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A B S T R A C T

Cushuro (Nostoc sphaericum) is a blue-green edible freshwater microalgae of ancestral use as a traditional food in 
the Andean regions of Peru. Knowledge of the extraction process conditions and characteristics of cushuro 
biomass polysaccharides are instrumental to expand its range of applications and appraise its potential utilization 
as a hydrocolloid ingredient in food and other applications. Polysaccharides acid extract (PCAcE) and poly
saccharides aqueous extract (PCAqE) with hot water at 90 ◦C were extracted from cushuro (Nostoc sphaericum) 
biomass collected from the Department of Ancash, Peru. PCAcE showed higher extraction yield (49.0 ± 0.5 %), 
purity (83.3 ± 0.3 %), emulsifying capacity (55.6 ± 1.0 %), foaming capacity (8.3 ± 0.3 %), water holding 
capacity (3.0 ± 0.11 g/g) and DPPH radical scavenging activity (73.0 %) than PCAqE. Also, FTIR spectra showed 
a typical polysaccharides’ fingerprint. PCAcE showed a Mw of 1.0 ± 0.4 × 105 Da, dispersity index (Ð) of 3.5 ±
0.4, radius of gyration (Rg) of 22 ± 5 nm and a branched-type conformation, characterized by multi-detection 
HPSEC. The monosaccharide composition of PCAcE consisted mainly of glucose, xylose and galactose, and 
lower amounts of rhamnose. The rheological properties in aqueous solution, investigated under sensitive small- 
deformation oscillatory rheometric, revealed that the polysaccharide acidic extract (PCAcE) showed “weak gel” 
properties, unexpected on a typical highly branched polysaccharide. These results suggest potential applications 
of cushuro (Nostoc sphaericum) polysaccharides as a viscosity enhancer and natural emulsifier to stabilize oil- 
water emulsions in foods and other applications.

1. Introduction

Polysaccharides have emerged as an important class of biopolymers 
due to their potential applications in different fields such as foods, 
pharmaceuticals, or the remove of heavy metal in wastewater from 
wastewater (Shen et al., 2019). These are a consequence of their 
techno-functional properties (water-holding capacity, oil-holding ca
pacity) and biological activities (e.g., anticancer, antioxidant, antitumor, 
immunomodulatory, etc.) Soua et al., 2020. Polysaccharides form gels or 
viscous solutions of great industrial value and are incorporated in 
cooked processed products to increase their yield, improve water 
holding capacity, modify texture, reduce formulation costs and improve 
the stability of emulsions (Shen et al., 2019). These applications of 

polysaccharides are attributed to their physicochemical properties 
(Ktari et al., 2017; Wang et al., 2017), such as the molecular weight, 
rheological properties, monosaccharide composition and other 
properties.

Cushuro (Nostoc sphaericum) is a spherical gelatinous blue-green alga 
of diameter ~10–25 mm, with appearance similar to grapes that forms 
microscopic and macroscopic colonies that bloom in freshwater aquatic 
environments in the high Andean areas of Peru, over ~3000 m altitude. 
In Peru, cushuro is harvested and in the lagoons of the Departments of 
Ancash, Junín, Cajamarca, Huánuco, Cusco, and Puno, where there are 
lagoons with crystalline waters rich in nitrogen, which favors its 
development; it is also known as murmunta, llullucha or llayta 
(Chasquibol et al., 2025). It has been consumed by people mainly in Peru 
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and Bolivia for a thousand years. The neutral flavor makes cushuro a 
good ingredient of Peruvian gastronomy and for development of food 
products. (Pérez-Lloréns & Vergara, 2023; Pérez-Lloréns & Vergara, 
2023).

Chasquibol et al., 2025, Nostoc sphaericum confirmed that cushuro 
(Nostoc sphaericum) is a rich source of calcium (~567–~1357 mg/100 
g), iron (~13.5–~26 mg/100g), magnesium (~95–~126 mg/100 g), 
and protein (~32.4–~36.9 g/100 g) too. In two , complementary pa
pers, the potential applications of cushuro polysaccharide in food for
mulations have also been shown. On the one hand, cushuro (Nostoc 
sphaericum) polysaccharide was co-microencapsulated with sacha inchi 
(Plukenetia huayllabambana) oil, natural antioxidant extracts from the 
oleoresin of charapita chili peppers (Capsicum frutescens L.) and grape 
orujo (Vitis vinifera L.) extract. This approach resulted in better oxidative 
stability and longer shelf-life than microcapsules stabilized by com
mercial antioxidant BHT (Chasquibol et al., 2024). On the other hand, 
the rheological properties of mixed hydrogels of purple corn (Zea maiz 
L.) extracts, red prickly pear (Opuntia ficus-indica) pulp, cushuro (Nostoc 
sphaericum) polysaccharide and tara (Caesalpinia spinosa) gum were 
evaluated (Arenas & Chasquibol, 2024). The results showed that cush
uro (Nostoc sphaericum) polysaccharide can modify the rheological 
properties of mixed food hydrogels.

The aim of this paper is to extract polysaccharides from cushuro 
(Nostoc sphaericum), and study their physicochemical properties, anti
oxidant activity, FTIR spectroscopy, techno-functional properties, mo
lecular weight distribution, monosaccharide composition, and 
rheological properties. The results provide valuable information for the 
extraction of polysaccharides from cushuro (Nostoc. sphaericum) and 
their potential use in food and other applications.

