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Abstract 

Cyanobacteria are a potential source of promising secondary metabolites with different biological activities, includ‑
ing antibacterial, antiviral, antifungal, antiprotozoal, and anticancer activities. To combat the emergence of anti‑
biotic resistance, there is an urgent requirement for new drugs, and cyanobacteria metabolites can constitute 
alternative new antibacterial medication. The chemical complexity of their exopolysaccharides indicates that they 
have the potential to be bioactive molecules with many biological activities. The present study aimed to produce 
and optimise a novel alginate polymer from a newly isolated cyanobacterium, S. algini MNE ON864447, in addition 
to its promising antibacterial activity. We successfully isolated a new cyanobacterium strain, S. algini MNE ON864447 
from the Nile River, which produces alginate as an extracellular polymeric substance. The isolated cyanobacterial 
alginate was identified using a set of tests, including FTIR, TLC, HPLC, GC–MS, and 1H NMR. Plackett–Burman statistical 
design showed that working volume (X1), the incubation period (X2), and inoculum size (X3) are the most signifi‑
cant variables affecting the production of alginate. The highest alginate production (3.57 g/L) was obtained using 
4% inoculum size in 400 mL medium/L conical flask after 20 days of the incubation period. The extracted alginate 
showed potent antibacterial activity against both Gram‑negative and Gram‑positive bacteria and Streptococcus 
mutants (NCTC10449) are the most sensitive tested pathogen for purified cyanobacterial alginate with inhibition 
zone diameters of 34 ± 0.1 mm at 10 mg/mL of purified alginate while Vibro cholera (NCTC 8021) the lowest sensitive 
one and showed inhibition zone diameters of 22.5 ± 0.05 mm at the same cyanobacterial alginate concentration. This 
antibacterial activity is a critical step in the development of antibacterial drugs and presents a new challenge to fight 
against multi‑resistant bacteria.
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Introduction
Biopolymers are macromolecules derived from natural 
resources with several advantages including, biodegra-
dability, biocompatibility, flexibility, non-toxicity, and 
their abundance in living organisms, making them a 
sustainable alternative to petroleum-derived such as 
poly (3-hydroxybutyrate) which is a promising polymer 
substituting petroleum plastics in several industrial 
uses [1–3]. The largest proportion of the global poly-
saccharide market is made up of polymers extracted 
from plants (e.g., starch, cellulose, and pectins), animals 
(hyaluronic acid, heparin, and chondroitin sulfate), and 
algae (alginate, carrageenan, and agar), while bacte-
rial polysaccharides still account for a small fraction 
of the global market [4]. However, bacterial polysac-
charides still attracted the attention of many scientists 
due to their unique advantages including, their fast 
growth rate, reduced polymer production times, ease 
of extraction, and the fact that they can be developed 
under controlled conditions to produce polymers with 
specific features, while algal and plant polysaccharides 
are greatly influenced by environmental conditions [5].

Cyanobacteria are considered an excellent source for 
polysaccharide production since most of the strains 
produce extracellular polymeric substances (EPS). The 
cyanobacterial EPS can be attached to the cell sur-
face as a sheath, capsule, or slime, being designated as 
bound polysaccharides (BPs), or be released into the 
surroundings, being designated as released polysac-
charides (RPs) [6, 7]. Cyanobacterial EPS displays a 
variety of functions, including gliding motility, struc-
tural, adhesive, and nutrient repositories in phototro-
phic biofilms, and protection against abiotic stress [8, 
9]. Examples of the most common EPS extracted from 
cyanobacteria are sacran from Aphanothece sacrum, 
spirulan from Arthrospira platensis, and cyanoflan 
from Cyanothece sp. CCY 0110 [10–12]. Unlike other 
bacteria’s polymers, which typically comprise four or 
fewer monomers, cyanobacterial polymers are het-
eropolysaccharides formed of a larger number of dif-
ferent monosaccharides (up to 13). Furthermore, the 
main characteristic features of cyanobacterial polysac-
charides that make them very applicable compounds in 
biotechnological and biomedical fields are their amphi-
philic nature, presence of sulfate groups, strong anionic 
nature, and wide range of potential structural con-
figurations [13–15]. Moreover, their photoautotrophic 
metabolism eliminates the need for carbon feedstocks 
and reduces high-cost production. To increase produc-
tion and create structural and compositional variants 

that are particularly tailored for a specific application, 
a greater understanding of the cyanobacterial EPS bio-
synthesis pathways is required.

Antimicrobial resistance is one of the world’s major 
causes of mortality. Recent statistics suggest that 1.2 mil-
lion fatalities directly resulted from resistant bacterial 
infections in 2019, and 4.95 million deaths were related to 
resistant bacterial infections. The increase of multidrug-
resistant Gram-negative bacteria, especially carbapene-
mase-producing Enterobacteriaceae, methicillin–resistant 
Staphylococcus aureus (MRSA), vancomycin–resistant 
Enterococcus, and multi–drug–resistant Mycobacterium 
tuberculosis, is alarming. Gram-negative and Gram-pos-
itive resistant bacterial strains cause a variety of hospital-
acquired and community-acquired infectious diseases, 
including wound infections, osteomyelitis, surgery-asso-
ciated and implant-associated infections, and respiratory 
infections [16]. As a result, there is an urgent need for 
medications that control and avoid microbial resistance, 
whether in the form of novel antibiotics or antimicrobial 
agents. Although, several studies have displayed the activi-
ties of cyanobacterial EPS as anticoagulant, antioxidant, 
immunomodulatory, anticancer, and antiviral drugs in bio-
medical applications [17], the publications concerned with 
their antibacterial activity are few. The antimicrobial activ-
ity of cyanobacterial EPS is also reported in the literature. 
EPS extracted from Gloecapsa sp. Gacheva 2007/R-06/1 
and Synechocystis sp. R10 exhibited antimicrobial activ-
ity against a wide range of food-borne pathogens [18]. 
Arthrospira platensis EPS also exhibited antimicrobial 
activity against both Gram-negative and Gram-positive 
bacteria [19]. Although, structural information about 
cyanobacterial EPS is scarce, their biological activities are 
significantly related to the presence of sulfate groups and 
negative charge [7].

Despite all the published studies that discussed differ-
ent alginate applications in various life aspects, those con-
cerned with antibacterial activity are few and restricted to 
few bacterial pathogens [20]. This study aimed to investi-
gate and optimize the production of cyanobacterial algi-
nate for the first time from a newly cyanobacterium isolate; 
S. algini MNE ON864447, and the characterization of this 
polymer using FT-IR, GC–MS, HPLC, and 2D-NMR. In 
addition, examine their antibacterial activity against a wide 
range of Gram-negative and Gram-positive bacterial path-
ogens as the initial step to studying their biological activity. 
We are looking forward to further studies about cyanobac-
terial alginate structure (its building block distribution) and 
its exact antibacterial mechanism.
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Materials and methods
Isolation and purification of different cyanobacterial 
isolates
Samples collection method and cyanobacteria isolation 
from different soil and water samples
Random soil and water samples were collected from vari-
ous Egyptian governorates, including (Beheira governorate 
(DMS, 30° 36′ 36″ N, 30 25′ 48″ E), Monufia governorate 
(DMS, 30° 31′ 12″ N, 30°59′ 24″ E), Alexandria governo-
rate (DMS, 31°10′ 0″ N, 29° 53′ 0″ E), and Gharbia gover-
norate (DMS, 30° 52′ 1.2″ N, 31° 1′ 40.8″ E). Soil samples 
were collected from 5 to 10 cm-deep soil layers and stored 
in tightly sealed plastic bags. Soil samples were sieved, dried, 
and stored in wide mouth screw cap glass bottles. While 
solid rocks were scratched to obtain fresh biomass, which 
was then transported to the lab for cyanobacterial isolation 
and stored in glass bottles and tightly sealed plastic bags. 
Vegetative growth of cyanobacteria in aquatic samples was 
collected in 200  mL sterile jars containing at least 20  mL 
sterile enriched Bold’s Basal Medium (BB) which consists of 
 NaNO3 (2.94 mM),  CaCl2.2H2O (0.17 mM),  MgSO4.7H2O 
(0.30 mM),  K2HPO4 (0.43 mM),  KH2PO4 (1.29 mM), NaCl 
(0.43 mM), 0.05 mL of EDTA stock (50 g of EDTA acid form, 
and 31 g of KOH were dissolved in 1L of  H2O and stored at 
room temperature in darkness), 0.05 mL Iron stock (10 mL 
of conc  H2SO4 mixed with 5  g of  FeSO4.7H2O, bring the 
total volume to 1L and stored at room temperature in dark-
ness.), 0.05 mL Boron stock (11 g of  H3BO3 was dissolved 
in 1L  H2O and stored at room temperature in darkness.), 
and 0.05  mL Bold trace stock (10  mL/L of conc  H2SO4, 
 ZnSO4.7H2O (1.50  µM), MnCl.4H2O (0.36  µM),  MoO3 
(0.26  µM),  CuSO4.5H2O (0.31  µM), and Co(NO3)2.6H2O 
(0.084 µM) were dissolved in 1L  H2O and stored at room 
temperature in darkness). To optimize in vitro cyanobacte-
rial growth, water body parameters such as pH and temper-
ature should be recorded [21]. Soil samples were dried in an 
oven at 60 °C for 15 min before sieving to remove ambigous 
particles. A small amount (1 g) of sieved soil was applied in 
the middle of the sterilized plates of  Z8 semi-solid medium 
 (MgSO4·7H2O (0.25  g),  NaNO3 (0.467  g), Ca(NO3)2·4H2O 
(59 mg),  NH4Cl (31 mg),  Na2CO3 (0.02 g), Fe-EDTA solu-
tion (10 ml), 1 ml of Gaffron micronutrients [(H3BO3(3.1 g), 
 MnSO4·4H2O (2.23  g),  ZnSO4·7H2O (0.22  g), 
 (NH4)6Mo7O24·4H2O (0.088  g), Co(NO3)2·6H2O (0.146  g), 
 VOSO4·6H2O (0.054  g),  Al2(SO4)3K2SO4·2H2O (0.474  g), 
 NiSO4(NH4)2SO4·6H2O (0.198 g), Cd(NO3)2·4H2O(0.154 g), 
Cr(NO3)3·7H2O(0.037  g),  Na2WO4·2H2O (0.033  g), KBr 
(0.119 g), KI (0.083 g), deionized water to1 L], and 0.8 g/L 
agarose separately autoclaved and used for medium solidi-
fication) [22], which was supplemented with 0.4 g/L sodium 
sulfite [23]. Penicillin and cycloheximide were also added 
at a final concentration of 100  µg/mL. The plates were 
then sealed with parafilm and incubated at 27 ± 3  °C with 

continuous light at 1200 LUX. Every day, the plates were 
checked for the presence of any cyanobacterial growth [24, 
25]. Cyanobacteria isolation from liquid samples is based on 
the number of cyanobacteria in water samples. Using a light 
microscope (Binocular NSL—CX23 Olympus Optical Co., 
LTD. Japan), samples with minimal cyanobacterial growth 
can be concentrated and cultured in an enriched liquid 
medium, while those with abundant growth can be diluted 
and subjected to the following purification processes.

