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Abstract 

Background: Carbohydrates are major biomass source in fuel-targeted biorefinery. Arthrospira platensis is the largest 

commercialized microalgae with good environmental tolerance and high biomass production. However, the tradi-

tional target of A. platensis cultivation is the protein, which is the downstream product of carbohydrates. Aiming to 

provide the alternative non-food carbohydrates source, the feasible manipulation technology on the cultivation is 

needed, as well as new separation methodology to achieve maximum utilization of overall biomass.

Results: The present study aimed to demonstrate the feasibility of industrially producing carbohydrate-enriched A. 

platensis and characterize the structure of the polysaccharide involved. Cultivated in industrial-scale outdoor open 

raceway ponds under nitrogen limitation, A. platensis accumulated maximally 64.3%DW of carbohydrate. The maxi-

mum biomass and carbohydrate productivity reached 27.5 g m−2 day−1 and 26.2 g m−2 day−1, respectively. The effi-

cient extraction and purification of the polysaccharides include a high-pressure homogenization-assisted hot water 

extraction followed by flocculation with a non-toxic flocculant ZTC1 + 1, with the polysaccharide purity and total 

recovery reaching 81% and 75%, respectively. The purified polysaccharide was mainly composed of (1→3)(1→4)- or 

(1→3)(1→2)-α-glucan with a molecular weight of 300–700 kDa, which differed from the commonly acknowledged 

glycogen.

Conclusions: By the way of controlled nitrogen limitation, the high carbohydrate production of A. platensis in the 

industrial scale was achieved. The α-glucan from A. platensis could be a potential glucose source for industrial applica-

tions. A non-toxic separation method of carbohydrate was applied to maintain the possibility of utilization of residue 

in high-value field.
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Background
Microalgae, which can efficiently covert solar energy and 

carbon dioxide into biomass, is considered as the third 

generation of biomass sources following the first genera-

tion (crops such as corn, sugar cane, oil crops, etc.) and 

the second generation (lignocellulose such as straw, for-

estry waste, etc.) feedstock for biorefinery [1, 2]. �e major 

advantage of using microalgae is their high photosynthetic 

efficiency (10–50 times higher than higher plants) with 

the potentiality of continuous and whole-year cultivation 

with little need for arable land or potable water [3, 4]. Car-

bohydrate, especially storage polyglucan such as glycogen 

in cyanobacteria and starch in eukaryotic algae, has been 

regarded as sustainable carbon source for microbial fer-

mentation in the production of bioenergy (e.g., bioethanol 

and biobutanol) and other glucose-based industry [3, 5–7]. 

In addition, polysaccharides from microalgae are also con-

sidered to be high-value compounds that can be applied in 

food, clinical drugs, cosmetics, and other chemical indus-

try [8]. �erefore, production of microalgal storage car-

bohydrate and functional polysaccharides has attracted 

increasingly attention [8–10].

Arthrospira (Spirulina), a filamentous cyanobacterium 

with various applications and considerable markets, is the 

largest commercially produced microalga in China and 

in the world [11]. Industrial production of Arthrospira 

(Spirulina) biomass is usually achieved in outdoor open 

raceway ponds due to its favorable properties such as 

alkaline cultivation conditions (pH 9 to 11) which mini-

mizes contamination. It is famous for its unusual high 

amounts of balanced proteins (> 60%DW) which is useful 

in the health products and aquaculture, therefore nitro-

gen repletion is generally required in large-scale cultiva-

tion of Arthrospira (Spirulina) [12]. Conversely, nitrogen 

deprivation has been shown to trigger protein turnover 

with the accumulation of carbohydrate up to more than 

70%DW in A. platensis at a lab scale [13–15]. Carbohy-

drate-enriched A. platensis has been demonstrated to be 

a promising feedstock for bioethanol production under 

a biorefinery approach [16]. �e fermentation requires 

large amounts of carbohydrate-enriched algal biomass 

which has to be produced industrially. However, to the 

best our knowledge, there is scarce report regarding the 

microalgal carbohydrate production at an industrial scale 

under natural outdoor conditions.

Generally, glycogen, a highly branched (1→4)

(1→6)-linked α-glucan, is considered to be the storage 

carbohydrate in cyanobacteria under nitrogen starva-

tion [3, 17, 18]. Although currently it is accepted that 

glycogen is the storage polyglucan in A. platensis under 

nutrient starvation [3, 13, 14], the conclusion is in fact 

only deduced via an extrapolation from the phylum 

(cyanobacteria) that A. platensis belongs to. �ere is very 

limited information regarding to the structure, especially 

the glycosidic linkage, of the storage carbohydrate in this 

alga, which needs in-depth characterization.

For structural characterization and downstream appli-

cations, it is essential to extract and purify the polysac-

charides from algae. Several methods have been used to 

extract the water-soluble polysaccharides in A. platensis, 

such as hot water [19] or hot base [17] extraction, organic 

solvents extraction [20], and ultrasound [21] or micro-

wave [22] assisted hot water extraction. For polysaccha-

ride purification, Sevage refining, trichloroacetic acid 

(TCA) precipitation, enzymolysis, or the combination 

of these methods can be applied to remove the protein 

and other impurities [23, 24]. However, these traditional 

methods often introduce organic solvents and are also 

labor-intensive [23]. Recently, chitosan flocculation along 

with macroporous adsorption was developed to effi-

ciently improve polysaccharide purity with high recovery 

rate [25], which represented a greener way for polysac-

charide purification. However, these methods were used 

in the nitrogen-replete A. platensis. �e development of 

extraction and purification methods for polysaccharides 

from nitrogen-limited A. platensis is still required.