2. Materials and methods

2.1. Raw materials

Cushuro (Nostoc sphaericum) alga was collected from the lakes of in 
the district of Cotaparaco, province of Recuay, Department of Ancash- 
Peru, as detailed in our previous work (Chasquibol et al., 2025). The 
fresh cushuro was transported to our laboratory at Universidad de Lima, 
where it was washed and dried at 60 ◦C for 12 h in an infrared dehy
drator (IRD D18, Spain), then ground in a food grinder (Grindomix 
GM200/Restch, Germany) to obtain cushuro flour and stored in alumi
nized bags at 25 ◦C. All reagents used were classified and supplied by 
Merck and Milli-Q water was used.

2.2. Polysaccharide extraction

The solubilization of cushuro (Nostoc sphaericum) flour and the 
optimal ultrasound-microwave-assisted extraction (UMAE) (CW-2000, 
Nade, Shanghai, China) conditions were determined according to 
Chasquibol et al., 2025. After cooling, the mixture with pH 1.5 was 
filtered under vacuum and separated into a supernatant and a residue 1 
(R1). The supernatant was deproteinized by adjusting the pH to 4 and 
after centrifugation the supernatant was adjusted to pH ~7 4 with NaOH 
2 mol/L, followed by concentration at a rotary evaporator (Buchi B-100, 
Switzerland).

The concentrate solution was precipitated by adding two volumes of 
absolute isopropanol (99 %, v/v) and incubation overnight at 4 ◦C. After 
centrifugation at 10,000 g × 10 min, the pellet was successively washed 
with isopropanol (70, 80, 90 %, v/v), and centrifugated at 10,000 g ×
10 min obtaining the polysaccharide acid extract (PCAcE).

To obtain the polysaccharide aqueous extract, the cushuro flour was 
dispersed in hot water (90 ◦C) at a solid/solvent ratio (1 g/64 mL) by 
(UMAE) (CW-2000, Nade, Shanghai, China) (Chasquibol et al., 2025). 
After cooling the mixture with pH~7 was filtered under vacuum and 
separated into a supernatant and a residue 1 (R1). The supernatant was 
concentrated in a rotary evaporator (Buchi B-100, Switzerland) and 

continued according to the procedure described above until the aqueous 
polysaccharide extract (PCAqE) was obtained. Finally, the extracts 
(PCAcE and PCAqE). were dried at 50 ◦C for 3 h, ground in a food 
shredder (Grindomix GM200, Restch, Haan, Germany) and stored in 
aluminized bags at 25 ◦C for further analysis.

2.3. Physicochemical characterization

The proximal composition was conducted according to Chasquibol 
et al., 2025. The moisture content was determined at 110 ◦C to constant 
weight using a moisture analyzer Sartorius (MA 30, Got tingen, Ger
many). The total protein content was determined as g/100 g nitrogen ×
6.25 using a Kjeldahl analyzer (UDK 139, VELP, Usmate Velate, Italy). 
The ash content was determined by incineration at 550 ◦C for 72 h, in a 
muffle furnace (Linn High Therm, VMK-80, Germany). The fat content 
was determined with hexane for 9 h.

2.4. Purity

The purity of the polysaccharide extracts was determined by evalu
ating the total carbohydrate content according to the method of Dubois 
et al. (1956) with some modifications. 780 μL of a aqueous solution of 
polysaccharide (0.1 mg/mL) were mixed with 780 μL of phenol solution 
(5 g/100 g, w/v), and 4 mL of concentrated H2SO4 in a 15 mL test tube. 
The mixture was vortexed for 30 s and kept in a water bath for 20 min at 
room temperature. Calibration curve was constructed with D-Glucose 
standard solutions (10–150 μg/mL), The absorbance of samples and 
standards were measured at 490 nm using a spectrophotometer (Shi
matzu UV-1280, Kyoto, Japan). Purity was calculated using equation 
(1): 

Purity (%) = (Weight D-Glucose of dry sample)/(Weight of dry sample) 
x 100                                                                                            (1)

2.5. Determination of antioxidant activity via radical DPPH

Antioxidant activity was determined by the DPPH method Chasqui
bol et al., 2024 was used with some modifications. 4.5 mL of PCAcE and 
PCAqE solutions (0.5–2.5 mg/mL) were mixed with 3.9 mL of DPPH 
radical solution at 25 ppm, The absorbance at 517 nm was recorded after 
1 h of incubation in the dark using a spectrophotometer (Shimatzu 
UV-1280, Kyoto, Japan). Ultrapure water (4.5 mL) was used as a control 
sample and butylated hydroxytoluene (BHT) (1 mg/mL) was used as a 
benchmark of a commercial antioxidant. The scavenging activities (SA) 
(%) of free radicals was calculated according to Equation (2): 

SA (%) = [(Abs517 Control sample) − (Abs517 Sample)/(Abs517 Con
trol sample)] × 100                                                                       (2)

2.6. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of polysaccharides were determined using a Shimadzu 
spectrometer (IRTracer-100, Kyoto, Japan). A portion of samples were 
placed directly on a QATR10 fixture and pressed with a diamond/ZnSe 
prism in transmittance (%) mode and the spectra were recorded in the 
400-4000 cm− 1 region with a resolution of 4 cm− 1 and 32 scans. Soft
ware LabSolutions IR (Shimadzu, Japan) was used to analyze the 
spectra.