Cyanobacteria purification methods
Different microbiological purification techniques were 
combined to get axenic cyanobacterial isolates, includ-
ing the density centrifugation technique using  Z8 liquid 
medium flasks in triplicates and incubated with contin-
uous illumination at 1200 LUX. The incubated flasks at 
27 ± 3.0  °C were examined daily for the presence of any 
cyanobacterial growth. A serial dilution of collected sam-
ples from  10–1 to  10–10 was prepared, and 50 µl of each 
diluted sample was spread on  Z8 semi-solid medium. 
Then plates were incubated at 27 ± 3.0  °C with continu-
ous illumination at 1200 LUX using white fluorescence 
lamps for 3–4  weeks [26, 27]. In addition, microman-
ipulation techniques using an inverted microscope and 
sterile pasteur pipette were used to pick up pure colonies. 
The incubated plates were examined daily for any early 
growing filament or cyanobacterial colonies under a light 
microscope, and any single separate colony was picked 
up using a micropipette and transferred to 10  mL ster-
ile medium followed by vortex and centrifuged at 805 xg 
(Eppendorf 5810R Refrigerated Centrifuge with an 18 cm 
rotor radius). The supernatant was discarded, and the 
pellet was washed several times by repeated centrifuga-
tion at 805 xg using 1% (v/v) kanamycin solution. Finally, 
pellets were suspended and spread with a needle on  Z8 
semi-solid plates and incubated at 27 ± 3.0  °C with con-
tinuous illumination at 1200 LUX for 3–4 weeks [28].

Polysaccharides extraction and selection of the most 
polysaccharide‑producible isolate
Method for bounded polysaccharide (BPS) extraction
The different cyanobacterial isolates were grown in 
500 mL Erlenmeyer flasks containing 300 mL of a modi-
fied BG11 medium [29] consisting of the following com-
ponents (g/L):  NaNO3, 1.5;  K2HPO4, 0.04;  MgSO4.7H2O, 
0.075;  CaCl2.2H2O, 0.036; citric acid, 0.006; disodic 
EDTA, 0.001;  NaHCO3, 1.7; ammonium iron citrate, 
0.006; NaCl, 10,000 and 1  mL of metal salt solution 
 [H3BO3(2.86  g),  MnCl2.4H2O (1.81  g),  ZnSO4.7H2O 
(0.222  g),  Na2MoO4.2H2O (0.039  g),  CuSO4.5H2O 
(0.079 g), Co(NO3)2.6H2O (0.0494 mg) up to 1 L deion-
ized water]. Then 5  mL of each isolate suspension 
(2 ×  106  cells/mL) was used as inocula and flasks were 



Page 4 of 25Saad et al. Microbial Cell Factories          (2023) 22:229 

incubated as usual at 27 ± 3.0 °C under a continuous light 
intensity of 1200 LUX. Cyanobacterial cultures were fil-
tered using Whatman GF/A filter paper and the biomass 
was washed three times with distilled water, filtrated, and 
dried in an oven at 45  °C for 12 h before being crushed 
into powder. To deactivate endogenous enzymes and 
remove colored components and tiny molecular contam-
inants, the dried powder was defatted with 80% ethanol 
for 2  h at 80  °C. The mixture was then allowed to cool 
at ambient temperature before being filtered again using 
Whatman GF/A filter paper. The resultant biomass was 
subjected to the hot water extraction technique [30]. In 
brief, 5  g of dried and defatted biomass was extracted 
using a predetermined extraction ratio of deionized water 
to defatted biomass (10–30, V/W), extraction tempera-
ture (70–100 °C), and extraction duration (3–4 h). After 
three rounds of extraction, the combined extracts were 
centrifuged at 3000 xg for 15 min. The supernatant was 
collected, concentrated, and precipitated in three equal 
volumes of 99% ethanol for 24 h at 4 °C. The precipitate 
was deproteinized with sevag solution (chloroform:butyl 
alcohol, 4:1), recovered by centrifugation at 3000 × g for 
20 min., and lyophilized in order to get pure polysaccha-
ride. The extraction yield was calculated as the difference 
between the dry weight of the extracted crude polysac-
charides (W1) and the initial weight of the cyanobacte-
rial isolate (W0) [31]: Yield of polysaccharides (%) = (W1/
W0)*100.

Method for extracellular polysaccharide (EPS) extraction
At the end of the stationary phase, cyanobacterial bio-
mass was harvested from the growing medium using 
Whatman No. 1 filter paper. The culture filtrate was cen-
trifuged at 3220 xg for 20  min at 4  °C and three equal 
volumes of absolute ethanol were added to the cell-free 
filtrates and stored at 4 °C for 24 h for polymer precipita-
tion. After incubation, it was centrifuged at 3220 xg for 
20  min at 4  °C [8]. The resulting compound was subse-
quently lyophilized, and the polysaccharide yield for each 
culture was calculated as previously mentioned. The 
carbohydrate content of the purified polysaccharide was 
measured according to Dubois et al. [32] using the phenol 
sulphuric acid method. A 0.5 mL of purified polysaccha-
ride solution (0.1 g/ mL) was vortexed with a 0.5 mL of 
5% phenol solution. Then, the mixture was vortexed with 
2.5  mL of concentrated sulphuric acid and left to stand 
for 30 min at 37 °C. The carbohydrate amount was deter-
mined by reading absorbance at 490 nm using glucose at 
different concentrations to create a calibration curve.

Identification of the most polysaccharide‑producible 
isolate
Morphological characterization and cultivation condition 
investigation
A morphological study of axenic cyanobacterial isolate 
under light microscopy and their identification were car-
ried out using the morphological keys of Desikachary 
[33]. For scanning electron microscopy (SEM), the cul-
tures were dried and coated with gold. The gold-coated 
specimen was examined at different magnifications with 
Analytical Scanning Electron Microscope (Jeol JSM-6360 
LA operating at 20 kV). The effects of different pH values 
(2–10), temperature (10–80 °C), and NaCl concentrations 
(0, 10, and 20 g/L), on the growth rate of the selected iso-
late were studied in BG11 medium. For heterotrophic 
cultivation, 5  mL of cell suspension (2 ×  106  cells/mL) 
was washed twice with distilled water and inoculated in 
100 mL BG11 medium supplemented with 20 g/L of glu-
cose and yeast extract and incubated in the dark shaker at 
100 rpm and 27 ± 3.0 °C. The cultures were harvested and 
dry cyanobacterial biomasses were determined.

16S rRNA analysis
DNA extraction from cyanobacteria isolates was per-
formed according to Nübel et al. [34]. Cyanobacterial 16S 
rRNA was amplified through polymerase chain reaction 
(PCR) with specific primers; CYA106F (CGG ACG GGT 
GAG TAA CGC GTG A), CYA781R (a) (GAC TAC TGG 
GGT ATC TAA TCC CAT T) and CYA781R (b) (GAC 
TAC AGG GGT ATC TAA TCC CTT T). Sequencing 
of obtained 16S rRNA gene was performed by Bio vision 
Company and submitted to the NCBI GenBank database 
through the Submission Portal tool (https:// submit. ncbi. 
nlm. nih. gov/ subs/ geneb ank/). Then, our sequence was 
aligned and compared with other deposited organism 
sequences in the same species available in the genebank 
database (htt://www. ncbi. nlm. nih. gov) and the neighbor-
joining phylogenetic tree was created using MEGA11 
software.

Physicochemical properties of extracted polysaccharide
The pH was determined using the AOAC (Association of 
Official Analytical Chemists, 1884). The purified polysac-
charide (1 g) was dissolved in 100 mL of distilled water, 
and the pH was measured at room temperature with a 
Jenway portable pH meter (Model 550). The color was 
visually inspected on a background of white and dark 
lighting. The polysaccharide moisture was evaluated 
according to AOAC (Association of Official Analyti-
cal Chemists, 1884) by measuring the mass loss of puri-
fied polysaccharide after 24  h of heating at 105 ± 1  °C. 
In addition, the harvested cyanobacterial polysaccha-
ride was combined with ion bond-forming chemicals 

https://submit.ncbi.nlm.nih.gov/subs/genebank/
https://submit.ncbi.nlm.nih.gov/subs/genebank/
http://www.ncbi.nlm.nih.gov
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such as  K2Cr2O7,  ZnSO4,  CuSo4, and  KMnO4 to inves-
tigate the precipitation or gel formation property [35]. 
About, 250 µl of NaOH (30%) was combined with 5 ml 
of aforementioned ionic solutions (0.16%), then 500 µl of 
cyanobacterial polysaccharide (0.6%) was added and the 
combination was tested for gel-forming ability.