To demonstrate the feasibility of industrially producing 

carbohydrate-enriched A. platensis biomass and charac-

terize the structure of the water-soluble polysaccharides 

contained in it, the present study used nitrogen limita-

tion strategy for the cultivation of A. platensis in outdoor 

industrial-scale open raceway ponds. �e efficient and 

green approach for extraction and purification of the pol-

ysaccharides from these kinds of alga was then developed 

by comparing different methods. Finally, the structure of 

the purified polysaccharide was elucidated via chemical 

and instrumental analysis.

Methods
Algal strain and cultivation conditions

Algal paste obtained from the commercially produced 

A. platensis in Ordos Lvfuyuan Biotechnology Corp. Ltd. 

(China) was used as the seed for the production of poly-

saccharide-enriched algal biomass in the same company. 

�e algae were cultivated in two independent raceway 

ponds with a length of 110 m, width of 6 m, and depth 

of 0.3  m that have a working volume of approximately 

180 m3. �e cultures were driven by paddlewheels which 

generated a flow velocity of about 0.2 m s−1 (Fig. 1). �is 

cultivation system was originally applied for industrial 

production of A. platensis biomass by Ordos Lvfuyuan 

Biotechnology Corp. Ltd. (Ordos, China).

�e algal paste (10% dry biomass) harvested and washed 

during the industrial production was inoculated into fresh 

nitrogen-free medium so that the initial cell density was 

approximately 0.26  g/L. �e medium consisted of (per 
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 m3): natural sodium bicarbonate (from the nearby alkaline 

lakes) 6 kg, KCl 0.5 kg,  MgSO4·7H2O 0.01 kg,  FeSO4·7H2O 

0.01 kg, and  H3PO4 (85% w/w) 0.12 kg. �e natural sodium 

bicarbonate was obtained by sun drying of the alkaline lake 

water. �is crude natural soda which contained more than 

50% (w/w) of sodium bicarbonate was partially applied in 

the industrial cultivation of A. platensis in Ordos [26]. �e 

cultures were subjected to natural sunlight and the tem-

perature varied from 25 to 35 °C during the diurnal cycles 

(Additional file 1: Fig. S1). �e algal biomass (dry weight, 

DW, g  L−1), nitrate concentration  (NO3
−-N, mg/L) in the 

medium, carbohydrate or protein content (%DW) in the 

biomass as well as the biomass and carbohydrate produc-

tivities were tracked during the cultivation. �e methods 

for the measurement of these parameters were described 

as Yao et al. [15]. �e cultivation started at 15:30, Jul 4th 

2014, and lasted for 90 h before the algal cells were harvest 

by filtration, washed with ground water, and finally sub-

jected to spray drying.

Extraction and puri�cation of water-soluble 

polysaccharides from A. platensis

Extraction of polysaccharides

Three extraction methods were applied to make a 

comparison in terms of polysaccharide extraction 

efficiency. (1) Hot water extraction of polysaccharide: 

10 g of algae powder was added to 0.3 L distilled water 

(1:30, w/v), stirred at 150  rpm for 4  h at 80  °C, and 

then centrifuged at 6000 rpm for 20 min to remove the 

debris, and the supernatant was obtained as the crude 

extract; (2) ultrasonic disruption coupled with hot 

water extraction of polysaccharide: algal slurry with 

solid–liquid ratios (w/v) of 1:10, 1:20 and 1:30, respec-

tively, were prepared as described in the hot water 

extraction method, and the mixtures were placed in an 

ice-water bath before sonication for three times in an 

ultrasonic crusher (KS-250, Ningbo Kesheng Instru-

ment Factory) under 500 W for 10 min each time. After 

disruption, the crude extracts were further subjected 

to hot water extraction; (3) high-pressure homogeni-

zation coupled with hot water extraction of polysac-

charide: algal slurry with a solid–liquid ratio of 1:30 

were prepared as described in the hot water extrac-

tion method, and the mixture was then homogenized 

at high-pressure homogenizer (AH150, ATS Engineer-

ing Inc) at 80 MPa pressure for three times with a flow 

rate of 100 mL/min. After disruption, the crude extract 

was further subjected to hot water extraction.

The polysaccharides extraction efficiency (PEE, %) 

was calculated as follows:

Fig. 1 Cultivation and harvest of A. platensis in industrial-scale open raceway ponds under nitrogen-limited conditions. The normal algae paste with 

dark green (c), were inoculated in the raceway pond (a) and subjected to nitrogen-limited conditions for 90 h (b), before harvesting to yield light 

green algal paste (d)
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where W0 (g) was the amount of the extracted polysac-

charide, and Ws (g) was the amount of the total sugar 

contained in the dried powder of A. platensis. �e con-

centration of total sugar was determined by the phenol–

sulfuric acid method [27].

Puri�cation of polysaccharides

Different flocculation methods were used to remove 

the protein and other impurities. Flocculants includ-

ing ZTC 1 + 1 natural clarifying agent (Beijing Zheng 

Tiancheng clarification Technology Co., Ltd), chi-

tosan, polyferric sulfate and cationic polyacrylamide 

were slowly added into the crude extracts, stirring for 

30  min before standing for 30  min. The mixture was 

then centrifuged at 8000 rpm for 20 min to remove the 

precipitate. For the ZTC 1 + 1 method, the flocculated 

polysaccharide was further refined by Sevage method 

[23].

