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Abstract 

This work reports on the production and characterization of agar-based extracts from the 

seaweed Gelidium sesquipedale by means of simple protocols based on hot-water and 

sonication treatments. The combination of sonication with the hot-water treatment reduced 

4-fold the extraction time without significantly affecting the extraction yield (ca. 10-12%) 

and the extracts’ properties. Apart from agar, the extracts contained proteins, polyphenols 

and minerals, which conferred them high antioxidant capacity and led to the production of 

brownish softer gels. The application of an alkali pre-treatment yielded almost pure agars, 

with higher molecular weights and crystallinities than commercial agar, resulting in stiffer 

gels. However, the partial digestion of agar by the alkali led to low extraction yields (ca. 2-

3%).  

These results show the efficiency of the combined heat and sonication method to generate 

cost-effective agar-based extracts with potential applications within the food industry. 
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1. Introduction 

Agar is a polysaccharide that constitutes the main structural component in the cell walls of 

certain species of seaweed belonging to the Rhodophyceae (red algae) class. Amongst the 

different seaweed species available for agar extraction, Gelidium sesquipedale is the most 

widely used raw material in Spain and Morocco (Carmona, Vergara, Lahaye, & Niell, 1998; 

Mouradi-Givernaud, Hassani, Givernaud, Lemoine, & Benharbet, 1999) and it typically 

produces agars with greater gelling capacity than those obtained from Gracilaria species 

(Pereira-Pacheco, Robledo, Rodríguez-Carvajal, & Freile-Pelegrín, 2007). Agar is 

constituted by two major components: agarose and agaropectin. Agarose is the gelling 

fraction of agar and consists of repeating units (agarobiose) of alternating -D-

galactopyranosyl and 3,6-anhydro--L-galactopyranosyl groups. Agaropectin has a similar 

structure but contains 5–10% sulphate esters and other residues, such as methoxyl groups 

and pyruvic acid, in addition to polysaccharide chains in which the 3,6-anhydro--L-

galactose units are partially or completely substituted by -L-galactose 6-sulphate units 

(Sousa et al., 2012; Venugopal, 2016).  

The type, amount and location of these substituents strongly affect the physical properties 

of agar (Freile-Pelegrın & Murano, 2005). Upon solubilization in hot water, and under 

specific conditions, agar forms a slightly viscous fluid that can form a thermoreversible gel 

when the temperature is decreased below a certain point (i.e. gelling temperature). The 

agarose component is critical for the gelation of agar. The gelation mechanism of agar has 

been hypothesized to take place through a two-step mechanism. The first step consists of a 

transition from a fluctuating, disordered coil conformation in solution to a rigid, ordered 

structure which forms the junction zones of the gel network (Mohammed, Hember, 

Richardson, & Morris, 1998). Additionally, under certain conditions, these helices can 

aggregate to form thick bundles, leading to the formation of strong gels. Many factors, such 
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as the agar concentration, the amount and type of impurities and the cooling rate, may affect 

this gelation mechanism (Aymard et al., 2001; Lai & Lii, 1997; Lee, W.-K. et al., 2017; 

Nishinari & Watase, 1983; Watase & Nishinari, 1983). 

Agar is widely used in the food industry area (mainly as texture modifying and thickening 

agent) and in the microbiology field. However, alternative applications such as the 

development of biodegradable films (Atef, Rezaei, & Behrooz, 2014; Guerrero, Etxabide, 

Leceta, Peñalba, & De la Caba, 2014; Kanmani & Rhim, 2014; Phan, Debeaufort, Luu, & 

Voilley, 2005; Rhim, 2011), hybrid biopolymeric nanofibers (Sousa et al., 2015), 

encapsulation structures (Alehosseini et al., 2018) or components with bioactive 

functionalities (such as antioxidant and antitumoral properties) (Chen, H.-M., Zheng, & 

Yan, 2005), are currently being explored. Depending on its aimed application, agar must 

possess a different range of properties (i.e. different gel strengths, degree of purity, colour, 

etc., may be required). For instance, while high quality agars with gel strengths greater than 

700 g/cm2 (in 1.5 wt.-% solution) are often required by the international market for 

microbiology applications (Armisen, R., 1995), agars with lower gel strength values (30–

200 g/cm2) may be preferred for applications within the food industry (Pereira-Pacheco et 

al., 2007). The properties of the agar are strongly determined by the raw seaweed species 

used and by the protocol applied for the extraction process, since these will affect the 

chemical composition and molecular weight of the extracted agar (Pereira-Pacheco et al., 

2007). The industrial process for agar extraction involves the application of alkaline pre-

treatments, followed by time- and energy-consuming high-temperature and high-pressure 

treatments, filtration processes at high temperatures and several freeze-thawing cycles to 

eliminate the water (Armisen, Rafael & Galatas, 1987). The influence of extraction 

temperature and extraction time on agar characteristics has been reported for Gracilaria 

species. A notable reduction on agar yield and decrease in gel strength were observed for 
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elevated extraction temperatures and prolonged extraction times (Arvizu-Higuera, 

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

Furthermore, the application of alkaline pre-treatments has been seen to be critical for 

obtaining good quality agars from Gracilaria species. However, the pre-treatment typically 

leads to a significant decrease in the extraction yield and the conditions have to be optimized 

to prevent a strong degradation of the agar (Meena, Prasad, Ganesan, & Siddhanta, 2007). 

