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ABSTRACT 

The relation between the chemical composition and the mechanical strength of four different 

agar hydrogels was particularly elucidated by comparing the results obtained by pyrolysis-gas 

chromatography/mass spectrometry and rheological characterization. Agar composition was 

studied exploiting a pyrolysis-gas chromatography/mass spectrometry approach in order to 

distinguish its anhydrous, galactose and glucose units. Agar gels in “as-is”, annealed and 
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additivated form were studied by means of amplitude, frequency and time sweep rheological 

tests to evaluate all the preparation approaches commonly used by conservators, also taking 

into  account changes in the transparency via UV-vis spectroscopy.  

A high percentage of anhydrous units in the polymer backbone was found to provide superior 

mechanical stiffness to the as-is hydrogels, but it did not seem to affect their long-term stability. 

The annealing process significantly improved the rheological response of galactose-rich agar 

hydrogels being able to promote the establishment of additional crosslinking points, whereas 

the additive presence showed to improve the hydrogel stiffness owing to a more structured 

polymer network. Moreover, the progressive reduction of the impurities and/or network defects 

within the hydrogels obtained by annealing, slightly increased the transparency of the 

hydrogels, which is an important aspect for applications in the conservation of Cultural 

Heritage. 

 

Keywords: agar-agar; hydrogels; 3,6-anhydro-L-galactose; gel strength; Py-GC/MS; 

rheology. 

 

1.  Introduction 

Gels are diffusely present in our every-day life and are used in a wide range of different 

applications from food to the pharmaceutical and biomedical industries. Nowadays, natural 

hydrocolloids extracted from different types of seaweed and bacteria, such as alginate, agar, 

gellan, hyaluronic acid and carrageenan, are extensively investigated to obtain targeted gels 

for specific purposes and with peculiar functionalities [1–7]. In particular, agar and gellan gels 

have gained an important role as cleaning tools in the field of conservation of Cultural Heritage, 

thanks to their versatility and effectiveness. Gels can be easily applied on artworks and then 

gently removed after a suitable application time, allowing to better control the cleaning 

operations and to limit the penetration of the liquid cleaning phase in the substrate; moreover, 

different chemicals (e.g. solvents, chelating agents and surfactants) can be easily employed 

to additivate gels in order to improve their performances [8–16]. Although agar gels are widely 
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used by conservators and in several other application fields, the correlation between their 

rheological properties and chemical composition is not yet deeply understood and only few 

works are reported. 

Agar is a polysaccharide extracted from different types of red algae consisting primarily of D- 

and L-galactose units. Since 1956, structural studies of this natural polymer based on its 

fractionation by chemical and enzymatic hydrolysis were performed by Araki [21–23]. The 

main components of agar are agarose and a charged fraction called agaropectin. These two 

polysaccharides have the same monomers but different structure. The first one is a linear 

polymer consisting of alternating ꞵ-D-galactose and 3,6-anhydro-L-galactose units linked by 

glycosidic bonds, and it is the fraction that most determines the gelling properties of agar [24]. 

The second agar component, agaropectin, is an heterogeneous agarose consisting of the 

same repeating units in which some 3,6-anhydro-L-galactose rings are replaced by L-

galactose-6-sulphate or by methoxy or pyruvate groups, consequently reducing the polymer 

gelling properties [25]. According to the literature [26–29], the type of red seaweed species, 

the environmental condition of seaweed growth and the physiological factors, as well as the 

extraction methods, strongly affect the relative proportion of the main components and 

consequently the agar gelling and rheological properties with both the amount of sulphates 

and anhydrous units playing a fundament role in affecting the final rheological characteristics 

of the gels. 

In a previous work [30] some of the authors already reported a multi-analytical characterization 

of four different agar powders highlighting important compositional differences, but also some 

limitations of the applied analytical method. In particular, although the thermally assisted 

hydrolysis and methylation method (THM) used for the pyrolysis-gas chromatography/mass 

spectrometry (Py-GC/MS) analytical screening allowed to hydrolyse the polysaccharides and 

to derivatize the analytes in a single step [31], it was found to prevent the identification of the 

anhydrous units of galactose (3,6-anhydro-galactopyranose). The reactivity of the anhydrous 

part of agarose, linked to the galactose units with 1-4 glycosidic bonds, appears to be different 

from that of 1,6-anhydro-glucopyranose (or levoglucosan), here used as an anhydrous 
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standard, which under THM conditions gives the corresponding anhydrous permethylated 

compounds. Indeed, the identification of anhydro-galactopyranose markers and pyrolysis 

products deriving from the galactose units would allow a semi-quantitative evaluation of agar 

composition, thus highlighting how the chemical composition of different agars affects the 

correspondent hydrogel rheological properties. Furthermore, according to the empirical 

experiences of conservators, interesting changes in the mechanical response are observed 

with repeated annealing processes (i.e. the samples are heated and cooled several times), 

together with a tendency to transparency; these features should be taken into account and 

investigated in order to better understand the overall behaviour of agar gels.  