The polysaccharide purity (PP, %) was calculated as 

follows:

where W1 (g) was the amount of sugar in the sample, and 

W (g) was the weight of the sample.

The polysaccharide retention rate (PRR, %) was cal-

culated as follows:

W2 (g) was the amount of the sugar in the sample after 

each treatment (flocculation), and Wc (g) was the amount 

of the sugar in the sample of the crude polysaccharide 

extract.

The total polysaccharide recovery rate (TPRR, %) 

was calculated as follows:

After flocculation or refining, fivefold volume of 

anhydrous ethanol was added to the obtained polysac-

charide solution and let stand for 30 min before being 

subjected to suction filtration. The filter cake was 

washed for three times with anhydrous ethanol and 

then freeze-dried to obtain the polysaccharides.

Characterization of water-soluble polysaccharide from A. 

platensis

Molecular weight analysis

�e molecular weight of the polysaccharide sample 

was determined on a gel permeation chromatography 

(GPC) system where TSK gel G5000 PWxl + G3000 

PWxl column (7.8 mm × 300 mm, 10 μm particle diam-

eter, Tosoh Corporation, Tokyo, Japan) was fitted with 

(1)PEE = W0/Ws × 100%

(2)PP = W1/W × 100%

(3)PRR = W2/Wc × 100%

(4)TPRR = PEE × PRR × 100

a Waters 515 HPLC Pump and a Waters 2414 RI detec-

tor (Waters Co., Milford, MA, USA). �e samples were 

eluted with 0.01  M  NaNO3  at pH 7.0 with a flow rate 

of 0.7  mL/min at 30.0 ± 0.1  °C. �e linear regression 

was calibrated by Pullulan (shodex P-82) as a standard. 

All data provided by the GPC system were collected 

and analyzed with the Empower Workstation software 

package (Waters Corp., MA), following the method 

described by Alsop et al. [28].

The IR spectra of A. platensis polysaccharides

�e IR spectra of A. platensis polysaccharides were 

determined using a Fourier transform IR (FTIR) spec-

trophotometer (Bruker Vector 22, USA). �e purified 

polysaccharides were grounded with KBr powder and 

then pressed into pellets for FTIR measurements in the 

frequency range of 4000–500 cm−1.

The 1H NMR and 13C NMR of A. platensis polysaccharides

�e 1H NMR and 13C NMR experiments were recorded 

at 400  MHz on a Bruker AVANCE III spectrometer 

using deuterated water as the solvent at 27  °C. Tetra-

methylsilane (TMS) was used as an internal standard.

Sodium periodate oxidation analysis of A. platensis 

polysaccharides

25 mg of the polysaccharide was dissolved in 12.5 mL of 

distilled water, and 12.5 mL of 30 mmol/L  NaIO4 were 

added. �e solution was kept in the dark at room tem-

perature. For sampling, aliquots of 0.1  mL were with-

drawn at 3–6-h intervals, diluted to 25 mL with distilled 

water, and measured on a spectrophotometer at 223 nm. 

Glycol (2 mL) was then added to stop the periodate oxi-

dation reaction. �e resulting formic acid was titrated 

with 0.01  mol/L NaOH solution. �e linkage mode of 

glycoside bonds of the A. platensis polysaccharides were 

calculated according to the consumption of sodium 

periodate and the formation of formic acid [29].

Monosaccharide composition analysis

�e polysaccharide (3  mg) was hydrolyzed with 2  mL 

of 2  M trifluoroacetic acid at 121 °C for 2 h, and the 

acid was removed by co-distillation with water. �e 

monosaccharides were reduced by  NaBH4, followed 

by acidification with acetic acid to alditols. �e alditols 

were then converted into alditol acetates by heating 

with pyridine-Ac2O (v/v 1:1) for 30 min at 100  °C and 

analyzed by Shimadzu GC-2010 plus (Japan) gas chro-

matograph equipped with a flame-ionization detec-

tor. �e instrument was fitted with a ov-17 column 

(30.0  m × 0.25  mm × 0.25  μm, the Chinese Academy 

of Sciences Dalian Institute of Chemical Physics). �e 

operation was performed in the following conditions: 
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carrier gas, nitrogen/air; column flow rate, 0.88  mL/

min; purge flow, 3.0 mL/min; pressure, 110 kPa; injec-

tion volume, 1.0 μL; air flow, 400  mL/min; tail gas 

flow, 30  mL/min; total flow, 20.6  mL/min;  H2 flow, 

40  mL/min; linear velocity, 28.4  cm/s; detector, 270° 

C; split ratio, 19:1; programmed temperature, 180  °C 

(2  min)–6  °C/min–210  °C–0.3  °C/min–215  °C–6  °C/

min–240  °C (30  min). Quantitation was carried out 

from peak areas, using response factors from exter-

nal standard monosaccharides of -glucose,  -man-

nose,  -rhamnose,  -galactose,  -xylose, -arabinose, 

-fucose, -glucuronic acid, and -galacturonic acid 

which were purchased from Sigma Co., Ltd.

Results and discussion
Nitrogen-limited culture of Arthrospira platensis

To demonstrate the feasibility of industrially producing 

carbohydrate from A. platensis, nitrogen-limited cultures 

were applied in the industrial-scale open raceway ponds. 