2.7. Functional properties

2.7.1. Water holding capacity (WHC)
The WHC was carried out as previously described by Chasquibol 
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et al., 2025 with same modifications. The WHC was calculated using 
equation (2): 

WHC (g/g) = (Weight of the swollen sample – Weight of the dry sam
ple)/(Weight of the dry sample)                                                     (3)

2.7.2. Emulsifying capacity (EC)
The EC was evaluated by the method of Coorey et al. (2014). Samples 

(1 g/100 mL) were mixed for 10 min with 100 mL of corn oil using a 
Silverson homogenizer (L5M-A, Silverson, Chesham, Buckinghamshire, 
UK) at 10,000 g for 10 min. Samples were centrifuged at 1600 g for 15 
min, the volume of the emulsion layer was measured, and the EC was 
determined using equation (3): 

EC (%) = (Volume of the emulsion layer) / (Total volume of the mixture) 
x 100                                                                                            (4)

2.7.3. Foaming capacity (FC)
The FC was carried out as previously described by Chasquibol et al., 

2025 with same modifications. The FC was calculated using equation 
(4): 

FC (%) = (Foam volume after homogenization) / (Total volume of the 
sample) x 100 (5)                                                                               

2.8. Characterization of molecular weight distribution by multidetection 
size exclusion chromatography (SEC) and asymmetric flow field-flow 
fractionation (AF4)

The determinations of the molecular weight distribution and 
conformation of cushuro (Nostoc sphaericum) polysaccharides PCAcE 
and PCAqE were carried out on a POSTNOVA AF2000 Multiflow in
strument from Postnova Analytics (Postnova Analytics GmbH, Lands
berg, Germany), equipped to operate in both modes, namely asymmetric 
field flow fractionation (AF4) and size exclusion chromatography (SEC). 
The system is coupled with an online 21-angle multi-angle light scat
tering detection detector, MALS (PN3621), refractive index detector, RI 
(PN3150), and dual UV light spectroscopy (SEC-MALS-RI-UV/Vis). The 
system had an analytical AF4 asymmetric channel (Postnova Z-AF4- 
CHA-611) with a spacer of 350 μm. The temperature was controlled 
using a thermostat (PN4020) at 30 ◦C and the membrane used was a 
regenerated cellulose membrane with a cutoff 10 kDa (Z-AF4-MEM-612- 
10 kDa). For this purpose, the polysaccharide samples were solubilized 
in water 3 mg/mL (added with 0.2 mg/mL of NaN3) and filtered through 
a nitrocellulose membrane with pore size 5 μm. The conditions for the 
fractionation were as reported in a previous study on locust bean gum 
polysaccharide (O’Connell et al., 2023).

Since only (PCAcE) sample presented water solubility such that it 
could be filtered through a 0.45 μm pore size membrane, it was the only 
sample amenable for study by SEC-MALS-DRI. To this end, a TSK gel 
PWH Guard column (13 μm 7.5 × 7.5 mm, Tosoh Bioscience, Germany) 
and two columns OHpak SB-802.5 HQ (exclusion limit 1 × 104 Da) and 
OHpak SB-806M HQ (exclusion limit 2 × 107 Da) from ShodexTM HPLC 
(Showa Denko Europe GmbH, Germany) were used. The mobile phase 
was 10 mmol/L NaNO3 + 0.20 mg/mL NaN3 filtered through mem
branes of pore size 0.1 μm, flow rate 0.5 mL/min, and temperature 
30 ◦C. The dn/dc value used was 0.148 mL/g, and 50 μL were injected 
for each determination. All measurements were carried out in triplicate. 
The molecular weight results were analyzed using the NovaMALS pro
gram (v. 1.5.0.7).

2.9. Monosaccharide composition

The monosaccharide composition was studied only on the (PCAcE) 
sample. To this end, hydrolysis was carried out at 100 ◦C with 4 mol/L 
trifluoroacetic acid for 4 h. Subsequently, the samples were evaporated 
in a SpeedVac apparatus and resuspended in DMSO for chromatographic 
analysis. The neutral monosaccharide content was studied in the 
(PCAcE) sample by high performance anion exchange chromatography 
with pulse amperometric detection (HPAEC-PAD) on a Dionex equip
ment using a Carbopac PA20 column. Standardization of the method 
was carried out using high purity monosaccharide standards 
(López-Franco et al., 2008).

2.10. Rheology

The rheological behavior of (PCAcE) and (PCAqE) samples was 
studied using an Anton Paar rheometer (MCR 302, Graz, Austria) with 
RheoCompass software (version 1.24). Both steady shear and small- 
amplitude oscillatory determinations (recorded within the linear 
viscoelastic region) were carried out using a stainless-steel truncated 
cone (cone diameter 49.951 mm, cone angle 0.987◦, truncation 0.099 
mm, cone part no. 79040) and stainless-steel plate geometry (part no. 
16222), which allowed the viscoelastic behavior of these materials to be 
examined. For this purpose, the polysaccharide samples dissolved in 0.1 
mol/L NaCl (~50 mg/mL) were used. In the case of (PCAcE), rheological 
determinations were also carried out at lower concentration dilutions in 
the range 0.08–50 mg/mL.

2.11. Statistical analysis

Results were expressed as mean ± standard deviation. All measure
ments were determined in duplicate or triplicate. Analysis of variance 
(ANOVA), which was used at P < 0.05 followed by Tukey’s post hoc test 
to identify significant differences between groups. All analyses were 
performed using Minitab 19.0 software (Minitab Inc. USA).