That said, the aim of the present study was to identify a correlation between the chemical 

composition of four different agar gels (i.e. relative amount of anhydro-galactose and 

galactose units) and their behaviour in terms of gel strength and transparency. In particular, 

the effect of polymer concentration, annealing cycle and additive presence on the viscoelastic 

moduli (i.e. storage modulus G’ and loss modulus G”) of the gels was studied by means of 

amplitude, frequency and time sweep tests. Moreover, the transparency of the as-is and 

annealed samples was qualitatively evaluated via UV-vis spectroscopy in order to confirm the 

empirical experiences of conservators.  

The composition analysis proved the strong variance in terms of repeating units in the 

investigated agars, which is an important factor to be taken into account for applications where 

targeted properties are required. The rheological characterization revealed the strong effect 

of agar composition on the strength of the prepared hydrogels, which though does not 

influence the stability of the hydrogel over time. In particular, a high moiety of anhydrous units 

in the agar backbone leads to considerably stiffer hydrogels at medium and high polymer 

concentrations, whereas at low concentration similar viscoelastic moduli were obtained 

independently on the polysaccharide composition. Above all, the annealing process was found 

to increase only the strength of the hydrogels prepared with galactose- and glucose-rich agars; 

indeed, such units somehow get in the way of the gelation mechanism of agar and 
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consequently, progressive annealing processes can be applied to obtain stiffer hydrogels 

characterized as well by a higher transparency. 

 

2.  Materials and Methods 

2.1 Materials 

Four different agar powders  were selected: Agar Art (CTS S.r.l.) and Agar Purissimo 

(Bresciani S.r.l.), usually applied in the field of conservation, Agar Sigma (Sigma-Aldrich, 

A7002_CAS:9002-18-0), here selected as standard, and another agar powder used in the 

food industry (in the following named Agar Food) and imported from United Kingdom. 

Disodium ethylenediaminetetraacetic acid (EDTA , Merck-Millipore) and triammonium citrate 

(TAC, Bresciani S.r.l.) were used as additives for the gels.  

 

2.2 Preparation of agar hydrogels  

Agar powders were added to deionized water in the concentration of 1% w/v, 3% w/v and 5% 

w/v to replicate conservators indications. The samples were placed in a microwave operating 

at 700 W and brought to the boil (T = 100 °C) for a few seconds, vigorously mixed and heated 

again in order to allow the complete dissolution of agar powders in water. The obtained 

solutions were poured in circular 3D-printed moulds with a diameter of 25 mm and a height of 

2.5 mm; before testing, the as-is samples were allowed to cool down at room temperature for 

at least 1 hour to ensure the complete and homogeneous gelation of the solution. 

Hydrogels with an agar concentration of 1% w/v and 3% w/v were annealed at 100 °C to 

investigate the effect of this treatment on the mechanical and optical properties of the gels. 

One annealing cycle was applied to the as-is gels placing them in the aforementioned 

microwave and heating at T = 100 °C until complete “re-solubilization” of agar; then annealed 

gels were obtained by the same cooling procedure as the as-is samples. Note that annealed 

5% w/v samples were not prepared and investigated because they were characterized by a 

high mechanical response already in the as-is state. 
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Additivated hydrogels with 1% of EDTA or TAC were similarly prepared; once the agar powder 

was completely dissolved after the heating step, the proper amount of additive was added and 

the systems vigorously mixed to ensure total solubilization and homogenization before the 

cooling process. 

 

2.3 Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) 

A multi-shot pyrolizer EGA/PY-3030D (Frontier Lab, Japan) directly connected to a GC/MS 

system was used. The GC was a 6890N Network GC System (Agilent Technologies, USA) 

with a methylphenyl-polysiloxane cross-linked 5% phenyl methyl silicone (30 m, 0,25 mm i.d., 

0,25 µm film thickness) capillary column. The  pyrolysis temperature was set at 400 °C, the  

interface temperature was 300 °C and the temperature of the injector was kept at 280 °C. The 

carrier gas was helium (1.0 mL/min) and split ratio was 1/20 of the total flow. The mass 

spectrometer coupled to the GC apparatus was a 5973 Network Mass Selective Detector 

(Agilent Technologies, USA). Mass spectra were recorded under electron impact at 70 eV, 

scan range 40-500 m/z. The interface was kept at 280 °C, ion source at  230 °C and 

quadrupole mass analyser at 150 °C. All instruments were controlled by Enhanced Chem 

Station (ver. 9.00.00.38) software. The mass spectra assignment was done with the NIST 

2008 library and by comparison with literature data.  

Agar powders were analysed without any preliminary or derivatization treatment. An amount 

of 0.2 mg of sample was placed in a stainless steel cup and inserted into the micro-furnace of 

the pyrolyser. For each analysis three replicas were performed. 