To this end, the algal paste was washed with water to elim-

inate the extracellular nitrogen source before inoculation. 

�is enabled an initial nitrate concentration of approxi-

mately 4.7 mg  L−1 in the medium (Fig. 2a). Under this N 

limited condition, A. platensis could assimilate very little 

nitrate (less than 2  mg  L−1) and proliferate by recycling 

the nitrogen stored in cells. �e  OD560 denoting the cell 

growth showed a general increase during the cultivation; 

Fig. 2 Nitrate consumption (a), cell growth  (OD560, b), pH variations (c), biomass, carbohydrate or protein concentrations (d), carbohydrate 

or protein content (e), and biomass or carbohydrate productivity (f) of Arthrospira platensis cultivated under nitrogen-limited conditions in 

industrial-scale raceway ponds. The white and black regions on the top denoted natural light and dark periods of a diurnal cycle, respectively. The 

data represented the average values of two independent replicated cultivations and the bars showed the standard deviations (mean ± SD)
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after 84  h the cell density increased by 50% compared 

with the initial level (Fig.  2b). Correspondingly, the pH 

of the medium also increased from the initial level of 9.2 

to finally 10.3. �is increase of pH was attributed to the 

assimilation of bicarbonate, leading to the release of  OH− 

and consequently the alkalization of the medium [30]. �is 

meant that although A. platensis was subjected to nitro-

gen starvation, the photosynthetic carbon fixation contin-

ued. As a result, the biomass increased by maximally 80% 

during 49  h (Fig.  2d). �e maximal biomass productivity 

of 27.5  g  m−2  day−1 was achieved on the third daytime 

(49 h, Fig. 2f), after which it declined gradually due to the 

decreased biomass accumulation (Fig.  2d). �is could be 

attributed to the long-term nitrogen stress that affected 

the photosynthesis and the consequently impaired ana-

bolic metabolism. In fact, the protein content declined 

from 47.3 to 28.5%DW at the late period of cultivation 

(41–90 h, Fig. 2e), representing an unfavorable condition 

that the algae were subjected to. Apparently, the color of 

the cultures and the harvested algal pastes changed from 

normal dark green to light green (Fig. 1), which also sug-

gested a degradation of chlorophyll which manifested a 

declined photosynthesis. On the contrary, as expected, 

the carbohydrate accumulated under the N-limited condi-

tions (Fig. 2d, e), with the highest carbohydrate content of 

64.3%DW obtained at 74 h (Fig. 2e). However, the carbo-

hydrate productivity peaked at 49 h, reaching 26.2 g m−2 

 day−1, and thereafter it declined to 22.7  g  m−2  day−1 at 

74  h despite the carbohydrate content increased during 

this period (Fig. 2e, f ). �erefore, to balance the discrep-

ancy of carbohydrate content and biomass/carbohydrate 

productivity, it would be reasonable to harvest the algae on 

the 3rd day at 49 h when the biomass productivity reached 

the top level with a carbohydrate content of 46.5%DW.

Noteworthily, it was evident from Fig.  2d, e that 

the carbohydrate accumulated primarily at daytime 

(41–49  h, 66–74  h), while at night the accumulation 

ceased or the carbohydrate even degraded (49–66  h, 

74–90  h). Hidasi et  al. [31] also found that the carbo-

hydrate content of the A. platensis biomass cultivated 

in large-scale outdoor raceway ponds increased dur-

ing the light hours, and decreased during the dark 

hours. Similarly, the variations of cell density and pH 

exhibited almost a synchronized manner, both of 

which showed significant increase during the daytime 

(0–5 h, 17–29 h, 41–53 h, and 66–74 h), while at night 

remained unchanged (Fig.  2b, c). As discussed above, 

the increase of pH could be an indicator of photosyn-

thetic carbon fixation and biomass production [30]. 

Collectively, it indicated that the carbohydrate accumu-

lation could mainly be ascribed to the de novo synthesis 

from inorganic carbon (bicarbonate) via photosynthesis 

at daytime. Although protein turnover could be another 

route to provide carbon skeleton for carbohydrate 

accumulation in A. platensis [13], the contribution of 

this part should be limited since protein concentration 

showed little decline herein (Fig. 2d). In view of the sig-

nificant role of photosynthesis played in biomass and 

carbohydrate production, it is advisable to harvest the 

carbohydrate-enriched algae in the late afternoon.

�e present study demonstrated that via nitrogen lim-

itation, it is feasible to industrially produce A. platen-

sis with more than 45%DW carbohydrate accumulated 

intracellularly. �e carbohydrate content of this level 

was comparable to most of the microalgae cultivated 

photoautotrophically in large-scale PBRs (cultivation 

volume ≥ 0.05  m3) under outdoor natural conditions, 

and it was especially prominent when compared with 

those cultivated in outdoor raceway ponds (less than 

35%, Table  1) [32–34]. In addition, from Table  1, it 

could also be seen that the maximum biomass produc-

tivity of A. platensis cultivated under −N conditions in 

Table 1 Comparison of  photoautotrophic microalgal biomass and  carbohydrate production in  large-scale PBRs 

(cultivation volume ≥ 0.05 m3) under outdoor natural conditions

Pba, areal biomass productivity; Pbv, volumetric biomass productivity; Cc, carbohydrate content; IM, Inner Mongolia; NA, data not available

Strain Cultivation system 
(volume,  m3)