As an alternative to the conventional method, exploring simpler extraction processes based 

on combined heat and ultrasound treatments would enable reducing the amount of time and 

energy needed. Ultrasound-assisted extraction has been reported to be an efficient strategy 

for the extraction of diverse compounds such as lipids (Prabakaran & Ravindran, 2011), 

proteins (Bleakley & Hayes, 2017), polyphenols (Adjé et al., 2010; Jerman, Trebše, & 

Mozetič Vodopivec, 2010; Khan, Abert-Vian, Fabiano-Tixier, Dangles, & Chemat, 2010; 

Wang, J., Sun, Cao, Tian, & Li, 2008) and polysaccharides (Fu, C., Tian, Li, Cai, & Du, 

2006; Hromádková & Ebringerová, 2003; Hromádková, Ebringerová, & Valachovič, 2002; 

Yuan, T.-Q., Xu, He, & Sun, 2010; Zhang, Zhang, Cheung, & Ooi, 2004). Sonication is 

known to promote the disruption of plant cell walls, facilitating the release of components 

towards the extraction media. However, under certain conditions, sonication can also lead 

to depolymerisation of certain compounds into fragments of lower molar mass 

(Hromádková et al., 2002) and thus, the effect of this process in the extraction of agar should 

be carefully investigated.  

In this work, the possibility of replacing a more conventional hot water extraction process 

with a significantly shorter extraction protocol consisting of the combination of hot water 

and sonication has been evaluated. Furthermore, the effect of eliminating the alkaline 

purification step to produce non-purified agar fractions which may contain bioactive 

compounds was also investigated. The composition, structure and antioxidant capacity of 
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the generated agar-based extracts, as well as the mechanical performance of the gels 

produced from these extracts, were characterized, giving the basis for the selection of the 

optimum extraction protocol in terms of economic and environmental impact, as well as in 

terms of agar-based extract properties, depending on the final application. 

 

2. Materials and methods 

2.1 Materials  

The seaweed Gelidium sesquipedale and the commercial grade agar PRONAGAR were 

kindly donated by Hispanagar (Burgos, Spain). The dry seaweed was ground into powder 

before further processing. 

Sodium hydroxide, hydrochloric acid (37%), sodium carbonate, gallic acid (97.5-102.5%), 

sulphuric acid (≥97.5%), trichloroacetic acid (≥99%), barium chloride (99%), porcine 

gelatine, potassium persulphate (≥99%), potassium sulphate, phosphate buffered saline 

tablets, ABTS (≥98%) and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (97%) 

were obtained from Sigma-Aldrich (Spain). The Folin-Ciocalteau reagent, modified Lowry 

reagent and bovine serum albumin were obtained from the “modified Lowry protein assay 

kit” purchased from Thermo Fisher scientific (Spain). 

 

2.2 Production of agar-based extracts 

Agar was extracted from raw Gelidium sesquipedale by applying hot water or combined 

ultrasound-assisted hot water extraction procedures. Additionally, the application of a 

purification pre-treatment prior to the extraction process was also evaluated.  

For the hot water extraction, 50 g of dry seaweed powder were immersed in 500 mL of 

distilled water and heated up to 90ºC for 2 hours. After that, the agar-based solution was 

separated from the solid residue by filtration with muslin cloth. The filtrate was allowed to 
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gel and it was subsequently frozen overnight at -21ºC. Then, the material was subjected to 

two freeze-thaw cycles (-21ºC/25ºC) to improve the elastic properties of the gels and the 

obtained gel was freeze-dried. The agar-based extract obtained by this method is coded as 

HW. 

For the combined heating-sonication treatment, 50 g of dry seaweed powder were immersed 

in 500 mL of distilled water and placed on a heating plate to reach 90ºC. Once the 

temperature was stable, an ultrasound probe UP-400S (Hielcher GmbH, Germany) was 

immersed and a sonication treatment was applied at a maximum power of 400W and a 

constant frequency of 24 kHz for 30 minutes. The agar-based material was separated by 

filtration, following the same procedure described for the hot water treatment and then, 

subjected to two freeze-thaw cycles followed by freeze-drying. The agar-based extract 

obtained by this method is coded as HW-US. 

Additionally, a pre-treatment step was also evaluated for both abovementioned treatments. 

The pre-treatment consisted on soaking 50 g of dry seaweed powder in 500 mL of 10% (w/v) 

(2.5M) NaOH solution and heating up to 90ºC for 2 hours. After that, the solid material was 

filtered and washed repeatedly with distilled water using a muslin cloth, until the pH of the 

filtrate became neutral. The obtained solid was then subjected to the hot water or combined 

hot water plus sonication treatments described above, hence obtaining the samples coded as 

NaOH+HW and NaOH+HW-US, respectively. 

 

2.3 Preparation of gels from the agar-based extracts 

Gels were prepared from 1.5% (w/w) solutions of the agar-based extracts in distilled water. 

To dissolve the extracts, the required amount of freeze-dried sample was added to distilled 

water and heated up to ca. 95ºC for 30 minutes. Subsequently, the required amount of 

solution was transferred to glass containers (2.8 cm diameter and 4.2 cm height) for the 
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penetration tests. The containers were sealed with aluminium foil and parafilm to avoid 

water evaporation and they were left to equilibrate at room temperature overnight. 

 

2.4 Chemical composition of agar-based extracts 

2.4.1 Carbohydrate content 

The total carbohydrate and galactose content in the extracts was determined after sulphuric 

acid hydrolysis, following the method described in (Martínez-Abad, Giummarella, Lawoko, 

& Vilaplana, 2018). A two-step sulphuric acid hydrolysis was performed by incubating 4 

mg of sample with 250 μL of 72% H2SO4 at room temperature for 3 h; the solution was 

diluted with 1250 μL of deionized water and subsequently incubated at 100 °C for 3 hours. 

The samples were then analyzed using high performance anion exchange chromatography 

with pulsed amperometric detection (HPAEC-PAD) with a 940 IC system (Metrohm) 

equipped with a Matrosep Carb 2 column (4 × 250 mm, Metrohm). Control samples of 

known concentrations of mixtures of glucose, fucose, galactose, arabinose, xylose, mannose, 

galacturonic acid or glucuronic were used for calibration. All experiments were carried out 

in triplicate. 