 

2.4 Rheological measurements 

Rheological tests were performed using a Physica MCR 301 rotational rheometer (Anton Paar 

GmbH, Austria) equipped with a Peltier heating system and solvent trap kit to reduce as much 

as possible the solvent evaporation; all measurements were carried out at a temperature of 

20 ± 0.2 °C. A plate-plate geometry with a diameter of 25 mm (PP25) was used and a fixed 
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normal force (FN) of 0.15 N was applied to avoid the sample slipping; the gap (d) typically 

varied from 2 to 3 mm depending on the sample height. 

Amplitude sweep tests (AS) were initially performed on each sample to determine the linear 

viscoelastic region (LVER) at a fixed frequency of 1 Hz and a strain (γ) varying from 0.005 to 

1%. Subsequently, the frequency-dependant response of the hydrogels was investigated by 

means of frequency sweep tests (FS) carried out in frequency range 0.1-80 Hz using a 

deformation within the LVER (0.05-0.1%). Finally, sample stability was evaluated via time 

sweep tests (TS), with a fixed amplitude of 0.05-0.1% and a frequency of 1 Hz, continuously 

measuring the viscoelastic moduli over a time period of 30 min. 

Each rheological test was performed three times to ensure result reproducibility.  

 

2.5 Optical properties 

The transparency of the as-is and annealed hydrogels at a 1% w/v concentration was 

evaluated by means of UV-vis spectroscopy using a Perkin-Elmer lambda 9 UV/VIS/NIR 

Spectrophotometer; the absorbance and transmittance spectra were collected in the 

wavelength 400-800 nm range. The percentage transmittance values at 450 nm and 650 nm 

have been used to qualitatively compare the transparency of the investigated samples. 

Each test was performed twice to ensure result reproducibility. 

 

3. Results and Discussion 

3.1 Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) 

At first, pyrolysis measurements were carried out at a pyrolysis temperature of 600 °C, as 

suggested by a previous study of some of the authors about plant gums [32]. At this 

temperature the main pyrolysis peak is  2-furyl hydroxymethyl ketone, which is a marker of the 

anhydrous agar fraction, whereas the markers related to galactose units cannot be identified. 

Hence, in order to reduce the pyrolytic fragmentation and the occurring of secondary pyrolysis 

reactions it was decided to reduce the pyrolysis temperature to 400 °C. 
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Figure 1. Pyrograms of the four agar samples. 

 

Pyrograms of the four agar samples (Figure 1) show the presence of many pyrolysis products 

typical of polysaccharide materials [24,33], such as 2-furaldehyde (peak 2), 1-(2-furanyl)-

ethanone (peak 4), 1,2-cyclopentanedione (peak 5) and 5-(hydroxymethyl)-2-

furancarboxyaldeyde (peak 8). The latter, in particular, is considered a marker of hexose 

sugars [33,34] like galactose, which is the main monomer present in the polysaccharides 

contained in agar. Table 1 lists the main peaks obtained by Py-GC/MS and the corresponding 

assignments. 

Table 1. Assignments of the main pyrolysis product found in the agar samples. 

Peak 
n° 

RT 
[min] 

Assignments MW Main m/z 

1 2.77 1-hydroxy-2-propanone 74 43, 45, 74 

2 4.92 2-furaldehyde 96 96, 95, 97,67 

3 5.26 2-furanmethanol 98 
98, 

41,53,81,97,69 

4 6.24 1-(2-furanyl)-ethanone 110 95, 110, 96, 67 

5 6.48 1,2-cyclopentandione 98 98,55,42,41,69 
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6 9.21 2-furyl hydroxymethyl ketone 126 126,95,96,67 

7 9.64 levoglucosenone 126 98,96,53,68,97,42 

8 11.45 5-(hydroxymethyl)-2-furaldehyde 126 97, 126,69,41 

9 12.21 
1-deoxy-3,6-anhydro-lyxo-hexopyranos-2-

ulose 
144 144,57,85,73,44 

10 12,58 Anhydro-deoxy-galactopyranose 144 144,97,87,57,69 

11 13.12 1,6-anydro- β-D-galactopyranose 162 60,73,43,56,70 

12 15.34 1,6-anydro- β-D-glucopyranose 162 60,73,43,56,70 

13 17.02 
1,6-anydro- β-D-galactofuranose + 1,6-
anydro- β-D-glucofuranose (coelution) 

162 73,69,70,85,44,57 

 

Among the specific pyrolysis products indicative of the various constituent units of agar, 2-

furyl hydroxymethyl ketone (peak 6) was identified as the main product as well as its precursor, 

1-deoxy-3,6-anhydro-lyxo- hexopyranos-2-ulose (peak 9); these molecules are the pyrolysis 

products of the anhydrous part of agarose. The markers of the galactose unit were identified 

in peak 11 (1,6-anydro-β-D-glucopyranose) and in its furanose isomer 1,6-anydro-β-D-

galactofuranose (peak 13, in co-elution). Peak 12 is the pyrolysis product of glucose (1,6-

anydro-β-D-glucopyranose or levoglucosan); even though glucose is not present as a 

structural unit in the polysaccharides of agar, compound 12 can result from the pyrolysis of  

free glucose or cellulosic derivatives, whose presence in agar is possibly due to an incomplete 

purification process of the red algae [31]. 