Location and season Pba (g m−2 
 day−1)

Pbv (mg  L−1 
 day−1)

Cc (%DW) References

Monoraphidium dybowskii Raceway pond (40) IM, China, summer 27.8 139.17 NA [40]

Chlorella sp. Raceway pond (40) IM, China, summer 23.1 115.35 NA [37]

Scenedesmus acutus Raceway pond (2.3) USA, autumn 12.5 NA 32.4 [34]

Graesiella sp. Raceway pond (40) Yunnan, China, summer 16.9 NA 33 [33]

Scenedesmus obliquus Tubular PBR (0.06) Taiwan, summer NA 245.8 42.4 [38]

Scenedesmus obliquus Raceway pond (4.5) Portugal 1.19 12.6 29 [32]

Chlorella vulgaris Thin-layer PBR (0.25) Czech Republic NA 1538.5 50 [39]

Arthrospira platensis Raceway pond (0.3) Israel 22.4 NA NA [35]

Arthrospira platensis Raceway pond (0.3) Israel, summer 24.8 NA NA [36]

Arthrospira platensis Raceway pond (180) IM, China, summer 27.5 100.8 46.4 This study
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industrial-scale raceway ponds herein (27.5 g m2  day−1) 

was comparable to or even exceeded those of A. plat-

ensis (22–25  g  m2  day−1, [35, 36]) and other microal-

gae, such as Scenedesmus acutus (12.5 g m2  day−1, [34]) 

and Chlorella sp. L1 (23.1 g m2  day−1, [37]), cultivated 

under −N or even +N conditions in the similar type 

of cultivation system with smaller volumes at similar 

seasons (summer). In fact, it is rare to get productivi-

ties in excess of 25  g  m−2  day−1 in natural large scale 

systems with current algal cultivation technologies 

[12]. �erefore, the relatively high biomass productivity 

obtained under such a large cultivation volume herein 

should also be attractive. Although the biomass and/

or carbohydrate productivity were still inferior to those 

cultivated in tubular [38] or thin-layer [39] PBRs, the 

100–1000-fold larger cultivation volume of the open 

raceway pond used in the present study should exhibit 

its advantages in terms of reduced operation costs.

Extraction and puri�cation of water-soluble polysaccharide 

from A. platensis

Extraction of water-soluble polysaccharide from A. platensis

To extract and purify the water-soluble polysaccharide 

contained in the carbohydrate-enriched A. platensis, 

different extraction methods were compared with their 

efficiencies shown in Table 2. In the absence of cell dis-

ruption, the efficiency of direct hot water extraction 

(HWE) was only 38.75%. Similarly, Matloub et  al. [41] 

reported an efficiency of 30–40% with direct hot or cold 

water extraction for the water-soluble polysaccharide 

from A. platensis. �e extraction efficiency was relatively 

low probably due to the shielding effect of the algal cell 

wall which hindered the mass transfer of the extraction 

process. �erefore, the algae were subjected to physical 

disruption before water extraction. �e most frequently 

used method for cell disruption is ultrasonication, where 

cavitation effect leads to destruction of cellular walls [21]. 

With the aid of ultrasonication, the extraction efficiency 

was improved by 18–117%. �e best extraction efficiency 

of 84.09% was achieved under ultrasonication + HWE 

method with a solid–liquid ratio of 1:20. Oh et  al. [42] 

also reported an improvement (at least 25–30%) of poly-

saccharide extraction yield from Spirulina maxima using 

ultrasonication-assisted hot water extraction method 

compared to the hot water extraction method alone. 

Increase of solid load (1:10, w/v) led to a dramatic decline 

of extraction efficiency, with almost only a half of that 

(45.87%) obtained under 1:20 (Table  2). Another physi-

cal disruption method applied herein was high-pressure 

homogenization, in which the cell suspension is forced 

to flow through a small orifice where turbulence, shear 

stress, and cavitation can promote cell lysis [43]. As 

shown in Table 2, the polysaccharide extraction efficiency 

reached up to 86.76% after the high-pressure homogeni-

zation + HWE treatment with a solid–liquid ratio of 1:30, 

which was 1.2-fold higher than the direct HWE and com-

parable to the result from the ultrasonication-assisted 

process. However, further increase of solid load (1:20, 

w/v) for high-pressure homogenization resulted in the 

clogged effect of the orifice.

�e present study demonstrated that the extraction 

of water-soluble polysaccharide from carbohydrate-

enriched A. platensis could be facilitated with the assis-

tance of physical destruction of algal cells. In fact, the cell 

wall of A. platensis is made up of four longitudinal lay-

ers with 10–15 nm thick for each layer composed mainly 

of murein, and the trichome was further enveloped by 

a thin mucilaginous sheath [12]. �erefore, these struc-

tures could become barriers for the water extraction of 

intracellular polysaccharide, which needed the aid of 

physical destruction. Ultrasonication and high-pressure 

homogenization were both ideal to assist the HWE pro-

cess, with almost 1.2-fold improvement of extraction 

efficiency achieved herein in the carbohydrate-enriched 

A. platensis (Table 2). Although less water was required 

under the operation of ultrasonication (1:20, w/v) com-

pared with high-pressure homogenization (1:30, w/v), the 

more convenience in industrially scaling up with high-

pressure homogenization method due to its continuous 

operation made it more viable.