Purity evaluation of extracted polysaccharide and its 
biochemical analysis
The presence of alkaloids, flavonoids, tannins, phlorotan-
nins, terpenoids, steroids, saponins, phenols, and gly-
cosides was analyzed to determine the polysaccharide 
purity by Evans [36], which are quick qualitative tests to 
confirm the presence of contaminants (other cyanobac-
terial metabolites accompanied by targeted compounds). 
The presence of total flavonoids was tested according to 
the methods of Sakanaka et al. [37], alkaloids were deter-
mined by Mayer’s Test [38] and the presence of tannins 
was determined using a ferric chloride test [39]. In addi-
tion, a qualitative approach was utilized to assess the 
presence of terpenoids and steroids according to pro-
tocol of Kumar [40]. While total phenolic compounds 
were tested using the protocol of González et  al. [41]. 
The carbohydrate types of the extracted polysaccharide 
were examined using standard techniques such as the 
Molisch’s test, the Iodine test, the carbazole test, the Seli-
wanoff test, and the Osazone test [42, 43]. However, the 
total proteins were evaluated as described by the Brad-
ford method [44] using BSA as a standard protein and 
the protein was determined as %DW. The total lipids and 
Ash were gravimetrically determined using chloroform–
methanol following AOAC (1884) protocols.

Characterization of purified polysaccharide 
from the selected isolate
Thin layer chromatography (TLC)
The extracted cyanobacterial exopolysaccharide were 
hydrolyzed in 5  mL of sulfuric acid for 6  h and visual-
ized using the TLC technique. The location of the tested 
samples and standard alginate on the plate is numerically 
represented by calculating a retention factor (Rf ).

High‑performance liquid chromatography (HPLC)
The extracted polysaccharides (1 mg/mL) were dissolved 
in high pure distilled water and subjected to HPLC quan-
titative and qualtitative analysis. The HPLC (Agilent 
1000) analysis of extracted polysaccharide and stand-
ard alginate was separately performed on the Aminex 
HPX-42A column (7.8 × 300  mm I.D). The column was 
operated with a flow rate of 0.5  mL/min and the col-
umn temperature was kept at 85 °C. The refractive index 
detector was used to detect the output signals at 280 nm.

Examining monosaccharide composition using gas 
chromatography–mass spectroscopy (GC–MS)
The purified polysaccharide was subjected to acid hydrol-
ysis and derivatization for sugar composition determi-
nation. Then, derivatized sugars were determined using 
a GC-TSQ mass spectrometer (Thermo Scientific, Aus-
tin, TX, USA) with a direct capillary column TG–5MS 
(30  m × 0.25  mm × 0.25  µm film thickness). The column 
oven temperature was initially held at 60  °C and then 
increased by 6 °C/min to 250 °C with held for 1 min, then 
increased to 300 at 30 °C/min. Helium was used as a car-
rier gas at a constant flow rate of 1 ml/min. The solvent 
delay was 4 min and diluted samples of 1 µl were injected 
automatically using Autosampler AS3000 coupled with 
GC in the split mode. Electron ionization (EI) mass spec-
tra were collected at 70  eV ionization voltages over the 
range of m/z 50–650 in full scan mode. The ion source 
and transfer line were set at 200  °C and 280  °C, respec-
tively. The components were identified by comparison of 
their mass spectra with those of WILEY 09 and NIST14 
mass spectral databases [45].

Characterization of the purified polysaccharide using FTIR 
analysis
The Fourier Transform Infrared Spectroscopy (FTIR) 
approach was employed to determine the functional 
groups of the purified polysaccharide. The dried poly-
saccharide was crushed into a fine powder (1  mm) and 
mixed with dried KBr powder to form a homogenous 
compressed thin tablet, which was then placed in a sam-
ple pan and the infrared spectrum was recorded with a 
Bruker Alpha FTIR spectrometer. The spectra were all 
the average of two independent observations from 3500 
to 500   cm−1 taken across 128 scans at a resolution of 
2  cm−1 [46].

Characterization of the purified polysaccharide using NMR 
analysis
The expected structure for the purified polysaccha-
ride was confirmed using one and two-dimensional 
NMR spectra. All two-dimensional experiments were 
acquired using a pulse field gradient incorporated into 
NMR pulse sequences. The two-dimensional homo-
nuclear 1H-1H correlation spectroscopy (COSY) was 
obtained with 128 2040 data points with a spectral 
width of 1200 Hz and processed in a 1024 × 1024 matrix 
to achieve a final resolution in the two dimensions 
close to 2.3  Hz/point. The  2D1H-13C HSQC spectra 
were obtained with 128 × 1024 data points and pro-
cessed in a 1024 × 1024 matrix to yield a final resolution 
near 2.3  Hz/point in 1H and close to 2.4  Hz/point in 
13C. The number of scans (ns) in each experiment was 
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determined by the concentrations of the samples. TOP-
SPIN (3.5) software was used to analyze the spectra.

Fractionation of cyanobacterial alginate (MM, GG, and MG 
block determination)
The uronic acid blocks of cyanobacterial alginate were 
determined using the procedure of Lee et al. [47] with 
some modifications. The suspension of the partial 
hydrolyzed sample was allowed to cool at room tem-
perature before being centrifuged at 3220 xg for 15 min. 
The phenol–sulphuric acid technique was used to esti-
mate the quantity of MG blocks in the supernatant 
[32]. While the residue was suspended in 0.1 M sodium 
chloride and neutralized with 0.2 M sodium hydroxide 
to be dissolved. Then, the solution was adjusted with 
0.1 M hydrochloric acid to attain a final pH of 2.8–3.0 
for precipitation. The mixture was diluted to 10  mL 
with 0.1 M sodium chloride and centrifugation at 3220 
xg for 15 min to obtain the precipitate. Both the precip-
itate and the supernatant were homopolymeric blocks 
of guluronic acid residues (GG blocks) and mannuronic 
acid (MM blocks), respectively. The quantities (% w/w) 
of MM and GG blocks were determined as compared 
to the alginate extracted from Macrocystis pyrifera with 
the M/G ratio of 1.56 (viscosity of 2% solution at 25° C 
approx. 14,000 cps,  SIGMA®) using the phenol–sul-
phuric acid technique. The M/G ratio was estimated 
from MM and GG blocks, assuming the alternating MG 
blocks have an M/G ratio of 1.0 as reported by Haug 
et  al. [48]. Based on the values of MG, MM, and GG 
block composition obtained from polymer fractiona-
tion, the formula used to determine the M/G ratio was 
(%MMx2 + %MG)/(%GGx2 + %MG).

Statistical optimization of cyanobacterial polysaccharide 
production
Selection of the significant variables using Plackett–Burman 
design
The Plackett–Burman experimental design used in the 
current investigation included 20 experiments. was 
used to screen Seventeen independent factors for their 
impacts on the production of polysaccharides, including 
A (Sodium bicarbonate;g/L), B (sodium nitrate; g/L), C 
(dipotassium hydrogen phosphate; g/L), D (Magnesium 
sulfate heptahydrate; g/L), E (Calcium chloride; g/L), F 
(Citric acid; g/L), G (Ferric ammonium citrate; g/L), H 
(EDTA; g/L), J (Trace metal; mL), K (Sodium chloride; 
g/L), L (Temperature; °C), M (pH), N (working volume; 
mL), O (Inoculum size; %), P (Agitation speed; rpm), Q 
(Culture old; days), R (Incubation period; days). There are 
two levels for each variable, high ( +) and low ( −).

Face‑centered central composite design (FCCCD)
In the current study, three independent variables were 
examined at 20 tests at five different levels (−1.68, 
−1, 0, 1, 1.68) using a design that included 20 experi-
ments. These variables are the working volume (X1), 
the incubation period (X2), and the inoculum size 
(X3). A total of 20 runs were carried out to optimize 
the levels and investigate the interactions between the 
selected parameters and cyanobacterial polysaccharide 
production.

Studying the antibacterial activity of cyanobacterial 
polysaccharide
Preparation of different bacterial inocula
Gram-positive bacterial strains, including Staphylococ-
cus aureus (ATCC25923), Methicillin resistance Staph-
ylococcus aureus (MRSA), were obtained from Almery 
University Hospital (Alexandria, Egypt). Gram-negative 
bacteria strains, including Klebsiella pneumonia were 
obtained from Al-Azhar University Mycology Center 
(Cairo, Egypt). Streptococcus mutants (NCTC10449), 
Bacillus subtilis (NCTC 10400), Vibro cholera (NCTC 
8021), Salmonella typhi (ATCC 19430), and Escheri-
chia coli (ATCC 25922) were purchased from ATCC. 
All bacterial strains were inoculated in 20 mL of nutri-
ent broth medium and incubated at 37 °C and 120 rpm 
overnight. Then, bacterial growth was measured at 
600  nm using a microtiter plate reader (BIO-RAD, 
USA) and adjusted for the agar-well diffusion assay.

Agar well diffusion assay
Agar well diffusion assay was achieved to evaluate the 
antibacterial activity of cyanobacterial exopolysaccha-
ride as described by Chauhan et al. [49]. Briefly, molten 
cooled nutrient agar medium was poured into ster-
ile Petri dishes at a height of 4 mm and left to solidify. 
After solidification, 0.5 ml of each standardized bacte-
rium strain  (105 CFU/ml) was swabbed on the surface 
of agar plates. Then, a sterile 10  mm cork borer was 
used to make wells on each plate. Subsequently, cyano-
bacterial exopolysaccharide at different concentra-
tions (10, 5, and 2.5 mg/mL) was poured into each well 
and allowed to diffuse for 3 h at 8  °C. The plates were 
examined for the presence of an inhibition zone after 
overnight incubation at 37  °C, and its diameter was 
measured in millimeters (mm) using a ruler.