The good reproducibility of the Py-GC/MS analyses allowed to perform a semiquantitative 

data analysis. This was done by determining the content percentage of the anhydro-galactose, 

galactose and glucose units by integration of the main pyrolysis products. To this purpose 

peaks reported in Table 1 were integrated, with the exception of peak 13, considered as the 

coelution of the two anhydrous furanose derivatives of galactose and glucose. Coelution 

problems were also observed for other pyrolysis fragments in peaks 11 and 12, but in these 

two cases manual integration allows to exclude major interferences. In particular, the 
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percentage data reported in the form of histograms in Figure 2 were obtained by dividing the 

area of peaks 11 (galactose), 12 (glucose) and the sum of peaks 6 and 9, deriving from the 

anhydrous units of galactose, with the total area of all the main pyrolysis markers (peaks  1-

12). The standard deviation calculated for each data is between 0.8 and 2.7, showing the good 

reproducibility of the measurements. Higher values of standard deviation (3.0-5.5) were 

observed in particular for peaks 11 and 12 that, as previously explained, were manually 

integrated to exclude interfering signals and therefore are subject to greater variability. 

 

Figure 2. Percentage of anhydrous units, galactose and glucose of correspondent agar 
samples. 

 

From the obtained results it is possible to point out that the purest agar is Agar Sigma, indeed 

considered as standard reference: the estimated percentage of anhydrous units and not-

anhydrous ones are comparable (32% and 30% respectively), whereas the amount of glucose 

is only 9%. Agar Food exhibits a low percentage of glucose but a high percentage of 

anhydrous units (35%), whereas Agar Art shows a content of anhydrous units (30%) which is 

consistent with that of Agar Sigma, but an almost double amount of glucose (19%). Finally, 

the most inconsistent marker values are observed in Agar Purissimo, as already reported in a 

previous study [30]. Indeed, Agar Purissimo contains only 26% of anhydrous units, 14% of 

galactose units and a high percentage of glucose (21%). 
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Regarding the identification of substituted derivatives of galactose containing sulphate, 

methoxy or pyruvate groups, they were not detected in the pyrograms: this is probably due to 

coelution problems, typically occuring in the pyrolysis of polysaccharides that often generates 

isomeric products with very similar mass spectra. Moreover, the pyrolysis temperature, 

optimized in this work to identify markers of galactose and anhydro-galactose, may not be 

ideal to elute other products. 

 

3.2 Rheological properties 

3.2.1 As-is and annealed agar hydrogels  

Figure 3 shows the rheological behaviour of Agar Purissimo hydrogels as an example, with 

the same trend observed for all the other samples. 

 

Figure 3. Amplitude sweep (a) and frequency sweep (b) curves of Agar Purissimo hydrogels 
at different concentrations. Solid and empty points represent the elastic modulus G’ and the 
viscous modulus G”, respectively. 

 
The dependence of the viscoelastic moduli (i.e. G’ and G”) upon the applied shear strain () is 

depicted in Figure 3-a; the region in which the moduli are strain-independent and parallel 

corresponds to the liner viscoelastic region (LVER). As clearly shown, a higher polymer 

concentration corresponds to greater moduli and to a significant reduction of the LVER, as 

well as to the decrease of the yield strain (i.e. critical strain value at which the moduli crossover 

occurs); such results can be ascribable to the increased crosslinking density and to the 

consequent formation of a highly structured polymer network with improved mechanical 
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properties, which however is able to withstand lower stress before undergoes to a 

deconstruction phenomenon.  

Figure 3-b reports the dynamical rheological properties of the as-is gels; similarly to the AS 

results, the samples with a higher polymer concentration are characterized by superior 

viscoelastic properties. Moreover, in the whole investigated frequency range, the hydrogels 

show a significant predominance of the storage modulus G’ above the loss modulus G”, 

therefore indicating a strong gel behaviour which is further confirmed by the almost frequency-

independency of the elastic modulus G’.  

Figure 4 summarizes the rheological properties of all the as-is hydrogels; for comparison, the 

complex modulus G* (G* = G’ + iG”) has been always taken at a frequency of 1 Hz . 

 

Figure 4. G* modulus of agar samples at different concentrations. 