Puri�cation of the extracted water-soluble polysaccharide 

from A. platensis

�e polysaccharide purity of the crude extract was only 

52.31%. To remove the protein and other impurities from 

the crude polysaccharide, different flocculation methods 

were applied. �e efficiency of various types of floccu-

lants, including polyferric sulfate, polyacrylamide, chi-

tosan, and biological agents ZTC1 + 1, were assessed. 

As shown in Table  3, polyferric sulfate and ZTC1 + 1 

could improve the polysaccharide purity by 33–59%, and 

the effects were positively dosage-dependent. �e best 

Table 2 The extraction e�ciency of  A. platensis 

polysaccharide with di�erent disruption technologies

Method (w/v) Polysaccharide 
extraction e�ciency 
(%)

Direct hot water extraction (HWE) (1:30) 38.75 ± 2.38

Ultrasonication + HWE (1:10) 45.87 ± 3.39

Ultrasonication + HWE (1:20) 84.09 ± 5.97

Ultrasonication + HWE (1:30) 79.64 ± 5.46

High-pressure homogenization + HWE (1:30) 86.76 ± 5.57
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polysaccharide purity of 83.37% was obtained under the 

application of ZTC1 + 1 with 1400 mg  L−1 B and 700 mg 

 L−1 A. Interestingly, the application of chitosan, which 

had been demonstrated to efficiently improve polysac-

charide purity from 67 to 86.5% in the normal (protein-

enriched) A. platensis [25], was inefficient in enhancing 

polysaccharide purity herein. As for the polysaccharide 

recovery, addition of ZTC1 + 1 also showed the high-

est polysaccharide retention rate of more than 81%, 

while other flocculation methods led to greater loss 

of polysaccharides, with chitosan displaying the low-

est polysaccharide recovery (Table  3). Considering that 

threefold increase of ZTC1 + 1 dosage (350B + 175A to 

1400B + 700A) could only slightly enhance polysaccha-

ride purity (80.90% to 83.37%) while conversely decrease 

the polysaccharide retention rate (86.73% to 81.49%), 

it should be advisable to use ZTC1 + 1 with a dosage of 

350B + 175A.

ZTC1 + 1 is a commercialized non-toxic natural clarify-

ing agent which comprises two components, one of which 

acts as the main flocculants and the other as an auxiliary. 

Although the mechanism of this agent for clarification is 

unclear hitherto, it has been widely used in the clarifica-

tion of the decoction of traditional Chinese medicine due 

to its high efficiency in removing protein, tannins and 

gums while retaining polysaccharides with safety [44]. To 

the best of our knowledge, the present study was the first 

trial on the application of ZTC1 + 1 for the purification 

of polysaccharide from alga A. platensis. Compared with 

other flocculation methods, ZTC1 + 1 resulted in not only 

the highest polysaccharide purity, but also the least poly-

saccharide loss. �e polysaccharide purity after ZTC1 + 1 

treatment (> 80%) was even 22% higher than that with 

enzymatic trichloroacetic acid (TCA) method where 3% 

papain and 5% TCA were sequentially used to remove 

impurities in the crude polysaccharide extracts from A. 

platensis [24]. Compared with traditional deproteiniza-

tion methods such as Sevage and TCA method where 

organic reagents and complicated purification process 

are often involved (e.g., 5–10 times repeated treatments 

in Sevage method) [23], ZTC1 + 1 is an effective, simple 

and environmental-friendly way for polysaccharide puri-

fication as an impurity scavenger from algae and other 

natural products. Considering the extraction efficiency in 

the high-pressure homogenization + HWE process, the 

total polysaccharide recovery rate reached 75.25% with 

a polysaccharide purity of 80.90% using 350B + 175A of 

ZTC1 + 1 (Table 3).

To characterize the structure of the polysaccharide, 

Sevage method was applied to further refine the polysac-

charide following the ZTC1 + 1 method. After the Sevage 

treatment for two times, the polysaccharide purity 

reached 98.9% (Table 3), which was even slightly higher 

than that obtained with chitosan flocculation-macropo-

rous resin adsorption (96.2%) [25].

Characterization of water-soluble polysaccharide from A. 

platensis

Size exclusion chromatography analysis showed that 

two populations, with molecular weight of 673  kDa and 

315 kDa, could be discerned, although they were not com-

pletely separated (Fig. 3). �e size of the polysaccharides 

characterized herein fell well into the known A. platensis 

polysaccharides reported in the literatures (Table 4).

�e monosaccharide composition of the purified poly-

saccharide from nitrogen-limited A. platensis (PS-NL) 

Table 3 The polysaccharide purity and recovery from A. platensis under di�erent �occulant treatments

a The total polysaccharide recovery was assessed based on the high-pressure homogenization + HWE process

Method Dosage (mg  L−1) Polysaccharide purity 
(%)

Polysaccharide retention 
rate (%)