Statistical analysis
Data were expressed as ± SD using graph pad 
prism(version 9). The experimental design and statis-
tical analysis were carried out using the Windows edi-
tion of Design-Expert software (version 13, Stat-Ease, 
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Minneapolis, USA) (https:// www. state ase. com/ sostw 
are/ design- expert/).

Result and discussion
Screening of cyanobacterial isolates for polysaccharide 
production
A total of 25 morphologically different cyanobacterial 
strains were screened for their potential polysaccharide 
production. All isolates were subjected to two extraction 
processes and the determination of total polysaccharide 
in 1 L culture medium. Our survey depends on the deter-
mination of the ability of isolates to produce bound (BPS) 
or free polysaccharides (FPS) under fermentation condi-
tions of 120 rpm, 1200 LUX, and 30 °C for 30 days. The 
phenol–sulfuric acid method was used to determine the 
total polysaccharide content of 25 characterized cyano-
bacterial isolates. Additional file  1: Table  S1 presents a 
list of our isolates; only six isolates (Tetraedron sp. Mab 6, 
Chlorella sp. mab 8, Synechocystis sp. Mab 16, Chlorella 
sp. Mab 18, Synechocystis sp. Mab 20, and Synechococcus 
sp. Mab 22) produced exopolysaccharides free in their 
culture media, while the other isolates retained their 
polysaccharides attached to their cells. Also, our survey 
revealed that five cyanobacterial isolates exhibited high 
polysaccharide yield; Synechocystis sp. (Mab 20, 1.2 g/L, 
93.2% yield), Tetraedron sp. (Mab 6, 1.01 g/L, 93% yield), 
Synechococcus sp. (Mab 22, 0.91  g/ L, 88% yield), Spir-
ulina sp. (Mab 10, 0.79  g/L, 77% yield), and Nostoc sp. 
(Mab 2, 0.72  g/L, 75% yield). The most potent microal-
gal isolate, Synechocystis sp. (strain Mab 20) was selected 
for further polysaccharide production and studies. It has 
been proposed that the production of exocellular poly-
saccharides in microorganisms, particularly cyanobacte-
ria, serves an important function in shielding cells from 
stress and other harmful conditions. Several types of 
research have been conducted to investigate the capac-
ity of various polysaccharide-producing cyanobacteria to 
escape stress caused by desiccation or low water activity 
in a desert or saline environment. Hill et al. [50] indicated 
that the released glycan offers storage for water, functions 
as a buffer between cells and the atmosphere, and rep-
resents a significant component of the process utilized 
by this cyanobacterium to resist desiccation. Moreo-
ver, it has been suggested that the polysaccharide’s only 
function is to enhance motility by changing the surface 
characteristics of the trichome and/or the substrate. As 
previously seen in Oscillatoria sp., trichomes have the 
propensity to migrate back and forth within slack sheaths 
of slime, which serve as the trichome’s actual paths of 
movement [51]. Consequently, numerous different forms 
of filamentous cyanobacteria appear to require polysac-
charide slime to offer a favorable surface for movement.

Morphological and phylogenetic characterization 
of the potent isolate
Microscopic examination of the most potent isolate 
revealed that it is a freshwater, unicellular cyanobacte-
ria and was classified as Synechocystis genus, Merismo-
pediaceae family, Synechococcales order, Cyanophyceae 
class, Cyanobacteria phylum, and Bacteria domain 
(Fig.  1A). Synechocystis sp. strain Mab 20 displayed a 
typical growth curve with a clear exponential phase 
observed from day 3 to day 18 of culture time. Total 
EPS production by cyanobacterial isolates gradu-
ally increased during the exponential growth phase 
and maximized production was detected during the 
stationary phase. The maximum exopolysaccharide 
yield was 8.22 ± 0.014 mg/mL detected on  30th of Syn-
echocystis sp. culturing (Fig. 1B). Also, the cultivation 
condition displayed that Synechocystis sp. strain Mab 
20 can grow only photo-autotrophically, not hetero-
trophically as it cannot utilize glucose as the main 
carbon source. Our strain is also able to tolerate high 
incubation temperatures (40  °C) and alkaline medium 
(pH = 10). Furthermore, Synechocystis sp. strain Mab 
20 can survive under environmental stresses includ-
ing salt stress (up to 10% NaCl) and cold stress (tem-
perature = 14  °C) (data not shown). An axenic culture 
of Synechocystis sp. strain Mab 20 was identified by 
16S rRNA sequencing. The obtained 16S rRNA frag-
ment sequence was amplified by polymerase chain 
reaction (PCR) using specific sequencing primers, 
and the sequencing product was 800 bp. The obtained 
16S rRNA gene sequence was aligned with the related 
16S rRNA gene sequences available in the National 
Centre for Biotechnology Information (NCBI) data-
bases using the BLASTN. The phylogenetic tree was 
generated using MEGA version 11 software using 
neighbor-joining analysis (Fig.  2). Only branches cor-
responding to bootstrap values above 50% of boot-
strap replicates are expressed. Based on the 16S rRNA 
gene sequence, phylogenetic analysis revealed that 
Synechocystis sp. strain Mab 20 shared a high degree 
of similarity (98.51%) with Synechocystis salina (NZ_
JADEVV010000092.1). Accordingly, Synechocystis 
sp. strain Mab 20 was identified as Synechocystis sp. 
algini MNE. The obtained sequence has been depos-
ited under the accession number ON864447 in the 
GenBank database. Also, the BLAST result revealed 
that our strain has the similarity with other depos-
ited cyanobacterial strains on the Gene bank as Cro-
cosphaera watsonii (NZ_AESD01000223.1, 92.72% 
similarity), Cyanobacterium endosymbiont of Rho-
palodia gibberula (  NZ_AP018341.1, 92.36% similar-
ity), Crocosphaera chwakensis (NZ_AAXW01000006.1, 

https://www.statease.com/sostware/design-expert/
https://www.statease.com/sostware/design-expert/
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Fig. 1 A Scanning electron microscopy showing cell morphology of Synechocystis sp. Mab 20 at a different magnification of 1000 X (1), 1500X 
(2), 5000X (3), and 10000X (4). B The growth curve of Synechocystis sp. Mab 20. and the produced polymer concentration at 30 °C and 1200 LUX 
for 40 days
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92.37% similarity), Crocosphaera subtropica 
(NC_010546.1, 91.86% similarity), Aphanothece 
sacrum (NZ_BDQK01000013.1, 91.23% similarity), 
and Microcystis flos-aquae (NZ_JACJSW010000243.1, 
91.21% similarity).

Purity determination of the extracted polysaccharide 
by phytochemical analysis
Phytochemical tests for polysaccharide purity exami-
nation showed that BPS was free from any phytochem-
ical compounds, including flavonoids, terpenoids, 
tannins, alkaloids, phlorotannins, glycosides, ster-
oids, saponins, and phenols (Table 1). While a signifi-
cant amount of phenol and saponins were detected in 
EPS and this problem can be overcome by subjecting 
extracted polysaccharides to defatting and deproteini-
zation steps mentioned with BPS. Thus, phytochemi-
cal analysis displayed a higher purity of BPS than EPS. 
The presence of any accompanying cyanobacterial 
metabolites can be prejudicial to extracted polysaccha-
rides further applied in several industries [52, 53].

Physico‑chemical properties and biochemical composition 
of extracted polysaccharide
Table  1 displays the physicochemical properties of an 
extracted polysaccharide from S. algini MNE ON864447 
including, color, pH, viscosity, gelling capacity, and mois-
ture content. The color of the extracted polysaccharide 
after purification from ethanolic precipitation (Fig.  3A) 
showed a pale yellow color (Fig. 3B) and recorded a pH 
value of 8.2 ± 0.1 at a concentration of 1 g/100 mL. While 
the moisture content of the extracted polysaccharide 
equaled 16.01 ± 0.3%. Our study examined the effect of 
four divalent cation solutions;  CuSO4,  ZnSO4,  K2Cr2O7, 
and  KMnO4 on polysaccharide gelling capacity, and the 
result displayed that polysaccharide extracted from S. 
algini MNE ON864447 tends to form a gel with a solu-
tion of  K2Cr2O7 and  ZnSO4, while precipitation occurrs 
with  CuSO4 and  KMnO4 solutions (Fig. 3C). The gelling 
process can be generally induced by two factors: ionic 
strength and the formed gel termed as ionic-induced 
gels, and temperature and the formed gel, termed 
thermal-induced gels [54]. The gelling mechanism is 
known as the “egg-box” model [55]. The biochemical 

Fig. 2 The phylogenetic tree of S. algini MNE ON864447 was created by using software of MEGA version 11

Table 1 represents the phytochemical tests, physicochemical, and biochemical properties for polysaccharide extracted from S. algini 
MNE ON864447

(1); carbohydrate yield from carbazole assay, (2); carbohydrate yield from phenol–sulfuric acid assay, (3); + Ve indicates the positive result and (4); −Ve indicates the 
negative result

Physicochemical properties Biochemical tests Qualitative phytochemical tests for 
polymer purity

pH 8.2 ± 0.1 Carbohydrate test 70.1 ± 0.51%1

75.2 ± 0.3%2
Flavonoids test −Ve4

Color Pale‑yellow Total protein 0.90 ± 0.1% Alkaloids test −Ve

Moisture content 16.01 ± 0.3% Sulfate content 0 Tannins test −Ve

Gelling with  K2Cr2O7, and  ZnSO4  +  Ve3 Phenol content 0.7 ± 0.32% Phlorotannins test −Ve

Lipids test 0 Terpenoids and steroids test −Ve

Gelling with  KMnO4, and  CuSO4 −Ve Ash analysis 13.2 ± .5% Saponins test −Ve
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composition of polysaccharide extracted from S. algini 
MNE ON864447 is given in Table 1. Molisch’s and Iodine 
tests for extracted polysaccharides are positive, indicating 
the presence of carbohydrates. Also, the negative result 
obtained from the Seliwanoff test indicates the absence 
of ketoses and aldoses. The lack of Aldo-and keto-sugars 
in the EPS revealed the presence of other sugar units. 
Carbazole colorimetric assay was used to determine the 
presence of Uronic acids after polysaccharide hydroly-
sis using standard alginic acid. The result revealed that 
uronic acid constitutes 70.1 ± 0.51% of S. algini MNE 
ON864447 EPS. These results agreed with the outcome 
of the phenol–sulfuric acid method, as the extracted pol-
ysaccharide showed a carbohydrate yield of 75.2 ± 0.3%. 
Also, the other biochemical tests showed a significant 
presence of other compounds like ash, water, proteins, 
and phenols. Tentatively, depending on the overall physi-
cal and biochemical tests, we suggested that the extracted 
polysaccharide from S. algini MNE ON864447 is alginate, 
which is composed of mannuronic and guluronic acids, 
and it becomes necessary to confirm the chemical struc-
ture through other chemical analysis.