 
A strong increment of G* can be observed increasing the polymer concentration independently 

on the used type of agar, even if interesting differences related to the agar composition can 

be noted. In particular, whereas the agar composition plays an important role at medium and 

high concentration (3% w/v and 5% w/v), it does not seem to affect the hydrogel rheological 

response at low concentration (1% w/v); in general, taking into account the obtained 

composition results, it can be assumed that a high percentage of anhydrous units leads to 

hydrogels with greater mechanical properties, even if the presence of the non-anhydrous 
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moiety can somehow hinder the crosslinking process thus reducing the stiffness of the 

samples. More in detail, Agar Food hydrogels are characterized by the greatest moduli, which 

is in agreement with the high percentage of anhydrous units and the low percentage of 

galactose ones (35% and 21% respectively); on the contrary, Agar Art hydrogels can be 

considered the least mechanically performing due to the high percentage of galactose and 

glucose moieties (23% and 19% respectively) compared to the anhydrous units amount 

(30%). Agar Purissimo and Agar Sigma hydrogels show an intermediate behaviour which 

indeed reflects their composition, which consists in a high amount of glucose and galactose 

units, respectively. 

Figure 5 reports the comparison between the complex modulus of the as-is and the annealed 

hydrogels.  

 

Figure 5. G* modulus of as-is (solid bars) and annealed (dashed bars) agar hydrogels at 1 
and 3% w/v concentration. 

 
As clearly shown, the annealing process has not a significant effect for the 1% w/v hydrogels 

but increases the moduli of the 3% w/v samples; however, the importance of such increment 

appears to be once again strongly dependent on the polysaccharide composition. Indeed, 

Agar Art and Agar Sigma, which are composed by a high percentage of galactose units 

compared to the percentage of anhydrous units, show an increment of the complex modulus 
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around 80%; on the contrary, Agar Purissimo and Agar Food, in which the galactose units are 

present in a significantly lower percentage than the anhydrous ones, the increment of the 

complex modulus is only around 20%. Bearing in mind these results, it can be assumed that 

the galactose units probably act as retardants/opponents of the crosslinking reaction hence 

reducing the mechanical properties of the agar as-is hydrogels; however, the annealing 

process most likely forces the breakdown of the physical network created by the polymer 

chains during the first gelation phenomenon and subsequently promotes the formation of 

additional crosslinking points between the anhydrous units (i.e. more structured network) 

leading to gels with improved stifness. 

 

3.2.2 Additivated agar hydrogels 

A comparison between the complex modulus G* of the as-is and additivated agar hydrogels 

is shown in Figure 6-a.  

 

Figure 6. Comparison between G* of the standard and additivated agar hydrogels (a) and 
amplitude sweep curves of Agar Sigma samples (b). 

 
The addition of EDTA and TAC leads in all cases, except one (Agar Art hydrogels additivated 

with EDTA), to an increase of the stiffness of the hydrogels. Agar, as most other 

polysaccharides, shows a pH-sensitive behaviour with the polymer chains shrinking at acidic 

pH values; consequently, being the used additives able to significantly decrease the pH, they 

probably promote the establishment of closer crosslinking points between the polymer chains 
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compared to the standard samples, which corresponds to a higher mechanical response. To 

this regard, TAC seems to have a more significant impact than EDTA in increasing the 

viscoelastic moduli of agar hydrogels thus leading to a denser polymer network due to the 

different acidity. To be noted that the evidence of the additive effect appears to depend on the 

agar composition since a high percentage of glucose residues is able to reduce the shrinking 

of the polymer chains, which in turn leads to a negligible increment of the viscoelastic 

properties of the gels (Agar Art and Agar Purissimo). Such hypothesis is further confirmed by 

the dependence of the additivated hydrogel viscoelastic moduli upon the applied shear strain, 

shown in Figure 6-b (Agar Sigma hydrogels). Indeed, the additivated agar hydrogels are 

characterized by a reduced LVER compared to the as-is samples, clearly indicating the 

formation of a more structured network which, despite the improved mechanical properties, is 

characterized by a lower yield strain. 

 

3.3 Hydrogel stability 

Figure 7 reports the time dependence of the viscoelastic moduli from a time period of 30 min 

for as-is Agar Art 1% w/v sample; similar behaviour was obtained for all the other samples.  

 

Figure 7. Time dependence behaviour of the viscoelastic moduli for Agar Art 1% w/v sample. 
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Hydrogel stability is a fundamental aspect from a practical point of view in Cultural Heritage 

conservation in order to ensure a safe applicability and an efficient cleaning effect. In 

particular, an increase of the hydrogel stiffness could indicate a progressive drying of the 

products with the risk to negatively affect their cleaning capability; on the contrary, a network 

structure deconstruction could lead to a decrease of the hydrogel mechanical response, 

consequently reducing the easy removal of the products once the conservation step is 

concluded [35].  

No significant variations can be detected in the viscoelastic moduli of all hydrogels over the 

entire investigated time period (Fig. 7), proving that despite agar composition influences the 

gelation process it has not an important effect on the sample stability. Above all, the high 

stability displayed by the samples clearly indicated their suitability for cleaning and 

conservation purposes. 

 

3.4 Transparency evaluation 

Figure 7 shows the absorbance and transmittance spectra of 1% w/v Agar Food hydrogels. 