Total polysaccharide 
recovery rate (%)a

Crude extract 52.31 ± 1.35 100 86.76 ± 5.57a

Polyferric sulfate 250 62.40 ± 2.56 58.49 ± 1.95 50.75 ± 1.78

500 69.76 ± 2.67 63.01 ± 1.15 54.67 ± 1.94

750 76.80 ± 3.35 68.42 ± 0.97 59.36 ± 1.69

Polyacrylamide 150 200 53.97 ± 1.27 78.07 ± 2.01 67.73 ± 1.98

Polyacrylamide 170 200 56.31 ± 1.31 79.78 ± 1.57 69.22 ± 1.79

Chitosan 600 60.73 ± 1.36 57.83 ± 1.09 50.17 ± 0.99

900 59.25 ± 1.29 56.81 ± 1.21 49.29 ± 0.86

1200 56.67 ± 1.29 55.01 ± 0.52 47.73 ± 0.59

ZTC1 + 1 350B + 175A 80.90 ± 1.01 86.73 ± 1.98 75.25 ± 1.31

700B + 350A 82.05 ± 0.21 81.14 ± 2.03 70.40 ± 0.66

1400B + 700A 83.37 ± 0.14 81.15 ± 2.24 70.70 ± 0.54

ZTC1 + 1 + Sevage (two times) 350B + 175A 98.90 ± 1.01 78.67 ± 2.11 68.25 ± 1.13
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was analyzed by gas chromatography (Additional file  1: 

Fig. S2). Table 4 showed that PS-NL was predominantly 

composed of glucose (Glc), which accounted for more 

than 91% of the total sugar. Very few of other monosac-

charides and derivatives could be detected, including 

rhamnose (Rha), arabinose (Ara), fucose (Fuc), mannose 

(Man), galactose (Gal), xylose (Xyl) and galacturonic acid 

(GalUA) with each component accounting for less than 

1%. Similarly, Wu et  al. [23] and Wang et  al. [25] also 

reported that glucose was the main component (> 90%) 

of the polysaccharides from A. platensis (Table 4). How-

ever, considerable amounts of other studies revealed that 

instead of Glc, Rha accounted for the main sugar moiety 

of the polysaccharides from A. platensis (Table  4), with 

the proportion of which reaching up to approximately 

50% [24, 45–47]. Additionally, Chen et al. [20] found that 

A. platensis water-soluble polysaccharides were com-

posed of 57.5% Man and 42.5% Glc, which was quite dif-

ferent from the results discussed above.

Infrared spectrum (Additional file 1: Fig. S3) of PS-NL 

within the range of 4000–400  cm−1 displayed the char-

acteristic features of polysaccharide: a strong OH stretch 

at 3200–3500 cm−1 and a strong OH bend at 1642 cm−1. 

Absorbance bands at 2930  cm−1 corresponded to C–H 

in the glycosidic cycles. �in and strong absorbance 

bands at 1023–1154  cm−1 represented vibrations of 

C–O–C, C–OH and C–C ring in the glycosidic cycles. 

�e occurrence of uronic acids was suggested by the 

absorbance band at 1414  cm−1 (O–C=O bending). 

Absorption at 850  cm−1 rather than at 890  cm−1 sug-

gested an α-type instead of β-type glycosidic linkage of 

the polysaccharide [29]. 1H NMR spectrum (Additional 

file 1: Fig. S4a) showed peaks from 3.4 to 4.0 correspond-

ing to C–H in the glycosidic residue. Specifically, a strong 

peak at 5.4  ppm was detected, which could be assigned 

as an α-type anomeric carbon [29]. �ere was no peak 

at 4.4–4.7  ppm, indicating that β-type glycoside was 

absent from the polysaccharide [29]. �e strong peak at 

101 ppm in the 13C NMR spectrum (Additional file 1: Fig. 

S4b) also indicated the presence of an α-type anomeric 

carbon, whereas the absence of peaks at 103–106  ppm 

suggested no β-type isoforms [29], which was in agree-

ment with the results from IR and 1H NMR. �e peak at 

61.8  ppm represented the C-6 of the glycosidic residue, 

while peaks of 70.6–78.2 were corresponded to C2–C5. 

�ere was no peak between 170 and 180  ppm, indicat-

ing that no modification, such as acetylation [48], was 

present in the polysaccharide. Collectively, IR and NMR 

analysis demonstrated that PS-NL contained α-type gly-

cosidic linkages, which was consistent with the glycosidic 

configuration of the majority of the reported polysaccha-

rides from A. platensis (Table 4).

Periodic acid oxidation analysis showed that 0.49  mol 

of periodate was consumed per mole of hexose residue 

with 0.013 mol of formic acid produced, indicating that 

the polysaccharide mainly contained 1→3 and 1→4 

or 1→2 glycosidic linkage with very small proportion 

of 1→6 glycosidic linkage; the rate of glycosidic link-

age of 1→3, 1→4 or 1→2, and 1→6 was calculated to 

be about 46.7:52:1.3 according to [29]. 1→4 and 1→2 

glycosidic linkage cannot be distinguished with periodic 

acid oxidation analysis, which needs more comprehen-

sive characterization. Collectively, PS-NL was demon-

strated to be dominantly composed of (1→3)(1→4) or 

(1→3)(1→2)-α-glucan. Although (1→3)(1→4) or (1→3)

(1→2) linkage had been found in several polysaccharides 

of A. platensis, the main monosaccharide moiety was 

Rha instead of Glc [46, 47]. In contrast, Sekharam et al. 

[49] and Wang et al. [50] reported two kinds of α-glucans 

from A. platensis, both of which, however, contained 

glycosidic linkages of 1→4 (major) and 1→6 (minor). 

Compared with the known polysaccharide of A. platen-

sis (Table 4), the structure of PS-NL herein was unique. 