 

2.4.2 Protein content 

Total protein content was measured following the Lowry method (Lowry, Rosebrough, Farr, 

& Randall, 1951) with some minor modifications. Briefly, 1 mL of the modified Lowry 

reagent was mixed with 0.2 mL of the agar-based extracts (dissolved in distilled water at a 

concentration of 5 mg/mL) and incubated for 10 minutes at room temperature. Then, 0.1 mL 

of Folin-Ciocalteau reagent (previously diluted 1:1 with distilled water) were added and 

vortexed, incubating the resulting solution for 30 minutes at room temperature. The 

absorbance values were read at 750 nm. A calibration curve was prepared with serial 
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dilutions of bovine serum albumin (BSA) and the total protein content was expressed as mg 

BSA/g extract. All determinations were carried out in triplicate.   

 

2.4.3 Phenolic content 

Total phenolic content was estimated by the Folin-Ciocalteau colorimetric assay (Singleton, 

Orthofer, & Lamuela-Raventós, 1999). Briefly, Folin-Ciocalteau reagent was diluted 1:10 

with distilled water and 1 mL of the final dilution was mixed with 0.2 mL of the extract 

sample (dissolved in distilled water at a concentration of 5 mg/mL) at room temperature. 

Finally, 0.8 mL of sodium carbonate (75 mg/mL) were added and the samples were heated 

up to 50ºC during 30 minutes. Absorbance values were read at 750 nm. A calibration curve 

was built using gallic acid as the standard, and the total phenolic content was expressed as 

mg of gallic acid (GA)/g extract. All determinations were carried out in triplicate. 

 

2.4.4 Sulphate content 

Sulphate content was measured turbidimetrically using BaCl2-gelatin method after 

hydrolysis in 0.5 M HCl as described previously (Dodgson & Price, 1962) with slight 

modifications. Agar-based extracts (5 mg) were hydrolysed in 1 mL of 1 M HCl at 100 °C 

for 5 hours. After cooling, the solutions were mixed thoroughly and filtered with a Whatman 

No. 1 filter paper. A portion (0.2 mL) was transferred to a 10 mL tube containing 3.8 mL of 

3% trichloroacetic acid and 1 mL of BaCl2-gelatin reagent. The solution was mixed 

vigorously and incubated at room temperature for 15 minutes. The absorbance at 360 nm 

was measured. A blank was prepared in the same manner, except that distilled water was 

used instead of the agar sample. A calibration curve was prepared using K2SO4 at 

concentration ranging from 0.06 to 0.6 mg/mL (∼0.0533–0.533 mg SO4
2−/mL). The sulphate 
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content was calculated and expressed as a percentage on a dry weight basis. All 

determinations were carried out in triplicate. 

 

2.5 ABTS·+ radical cation scavenging activity 

The ABTS·+ radical cation scavenging activity of the different agar-based extracts was 

determined according to (Re et al., 1999). Briefly, 0.192 g of ABTS were dissolved in 50 

mL of PBS at pH 7.4 and mixed with 0.033 g of potassium persulfate overnight in the dark 

to yield the ABTS·+ radical cation. Prior to use in the assay, the ABTS·+ was diluted with 

PBS for an initial absorbance of ~0.700 ± 0.02 (1:50 ratio) at 734 nm, at room temperature. 

Free radical scavenging activity was assessed by mixing 1.0 mL diluted ABTS·+ with 10 µL 

of aqueous solutions of the agar-based extracts and monitoring the change in absorbance at 

0, 1, 5, 10, 15 and 30 minutes (until a steady state was achieved). A calibration curve was 

developed by using 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox). 

The antioxidant capacity of test extracts was expressed as mg Trolox equivalents (TE)/g 

extract. All determinations were carried out in triplicate. 

 

2.6 Fourier transform infrared spectroscopy (FT-IR) 

Freeze-dried agar-based samples were analyzed by FT-IR in attenuated total reflectance 

(ATR) mode using a Thermo Nicolet Nexus (GMI, USA) equipment. The spectra were 

recorded at 4 cm-1 resolution in a wavelength range between 400-4000 cm-1 and averaging a 

minimum of 32 scans.  

 

2.7 UV-Vis spectrophotometry 

Aqueous solutions of the agar-based extracts (0.5 mg/mL) were prepared by dissolving the 

required amount of material in distilled water and heating up to 95ºC for 30 minutes. The 
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samples were kept warm until the measurements were performed. The UV-Vis spectra in the 

wavelength range of 200-1000 nm were recorded using a 8453 Agilent UV–Vis 

spectrophotometer.  

 

2.8 High performance size exclusion chromatography (HPSEC) 

The molecular weight of the agar samples was estimated by HPSEC analyses. These were 

performed using a high performance liquid chromatography system equipped with a Waters 

2695 separations module, a Waters 2414 refractive index detector and a Waters 2487 dual 

UV/visible detector (Waters, USA). The samples (1 mg/mL) were dissolved in the mobile 

phase (0.05 M Na2SO4/0.01 M EDTA, pH 7) at 97 °C for 1h, filtered through 0.8 μm pore 

syringe filters for aqueous media (Sartorius, Germany) and injected into an OHpak SB-806 

HQ (8 mm x 300 mm) size exclusion chromatography column (Shodex, Japan) equilibrated 

at 40 °C. The injection volume was 20 μL and the flow rate was 0.5 mL/min. Calibration 

was performed using P-82 pullulan standards (Shodex, Japan), and peak molecular weights 

(Mp) are reported. 

 

2.9 X-ray diffraction (XRD) 

XRD measurements of the freeze-dried agar-based extracts were carried out on a D5005 

Bruker diffractometer. The instrument was equipped with a Cu tube and a secondary 

monochromator. The configuration of the equipment was θ–2θ, and the samples were 

examined over the angular range of 3°–60° with a step size of 0.02° and a count time of 200 

s per step. Peak fitting was carried out using the Igor software package (Wavemetrics, Lake 

Oswego, Oregon), similarly to the procedure described in a previous work (Martínez-Sanz, 

Lopez-Sanchez, Gidley, & Gilbert, 2015). The obtained values from the fitting coefficients 

are those that minimize the value of Chi-squared, which is defined as:  
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           (1) 

where y is a fitted value for a given point,  is the measured data value for the point and 

is an estimate of the standard deviation for . The curve fitting operation is carried out 

iteratively and for each iteration, the fitting coefficients are refined to minimize . The 

crystallinity index XC was determined from the obtained fitting results by applying the 

following equation: 

100(%) 


Total

Crystal

C
A

A
X

        

 (2) 

where ATotal is the sum of the areas under all the diffraction peaks and ACrystal is the sum of 

the areas corresponding to the crystalline peaks.  