The optical behaviour of as-is and annealed samples is reported in green and blue, 

respectively; similar trends were observed for the other agars. 

 

Figure 8. Absorbance (a) and transmittance spectrum (b) of as-is and annealed Agar Food 
hydrogels. 
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The absorbance spectrum is characterized by the absence of neat absorption peaks and by 

an increase of the absorbance as the wavelength decreases; such behaviour, according to 

Lambert-Beer law, indicates that the scattering is due exclusively to the presence of the 

polymer network, along with its defects and impurities. 

Table 2 summarizes the transmittance values (%) of the as-is and annealed hydrogels; 450 

nm and 650 nm were chosen as referring wavelength in the blue and red region, respectively. 

 

Table 2. Transmittance (%) for the standard and annealed agar hydrogels. 

 Transmittance (%)_450 nm Transmittance (%)_650 nm 

Sample as-is gels Annealed gels as-is gels Annealed gels 

Agar Art 36  2 43  1 46  1 58  2 

Agar Purissimo 47  1 54  2 60  2 61  1 

Agar Sigma 43  1 45  3 61  1 62  2 

Agar Food 31  3 41  1 46  2 56   1 

 

In terms of transparency, the improved optical properties are mainly due to the structural 

modifications and/or dissolution of both the impurities and glucose units, which consequently 

leads to the lowering of the network defects thus reducing the scattering of the light within the 

hydrogels. Considering the composition results, a good agreement with the transparency of 

the hydrogels was obtained. In particular, Agar Sigma hydrogels showed no increase in 

transparency, which is consistent with the high purity of such product; conversely, Agar Art 

and Agar Food, which are both characterized by a high amount of impurities, showed a 

considerably higher transparency after the annealing process. 

 

4. Conclusions 

In the presented work, the correlation between agar composition and the mechanical behavior 

(i.e. viscoelastic moduli) of the correspondent hydrogels was demonstrated and elucidated 

combining pyrolysis-gas chromatography/mass spectrometry and rheological results.  

Despite further studies are necessary in order to obtain as much information as possible about 

the composition of  agar in a single run measurement, for the first time the applied pyrolysis-
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gas chromatography/mass spectrometry approach successfully allowed to clearly differentiate 

the anhydro-galactose units, which was hypothesized to be responsible for the gel strength, 

from the galactose structural units, as well as from the glucose impurities. The rheological 

response of the prepared hydrogels was found to rise as the polymer concentration increased, 

most likely as a consequence of the establishment of a progressively denser polymer network. 

In detail, anhydrous unit-rich agar samples appeared to be the mechanically most performing, 

confirming their role in the agar gelation mechanism; conversely, galactose structural units 

and glucose residues seemed to get in the way of the phenomenon reducing the hydrogel 

stiffness. However, the annealing process commonly employed by conservators was proved 

to prevail over the effect of the composition being able to promote the formation of additional 

crosslinking points in galactose-rich agar and allowing the establishment of a highly structured 

network. Moreover, transparency changes were evident in few samples characterized by an 

important amount of glucose residues and impurities, which were reduced by the annealing 

process leading to a defect-free network with a greater transparency effect.  

Above all, the obtained results should be considered as an important step forward in the 

selection and design of  targeted products for a specific purpose having proved the significant 

correlation between agar composition and the behaviour of the related hydrogels. 

 

Acknowledgement 

The authors would like to thank A. Russo for the collaboration during the experiments. 

 

Declaration of interest 

None. 

 

Data availability 

Data will be made available on request. 

 

Funding 



19 
 

Compagnia di San Paolo and University of Torino are gratefully acknowledged for funding 

Project Torino call2014 L2 181 through “Bando per il finanziamento di progetti di ricerca di 

Ateneo – anno 2014” (Project title: Polymer gels for cultural heritage).   



20 
 

References 

[1] A. Dodero, S. Vicini, M. Alloisio, M. Castellano, Sodium alginate solutions: correlation 

between rheological properties and spinnability, J. Mater. Sci. 54 (2019) 8034–8046. 

doi:10.1007/s10853-019-03446-3. 

[2] M. Martínez-Sanz, L.G. Gómez-Mascaraque, A.R. Ballester, A. Martínez-Abad, A. 

Brodkorb, A. López-Rubio, Production of unpurified agar-based extracts from red 

seaweed Gelidium sesquipedale by means of simplified extraction protocols, Algal 

Res. 38 (2019) 101420. doi:10.1016/J.ALGAL.2019.101420. 

[3] E. Jakubczyk, E. Gondek, A. Kamińska-Dwórznicka, K. Samborska, A. Wiktor, K. 

Królikowski, A complex approach to assessing properties of aerated agar-fructose 

gels: Application of acoustic emission technique, Food Hydrocoll. 91 (2019) 66–75. 

doi:10.1016/j.foodhyd.2019.01.013. 