TLC and HPLC analysis for S. algini MNE ON864447 
polysaccharide
TLC chromatogram showed (Fig.  3D) that hydrolyzed 
solutions of S. algini MNE ON864447 polysaccharide 

and standard alginate have the same retention factor (Rf ); 
0.82. Based on physical and chemical tests, we assume 
that S. algini MNE ON864447 polymer is alginate. HPLC 
was used to quantify and identify this polymer compared 
to standard alginate extracted from Macrocystis pyrif-
era through separate injection on an ion-exchange col-
umn, Aminex HPX-42A column, which is packed with 
a polymer-based matrix; polystyrene divinyl benzene. 
Aminex carbohydrate analysis columns separate com-
pounds using a combination of size exclusion and ligand 
exchange mechanisms. The obtained chromatograms 
for the standard alginate (Fig.  4A-3) and cyanobacte-
rial BPS (Fig.  4A-2) showed a single peak with a reten-
tion of 10.6  min for both. While HPLC chromatogram 
for cyanobacterial EPS showed two peaks; a small peak 
with a 1.47 area and a high peak is contaminated sub-
stance (Fig. 4A-1). Using the alginate calipiration curve, 
the alginate constitutes 75 ± 2.1% of the extracted poly-
saccharide. The HPLC method is a prime technique for 
compound identification and was found to be highly pre-
cise, sensitive, inexpensive, and accurate for the determi-
nation of alginate.

GC–MS analysis for S. algini MNE ON864447 polysaccharide
Purified polysaccharide extracted from S. algini MNE 
ON864447 was subjected to trifluoroacetic (TFA) 
acid hydrolysis assisted by microwave, followed by 

Fig. 3 A Gelation of the cyanobacterial polymer extracted from S. algini MNE ON864447 after ethanol precipitation, B Color of purified 
cyanobacterial polymer powder against a white and black background, C Gel forming assay using,  KMnO4 (1),  ZnSO4 (2),  K2Cr2O7 (3) and  CuSO4 (4) 
solutions, D TLC chromatogram for hydrolyzed cyanobacterial polymer (1) and hydrolyzed alginate (2)
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mercaptalation and silylation, before being introduced 
to GC–MS analysis. The GC–MS chromatogram dis-
played complete baseline separations of all TMS-deri-
vatized monosaccharides (Fig.  4B). All peaks obtained 
from total ion chromatogram (TIC) analysis were iden-
tified by comparison of their mass spectra with those 
of WILEY 09 and NIST14 mass spectral database. Our 
chromatogram presented more than 7 peaks, which were 
the main peaks that appeared at a retention time of 39.6 
and 39.8 min, corresponding to guluronic acid and man-
nuronic acid with a relative concentration of 36.2% and 
44.3%, respectively. All the small peaks that appear in the 
chromatogram with unidentified compounds were con-
sidered uronic acid derivatization byproducts. Releasing 
all monosaccharides from polysaccharides is not easy 
and successful work, especially for uronic acid-involving 
polysaccharides since glycosidic bonds between their 
sugar units are acid resistant. The most common method 
for liberating monosaccharides is acidic hydrolysis. 

Trifluoroacetic acid (TFA) and sulfuric acid are two of 
the most commonly used reagents for acidic hydrolysis. 
For soluble polysaccharides like separated polysaccha-
rides and secreted polysaccharides, TFA is most fre-
quently utilized as it is volatile and its removal is easy. 
Although polymers that are difficult to fully hydrolyze 
or that are intractable, such as plant cell walls, are fre-
quently treated with sulfuric acid [56]. Moreover, sulfuric 
acid-based hydrolysis requires additional purification to 
remove excess and involatile sulfuric acid, which makes 
the hydrolysis process more difficult and time-consum-
ing. Microwave-assisted hydrolysis of polymeric sugars 
displayed its efficacy in complete glycosidic cleavage and 
liberation of monosaccharides from polysaccharides [57]. 
The simultaneous occurrence of carboxyl and hydroxyl 
groups in one molecule (uronic acids-containing poly-
saccharides) in addition to coupling with an anomeric 
center, diverse lactones will be obtained after derivatiza-
tion, and consequently, complex chromatograms will be 

Fig. 4 A High‑performance liquid chromatography (HPLC) for cyanobacterial extracellular alginate from S. algini MNE ON864447 (1), cyanobacterial 
bounded alginate from S. algini MNE ON864447 (2), and standard alginate from Macrocystis pyrifera (3). B GC/MS chromatogram represents 
the monosaccharide constitutes of cyanobacterial alginate
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generated. We operate three different procedures; for S. 
algini MNE ON864447 polysaccharide GC–MS analysis 
and this method is the most successful procedure. The 
sugars content of many cyanobacterial EPS includes the 
pentoses ribose, arabinose, and xylose; the hexoses fruc-
tose, galactose, glucose, and mannose; the acidic hex-
oses galacturonic acids and guluronic; the deoxyhexoses 
rhamnose and fucose; the amino sugars N-acetyl galac-
tosamine, N-acetyl glucosamine, galactosamine, and glu-
cosamine [15]. The most prevalent monosaccharide in 
cyanobacterial EPS is often glucose. Nonetheless, certain 
cyanobacterial polymers have been reported to include 
larger concentrations of xylose, rhamnose, mannose, ara-
binose, uronic acids, and fucose than glucose [11]. For 
instance, the RPS of Microcystis wesenbergii was found to 
contain solely uronic acids [58]. It is an uncommon char-
acteristic in microbial EPS, many cyanobacterial EPS also 
include two distinct uronic acids (from 2 up to 80% of the 
total EPS dry weight, often between 15 and 30%) [59].

NMR analysis for S. algini MNE ON864447 polysaccharide
According to the 1H NMR spectrum resonances, 
sugar ring protons are present in the region between 
3 and 4.4  ppm up-taking polysaccharides, and an ano-
meric proton is present in the region between 4.4 and 
5.6  ppm [60]. The 1H spectra of isolated cyanobacte-
rial alginate are shown in Fig.  5A; they revealed a large 

doublet-centered peak at 4.7 ppm, which was attributed 
to the anomeric proton resonances of guluronic acid resi-
due (G) and manuronic acid residue (M), the two build-
ing blocks of alginate. These monomer arrangements 
can be in GG, MM, or GM blocks distributed in a non-
regular order along the alginate. These findings matched 
those that had previously been reported for the sodium 
alginate fractions from P. aeruginosa and the algae Mac-
rocystis pyrifera, respectively [61]. Alginate G5-H2 moi-
eties of L-guluronic acid in homopolymeric blocks are 
attributed to the detected signal between 4.2 and 5.1 ppm 
[62]. A resonance below 3.2 ppm, a property of proteins 
and lipids, as well as acetyl and succinyl groups, was also 
detected in the spectrum fraction of cyanobacterial algi-
nate [63, 64]. These broad bands at 4.7  ppm, 3.4  ppm, 
3.08 ppm, and 5.1 ppm are confirmed to be strongly pre-
dictive of the presence of the G and M blocks of alginate 
in our documentary. The resonances were in good agree-
ment with those published in the literature [63, 65]. The 
13C NMR analysis (Fig. 5B) showed the chemical shifts of 
mannuronic and guluronic carbon atoms. The chemical 
shifts at 101, 71, 72.8, 78.5, 77, and 175 ppm was assigned 
for C1, C2, C3, C4, C5, and C6 of mannuronic acid resi-
due. While the chemical shifts at 100, 65.9, 70.2, 80.55, 
68.6, and 175 ppm were assigned for C1, C2, C3, C4, C5, 
and C6 of guluronic acid residue. The 13C-1 H HSQC 
NMR spectrum of partially degraded cyanobacterial 

Fig. 5 A  H1‑NMR analysis, B C.13 –NMR analysis, C FTIR spectra, and D HSQC analysis for cyanobacterial alginate produced by S. algini MNE 
ON864447
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alginate is seen in Fig.  5D. In heteropolymeric blocks, 
the predominant 13C signals were attributed to mannu-
ronic and guluronic acids in the sequences GMG and 
MGM. In the anomeric region, connectivities between 
two 13C–1H systems were observed. The C-1/H-1 of the 
β-D-mannuronic acid residues in the triad GMG was 
assigned a correlation of 102.13/4.70 ppm, while the C-1/
H-1 of the α-L-guluronic acid residue in the triad MGM 
was given a correlation of 100.51/5.06  ppm. Except for 
C-4/H-4 in mannuronic acid residues, correlations for 
the other 13C/1H systems were found and are displayed 
in Fig. 5D.