3. Results and discussion

3.1. Physicochemical characterization and techno-functional properties

As shown in Table 1, the extraction yield resulted greater for PCAcE 
(49.0 ± 0.5 g/100 g) than PCAqE (12.9 ± 0.7 g/100 g), due to a better 
solubilization of the polysaccharide fractions with HCl than with hot 
water method (Wassie et al., 2021). Liu, Su, Xu, Chen, Zhang, Zhou, and 
Wang (2018) reported high extraction yield (36.0 g/100 g) from 
Enteromorpha prolifera for polysaccharide under acid extraction method. 
In addition, Chi et al. (2018), compared hot water and alkali extraction 
methods, reporting a better yield for E. prolifera with acid extraction 
method.

The ash content of PCAcE (6.4 ± 0.1 g/100 g), was higher than some 
commercial polysaccharides, such as agar and carrageenan, ranged from 

Table 1 
Physicochemical characterization and functional properties of PCAcE, and 
PCAqE from cushuro (Nostoc sphaericum) polysaccharides.

PCAcE PCAqE

Yield (%g/100 g) 49.0 ± 0.5a 12.9 ± 0.7b

Humidity (%g/100 g) 8.5 ± 0.3a 13.1 ± 0.3b

Ashes (g/100 g) 6.4 ± 0.1a 2.4 ± 0.2b

Protein (g/100 g) 1.4 ± 0.4a 16.8 ± 0.5b

Purity (%) (g D-GlucoseGalactose/100 g sample) 83.3 ± 0.3a 65.8 ± 0.8b

Emulsifyng capacity (EC) (%) 55.6 ± 1.0a 54.8 ± 1.1a

Foaming capacity (FC) (%) 8.3 ± 0.3a 11.0 ± 1.0b

Water holding capacity (WHC) (g/g) 3.0 ± 0.1a 3.6 ± 0.3a

Results are expressed as means ± SD (n = 3). a,b values in the same file with 
different letters vary significantly at p < 0.05.
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2.5 ± 0.03 g/100 g to 2.7 ± 0.031 g/100 g (Jayasinghe et al., 2016). The 
protein content of PCAqE (16.8 ± 0.45 g/100 g) was higher than com
mercial polysaccharides: agar (4.3 ± 0.08 g/100 g), carrageenan 5.6 ±
0.22 g/100 g) and alginic acid (6.2 ± 0.74 g/100 g) (Jayasinghe et al., 
2016).

PCAcE sample resulted with the highest purity (83.3 ± 0.2 g/100 g) 
than PCAqE (65.8 ± 0.8 g/100 g). Shen et al. (2018) (80.04 ± 2.47 
g/100 g to 85.75 ± 3.08 g/100 g) reported similar values from Nostoc 
flagelliforme Nostoc commune polysaccharide extracts. With respect to 
functional properties, the study of the EC of PCAcE and PCAqE samples 
showed very similar EC values (~55 %). These results were lower than 
polysaccharide extracts from Nostoc flagelliforme reported by Shen et al. 
(2019) (~64–74 %). Differences in emulsification capacity may be 
influenced by several factors, including the amount of protein linked to 
their structure (Bach & Chen, 2017), suggesting that structural aspects 
other than net protein content are involved in the ability of cushuro 
polysaccharides to emulsify o/w. Gum arabic, with protein contents <2 
g/100 g similar to PCAcE, is a known natural emulsifier composed of a 
highly branched arabinogalactan bound to a protein structure that is 
responsible for its ability to stabilize o/w emulsions (Randall et al., 
1989).

The foam capacity (FC) of PCAqE sample was higher (11.0 ± 1.0 %) 
than PCAcE (8.3 ± 0.3 %), but lower than FC obtained for poly
saccharide from N. flagelliforme (17 %–35 %) N. commune Shen et al., 
2019).

Finally, PCAcE (3.0 ± 0.1 g/g) and PCAqE (3.6 ± 0.3 g/g) showed 
WHC values similar to those recorded for xanthan gum (3.1 g/g), and 
guar gum (3.6 g/g) (Bojorges et al., 2025); but lower than the results 
obtained for N. flagelliforme polysaccharides (Shen et al., 2019) (27.82 
g/g). High WHC values is important to contribute with the viscosity and 
desirable texture of food products such as custards, sausages, baked 
goods and doughs (Bojorges et al., 2025).

3.2. DPPH radical-scavenging activity

Fig. 1 shows the DPPH radical scavenging activity of PCAcE and 
PCAqE samples at different concentrations (0.5–2.5 mg/mL). PCAcE 
showed higher DPPH radical scavenging activity (73.0 %) than PCAqE 
(63.3 %), but much lower than BHT included as a benchmark of a 
commercial antioxidant (88.91 %). Furthermore, DPPH radical scav
enging activity were higher than the polysaccharide fraction reported by 
Wang et al., 2022 (52.72 %). According to Peasura et al. (2015), the 
molecular weight of polysaccharides plays an important role in their 
bioactivity, and polysaccharides with low molecular weight (PCAcE) 

have more reductive OH terminals available for reacting with radical 
species than PCAqE. This is consistent with the results of Mw charac
terization discussed further below.

In addition, the antioxidant activity in both polysaccharides may be 
related to the monosaccharide composition, polysaccharides extraction 
with UMAE and other factors that reducing their molecular weight and 
increasing their antioxidant activities (Shen et al., 2018; Wang et al., 
2022; Yang et al., 2024).