[4] I. Diañez, C. Gallegos, E. Brito-de la Fuente, I. Martínez, C. Valencia, M.C. Sánchez, 

M.J. Diaz, J.M. Franco, 3D printing in situ gelification of κ-carrageenan solutions: 

Effect of printing variables on the rheological response, Food Hydrocoll. 87 (2019) 

321–330. doi:10.1016/J.FOODHYD.2018.08.010. 

[5] A. Dodero, L. Pianella, S. Vicini, M. Alloisio, M. Ottonelli, M. Castellano, Alginate-

based hydrogels prepared via ionic gelation: An experimental design approach to 

predict the crosslinking degree, Eur. Polym. J. 118 (2019) 586–594. 

doi:10.1016/j.eurpolymj.2019.06.028. 

[6] A. Dodero, R. Williams, S. Gagliardi, S. Vicini, M. Alloisio, M. Castellano, A micro-

rheological and rheological study of biopolymers solutions: Hyaluronic acid, 

Carbohydr. Polym. 203 (2019) 349–355. doi:10.1016/j.carbpol.2018.09.072. 

[7] A. Dodero, M. Alloisio, S. Vicini, M. Castellano, Preparation of composite alginate-

based electrospun membranes loaded with ZnO nanoparticles, Carbohydr. Polym. 

227 (2020) 115371. 

[8] N. Bonelli, G. Poggi, D. Chelazzi, R. Giorgi, P. Baglioni, Poly(vinyl alcohol)/poly(vinyl 

pyrrolidone) hydrogels for the cleaning of art, J. Colloid Interface Sci. 536 (2019) 339–



21 
 

348. doi:10.1016/J.JCIS.2018.10.025. 

[9] C. Isca, R. Di Maggio, N. Pajares Collado, G. Predieri, P.P. Lottici, The use of 

polyamidoamines for the conservation of iron-gall inked paper, Cellulose. 26 (2019) 

1277–1296. doi:10.1007/s10570-018-2105-8. 

[10] M. Bertasa, F. Bandini, A. Felici, M.R. Lanfranchi, R. Negrotti, C. Riminesi, D. 

Scalarone, A. Sansonetti, Soluble Salts Extraction with Different Thickeners: 

Monitoring of the Effects on Plaster, IOP Conf. Ser. Mater. Sci. Eng. 364 (2018) 

012076. doi:10.1088/1757-899X/364/1/012076. 

[11] C. Canevali, M. Fasoli, M. Bertasa, A. Botteon, A. Colombo, V. Di Tullio, D. Capitani, 

N. Proietti, D. Scalarone, A. Sansonetti, A multi-analytical approach for the study of 

copper stain removal by agar gels, Microchem. J. 129 (2016) 249–258. 

doi:10.1016/J.MICROC.2016.07.007. 

[12] E. Carretti, M. Bonini, L. Dei, B.H. Berrie, L. V. Angelova, P. Baglioni, R.G. Weiss, 

New Frontiers in Materials Science for Art Conservation: Responsive Gels and 

Beyond, Acc. Chem. Res. 43 (2010) 751–760. doi:10.1021/ar900282h. 

[13] L. Angelova, B. Ormsby, Gels in the Conservation of Art, 1st ed., London, 2017. 

[14] S. Vicini, M. Castellano, M. Mauri, E. Marsano, Gelling process for sodium alginate: 

New technical approach by using calcium rich micro-spheres, Carbohydr. Polym. 134 

(2015) 767–774. doi:10.1016/j.carbpol.2015.08.064. 

[15] A. Van Loon, L.E. Hartman, J. van den Burg, R. Haswell, C. Pottasch, The 

Development of an Aqueous Gel Testing Procedure for the Removal of Lead-Rich 

Salt Crusts on the Surface of Paintings by Giovanni Antonio Pellegrini (1675–1741) in 

the “Golden Room” of the Mauritshuis, in: Springer, Cham, 2019: pp. 283–296. 

doi:10.1007/978-3-319-90617-1_16. 

[16] S. Vicini, M. Castellano, M.C. Faria Soares Lima, P. Licinio, G. Goulart Silva, 

Polyacrylamide hydrogels for stone restoration: Effect of salt solutions on 

swelling/deswelling degree and dynamic correlation length, J. Appl. Polym. Sci. 134 

(2017). doi:10.1002/app.44726. 



22 
 

[17] N. Rhein-Knudsen, M.T. Ale, F. Ajalloueian, L. Yu, A.S. Meyer, Rheological properties 

of agar and carrageenan from Ghanaian red seaweeds, Food Hydrocoll. 63 (2017) 

50–58. doi:10.1016/j.foodhyd.2016.08.023. 

[18] K.C. Labropoulos, D.E. Niesz, S.C. Danforth, P.G. Kevrekidis, Dynamic rheology of 

agar gels: Theory and experiments. Part I. Development of a rheological model, 

Carbohydr. Polym. 50 (2002) 393–406. doi:10.1016/S0144-8617(02)00084-X. 