 

2.10 Thermogravimetric analyses (TGA) 

Thermogravimetric curves (TG) were recorded with a Setaram Setsys 16/18 (SETARAM 

Instrumentation, France). The samples (ca. 10 mg) were heated from 30 to 1000ºC with a 

heating rate of 10ºC/min under nitrogen atmosphere. Derivative TG curves (DTG) express 

the weight loss rate as a function of temperature. 

 

2.11 Penetration tests  

Penetration test was used to obtain gel fracture force and determine gel strength. 

Measurements were performed at room temperature (25–30 °C) using a texture analyzer 

(Stable Micro Systems model TA-XT2, Surrey, UK) equipped with a 1 cm2 cylindrical 

Teflon plunger and operating at a penetration rate of 0.2 mm/s to a depth of 5 mm. All 

measurements were performed, at least, in triplicate. 

 



13 

 

2.12 Statistical analysis  

Data analysis was carried out using Statgraphics Stratus by Statgraphics Technologies, Inc. 

One-way analysis of variance (ANOVA) was done to determine the significant differences 

between sample means, at a significance level of P < 0.05. Mean comparisons were 

performed by the LSD (for the antifungal activity tests) or the Tukey Test (for the 

composition analysis). 

 

3. Results and Discussion 

3.1 Extraction yield and composition of the agar-based extracts  

Different extraction processes were utilized to extract agar from Gelidium sesquipedale and 

the structure and properties of the obtained materials were characterized. In the first place, 

the feasibility of reducing the extraction time (by 4-fold) by replacing the conventional hot 

water extraction with a shorter treatment combining heating with sonication was evaluated. 

Furthermore, the effect of an initial alkaline pre-treatment step to remove impurities from 

the raw seaweed, prior to the conventional and the sonication-heat combined extraction 

processes, was also investigated. The extraction yields were 11.9 ± 1.4 %, 10.1 ± 0.1 %, 2.9 

± 0.8 % and 2.3 ± 0.3 % for the HW, HW-US, NaOH+HW and NaOH+HW-US extracts, 

respectively. Comparison of these extraction yields with values previously reported in the 

literature is extremely complex due to (i) the large variability in the extraction parameters 

(such as extraction time, extraction temperature and water-to-seaweed ratio) reported in the 

literature and (ii) the variability in the agar content in the different seaweed species used. 

Amongst all the extraction parameters, the extraction time has been previously reported as 

one of the main factors affecting the agar extraction yield and maximum yields have been 

attained with extraction times ranging from 2 h to 4 h (Arvizu-Higuera et al., 2008; Kumar 

& Fotedar, 2009). The highest extraction yields reported for seaweed from the family of 
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Gelidiaceae (ca. 30%) correspond to the agars from Gelidium serrulatum and Gelidium 

floridanum, obtained by performing 3 h extractions (Lemus, Bird, Kapraun, & Koehn, 1991). 

Different seaweed species present very variable extraction yields. For instance, for extraction 

times close to 2 h, a yield of ca. 13 % was reported for Gracialaria manilaensis species 

(Ahmad et al., 2011), whereas higher yields of ca. 27 % and 55 % have been reported for 

Gracilaria corticata (Yousefi, Islami, & Filizadeh, 2013) and Gracilaria cliftonii (Kumar & 

Fotedar, 2009), respectively. Thus, it is evident that the agar extraction parameters should 

be optimized individually for each particular seaweed species. Future work will be carried 

out to determine the optimum extraction parameters required to maximize the extraction 

yield and the agar properties from the Gelidium sesquipedale species used in this work. It is 

interesting to note that the combination of the hot water treatment with sonication allowed 

reducing 4-fold the extraction time while only a slight decrease in the yield was obtained 

(the difference not being statistically significant, p ≤0.05). This evidences the ability of 

sonication in promoting the extraction of compounds from the raw seaweed and shows the 

great potential of the combined sonication-heat treatment to generate agar-based extracts by 

a more energy efficient method. Nonetheless, the extraction parameters such as time, 

temperature and water-to-seaweed ratio will have to be optimized for this particular case to 

fully exploit this alternative extraction approach. 

 

One fact that is consistently reported in the literature is that alkali pre-treatment results in 

significantly decreased extraction yields (Arvizu-Higuera et al., 2008; Freile-Pelegrín, Y & 

Robledo, 1997; Kumar & Fotedar, 2009; Rath & Adhikary, 2004). Alkali treatment is known 

to convert L-galactose-6-sulphate to 3,6-anhydro-L-galactose, hence improving the gel 

forming ability of the agar and leading to increased gel strength (Freile-Pelegrın & Murano, 

2005). On the other hand, the agar undergoes degradation and diffusion towards the aqueous 
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medium during the alkali treatment, thus significantly reducing the extraction yield (Ahmad 

et al., 2011; Kumar & Fotedar, 2009). As evidenced by the marked decrease in the extraction 

yields, the alkali pre-treatment prior to the hot water extraction may have been too harsh for 

the Gelidium sesquipedale species. Thus, the alkali concentration, pre-treatment time and 

temperature also need to be optimized to minimize agar loses and enhance the extraction 

yield, but it is useful in this work for comparative purposes. 