3.3. Fourier transform infrared (FTIR) spectroscopy analysis

FTIR spectra (Fig. 2) of PCAcE and PCAqE samples showed typical 
polysaccharide peaks at ~3304, ~2901, ~1603, ~1412, ~1024, ~885, 
and ~787 cm− 1, characteristic of a polysaccharide FTIR fingerprint 
(Perlin & Casu, 1982). A broad and intense peak was observed at ~3304 
cm− 1, assigned to polymeric ν(O-H) stretching vibrations, peaks at 
~2901 cm− 1, which can be attributed to ν(C-H) stretching (Li et al., 
2018; Shen et al., 2018). The peaks (~1597-1600 cm− 1) and (~1412 
cm− 1 and ~1400 cm− 1) are assigned to the νas(C=O) stretching vibra
tions are diagnostic of the presence of carboxyl groups (Shen et al., 2018; 
Wang et al., 2022). A strong absorption and intense peaks were observed 
at ~1024-1028 cm− 1, corresponding to νas(C-O-C) or ν(C-O-H) stretch
ing vibrations (Wang et al., 2022), also at ~1035 cm− 1 was reported a 
strong absorption of D-Glucose (Kacurakova et al., 2000). The small 
band observed in both spectra at ~883-885 cm− 1 is diagnostic with the 
presence of β-type glycosidic linkages (Rodriguez et al., 2017), while the 
band observed on both spectra at ~787-800 cm− 1 is consistent with the 
presence of α-type glycosidic bonds. Thus, suggesting the presence of 
both types of linkages in the polysaccharide structure.

3.4. Characterization of molecular weight distribution

In the present study, HPSEC and AF4 with multidetection, UV and 
MALS were used. The AF4 elugrams are shown in Fig. 3 Correspond to 
the samples of PCAcE (panel a) and PCAqE (panel b) extracted poly
saccharide. The red line in the elugrams corresponds to the UV detector 
signal, which is proportional to the concentration and the blue line 
represents the light scattering detector signal (MALS 90◦) which is 
proportional to the size of the eluting fragments. It is observed in the left 
elugram of PCAcE the presence of a peak that elutes at t = 30 min 
corresponding to a population of small size, and a second peak that 
elutes at a longer time (t = 45 min), corresponding to another popula
tion of larger size. Similarly, the right elugrams of PCAqE sample pre
sents a second peak eluting at approximately t = 40 min and is more 
prominent than the first peak (t = 30 min).

The results agree with previous reports by Wang et al. (2022), who 
studied the effect of different extraction methods on Nostoc commune 

Fig. 1. Dependence of DPPH radical scavenging activity on the concentration 
of PCAcE and PCAqE polysaccharides from cushuro (Nostoc sphaericum). 
Butylated hydroxytoluene (BHT) (1 mg/mL) is shown as a benchmark of a 
commercial antioxidant.

Fig. 2. FTIR spectrum of PCAcE, and PCAqE from cushuro (Nostoc sphaericum) 
polysaccharides.
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heteropolysaccharides.
Fig. 4 Shows the molecular weight (panel a) and radius of gyration 

(panel b) distributions as determined by SEC-MALS-RI-UV/Vis. This 
characterization was only performed on the polysaccharide acid 
extraction (PCAcE) sample given that this technique involves filtration 
through a 0.45 μm filter, whereas the PCAqE sample did not pass 
through the filter.

Note that a broad peak corresponding to the concentration elution 
profile is shown (green symbols) with a Gaussian distribution though 
slightly skewed shape. The molecular weight distribution profile shows 
the expected elution of the larger molar mass fractions and the gradual 
monotic decrease as the elution proceeds. Panel b, in turn, shows the 
corresponding distribution of the radius of gyration (Rg). Of note, as 
expected, the larger species elute first, however, after ~30 min, an up
ward increase in the size is observed denoting the subsequent elution of 
larger fractions. This anomalous shape of the curve indicates the pres
ence of a branched polysaccharide species whose branches are long 
enough to get trapped in the pores of the column and thus delay their 
partitioning during elution.

This anomalous elution behavior can be further characterized by the 
conformational plot representation of Log Rg vs. Log Mw shown in Fig. 5. 
Inspection of the plot reveals the up tailed curve described by the data at 
low molecular weights where it can be noted that there is a fraction of 
species sharing the same molar mass but either low or high Rg. This is 
reasoned as the consequence of the presence of two types of structures of 

Fig. 3. Representative elugrams from AF4-MALS-RI-UV/VIS of PCAcE (a), and PCAqE (b) from cushuro (Nostoc sphaericum) polysaccharides (both at 3 mg/mL in 
NaN3 0.2 mg/mL at 25 ◦C). MALS 90◦ (red traces) and UV (blue traces) signals are shown in both panels. Also shown are the regions of interest used to perform peak 
analysis for the quantitative analysis of the molecular weight distribution.

Fig. 4. Molecular weight distribution (panel a) and radius of gyration (panel b) of polysaccharide acidic extraction (PCAcE) (1.6 mg/mL in 100 mM NaCl at 25 ◦C; 
mobile phase 10 mM NaNO3 + 0.2 mg/mL NaN3).