[19] K.C. Labropoulos, D.E. Niesz, S.C. Danforth, P.G. Kevrekidis, Dynamic rheology of 

agar gels: Theory and experiments. Part II: Gelation behavior of agar sols and fitting 

of a theoretical rheological model, Carbohydr. Polym. 50 (2002) 407–415. 

doi:10.1016/S0144-8617(02)00085-1. 

[20] K. Nishinari, M. Watase, Effect of alkali pretreatment on the rheological properties of 

concentrated agar-agar gels, Carbohydr. Polym. 3 (1983) 39–52. doi:10.1016/0144-

8617(83)90011-5. 

[21] C. Araki, K. Arai, Studies on the chemical constitution of agar-agar. XXIV. Isolation of 

a new disaccharide as a reversion product from acidic hydrolysate., Bull. Chem. Soc. 

Jpn. 40 (1967) 1452–6. 

[22] C. Araki, K. Arai, Studies on the Chemical Constitution of Agar-agar. XVIII. Isolation of 

a New Crystalline Disaccharide by Enzymatic Hydrolysis of Agar-agar, Bull. Chem. 

Soc. Jpn. 29 (1956) 339–345. doi:10.1246/bcsj.29.339. 

[23] C. Araki, Structure of the Agarose Constituent of Agar-agar, Bull. Chem. Soc. Jpn. 29 

(1956) 543–544. doi:10.1246/bcsj.29.543. 

[24] R.J. Helleur, E.R. Hayes, W.D. Jamieson, J.S. Craigie, Analysis of polysaccharide 

pyrolysate of red algae by capillary gas chromatography-mass spectrometry, J. Anal. 

Appl. Pyrolysis. 8 (1985) 333–347. doi:10.1016/0165-2370(85)80035-8. 

[25] M. Duckworth, K.C. Hong, W. Yaphe, The agar polysaccharides of Gracilaria species, 

Carbohydr. Res. 18 (1971) 1–9. doi:10.1016/S0008-6215(00)80253-0. 

[26] L.A. Martinez, A.H. Buschmann, Agar yield and quality of Gracilaria chilensis 

(Gigartinales, Rhodophyta) in tank culture using fish effluents, Hydrobiologia. 326–



23 
 

327 (1996) 341–345. doi:10.1007/BF00047828. 

[27] E. Marinho-Soriano, Agar polysaccharides from Gracilaria species (Rhodophyta, 

Gracilariaceae)., J. Biotechnol. 89 (2001) 81–4. 

[28] V. Kumar, R. Fotedar, K. Dods, Effect of inland saline water ionic profiles on growth, 

chemical composition and agar characteristics of Gracilaria cliftonii (Withell, Miller and 

Kraft 1994) under laboratory conditions, Aquac. Int. 18 (2010) 869–881. 

doi:10.1007/s10499-009-9306-y. 

[29] L.A. Martín, M.C. Rodríguez, M.C. Matulewicz, E.N. Fissore, L.N. Gerschenson, P.I. 

Leonardi, Seasonal variation in agar composition and properties from Gracilaria 

gracilis (Gracilariales, Rhodophyta) of the Patagonian coast of Argentina, Phycol. 

Res. 61 (2013) 163–171. doi:10.1111/pre.12000. 

[30] M. Bertasa, A. Botteon, L. Brambilla, C. Riedo, O. Chiantore, T. Poli, A. Sansonetti, D. 

Scalarone, Cleaning materials: A compositional multi-analytical characterization of 

commercial agar powders, J. Anal. Appl. Pyrolysis. 125 (2017) 310–317. 

doi:10.1016/J.JAAP.2017.03.011. 

[31] D. Fabbri, R. Helleur, Characterization of the tetramethylammonium hydroxide 

thermochemolysis products of carbohydrates, J. Anal. Appl. Pyrolysis. 49 (1999) 277–

293. doi:10.1016/S0165-2370(98)00085-0. 

[32] C. Riedo, D. Scalarone, O. Chiantore, Advances in identification of plant gums in 

cultural heritage by thermally assisted hydrolysis and methylation, Anal. Bioanal. 

Chem. 396 (2010) 1559–1569. doi:10.1007/s00216-009-3325-4. 

[33] S. Moldoveanu, Analytical pyrolysis of natural organic polymers, 1st ed., Elsevier, 

Amsterdam, 1998. 

[34] D. Scalarone, O. Chiantore, C. Riedo, Gas chromatographic/mass spectrometric 

analysis of on-line pyrolysis–silylation products of monosaccharides, J. Anal. Appl. 

Pyrolysis. 83 (2008) 157–164. doi:10.1016/J.JAAP.2008.07.006. 

[35] S. Vicini, M. Mauri, J. Wichert, M. Castellano, Alginate gelling process: Use of bivalent 

ions rich microspheres, Polym. Eng. Sci. 57 (2017) 531–536. doi:10.1002/pen.24552. 



24 
 

 