 

These different applied extraction protocols were expected to result in differences in the 

composition of the agar-based extracts, which will consequently determine the structure and 

properties of these materials. Prior to their structural characterization, the ATR-FTIR spectra 

from the agar-based extracts were recorded to identify major compositional differences. As 

observed in Figure 1, all the samples presented the most characteristic bands from agar 

(pointed out by black arrows in Figure 1B), located at 930 cm-1, assigned to the presence of 

3,6-anhydro-galactose residue, and at 890 cm-1, corresponding to the C-H bending at the 

anomeric carbon in β-galactopyranosyl residues (Gómez-Ordóñez & Rupérez, 2011; Pereira, 

Sousa, Coelho, Amado, & Ribeiro-Claro, 2003). The relative intensity of these bands was 

stronger for the materials obtained after applying the alkaline pre-treatment, suggesting that, 

as expected, a higher degree of purity was attained. An important consideration for the 

quality of agar-based materials is their degree of sulphation. The presence of sulphate ester 

groups in the galactose units of agar samples is detrimental for their gelling behaviour, i.e. 

weaker gels are formed (Freile-Pelegrín, Y & Robledo, 1997; Murano, 1995). Two bands 

related to the degree of sulphation in agars, pointed out by grey arrows in Figure 1B, were 

those appearing at 1260 cm-1, characteristic of sulphate ester groups (Gómez-Ordóñez & 

Rupérez, 2011), and at 1150 cm-1, ascribed to the vibration mode of ester-sulphate linkages 

(Guerrero et al., 2014). As observed, these bands were visible in all the samples, confirming 
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that all of them possesed sulphate groups. Furthermore, the presence of shoulders located at 

840-850 cm-1 and ca. 820 cm-1 suggests the existence of sulphate groups at the C-4 position 

in the D-galactose units (Gómez-Ordóñez & Rupérez, 2011; Prado-Fernández, Rodrı́guez-

Vázquez, Tojo, & Andrade, 2003) and at the C-6 of L-galactose units (Mazumder et al., 

2002; Souza et al., 2012), respectively. It is worth noting that the relative intensity of the 

band characteristic of the 3,6-anhydro-galactose residue to that of the 6-sulphate on the L-

galactose unit was significantly higher for the NaOH+HW and NaOH+HW-US extracts as 

compared with the HW and HW-US samples. This confirms that, as suggested in previous 

studies (Mazumder et al., 2002; Souza et al., 2012), alkali treatment leads to the conversion 

of L-galactose 6-sulphate to 3,6-anhydrogalactose. Although most of the agar characteristic 

bands were located at approximately the same wavenumber, differences in relative 

intensities were evident, especially when comparing the non-purified agar extracts (HW and 

HW-US) to the purified ones (the commercial, NaOH+HW and NaOH+HW-US samples). 

It is worth noting that while the purified agars showed two bands located at ca. 1360 cm-1 

and 1430 cm-1, the non-purified extracts presented a broader band centred at ca. 1400 cm-1. 

Furthermore, the small band at 1298 cm-1 shifted to 1317 cm-1 in the non-purified agars. All 

these bands arise from the bending and stretching of C–H and C–O bonds in polysaccharides 

(Yuan, T.-Q. et al., 2010) and, thus, the differences between samples are indicative of the 

presence of impurities in the non-purified agars. Furthermore, although the amide I band, 

typically located at 1653 cm−1, was masked by the intense band corresponding to bound 

water (located at ca. 1630 cm−1), the amide II band, located at 1540 cm−1, was detected for 

all the samples, evidencing the presence of a significant amount of protein in the extracts. 

The raw Gelidium sesquipedale has been shown to contain ca. 30%  of protein in weight 

(Faraj, Lebbar, Debry, & Najim, 1987) and, consequently, it is not surprising that a certain 

amount of these proteins was extracted with the applied treatments. In particular, a greater 
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protein content is expected in the case of the non-purified extracts, as deduced from the shape 

of the OH and NH stretching bands (and demonstrated below). 

 

 

Figure 1. ATR-FTIR spectra from the agars extracted from Gelidium sesquipedale. 

Magnification within the 2000-600 cm−1 region (A) and 1300-800 cm−1 (B). 
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Quantification of different components was carried out to determine the composition of the 

agar-based extracts depending on the extraction protocol and the results are compiled in 

Table 1. The first clear observation is that the alkali pre-treated samples, along with the 

commercial agar, presented the highest polysaccharide contents, with very little amounts of 

proteins and polyphenols. Additionally, more than 95% of their carbohydrate content could 

be ascribed to galactose, indicating the selectivity of the process in extracting agars with a 

relatively high purity. On the other hand, the HW and HW-US extracts presented lower 

carbohydrate contents, with a lower contribution of galactose (around 70% of the total 

carbohydrate content), pointing towards the presence of other hemicellulosic components in 

the extracts. These extracts contained, instead, significantly greater amounts of proteins and 

polyphenols. It is also worth noting that the combination of the hot water treatment with 

sonication promoted the extraction of polyphenols and, especially, proteins, without 

affecting the amount of extracted polysaccharides, even though the extraction time was 

reduced 4-fold with respect to the hot water treatment. Thus, the combination of hot water 

with sonication may be interesting for the production of multi-component extracts, which 

could show interesting functional properties as described below.  

 

A complete mass balance could not be achieved as ashes present in the extracts, as evidenced 

by XRD analyses (cf. Figure 2) which usually constitute 10-25 wt.-% in these type of algae 

(Alvarez-Gómez, Korbee, & Figueroa, 2016; Foster & Hodgson, 1998; Marinho-Soriano, 

Fonseca, Carneiro, & Moreira, 2006), or lipids (typically accounting for less than 1 wt.-%) 

(Foster & Hodgson, 1998; Marinho-Soriano et al., 2006) were not quantified. To the best of 

our knowledge, there are no works available on the literature reporting on the composition 

of the agar-based materials extracted from Gelidium sesquipedale seaweed. The hot-water 

extract from Gelidium amansii, produced similarly to HW in this work, has been reported to 



19 

 

contain 67% of sugars, with the main components being galactose (55.1%), mannose (5.7%), 

xylose (6.2%) and fucose (3.9%) (Fu, Y.-W., Hou, Yeh, Li, & Chen, 2007). Our results show 

that agar extracts with either higher purity, as in the case of those extracts generated with the 

alkali pre-treatment, or with more heterogeneity and potential interesting properties may be 

obtained by tuning the extraction conditions.  