Fig. 5. Double-logarithmic conformation plot shows the dependence of radius 
of gyration (log Rg) and molecular weight (M) of polysaccharide acid extraction 
(PCAcE) (1.6 mg/mL in 100 mM NaCl at 25 ◦C; mobile phase 10 mM NaNO3 +

0.02 % NaN3).
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the polysaccharides present, a linear one of large Rg, and a branched one 
of lower Rg. The degree of branching was quantified according with the 
Zimm-Stockmayer equation by analyzing both average Rg values (Eq 
(5)) (Zimm & Stockmayer, 1949). 

g=
(

R2
br

R2
ln

)

M
=0.0907 (5) 

Where Rbr represents the radius of gyration of the branched fractions and 
Rln that of the linear ones. The calculated g parameter value (g =
0.0907), using average values at the minimal (Rbr) and maximal (Rln) 
points at Mw ~5.6 × 104 Da (log Mw ~ 4.75), corresponds with that of a 
highly branched structure (Phélippé et al., 2019; Jensena et al., 2013). 
In agreement with this result, Wang et al. (2022) performed the struc
tural characterization of cushuro (Nostoc commune) polysaccharide by 
ultrasound-assisted extraction, observing the presence of a main back
bone chain of → 6)-D-Glcp (1 → and → 2, 6)-D-Glcp, bearing branches of 
1,2,6 -Gal and 2,3 -Me2-D-Ara. Earlier studies, by Hough et al. (1952), 
have already mentioned that Nostoc polysaccharide presents branched 
glucose and galactose units. Hence, the results offer a first approxima
tion to the macromolecular structure of the polysaccharide of 
N. sphaericum.

Table 2 summarizes the results of the molecular weight distribution 
parameters of PCAcE and PCAqE samples determined by AF4- and SEC- 
MALS-UV/Vis. Techniques. Note that the PCAcE sample characterized 
by AF4, filtered through a 5 μm mesh, had average molecular weight 
distribution parameters (Mn, Mw and Mz) that lied in the range ~3.0 ±
0.5 × 107 to ~6.5 ± 1.0 × 107 Da, while for the same sample filtered 
through a 0. 45 μm and by SEC-DRI-MALS technique, these parameters 
were more than two orders of magnitude lower in the range ~3.00 ±
0.8 × 104 to ~5.2 ± 3.4 × 105 Da, as the expected consequence of 
removal of aggregates by the nanopore filtration step. The latter values 
compare well with those reported by Wang et al. (2022), who deter
mined molecular weight values of ~1 × 104 Da using SEC-DRI-MALS 
analysis for the polysaccharide of cushuro (Nostoc commune) extracted 
by ultrasound-assisted extraction. Guo et al. (2015, 2019) reported a 
molecular weight ranging between ~1.90 and ~2.18 × 105 Da for the 
polysaccharide extracts from Nostoc commune Vaucher.

In turn, PCAqE analyzed by AF4-MALS-UV/Vis technique and 
filtered through a 5 μm mesh, had average molecular weight values 
ranging between ~2.3 ± 0.7 × 107 and 1.0 ± 0.4 × 108 Da. Table 2 also 
provides the average Rg values obtained by AF4 for the polysaccharide 
acid extraction is ~145 ± 3 nm; while the Rg obtained by AF4 for the 
polysaccharide aqueous extraction is ~50 ± 4 nm, these values corre
spond to nanoparticles, due to the molecular aggregation that occurs in 
the polysaccharide. SEM and AFM analysis showed that the poly
saccharide presented a colloidal type structure (Wang et al., 2023).

3.5. Monosaccharide composition

Fig. 6 Shows the HPAEC-PAD chromatographic profile of a mixture 
of neutral sugar standards composed of rhamnose (Rha), arabinose 
(Ara), galactose (Gal), glucose (Glu), mannose (Man), xylose (Xyl), and 
fructose (Fru), showing six peaks with retention times equivalent to 6. 
57, 6.85, 8.13, 8.95, 9.56, 9.56, and 10.23 min corresponding to Rha, 
Ara, Gal, Glu, Man/Xyl and Fru, respectively.

Table 3 Shows the results expressed as mole fraction of each mono
saccharide derived from the analysis of the area under the curve of the 
peaks corresponding to each one. The polysaccharides obtained are 
mainly composed of glucose (31.1 %), xylose (25.9 %), galactose (16.1 
%), rhamnose (13.0 %) and arabinose (1.9 %) and the absence of 
mannose and fructose. This composition is comparable to that reported 
by several authors of polysaccharides extracted from Nostoc comume and 
N. sphaericum (Huang et al., 1998; Jensena et al., 2013, Helm et al., 
2000; Hu et al., 2003, Yanfang et al., 2018, Li et al., 2023). Hetero
polysaccharides from microalga such as Chlorella from the spiral group 
have been documented to also be comprised by rhamnose, arabinose, 

Table 2 
Summary of characterization parameters of molecular weight distribution and 
protein content of (PCAcE) and (PCAqE) from cushuro (Nostoc Sphaericum) 
polysaccharides.

PCAcE a PCAcE b PCAqE a

Characterization Method

Parameters AF4-MALS-UV/ 
Vis

SEC-MALS-UV/ 
Vis

AF4-MALS-UV/ 
Vis

Fit Model Random coil Random coil Random coil
Mn (Da) (3.0 ± 0.5) x 

107a
(3.00 ± 0.8) 
x104b

(2.3 ± 0.7) x 
107ac

Mw (Da) (4.6 ± 0.6) x 
107a

(1.0 ± 0.4) x 
105b

(5.1 ± 1.7) x 
107ac

Mz (Da) (6.5 ± 1.0) x 
107a

(5.2 ± 3.4) x 
105b

(1.0 ± 0.4) x 
108c

Ð (Mw/Mn) 1.5 ± 0.1a 3.5 ± 0.4b 2.2 ± 0.3ac

Rg (nm) 145 ± 3a 22 ± 5b 50 ± 4c

Recovery performance 
(%)

17.1 ± 2.2a 83.4 ± 1.8b 13.8 ± 1.5ac

Results are expressed as means ± SD (n = 3). a,b,c values in the same file with 
different letters vary significantly at p < 0.05.

a 5 μm pore size membrane-filtered samples.
b 0.45 μm pore size membrane-filtered samples.

