 

the PVA or the cellulosic fillers. It should also be noted that the effect on the O-H stretching and C-472 

H stretching bands previously observed for the hybrid aerogels containing cellulose was not 473 

observed for the analogous samples incorporating the agar-based extract, suggesting that the 474 

interactions between cellulose and the extract may prevail over the interactions of both 475 

components with the PVA matrix. 476 

 477 

A 
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 478 

Figure 6. ATR-FTIR spectra of (A) pure PVA and hybrid aerogels containing cellulose and 479 

nanocellulose and (B) selected aerogels incorporating the agar-based extract. Spectra have been 480 

normalized to the peak located at 845 cm-1. 481 

 482 

The crystallinity changes undergone by the aerogels with the incorporation of cellulosic fillers and 483 

the agar-based extract were investigated by means of XRD. The pure and hybrid PVA aerogels 484 

patterns are shown in Figure 7A. As observed, all the aerogels presented a peak located at ca. 2θ = 485 

19.5º, which is attributed to the semi-crystalline structure of PVA (Sriupayo, Supaphol, Blackwell, & 486 

Rujiravanit, 2005). For the hybrid aerogels, an additional peak located at around 2θ = 22°, arising 487 

from the crystalline cellulose, was also visible. It is noteworthy that this peak was noticeably more 488 

intense in the aerogel formulations containing nanocellulose, which is reasonable due to its slightly 489 

higher crystallinity. The crystallinity index values estimated for the aerogels were 30.1% for PVA 490 

11%, 41.0% for PVA 11%+Cell, 48.8% for PVA 11%+Cell/Nano_1, 61.4% for PVA 11%+Cell/Nano_3, 491 

52.6% for PVA 21% and 57.3% for PVA 21%+Cell. These results evidence an increase in the 492 

B 
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crystallinity of the aerogels, which was more evident for those formulations with higher 493 

nanocellulose content. 494 

Figure 7B shows the XRD patterns of the agar-based extract and the selected aerogels incorporating 495 

the bioactive. The agar-based extract showed several sharp peaks which arose from mineral 496 

impurities, such as silica (SiO2) and weddellite (CaC2O4·2H2O) (Chen,  Lee, Juan, & Phang, 2016; Singh 497 

et al., 2017), extracted together with the agar. These peaks were also visible in the three different 498 

formulations prepared by incorporating the extract. The estimated crystallinity values were 50.6% 499 

for PVA 11%+ABE, 57.9% for PVA 11%+Cell+ABE and 42.0% for PVA 11%+Cell/Nano_3+ABE. The 500 

decreased crystallinity obtained when partially replacing the cellulose with nanocellulose may have 501 

been due to a hindered crystallization of the PVA matrix in the presence of the three fillers 502 

incorporated into this particular formulation. The percentage of crystallinity corresponding to the 503 

peaks arising from the agar-based extract was ca. 14%, 10% and 18% for the PVA 11%+ABE, PVA 504 

11%+Cell+ABE and PVA 11%+Cell/Nano_3+ABE aerogels, respectively, confirming that a similar 505 

amount of extract was incorporated into the three aerogels. 506 

 507 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/silicon-dioxide
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/weddellite
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Figure 7. XRD patterns of (A) pure PVA and hybrid aerogels containing cellulose and nanocellulose 510 

and (B) selected aerogels incorporating the agar-based extract. Dotted lines point out to the 511 

presence of mineral impurities in the agar-based extract. 512 

 513 

Since the morphology and the crystallinity of the aerogels were substantially different, the water 514 

vapour sorption capacity was expected to differ for the prepared formulations. The results from 515 

water vapour sorption experiments at 25 °C are shown in Figure 8A. From these results, it is evident 516 

that the incorporation of nanocellulose, gave rise to increased water vapour sorption capacity. This 517 

is in agreement with the SEM results, where aerogels containing nanocellulose showed a more 518 

open pore structure after being subjected to 100% RH conditions. This may be due to the higher 519 

amount of free hydroxyl groups, available to interact with water, provided by the high surface area 520 

of nanocellulose particles. Therefore, although the incorporation of cellulose into the aerogels led 521 

to more crystalline materials, it seems that the highly hydrophilic character of cellulose was 522 

determinant for the greater water affinity of the hybrid aerogels. In particular, the high aspect ratio 523 

of the nanocellulose extracted from Gelidium sesquipedale seems to be determinant since it 524 

provided an increased surface area for the interaction of water with cellulose.  525 

The mass gain of the aerogels when soaked in water (i.e. water swelling) is shown in Figure 8B. The 526 

pure PVA aerogels were completely disintegrated after being immersed in water for 48 h, which 527 

was most likely due to the highly hydrophilic nature of PVA. On the contrary, all the hybrid aerogels, 528 

especially those incorporating nanocellulose, preserved their structure (cf. Figure S1). This is in 529 

agreement with the XRD results, which showed an increased crystallinity for the hybrid aerogels 530 

with the incorporation of cellulose and nanocellulose. Moreover, the FT-IR results suggested 531 

hydrogen bonding-mediated interactions between the PVA matrix and the cellulose. Both the 532 

increased crystalline character and the strong hydrogen bonding network originated are likely to 533 

be responsible for the improved stability of the hybrid aerogels when soaked in water. The 534 
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incorporation of higher amounts of cellulose (PVA 11%+Cell vs. PVA 21%+Cell) led to increased 535 

water swelling. In particular, the aerogels containing nanocellulose presented the highest swelling 536 

capacities, confirming the positive effect of this component in increasing the water affinity of the 537 

aerogels while providing a more crystalline and resistant structure. This opens up a number of 538 

potential applications of the hybrid aerogels to be used, for instance, as absorbent pads in meat or 539 

fish trays, having a renewable and biodegradable character, keeping the integrity and being able to 540 

sorb high amounts of water released by the fresh products. 541 

 542 
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 543 

Figure 8. Water vapour sorption (A) and water swelling (B) of the different aerogels. 544 