 

As previously mentioned, the amount of sulphate groups in agar-based materials is an 

important attribute since it is related to the ability of the agar to form strong gels. As deduced 

from Table 1, the purified extracts (NaOH+HW and NaOH+HW-US) and the commercial 

agar presented very similar sulphate contents, which are close to those reported in the 

literature for the agar extracted with boiling water from Gracilaria secundata (2.1%) 

(Lignell & Pedersén, 1989), Gelidium serrulatum and Gelidium floridanum (2.4-2.8%) 

(Lemus et al., 1991), but slightly higher than that of agar extracted from Gelidium 

sesquipedale harvested in Morocco (1.0-1.6%) (Mouradi-Givernaud et al., 1999). The non-

purified extracts (HW and HW-US) presented greater sulphate contents,  even though the 

amount of polysaccharides in those samples were lower than in the purified extracts, 

indicating a much higher ratio of agaropectin. 

 

Many components such as sulphated polysaccharides and polyphenols from red seaweed 

have been reported to present antioxidant properties (Jiménez‐Escrig, Jiménez‐Jiménez, 

Pulido, & Saura‐Calixto, 2001; Rocha de Souza et al., 2007; Wijesekara, Pangestuti, & Kim, 

2011; Yuan, Y. V. & Walsh, 2006). Therefore, the antioxidant capacity of the agar-based 

extracts from Gelidium sesquipedale was evaluated throught the ABTS method and 

correlated to the different composition of the extracts. As deduced from Table 1, the 

antioxidant capacity was significantly higher for the HW and HW-US extracts. This was 
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already anticipated due to the higher polyphenol and protein content of these extracts. The 

estimated antioxidant capacities (ca. 72 and 71 mol TE/g extract for the HW and HW-US 

extracts, respectively) were much higher than those previously reported for the water extracts 

from Gelidium pusillum and Gelidium corneum seaweed (lower than 4 mol TE/g extract), 

which seems to be related to the lower phenolic content of these two species (ca. 6.5 and 3.5 

mg GA/g sample) (Alvarez-Gómez et al., 2016). In fact, a lower antioxidant capacity of 39.4 

mol TE/g extract has also been reported for the organic extract (produced using 70% 

methanol) from Geldium amansii seaweed, which presented a lower polyphenol content of 

ca. 14.1 mg GA/g sample (Lee, J.-H. & Kim, 2015). Very few works have reported on the 

antioxidant capacity of water-soluble extracts from red seaweed; instead, organic solvents 

such as hexane, chloroform and methanol are preferred to produce extracts with antioxidant 

capacity, since bioactive compounds such as non-glycosilated flavonoids, phospholipids, 

carotenoids and chlorophyll analogues, are known to be more soluble in these solvents 

(Nakayama, Tamura, Kikuzaki, & Nakatani, 1999). However, other bioactive substances 

such as sulphated polysaccharides and glycosilated polyphenols are expected to be more 

easily extracted with water. The antioxidant acitvity of sulphated polysaccharides from red 

seaweed, such as carrageenans, has been suggested to be positively correlated with their 

sulphate content (Rocha de Souza et al., 2007). Although the HW and HW-US extracts 

presented greater sulphate contents than the commercial agar and the alkali-treated extracts, 

the main compositional difference laid in their protein content. Some studies have 

demonstrated that apart from polyphenols, hydrophilic peptides and aminoacids from red 

seaweed may be resposible for the antioxidant capacity of water-soluble extracts (Wang, T. 

et al., 2010; Yuan, Y. V., Westcott, Hu, & Kitts, 2009). Thus, the increased antioxidant 

capacity of the HW and HW-US extracts is most likely due to the presence of impurities 

such as peptides, aminoacids and glycosilated polyphenols. 
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It should be noted that the HW and HW-US extracts also showed higher antioxidant capacity 

than the water extracts from several red and green seaweed species, such as Porphyra 

umbilicalis, Halopythis incurva, Gracilariopsis longissima, Hydropuntia cornea, Ulva 

rotundata and Lichina pygmaea (Alvarez-Gómez et al., 2016), which were extracted at 45 

ºC for 6 h. Thus, the non-purified HW and HW-US agar-based extracts show a great potential 

to be used as bioactive ingredients due to their relatively high antioxidant capacity.  

 

Table 1.  Composition and antioxidant capacity of the agar-based extracts synthesised from 

Gelidium sesquipedale. Data shown as mean +/-SD, n=3. 

 

Carbohydrate 

content  

(mg/g sample) 

Galactose 

contenta  

(mg/g sample) 

Protein  

(mg BSA/g 

sample) 

Polyphenols 

(mg GA/g 

sample) 

Sulphate 

(%) 

Antioxidant 

Capacity 

ABTS 

(mg TE/g 

extract) 

Commercial  683 ± 14 a 648 ± 9 a 23 ± 7 a 6.9 ± 0.1 b 2.0 ± 0.2 a 9 ± 2 a 

HW 392 ± 77 b 291 ± 56 b 136 ± 9 b 30 ± 2 c 2.8 ± 0.2 b 18 ± 4 b 

HW-US 325 ± 32 b 237 ± 23 b 251 ± 12 c 47 ± 1 d 3.1 ± 0.1 b 18 ± 3 b 

NaOH+HW 800 ± 122 a 728 ± 108 a 16 ± 3 a 3.2 ± 0.2 a 1.7 ± 0.1 a 8 ± 3 a 

NaOH+HW

-US 
591 ± 94 a 566 ± 91 a 16 ± 2 a 3.9 ± 0.5 a 1.9 ± 0.2 a 5 ± 3 a 

a Quantification of galactose includes both galactosyl and 3,6-dehydrogalactosyl units in 

agar. 

Values with different letters are significantly different (p ≤0.05). 