FT‑IR spectroscopic analysis for S. algini MNE ON864447 
polysaccharide
The FT-IR spectrum of S. algini MNE ON864447 poly-
saccharide is presented in Fig. 5C. In the 3600–1600  cm1 
region, three bands appear: a broad band centered at 
3392.47  cm1 assigned to hydrogen-bonded O–H stretch-
ing vibrations, the weak signal at 2104.32  cm1 due to 
C–H stretching vibrations, and the asymmetric stretch-
ing of carboxylate O–C–O vibration at 1635.13   cm1. 
The band at 1404.97  cm1 may be due to C–OH deforma-
tion vibration with a contribution of O–C–O symmet-
ric stretching vibration of the carboxylate group. (18,19) 
The weak bands at 1324.38, 1125.34 and 1075.49   cm1 
may be assigned to C–C–H and O–C–H deformation, 
C–O stretching, and C–O and C–C stretching vibra-
tions of pyranose rings, respectively. The fingerprint, or 
anomeric, region (950–750   cm1) is the most discussed 
in carbohydrates [66]. The spectrum shows a band at 
988.46   cm1, which was assigned to the C–O stretching 
vibration of uronic acid residues, and one at 888.3   cm1 
assigned to the C1–H deformation vibration of b-mannu-
ronic acid residues. The band at 820.0   cm1 seems to be 
characteristic of mannuronic acid residues. The results of 
FTIR are remarkably in agreement with previous works 
[67–69]. The special characteristics of having dissimilar 
units of uronic acids made the polymer one of the func-
tional gel-forming exopolysaccharides. The current fre-
quency shift in the carbohydrate region strongly indicates 
the presence of mannuronic and guluronic acid residues.

The M/G ratio of alginate extracted from S. algini MNE 
ON864447
The M/G ratio of the alginate from S. algini MNE 
ON864447 was found to be 1.02 ± 0.7. Also, the propor-
tions of G-block, M-block, and MG-block constitute 
2.2 ± 1.8, 2.9 ± 0.53, and 69.3 ± 0.5% of cyanobacterial algi-
nate, respectively. Numerous researchers have noted that 
the M/G ratio and the block structure of alginate may 
significantly affect the substance’s physical characteristics 
and the rheological characteristics of the associated gels 

[70]. Alginate’s ability to produce gels is influenced by its 
M/G ratio, with high G-alginate producing stiff, brittle 
gels and high M-alginate producing soft, elastic gels [71].

Statistical optimization for alginate production from S. 
algini MNE ON864447
Plackett–Burman design to identify significant factors 
affecting alginate production
Seventeen independent factors including A (Sodium 
bicarbonate), B (sodium nitrate), C (dipotassium hydro-
gen phosphate), D (Magnesium sulfate hepta hydrate), E 
(Calcium chloride), F (Citric acid), G (Ferric ammonium 
citrate), H (EDTA), J (Trace metal), K (Sodium chloride), 
L (Temperature), M (pH), N (working volume), O (Inocu-
lum size), P (Agitation speed), Q (Culture old), R (Incuba-
tion period) and two dummy factors were screened based 
on their impacts on the production of alginate from S. 
algini MNE ON864447 using 20 trials of Plackett–Bur-
man experimental design (Additional file  1: Table  S2). 
The results of the Plackett–Burman design under sub-
merged fermentation (SF) conditions showed that, the 
minimum amount of alginate (3.099 mg/ml) was reached 
in run no. 12, while the maximum amount of alginate 
(12.52  mg/ml) was achieved in run no. 18. The statisti-
cal analysis of the Plackett–Burman design results deter-
mines the relationship between alginate production and 
the independent variables (Table 2). The data were inter-
preted based on the signs of the coefficients and primary 
effects (positive or negative impacts on alginate produc-
tion). Based on the calculated major effects of the vari-
ables (Table 2), nine of the seventeen variables positively 
affect alginate production: working volume, incubation 
period, inoculum size, sodium nitrate, EDTA, NaCl, trace 
metal, culture age, and agitation speed (Fig. 6). The other 
eight variables (temperature, citric acid,  K2HPO4,  CaCl2, 
 NaHCO3, Ferric ammonium citrate,  MgSO4, pH) nega-
tively affect alginate synthesis (Fig.  6). When the deter-
mination coefficient  (R2) value is close to 1, the design 
utilized for predicting the response is better and stronger. 
In this investigation, the  R2 value is 0.9998, suggesting 
that the model is a fit. Furthermore, the corrected  R2 of 
0.9990 is exceptionally high, indicating that the model is 
very significant. A higher predicted  R2 (0.9928) indicates 
that this model is effective for predicting the amount of 
alginate production in the given range of variables.

P and F-values were calculated to determine the 
importance of the model and the variables (Table  2). 
The ANOVA of the Plackett–Burman design indicated 
that the model is highly significant, as evident from a 
very low probability value (P = 0.0005) and the F-value 
of 2164.81. Also, the process factors with P-values less 
than or equal to 0.05 (confidence levels greater than or 
equal to 95 percent) were considered to have significant 
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Table 2 Plackett–Burman design statistical analysis for alginate production from S. algini MNE ON864447

Factor Coefficient Estimate Main effect % contribution F‑value P‑value

Intercept 7.44 1153.53  < 0.0001

A‑NaHCO3 −0.1276 −0.25 0.25 47.62 0.0062

B‑NaNO3 0.5822 1.16 5.37 991.71  < 0.0001

C‑K2HPO4 −0.6785 −1.35 7.29 1347.10  < 0.0001

E‑CaCl2 −0.5145 −1.02 4.19 774.56 0.0001

F‑Citric acid −0.7817 −1.56 9.68 1788.06  < 0.0001

G‑Ferric ammonium citrate −0.1242 −0.24 0.244 45.17 0.0067

H‑EDTA 0.4461 0. 89 3.15 582.27 0.0002

J‑Trace metal 0.1352 0.27 0.28 53.46 0.0053

K‑NaCl 0.1639 0.32 0.42 78.61 0.0030

L‑Temperature −1.45 −2.9 33.5 6192.35  < 0.0001

N‑working volume 0.8747 1.74 12.12 2238.78  < 0.0001

O‑ Inoculum size 0.8355 1.67 11.06 2042.74  < 0.0001

P‑Agitation speed 0.1088 0.217 0.18 34.61 0.0098

Q‑Culture old 0.1201 0.24 0.22 42.21 0.0074

R‑Incubation period 0.8599 1.719 11.72 2163.49  < 0.0001

S‑Dummy 4 0.1075 0.214 0.18 33.79 0.0101

R2 0.9998 Std. Dev 0.0827

Adjusted  R2 0.9990 Mean 7.44

Predicted  R2 0.9928 C.V. % 1.11

Adeq Precision 124.1373 PRESS 8.65

Fig. 6 The Pareto chart evaluates the effects of independent variables on alginate production from S. algini MNE ON864447 (the orange color 
represents the positive effect and the blue color represents the negative effect)
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impacts. In the current investigation, the results revealed 
that fifteen variables are significant (P < 0.05) for algi-
nate production. The results showed that, temperature 
(P < 0.0001 and F-value 12,346.02) was the most signifi-
cant independent factor affecting the production of algi-
nate by S. algini MNE ON864447; followed by working 
volume (F-value 4463.57 and P-value 0.0002), and incu-
bation period (F-value 4313.47 and P-value 0.0002). The 
data displayed that;  MgSO4.7H2O (D) and pH (M) are 
two non-significant independent factors (P˃0.05). The 
adequate precision value measures the signal-to-noise 
ratio. A value higher than 4 is desirable and indicates 
the good fit of the model. The adequate precision value 
of the present model is 170.34 and this value is adequate, 
so the model can be used to navigate the design space. 
The model showed PRESS, mean, standard deviation, and 
C.V. % (coefficient of variation) values of 68.5, 7.44, 0.058, 
and 78.7; respectively (Table  2). The regression coeffi-
cients were calculated (Table  2) and the data was fitted 
to the first-order polynomial equation (Eq. 1) to describe 
the relationship between the independent factors and the 
alginate production (Y) by S. algini MNE ON864447. The 
equation of the model fitted with a regression analysis 
was obtained in terms of the coded independent factors: 

Model adequacy checking
The normal probability plot (NPP) of the residuals is a 
critical graphical approach for visualizing the residuals’ 
distribution and determining the model’s adequacy [72]. 
The residuals are the difference between the theoretical 
model’s predicted response values and the experimental 
response values. A little residual value suggests that the 
model prediction is highly accurate and that the model 
fits the experimental results well. Figure 7B plots the NPP 
of the studentized residuals against the model’s predicted 
response values. The residual points in this study are 
normally distributed; they are located next to the diago-
nal straight line, indicating the model’s validity with the 
experimental results of the alginate production. Devia-
tions from this straight line indicate that the residuals 
are not normally distributed. Figure 7D depicts a plot of 
predicted versus actual alginate production, with points 
near the fitted line, indicating a significant correlation 
between the model’s predicted values and the experimen-
tal results of the alginate production, which confirms the 
accuracy of the model. The Box–Cox graph of the model 
transformation of the alginate production is shown in 
Fig. 7A. The green line represents the best lambda value 
(Lambda (λ) = 1) and the blue line represents the current 

(1)Y = + 7.4 − 0.127A + 0.58B − 0.678C − 0.026D − 0.514E − 0.78F − 0.124G + 0.45H

+ 0.135J + 0.16K − 1.45L + 0.87N + 0.84O + 0.109P + 0.12 + 0.86R + 0.11S

transformation optimal value are stratify, indicating that 
the model is well fitted to the obtained experimental 
results. Therefore, the model is in the perfect zone, as 
the blue and green lines are stratified and in between the 
two vertical red lines (minimum and maximum values of 
confidence intervals between 0.45 and 1.45, respectively), 
indicating that the model fits the experimental data well 
and no data transformation is needed. A plot of the pre-
dicted alginate production vs. the studentized residuals 
is shown in Fig. 7C. The residuals were distributed uni-
formly and randomly above and below the zero line, with 
no distinct pattern, demonstrating that the residuals have 
a constant variance and validating the model’s accuracy.