Fig. 6. HPAEC-PAD chromatogram (Dionex) for PCAcE (10 μg/mL). Labels indicated the assignment of the peaks as per the monosaccharide standards elution times. 
Mannose and xylose co-elute together at 9.56 min.
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glucose and galactose (Dolganyuk et al., 2020). Also, it has been docu
mented that exopolysaccharides from cyanobacteria are constituted 
mainly by high molecular weight heteropolysaccharides made up of 
glucose, galactose, xylose and uronic acids (Pereira et al., 2009). 
Overall, there is a close agreement of the monosaccharide composition 
of the polysaccharide from N. sphaericum with previously reported data. 
A greater content of Rha, and lower amount of Gal and Glc can be 
highlighted though.

Helm et al. (2000) described Nostoc polysaccharide as a structure 
composed of repeating units of six monosaccharides, consisting of 
β-D-glucose, α -D-galactose and β -D-xylose linked at 1–4, and with 
α-L-ribose substituents on the D-xylose units, and β-nosturonic acid 
substituents on some D-glucose units.

3.6. Rheology

The viscoelastic mechanical properties of PCAcE in aqueous solution 

was studied by dynamic oscillatory rheology. The dependence of the 
storage (G′) and loss moduli (G″) and complex viscosity (η*) on the 
oscillation frequency for acidic polysaccharide solutions at concentra
tions between 1.65 and 49.6 mg/mL are shown in Fig. 7. A predomi
nance of G′ over G″ and a negative dependence of complex viscosity (η*) 
on oscillation frequency is observed through the tested oscillation fre
quencies and throughout the studied range of concentrations. Of note, at 
concentrations greater than 8.18 mg/mL, the values of both G’ and G” 
show a slight dependence on the oscillation frequency, which is char
acteristic of a weak gel system (Barzic, 2021). This rheological behavior 
was rather unexpected, and do not correspond with that of a highly 
branched polysaccharides such as gum Arabic or mesquite gum, which 
behave as Newtonian fluids (Goycoolea et al., 1995). Either the adoption 
of an ordered conformation or of a highly swollen covalently crosslinked 
structure in cushuro polysaccharide may account for this discrepancy.

Previous studies have found the viscosity of Nostoc sphaericum 
polysaccharide solutions to be higher than Nostoc commune 

Table 3 
Molar composition (%) of PCAcE from cushuro (Nostoc sphaericum) polysaccharide, determined by HPAEC-PAD.

Glc Xyl Gal Man Rha Uronic acids Ara GlcN Reference

31.1 25.9 16.1 n.d. a 13 n.d.a 1.9 ——b This study
49.6–50.8 25.9–28.3 20.3–23.6 0–1.8 – ——b ——b ——b Huang et al. (1998)
44.0 20.9 21.5 1.6 3.5 ——b ——b ——b Hu et al. (2003)
44.56 16.48 19.75 4.20 0.76 10.17c 1.21 1.74 Guo et al. (2019)
49.55 16.40 21.42 1.85 n.d.a 8.64c 0.67 1.47 Guo et al. (2019)

a Not detectable.
b Not reported.
c GlcA + GalA.

Fig. 7. Dependence of the storage ( ) and loss ( ) viscoelastic moduli and of the complex viscosity ( ) on the oscillation frequency for PCAcE aqueous 
solutions of varying concentration: (a) 49.6 (mg/mL), (b) 39.6 (mg/mL), (c) 30.3 (mg/mL), (d) 24.7 (mg/mL), (e) 12.7 (mg/mL), (f) 8.18 (mg/mL), (g) 6.32 (mg/ 
mL), (h) 2.74 (mg/mL), and (i) 1.65 (mg/mL) (strain 1 %, 20 ◦C, 0.1 M NaCl).
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(Torres-Maza et al., 2020), however, these differences may stem not on 
the biological source nor structure of the two polysaccharides, but on the 
molecular weight associated to the extraction method. The aqueous 
neutral extracted batch at high concentration showed the typical 
behavior of a strong gel. This material did not dissolve upon subsequent 
dilution nor on heating as recorded on visual observations (not shown).

To gain further insight into the rheological profile of PCAcE in 
aqueous solution, steady-shear viscosity measurements were recorded 
and compared with the complex viscosity ones obtained by dynamic 
oscillatory rheology to construct well-known Cox-Merz superposition 
plots of the dependence of complex viscosity (η*) and steady-shear dy
namic viscosity (η) on the oscillation frequency (ω) and shear rate (γ̇), 
respectively, as shown in Fig. 8. Inspection of the plots reveals that at 
concentrations of 12.7 and below, the values of η* are greater than those 
of η through the ω and γ̇, respectively. At concentrations of 24.7 and 
greater, this behavior is less pronounced, but it is still evident. Overall, 
these results can be taken as diagnostic of the formation of a "weak gel" 
type structure, similar in kind to the behavior documented for other 
polysaccharides such as xanthan gum (Morris et al., 1981), which 
combine gel-like response to small deformations with the ability to flow 
freely under shear. Xanthan gum is a bacterial exopolysaccharide 
comprised by a linear cellulose backbone with trisaccharide substituents 
every other glucose unit, and is known to adopt a conformationally or
dered helical conformation which explains, to some extent, its weak-like 
properties. By contrast, cushuro PCAcE is suggested to be highly 
branched and not known to adopt an ordered conformation. Hence, the 
weak-gel character can be attributed to the presence of large molecular 
aggregates, consistent with the results from AF4 fractionation (Fig. 3
and Table 2.).