It should be noted that the polysaccharides reported in 

the literatures were extracted from normal A. platensis 

which was grown under favorable conditions with a car-

bohydrate content generally less than 15% [12], whereas 

PS-NL in the present study originated from nitrogen-lim-

ited A. platensis in which carbohydrate content reached 

more than 60%. It is acknowledged that under nitrogen 

limitation, A. platensis accumulates storage polysaccha-

ride with the primary form of glycogen, which is com-

posed of monomeric glucose units with highly branched 

(1→4)(1→6)-linked α-glucan [3, 14, 17]. However, inter-

estingly, the present study exhibited a new type of poly-

saccharide derived from nitrogen-limited A. platensis 

which was distinct from the commonly known glycogen 
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or starch-type storage α-glucan. Iodine-staining analysis 

also revealed the unique feature of PS-NL compared with 

the α-glucan such as glycogen, amylose, amylopectin, and 

dextran (Additional file 1: Fig. S5).

In general, the polysaccharides of cyanobacteria 

include storage polysaccharides (SPS) that are accumu-

lated intracellularly, extracellular polysaccharides (EPS) 

or released polysaccharides (RPS) that release in the 

culture medium, and capsular polysaccharides (CPS) or 

bound polysaccharides (BPS) that are associated with cell 

wall [51–53]. Under nitrogen limitation condition, the 

main carbohydrate in A. platensis was SPS (formerly con-

sidered as glycogen), usually accounting for 40–65%DW 

[51]. �e CPS or BPS, which were usually extracted by 

hot water, accounted for less than 8%DW under nitrogen 

limitation and their contents were negatively related to 

nitrogen supply [54]. �e EPS or RPS should have been 

removed from the algal biomass by filtration and water 

wash. Collectively, it was reasonable to conclude that the 

final water-soluble polysaccharide obtained in the present 

study was dominated by the SPS, with very little RPS or 

CPS involved. �erefore, it was clear that the storage pol-

ysaccharide in A. platensis, as characterized herein, was 

a (1a3)(1→4)- or (1→3)(1→2)-α-glucan instead of com-

monly acknowledged glycogen. (1→3)(1→4)-α-glucan 

can generally be found in fungi (e.g., Aspergillus niger) 

and lichens (e.g., Cetraria islandica) [55]. �e presence 

of this type of polysaccharide in nitrogen-limited A. 

platensis was rarely reported, which needed more effort 

to dissect its biosynthesis and the underlying regulatory 

mechanism in response to environment.

�e present study revealed the possibility of industri-

ally producing α-glucan-enriched A. platensis under 

photoautotrophic conditions in outdoor open raceway 

ponds. If semi-continuous cultivation mode was applied, 

the production process should have excellent compat-

ibility with the existing A. platensis-producing systems 

with nearly no additional or even reduced cost involved 

because of the less nitrogen fertilizer supplied. �e bio-

mass productivity should also be attractive, as discussed 

above. �e current average annual productivity of pro-

tein-enriched A. platensis in Ordos is estimated to be 

12 t  ha−1  year−1 [26], which is twofold of that of grains 

such as wheat and corn, and threefold of tuber crops in 

China in 2018 (http://www.stats .gov.cn/tjsj/zxfb/20181 

2/t2018 1214_16395 44.html). Given that the produc-

tion of α-glucan-enriched A. platensis had the compara-

ble productivity with the protein-enriched one, and the 

high-value-added components such as protein (more 

than 35%DW remained, Fig.  2e) were incorporated 

into the industrial chain for additional products (e.g., 

aquafeed additives or active peptides), it would be pos-

sible to partially replace corn as the glucose source by 

this α-glucan-enriched alga in the field of chemical and 

fermentation industry. �is will alleviate the demand 

for agricultural crops (e.g., corn) as the feedstock for 

biorefinery. In addition, the potential application of the 

α-glucan itself from A. platensis should be further devel-

oped. In fact, the structure of this α-glucan resembled 

that of the immunologically active (1→3)(1→4)-α-glucan 

from Cetraria islandica [56], which suggested a possible 

activity in immunoregulation. �ese high-value applica-

tions could contribute to the economic viability of the 

carbohydrate-based biorefinery from A. platensis.

Conclusions
�e feasibility of producing carbohydrate-enriched A. 

platensis in industrial-scale outdoor raceway ponds was 

demonstrated, with a maximum biomass productivity of 

27.5  g  m−2  day−1 and the corresponding carbohydrate 

content of 46.5%DW obtained under nitrogen limitation. 

Efficient extraction of the water-soluble polysaccharide 

from this alga relied on high-pressure homogenization in 

addition to hot water extraction. ZTC1 + 1 flocculation 

was an effective way for polysaccharide purification from 

A. platensis. PS-NL from nitrogen-limited A. platensis 

was unique to be composed of (1→3) (1→4)- or (1→3) 

(1→2)-α-glucan. �e α-glucan from A. platensis could be 

a potential glucose source for industrial applications.

Additional �le

Additional �le 1: Figure S1. Temperature variations in the culture of A. 

platensis in industrial-scale open raceway ponds under nitrogen-limited 

conditions. Figure S2. Gas chromatography analysis of monosaccha-

ride composition of polysaccharide from nitrogen-limited A. platensis. 

Figure S3. FTIR analysis of polysaccharide from nitrogen-limited A. 

platensis. Figure S4. 1H NMR and 13C NMR spectrum of polysaccharide 

from nitrogen-limited A. platensis. Figure S5. Iodine-staining analysis of 

different polysaccharides and comparison with the polysaccharide from 

nitrogen-limited A. platensis (PS-NL).
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