Face central composite design (FCCD) for optimization 
of alginate production
The face central composite design of response surface 
methodology (RSM) is an efficient experimental meth-
odology for optimizing production conditions. The main 
advantage of RSM is that it involves a few experimental 
runs for different variables to obtain enough informa-
tion for statistically acceptable findings. It is faster, saves 
time and effort, and prevents misunderstanding that hap-
pens with the conventional method. The RSM regression 

analysis facilitates finding significant variables, evaluat-
ing their correlations, and predicting the response [73]. 
FCCD determined the optimal levels of three variables: 
working volume (X1), incubation period (X2), and inocu-
lum size (X3), as well as their mutual effects on alginate 
production. Variables with positive effects on alginate 
production have been used at high level, while the vari-
ables that have a negative effect are kept at low a level 
for further optimization by FCCD. The design matrix 
for 20 experimental runs is shown in Table  3, and the 
central point was repeated six times (2, 7, 9, 10, 12, and 
13). Table  3 displays various combinations of the three 
independent variables and alginate production (pre-
dicted and observed values). The analysis indicates that 
there was a significant variation in alginate production 
based on the levels of the three independent variables. 
The central run no. 15, with a parameter of 500 ml work-
ing volumes, 20 days incubation periods, and 4% inocu-
lum size, yielded the maximum alginate amount, with a 
value of 3.5743  g/L. The minimum alginate production 
(0.7739 g/L) was obtained in run number 17, which had 
a working volume of 600  ml, an incubation period of 
20 days, and an inoculum size of 8%.
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Statistical analysis of the data
Using design expert software, the FCCD experimental 
data were analyzed using multiple regression analysis. 
The model determination coefficient (R2) of 0.9964 
indicates that the model could explain 99.64% of the 
variation in alginate production. Data were interpreted 
based on significance (P < 0.05). Statistical  analysis 
reveals that the model is highly significant, accord-
ing to Fisher’s F-value (303.79) and a very low P-value 

(0.0001 < 0.05). The significance values (Table  4) dem-
onstrate that the linear coefficients of working volume 
(X1), incubation period (X2), inoculum size (X3), and 
their quadratic effects are significant. Furthermore, 
the different interactions between the three variables 
investigated (X1X2; X1 X3, and X2 X3) are significant 
(P-values of < 0.0001, 0.0044, < 0.0001; respectively), 
demonstrating that they significantly contributed to the 
increase in alginate production. The quadratic model 

Fig. 7 Plackett–Burman diagnostics for cyanobacterial alginate production, A Box–Cox plot of model transformation, B Normal probability plot 
of residuals, C plot of internally studentized residuals versus predicted values, and D plot of predicted versus actual values for cyanobacterial 
alginate producted from S. algini MNE ON864447
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summary statistics had the greatest adjusted (0.9931) 
and predicted R2 (0.9777), as well as the lowest stand-
ard deviation (0.055). The equation of the second-order 
polynomial model (Eq. 2) has been proposed to analyze 
the association between different variables and deter-
mine the maximum alginate production correspond-
ing to the optimal level of working volume, incubation 
period, and inoculum size. The maximum alginate pro-
duction is predictable based on the optimal levels of the 
independent variables (X1, X2, and X3): 

(2)
Y = 1.45136 − 0.155967 ∗ X1 − 0.189112 ∗ X2 − 0.354121 ∗ X3 + 0.495451 ∗ X1X2

+ 0.0719136 ∗ X1X3 + 0.420836 ∗ X2X3 + 0.153743 ∗ X2
1 + −0.0528137 ∗ X2

2 + 0.387942 ∗ X2
3

Y = 1.45136—0.155967 *  X1—0.189112 *  X2—0.354121 
*  X3 + 0.495451 *  X1X2 + 0.0719136 *  X1X3 + 0.420836 * 
 X2X3 + 0.153743 *  X1

2 + -0.0528137 *  X2
2 + 0.387942 *  X3

2 (2).
Where Y is the value of predicted production of algi-

nate,  X1 is the coded value of working volume, incuba-
tion period  (X2), and inoculum size  (X3).

Model accuracy checking
Some statistics were carried out for confirmation of the 
design’s accuracy. Figure  8A shows the Box–Cox graph, 

Table 3 Face central composite design for cyanobacterial alginate production from S. algini MNE ON864447 as influenced by working 
volume (X1), the incubation period (X2), and inoculum size (X3)

Std Run Factors Total polysaccharide yield (g/L) Residuals

X1 X2 X3 Actual Predicted

14 1 0 0 1.68179 1.88983 1.95 −0.0632

17 2 0 0 0 1.395 1.45 −0.0564

13 3 0 0 −1.68179 3.23105 3.14 0.0869

4 4 1 1 −1 1.90191 1.95 −0.0501

12 5 0 1.68179 0 0.97914 0.9839 −0.0048

9 6 −1.68179 0 0 2.1476 2.15 −0.0009

19 7 0 0 0 1.49155 1.45 0.0402

5 8 −1 −1 1 1.96726 1.93 0.0334

20 9 0 0 0 1.49672 1.45 0.0454

18 10 0 0 0 1.42431 1.45 −0.0271

2 11 1 −1 −1 2.14052 2.18 −0.0405

16 12 0 0 0 1.45672 1.45 0.0054

15 13 0 0 0 1.43983 1.45 −0.0115

11 14 0 −1.68179 0 1.64845 1.62 0.0284

1 15 −1 −1 −1 3.57431 3.63 −0.0533

8 16 1 1 1 2.26586 2.23 0.0366

6 17 1 −1 1 0.77397 0.7749 −0.0009

3 18 −1 1 −1 1.40105 1.42 −0.0158

10 19 1.68179 0 0 1.64845 1.62 0.0245

7 20 −1 1 1 1.43019 1.41 0.0238

Level Working volume (mL) The incubation period (days) Inoculum 
size (%)

−1.68 300 15 2

−1 400 20 4

0 500 25 6

1 600 30 8

1.68 700 35 10
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where the green line represents the best lambda value 
(Lambda = 1) and the blue line represents the current 
transformation (Lambda = 1). While the red lines repre-
sent the lowest and highest values of confidence intervals 
between 0.8 and 1.2. As Lambda’s best value lies between 
the minimum and maximum confidence intervals, no 
transformations of the data were recommended. The 
blue line lies between the two red lines; it implies that the 
model is well fitted to the experimental data obtained. 
Figure  8B displays the normal probability plot (NPP) of 
the residuals. The residuals have been drawn versus the 
normal scores, which are the cumulative probabilities. 
The resulting points are shown in the NPP of the residues 
close to the diagonal line in such a way that they are nor-
mally distributed, indicating a good model fit. Figure 8C 
shows a plot of the predicted alginate production against 
the residuals. The residuals scattered uniformly and ran-
domly above and below the centre line of zero with no 
obvious pattern, indicating that the residuals have a con-
stant variance, confirming the model’s adequacy. Fig-
ure  8D shows a plot of predicted versus actual alginate 
production, showing the points close to the fitted line, 
supporting a significant correlation between the pre-
dicted alginate production of the model and its actual 
results.

Three‑dimensional surface plots
The three-dimensional surface plots were designed to 
identify the optimal concentrations and the interaction 
between the factors for maximal alginate production. 
Alginate production was plotted on the Z-axis against 

two factors, while the third factor was set at its zero 
level (Fig. 9A–C*). Figure 9A, A* illustrates the produc-
tion of alginate as a response to working volume  (X1), 
and incubation periods  (X2) by keeping inoculum size 
 (X3) at zero level. The results showed that higher lev-
els of both working volume and incubation period were 
associated with lower alginate production. The algi-
nate production increased gradually as both levels of 
the working volume  (X1), and incubation periods  (X2) 
decreased. By solving Eq. (2), the highest production of 
3.57 g/L alginate could be achieved in 400 ml working 
volume at the optimal predicted 20 days of incubation 
period and 4% inoculum size. Working volume signifi-
cantly affected the volumetric dissolved oxygen coeffi-
cient (KLa); the smaller the working volume, the higher 
the dissolved oxygen coefficient, which accelerated bac-
terial growth while simultaneously increasing substrate 
consumption rates [74, 75]. Conversely, less dissolved 
oxygen in the medium resulted in delayed microbial 
development, prolonged the fermentation cycle, and 
increased the time needed to produce alginate. Too lit-
tle working volume resulted in a deficiency of nutrients 
necessary for subsequent microbial growth. Aeration 
and mixing are critical parameters for optimal poly-
saccharide synthesis. The previous investigation dis-
cussed the importance of agitation and mixing as the 
free alginate produced in P. aeruginosa culture limits 
the diffusion of  O2 and consequently restricts bacte-
rial growth and alginate production. The important role 
of  O2 concentration constituted in controlling several 
alginate biosynthetic enzymes and genes. Furthermore, 

Table 4 Statistical analysis for FCCD results of cyanobacterial alginate production from S. algini MNE ON864447