The double logarithmic concentration dependence of specific vis
cosity (ηsp = (η - ηsolvent)/ηsolvent) calculated from the steady-shear vis
cosity (measured at γ̇ = 1 s− 1) is shown in Fig. 9. Two regimes are clearly 
distinguished, the dilute and semi-dilute that converge at below and 
above a critical concentration, denoted as C* at ~0.75 % w/v, 

Fig. 8. Cox-Merz plots of the dependence of complex ( ) and steady-shear dynamic ( ) viscosity on oscillation frequency and shear rate, respectively, for 
PCAcE solutions of varying concentrations of: (a) 49.6 (mg/mL), (b) 39.6 (mg/mL), (c) 30.3 (mg/mL), (d) 24.7 (mg/mL), (e) 12.7 (mg/mL), (f) 8.18 (mg/mL), (g) 
6.32 (mg/mL), (h) 2.74 (mg/mL), and (i) 1.65 (mg/mL) (strain 1 % on oscillatory measurements, 20 ◦C, 0.1 M NaCl).

Fig. 9. Double-logarithmic plot of the dependence of the specific viscosity (ηsp) 
on the concentration of PCAcE (1 %, 20 ◦C, 0.1 M NaCl).
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respectively. The two regimes show a linear dependence with calculated 
slopes of 0.9 and 1.8, respectively. This change in the concentration 
dependence of ηsp pinpoint the point at which the polymer chains in the 
dilute regime have occupied the entire volume fraction of the solution 
and transition from the dilute to the semi-dilute regime, from which 
point, at higher concentration, they pass to a concentrated state, in 
which the chains pass from being isolated entities to an entangled state. 
This behavior was established for random coil disordered of PCAcE in 
aqueous solution since the early studies in these systems (Morris et al., 
1981). Further future studies should aim to obtain viscosimetric mea
surements for more dilute solutions than those used in the present study 
for the rheometer determinations and extend the data set to lower 
polymer concentrations. This will also enable to determine the intrinsic 
viscosity of the polysaccharide and construct the well-known double 
logarithmic plot of ηsp vs. coil overlap (c[η]), and from it, determine with 
greater precision the slope of the dilute regime data while comparing it 
with previous data for other linear and branched polysaccharides in 
aqueous solution (Goycoolea et al., 1995; Morris et al., 1981). Knowl
edge of the concentration dependence of the viscosity of a poly
saccharide is essential to establish conditions for preparing hydrogels or 
nanofibers, which must be obtained from solutions in the concentrated 
regime. The rheological behavior of PCAqE sample was also studied. 
However, it was only possible to study the behavior of the swollen gel 
obtained at the highest concentration, given that it was not possible to 
dilute it homogeneously due to its insolubility. Fig. 10. (left panel) 
shows the frequency dependence of the viscoelastic G′ and G″ moduli 
and complex viscosity (η*) behavior of this gel, which was examined 
using a serrated parallel plate geometry to prevent possible slippage of 
the sample once loaded and sandwiched between the two parallel plate 
geometries and ensure to conduct the measurements at strain values 
within the linear viscoelastic regime.

Fig. 10 (right panel) shows that G′ and G″ moduli values did not vary 
in the range of strain 0.01–~10 %, thus ensuring that at 1 % strain, 
measurements were well within this regime. The data on both panels 
show all the rheological features characteristic of a firm gel. Finally, it 
should be noted that neither of the two cushuro (Nostoc sphaericum) 
polysaccharides showed an obvious dependence on temperature when 
heated to 80 ◦C and subsequently cooled.

4. Conclusions

Cushuro polysaccharides extracts from Nostoc sphaericum presented 
purity of ~83 and ~66 %, respectively, with a greater extraction yield 
on PCAcE than PCAqE, due to combined ultrasound cavitation effect and 

the high extraction temperature in acidic conditions. The established 
protocol can be scaled up in future pilot plant and fully fledged indus
trial scale trials. AF4 and HPSEC allowed the determination of the 
average molecular weight distribution parameters (Mn, Mw and Mz) 
and the Rg for the PCAcE both unfiltered and filtered, thus revealing the 
presence of large aggregates in the former. In addition, by AF4, it was 
possible to analyze the soluble fraction of PCAqE, showing a branched- 
type conformation, in agreement with cushuro (Nostoc commune) poly
saccharides reported previously. The sugar composition comprised 
glucose, xylose and galactose, in agreement with previous reports. The 
viscoelastic properties of PCAcE examined by small-deformation oscil
latory and steady-shear rheology were consistent with a weak-gel sys
tem, even at low concentrations (6.3 mg/mL). This was not the expected 
behavior of a highly branched polysaccharide but pointed to the role of 
highly aggregated fractions. The techno-functional properties obtained 
would anticipate the potential use of cushuro (Nostoc sphaericum) 
polysaccharides in the stabilization of foams and emulsions, as well as a 
thickening and potentially gelling agent in jams, and in the formulation 
of functional foods.
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