 

3.2 Structural characterization of the agar-based extracts  

The effect of the different extraction protocols in the structure of the obtained agars was also 

investigated. The crystalline structure of the seaweed and the agar-based extracts was 
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investigated by means of XRD characterization and the obtained patterns are shown in 

Figure 2. The raw Gelidium sesquipedale presented a complex diffraction pattern with 

multiple peaks and a calculated crystallinity index of ca. 23.1%. Some of these peaks may 

arise from the presence of mineral compounds, such as silica (SiO2) and weddellite 

(CaC2O4·2H2O), that have been previously detected in the XRD spectra from Gelidium 

seaweed (Chen, Y. W., Lee, Juan, & Phang, 2016; Singh, Gaikwad, Park, & Lee, 2017). 

These peaks were visible in the spectra from the HW and HW-US extracts, but were absent 

in the purified extracts, confirming the removal of impurities and isolation of agar in these 

samples. The commercial agar presented a pattern similar to that previously shown for pure 

agar films, with one well-defined peak at 19.0° and a shoulder at 13.9° (Atef et al., 2014; 

Freile-Pelegrín, Y. et al., 2007; Guerrero et al., 2014). This suggests that the agar presented 

a certain degree of order in its structure, as opposed to the patterns typically reported for 

amorphous agar samples, which only present a diffuse broad band at 20º (Guerrero et al., 

2014). As deduced from the estimated crystallinity values, shown in Figure 3, the 

NaOH+HW and NaOH+HW-US extracts presented a more crystalline structure than the 

commercial agar, which may be due to a different alkaline pre-treatment being applied in the 

case of the commercial sample. It is possible that the alkaline treatment applied in this work, 

besides removing impurities from the raw seaweed, may have resulted in the digestion of the 

more amorphous agar domains, as already suggested by the low extraction yields attained 

with the alkali pre-treatment. It should be noted that, although the HW and HW-US extracts 

presented similar crystallinity values to the commercial agar, only 44% and 26% of the 

crystalline area in these samples corresponded to the peaks assigned to the agar fraction, 

which is in agreement with the results from the composition analyses (i.e. the carbohydrate 

content was ca. 40% in HW and 30% in HW-US.) 

 

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 2. XRD patterns from the raw Gelidium sesquipedale and the agar-based extracts. 

The patterns corresponding to the commercial, NaOH+HW and NaOH+HW-US samples 

have been offset for clarity. 

 

In addition to the sulphate content, the molecular weight distribution of agar has been seen 

to play an important role on the gelling properties, with greater gel strength for those samples 

presenting higher molecular weight and narrower distribution (Sousa-Pinto, Murano, 

Coelho, Felga, & Pereira, 1999). The HPSEC chromatograms and peak molecular weight 

values for the different samples are shown in Figure 3. All chromatograms obtained using 

the refractive index detector showed a broad band ascribed to the high molecular-weight 

components of the extract, followed by a narrower band (tR = 23.6 minutes) corresponding 

to the void volume of the column, where the small molecular weight compounds could not 

be separated and co-eluted. As observed, all the agar-based extracts presented greater 

molecular weights than that of the commercial agar. This is likely related to the differences 
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in the extraction protocols used to generate the samples. For the agar-based extracts, the 

alkaline pre-treatment somewhat decreased the molecular weight of the agar fraction, which 

may be due to a partial digestion of the agar by the alkali medium. Lower molar weights 

were also obtained when the sonication treatment was applied, as previously reported for the 

extraction of other polysaccharides from vegetable biomass (Hromádková et al., 2002). 

Although the extraction protocol and the characteristics of the raw seaweed are determinant 

for the molecular weight of the extracted agar, as a reference, lower molecular weights of 

2.65·102  kDa have been reported for the agar extracted from Gelidium pulchellum (Sousa-

Pinto et al., 1999). 

 

It is worth noting that, while the absorbance of agar at 280 nm is negligible, proteins and, 

especially, polyphenols have a maximum of absorption at around that wavelength due to the 

presence of aromatic rings in their structure (Gómez-Mascaraque, Dhital, Lopez-Rubio, & 

Gidley, 2017; Whitaker & Granum, 1980), being detectable by the UV-vis detector coupled 

to the HPSEC equipment. The UV-vis chromatograms of the commercial and the NaOH pre-

treated extracts exhibited only a small peak centred at 23.6 minutes, due to their low content 

of polyphenols (cf. Table 1). In contrast, this band was considerably more intense in the UV-

vis chromatograms of the HW and HW-US extracts, confirming the presence of higher 

amounts of low molecular weight impurities in these materials. Interestingly, the latter also 

showed a broader and less intense band matching the retention times corresponding to the 

high molecular weight agar molecules, suggesting that part of these impurities were strongly 

interacting and, therefore, co-eluted with the polysaccharide. It is also worth noting that a 

shift in the maximum of those bands to lower retention times could be observed in the UV-

vis chromatograms with respect to the RI chromatograms, suggesting that a greater amount 

of impurities was bound to the polysaccharide chains with the highest molecular weights. 
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Indeed, longer polymeric chains have a greater number of functional groups per molecule, 

which might involve greater chances for interaction with other molecules.     

 

 

Figure 3.  HPSEC chromatograms obtained from the refractive index (solid lines) and UV-

visible (dotted lines) detectors, together with the peak molecular weight and crystallinity 

(estimated from XRD) of the agar-based extracts synthesised from Gelidium sesquipedale. 