 545 

3.3 In-vitro release of bioactive agar of aerogels 546 

Three selected formulations (containing pure PVA, PVA+cellulose and 547 

PVA+cellulose/nanocellulose) were chosen for the incorporation of the agar-based extract and to 548 

assess the release of the bioactive into food simulants. The bioactive release profile was evaluated 549 

in media representative of hydrophilic foods (10% ethanol) and hydrophobic foods (ethanol 50%) 550 

and the results are displayed in Figures 9A and 9B. In both media, the bioactive extract was almost 551 

instantaneously released from the pure PVA aerogel. This was already anticipated given the fact 552 

that this material was slowly dissolving when soaked in water, which showed that pure PVA aerogel 553 

would not be suitable for food contact applications due to its poor integrity when subjected to high 554 

relative humidity conditions. For the hybrid aerogels, the bioactive agar was released more slowly 555 

and gradually. In both aerogels there was a steep release of the agar-based extract during the first 556 

5 h (around 60% release in 10% ethanol and 40-50% release in 50% ethanol), followed by a much 557 

slower release until reaching a plateau. Although no great differences were observed during the 558 

first 48 h, after more prolonged times the aerogel containing nanocellulose provided larger release 559 
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values (ca. 80% release in 10% ethanol and 90% release in 50% ethanol) than the aerogel containing 560 

only cellulose (ca. 60% release in 10% ethanol and 70% release in 50% ethanol). It is also worth 561 

noting that, whereas the release was higher in the more hydrophilic media during the first 24 h 562 

(which is most likely due to the greater affinity of cellulose and PVA for water, thus causing the 563 

creation of more open pore structures in the aerogels, as observed by SEM), this trend was inverted 564 

after 180 h, probably as a consequence of the greater affinity of some compounds in the bioactive 565 

agar-based extract for the more hydrophobic media. Although both aerogels maintained their 566 

structure even up to 180 h, the greater release of the bioactive extract in the aerogel containing 567 

nanocellulose suggests that this particular formulation would be optimal for its application in 568 

bioactive food packaging applications. These results evidence the fact that the incorporation of 569 

cellulose into the aerogels facilitated the release of the bioactive extract by promoting the access 570 

of the liquid media towards the structure of the material. 571 
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 572 

Figure 9. Bioactive agar-based extract release profile from aerogels in hydrophilic (A) and 573 

hydrophobic (B) food simulant media. 574 
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4. Conclusions 576 

This work has demonstrated that it is possible to valorize the Gelidium sesquipedale seaweed for 577 

the production of bioactive aerogels with interest in food packaging applications. An agar-based 578 

extract containing polyphenols and presenting antioxidant capacity, was produced by means of an 579 

optimized extraction protocol which significantly reduces the extraction times typically applied at 580 

industrial scale. Furthermore, cellulose and nanocellulose were extracted from the remaining 581 

seaweed by means of a sequential purification process. The nanocellulose presented a high 582 

crystallinity of ca. 70% and high aspect ratio of ca. 40, which are attractive characteristics for its 583 

application as reinforcing material in nanocomposites.  584 

Pure PVA and hybrid aerogels containing cellulose and nanocellulose were prepared by a physical 585 

cross-linking method. All these materials presented homogeneous structures without phase 586 

separation and similar porous morphologies in the dry state. Interestingly, the incorporation of 587 

nanocellulose into the formulations had a great impact on (i) the integrity and (ii) the moisture 588 

accessibility towards the inner structure of the aerogels. The presence of nanocellulose, given its 589 

large surface area, significantly increased the amount of free hydroxyl groups available to interact 590 

with water and resulted in an increased water vapour sorption and water swelling capacity of the 591 

aerogels. On the other hand, while pure PVA aerogels dissolved when soaked in water, the 592 

formation of more crystalline aerogels as a result of the incorporation of cellulose and the 593 

formation of strong hydrogen bonding interactions between the PVA matrix and the cellulosic fillers 594 

allowed to preserve the integrity of the materials in water, even for longer than 48 h.  595 

Finally, the agar-based extract was incorporated into selected aerogel formulations and the release 596 

of the bioactive in hydrophobic and hydrophilic food simulant media was investigated. While pure 597 

PVA aerogels led to an instantaneous release of the agar-based extract, the incorporation of 598 

cellulose and nanocellulose led to a more sustained release of the bioactive. In particular, although, 599 

no significant differences were found during the first 48 h, the amount of released bioactive after 600 
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more prolonged times was greater in the aerogel containing nanocellulose, which may be related 601 

to the greater accessibility of moisture towards the structure of the material, facilitating the release 602 

of the extract. 603 

These results highlight the potential of Gelidium sesquipedale seaweed to generate aerogels with 604 

enhanced properties for the incorporation and release of bioactive extracts, which may be of 605 

interest for the production of active food packaging materials. In particular, these aerogels seem to 606 

be promising for their application as absorbent pads in fresh meat and fish products, since they are 607 

able to absorb large amounts of water, while keeping their integrity and releasing an active 608 

component which could delay oxidative processes.  609 
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