The retention times (Rt) corresponding to the refractive index detector have been corrected 

to account for the lag time between both detectors.  
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TGA analyses were also carried out to determine the effect of the presence of impurities in 

the thermal stability of the extracts. As shown in Figure 4, the commercial agar showed a 

thermal degradation profile characterized by a sharp peak in the temperature range of 180-

290ºC, followed by a broad shoulder and a total mass loss of 67% at 600ºC. The same 

degradation peak, although with a wider distribution, was observed for all the agar-based 

extracts. The maximum of the peak appeared at temperatures of ca. 222ºC, 240ºC, 234ºC, 

250ºC and 250ºC for the commercial, HW, HW-US, NaOH+HW and NaOH+HW-US 

samples, respectively. Although no additional peaks due to the presence of impurities were 

detected in the HW and HW-US, the onset of the degradation was shifted towards lower 

temperatures as compared with the commercial and the purified extracts. This suggests that 

although the presence of impurities reduced slightly the thermal stability of the extracts, 

since they were bound to a certain fraction of agar, as evidenced by the HPSEC results, their 

impact was limited. On the other hand, the higher thermal stability of the NaOH+HW and 

NaOH+HW-US extracts as compared to the commercial agar may be related to their greater 

molecular weight and crystallinity. Additionally, although the molecular weight of the agar 

fraction was higher for the HW and HW-US extracts, the presence of impurities interacting 

with the agar impaired its crystalline organization and as a result, reduced slightly the 

thermal stability of the extracts. The mass loss at 600ºC was 67% for the commercial agar, 

51% for HW, 45% for HW-US, 70% for NaOH+HW and 72% for NaOH+HW-US, again 

proving the presence of inorganic thermally-resistant impurities, such as mineral 

compounds, in the non-purified extracts.  
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Figure 4. (A) Derivative thermogravimetric (DTG) curves of the agar-based extracts from 

Gelidium sesquipedale. (B) Magnification of the temperature range of interest for the 

produced extracts.  
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3.3 Gels produced from the different agar-based extracts  

The capacity of the produced agar-based extracts to form gels was also evaluated and 

compared to the commercial agar. All the samples were able to form gels at a concentration 

of 1.5 wt.-%, which is typically used to produce gels from commercial agars (Kumar & 

Fotedar, 2009; Lemus et al., 1991; Yousefi et al., 2013). The visual appearance of the gels 

is shown in Figure 5A, where it is evidenced that whereas the commercial agar and the 

purified extracts presented a whitish hue, the non-purified extracts showed a dark brown 

coloration, most likely due to the presence of polyphenols and proteins. The UV-Vis spectra 

from solutions of the different extracts (cf. Figure 5B) clearly showed that the non-purified 

materials presented much higher absorbance values through the whole wavelength range. 

Several peaks, with maxima located at ca. 290, 330 and 965 nm, were detected in the spectra 

from all the samples, although they appeared much more defined in the HW and HW-US 

extracts. These peaks have been previously related to the presence of phenolic compounds 

(Gallori, Bilia, Bergonzi, Barbosa, & Vincieri, 2004; Gregoris & Stevanato, 2010), thus 

providing further evidence for the higher amount of these compounds in the non-purified 

extracts. Moreover, although the differences were small, it seems that the extraction of 

impurities promoted by the sonication process gave rise to slightly greater absorbance 

values.  
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Figure 5. (A) Visual appearance of the gels and (B) UV-Vis spectra from the Gelidium 

sesquipedale agar-based extracts.  

 

The mechanical properties of the agar-based gels are an important attribute, which will 

determine their range of applications. Therefore, they were evaluated by means of 

penetration tests. The calculated gel fracture strength values are gathered in Table 2. It is 

evident that the gels obtained from the commercial agar and the purified extracts presented 

significantly greater fracture strength values than the non-purified extracts. This seems to be 

related to two different factors: (i) the inherent higher agar content in the purified extracts 
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and (ii) the higher sulphate content in the non-purified extracts. Similar gel strength values 

of ca. 1000 g/cm2 have been reported for agars extracted from Gelidium sesquipedale with 

sulphate contents ranging from 1.0 to 1.6 % (Mouradi-Givernaud et al., 1999). On the other 

hand, lower strength values of ca. 138 g/cm2 and 459 g/cm2 have been reported for the agars 

extracted from Gracilaria cliftonii (sulphate content of ca. 8%) (Kumar & Fotedar, 2009) 

and Gracilaria corticata (sulphate content of ca. 2.7%) (Yousefi et al., 2013), respectively. 

Additionally, the ability of alkali treatments to remove sulphate groups from the C-6 in the 

galactose units from agar and the implications of this in increasing the gel strength has 

already been demonstrated. For instance, the gel strength of the agar extracted from Gelidium 

rex increased from 590 g/cm2 to 1272 g/cm2  when the seaweed was treated with 10% NaOH 

prior to extraction (Matsuhiro & Urzúa, 1990). The softer gels obtained from the HW and 

HW-US extracts would be optimum for their application as food ingredients (Pereira-

Pacheco et al., 2007), hence highlighting the potential of the simplified extraction protocols 

to produce more cost-effective agar-based extracts with interest for the food industry sector. 

 

Table 2.  Fracture strength of the gels from the Gelidium sesquipedale agar-based extracts. 

Data shown as mean +/-SD, n=3. 

 
Fracture strength 

(g/cm2) 

Commercial  1030 ± 122b 

HW 245 ± 10a 

HW-US 275 ± 10a 

NaOH+HW 979 ± 71b 

NaOH+HW-US 1183 ± 173b 

Values with different letters are significantly different (p ≤0.05). 
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4. Conclusions 

Agar-based extracts from Gelidium sesquipedale have been produced by applying a simple 

hot-water treatment (HW) and a combined hot water-sonication method (HW-US), with 

extraction yields of ca. 10-12%. The combined treatment allowed to reduce the total 

extraction time by 4-fold, without significantly reducing the extraction yield. In addition, the 

application of an alkali pre-treatment (NaOH+HW and NaOH+HW-US) was evaluated for 

the removal of impurities prior to the extraction, but much lower extraction yields of ca. 2-

3% were attained. While the NaOH+HW and NaOH+HW-US extracts were mainly 

composed of agar, the HW and HW-US contained additional compounds such as proteins, 

polyphenols and mineral substances, which were responsible for their great antioxidant 

capacity, higher than that previously reported for the extracts from other Gelidium species. 

These non-purified HW and HW-US extracts led to the production of brownish gels, with 

lower gel strength than a commercial agar, being optimum for their application as texture 

modifiers or thickening agents in food-related applications. 
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