Source Sum of squares df Mean Square F‑value p‑value Coefficient 
estimate

Model 8.47 9 0.9410 303.79  < 0.0001 1.45

A‑Working volume 0.3322 1 0.3322 107.25  < 0.0001 −0.1560

B‑Incubation period 0.4884 1 0.4884 157.68  < 0.0001 −0.1891

C‑ Inoclum size 1.71 1 1.71 552.88  < 0.0001 −0.3541

AB 1.96 1 1.96 633.97  < 0.0001 0.4955

AC 0.0414 1 0.0414 13.36 0.0044 0.0719

BC 1.42 1 1.42 457.39  < 0.0001 0.4208

A2 0.3406 1 0.3406 109.97  < 0.0001 0.1537

B2 0.0402 1 0.0402 12.98 0.0048 −0.0528

C2 2.17 1 2.17 700.18  < 0.0001 0.3879

Residual 0.0310 10 0.0031

Lack of Fit 0.0232 5 0.0046 3.00 0.1264

Pure Error 0.0077 5 0.0015 Adeq Precision 72.4880

Std. Dev 0.0557 R2 0.9964

Mean 1.79 Adjusted  R2 0.9931

C.V. % 3.12 Predicted  R2 0.9777
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epimerase enzymes, specifically the gene algE2, which 
is responsible for introducing guluronic acid blocks 
into alginate, are oxygen-dependently up-regulated 
[76, 77]. It is important to point out that dissolved oxy-
gen tension (DOT) may be regulated, either by adjust-
ing the agitation rate of the culture or by varying the 
levels of nitrogen or oxygen present in the gas inflow-
ing through mass flow controls [76, 78]. Also, previous 

studies reported that the dissolved oxygen tension 
(DOT) which has been manipulated by adjusting the 
agitation rate of the bioreactor, rendering it impossible 
to distinguish between the influence of oxygen in the 
bulk liquid and the agitation speed on alginate synthe-
sis. Data obtained under non-nitrogen-fixing [79] and 
nitrogen-fixing conditions [77] show that dissolved 
oxygen tension (DOT), and culture stirring speed have 

Fig. 8 Face Central composite diagnostics for cyanobacterial alginate production from S. algini MNE ON864447, A Box–Cox plot of model 
transformation, B Normal probability plot of residuals, C plot of internally studentized residuals versus predicted values, and D plot of predicted 
versus actual values using Design Expert version 13 for Windows software
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a strong influence on alginate synthesis and polymer 
molecular mass. Pena et  al. [76] demonstrated that in 
cultures run at 300 rpm, bacteria synthesized more alg-
inate (4.5 g/L) under high DOT (5% air saturation) than 
under low (0.5%) oxygen tension (1.0 g/L).

Sabra et  al. [77] observed that in phosphate-limited 
continuous culture, the specific rates of oxygen consump-
tion and alginate formation of A. vinelandii increased as a 
function of culture DOT, yielding a specific alginate pro-
duction rate  (qalg) of 0.2 g/g.h at a dilution rate of 0.22 h-1 
at 5% DOT. According to Sabra et  al. [77], under nitro-
gen-fixing circumstances, the bacteria construct an algi-
nate capsule, the composition of which varies according 
to the external DOT, which may assist in protecting the 
nitrogenase system from oxygen damage. Trujillo-Roldán 
et al. [79] demonstrated that alginate polymerization pro-
ceeds by producing chains with very uniform molecular 
mass distributions and little dispersion throughout the 
culture, independent of culture time or strain (wild type 
or AlgL mutant). Furthermore, DOT has a considerable 
effect on the mean molecular mass (MMM) of alginate 
produced by the Azotobacter family. This study demon-
strated that DOT significantly affects the polymerase 
enzyme. DOT probably influences the transcription of 
alg8, which encodes the polymerase enzyme, similarly 
as it does for algA, algC, and algD in P. aeruginosa [80]. 
According to Trujillo-Roldán et al. [79], alginate lyase is 

not necessary for the synthesis of alginate; however, when 
it is present (as in the wild type), its function is limited to 
a post-polymerization step, with its activity maximized 
in the pre-stationary phase of development. A decrease 
in the MMM of the alginate is indicative of alginate-lyase 
activity.

Figure  9B, B* illustrates alginate production as a 
response to working volume (X1), and inoculum size 
(X3) by keeping the incubation period (X2) at zero level. 
At the highest levels of both working volume (X1), and 
inoculum size (X3), minimum alginate production has 
been obtained and a gradual increase in the production 
of alginate has been observed at lower levels of both 
working volume, and inoculum size. By analyzing Fig. 8B 
and predicting Eq. (2), the alginate production of 3.57 g/L 
could be attained after 20 days incubation period at the 
optimum predicted levels of working volume (400  ml) 
and inoculum size (4%). [81] found that the density of the 
inoculum or seed culture had a significant impact on the 
duration of the lag phase, specific growth rate, biomass, 
end product quality, and cost of production. As a result, 
they provided a clear definition of the fermentation pro-
cess’ production and economics. We hypothesized that 
high initial cell densities in the production medium 
might cause rapid oxygen depletion and the loss of other 
nutrients. As a result, cell aggregates and low growth 
rates may occur from limitations in dissolved oxygen 

Fig. 9 A–C 3D plots and contour (A*–C*) created using Design Expert version 13 for Windows software showing the effect of interaction 
between working volume  (X1), incubation periods  (X2), and inoculum size  (X3) on the cyanobacterial alginate production from S. algini MNE 
ON864447
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and certain nutrients. Figure  9C, C* illustrates alginate 
production as a response to the incubation period (X2), 
and inoculum size (X3) by keeping the working volume 
(X1) at zero level. It has been shown that the larger pro-
duction of alginate has been achieved at a lower level of 
working volume (X2) and inoculum size (X3). At a higher 
working volume (X2) level, medium alginate production 
has been obtained and increased as the working volume 
(X2) level decreased. While the maximum alginate pro-
duction has been observed at the lowest inoculum size 
(X3) and production gradually decreases as the minimum 
alginate production is detected at a higher inoculum size. 
By analyzing Fig. 8C and predicting Eq. (2), the maximal 
cyanobacterial alginate production of 3.57  g/L could be 
achieved with 4% inoculum and the optimal predicted 
levels of working volume (400  mL) and incubation 
period (20 days). The decline phase of the cyanobacteria 
occurred at 25  days, and a significant decrease in bio-
mass during this period might be due to depletion of the 
nutrients and accumulation of toxic metabolites in the 
culture medium, which led to a gradual increase in the 
rate of microbial death and a decrease in viable bacteria. 
The bacterial cells lysed at the end of the decline phase, 
and AlgL, an alginate lyase enzyme, degraded the alginate 
complex [82].

Antibacterial activity of alginate extracted from S. algini 
MNE ON864447
Alginate extracted from S. algini MNE ON864447 dis-
played antibacterial activity against both Gram-positive 

and Gram-negative bacteria and produced concentra-
tion-dependent inhibition zones (Fig.  10). The mean 
diameter of the inhibition zone (IZD) of cyanobacterial 
alginate evaluated against the test organisms ranged 
between 10.53 ± 0.03 mm against Vibro cholera (NCTC 
8021) at a concentration of 2.5 mg/mL and 34 ± 0.1 mm 
against Streptococcus mutants (NCTC10449) at a con-
centration of 10  mg/mL. Table  5 showed that the 
growth of Gram-positive bacteria, including Staphy-
lococcus aureus (ATCC25923), Methicillin resistance 
Staphylococcus aureus (MRSA), Streptococcus mutants 

Fig. 10 Antibacterial activity using agar‑diffusion assay of alginate extracted from S. algini MNE ON864447 against different Gram‑positive 
and Gram‑negative bacteria

Table 5 Inhibition zone diameter (mm) produced by alginate 
extracted from S. algini MNE ON864447 against Gram‑negative 
and Gram‑positive bacteria

Bacterial strains Cyanobacterial alginate 
concentrations

10 mg/ml 5 mg/ml 2.5 mg/ml

Klebsiella pneumoniae 28.5 ± 0.15 14.9 ± .01 11 ± 0.1

Vibro cholera (NCTC 8021) 22.5 ± .05 16 ± 0.1 10.53 ± 0.03

Escherichia coli (ATCC 25922) 28.5 ± 0.15 21.5 ± 0.15 11 ± 0.08

Bacillus subtilis (NCTC 10400) 23 ± .05 17.5 ± 0.15 10.7 ± 0.15

Salmonella typhi (ATCC 19430) 31.5 ± 0.15 18.5 ± 0.15 11.5 ± 0.1

Streptococcus mutants 
(NCTC10449)

34 ± 0.1 26.5 ± .05 21.5 ± 0.15

Staphylococcus aureus 
(ATCC25923)

24.3 ± 0.2 21.2 ± 1 12.1 ± 0.13

MRSA 28.5 ± 0.15 21.5 ± 0.15 11.1 ± .02
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(NCTC10449) and Bacillus subtilis (NCTC 10400), 
was inhibited by cyanobacterial alginate at concen-
trations of 2.5–10  mg/mL. Staphylococcus aureus 
(ATCC25923) was sensitive to cyanobacterial alginate 
and showed inhibition zone diameters of 24.3 ± 0.2, 
21.2 ± 1, 12.1 ± 0.13  mm at a concentration of 10, 5, 
and 2.5  mg/mL, respectively. Streptococcus mutants 
(NCTC10449) showed susceptibility to cyanobacte-
rial alginate with inhibition zone diameters of 34 ± 0.1, 
26.5 ± 0.05, 21.5 ± 0.15  mm, and 23 ± 0.05, 17.5 ± 0.15, 
10.7 ± 0.15 mm with Bacillus subtilis (NCTC 10400) at 
concentrations of 10, 5, and 2.5  mg/mL, respectively. 
The inhibitory activity of cyanobacterial alginate was 
also observed against Gram-negative Klebsiella pneu-
moniae (IZD, 28.5 ± 0.05, 14.9 ± 0.01, 11 ± 0.1  mm at 
cyanobacterial alginate concentrations of 10, 5, and 
2.5  mg/mL, respectively), Vibro cholera (NCTC 8021) 
(IZD, 22.5 ± 0.05, 16 ± 0.1, 10.53 ± 0.03  mm at cyano-
bacterial alginate concentrations of 10, 5, and 2.5  mg/
mL, respectively), Salmonella typhi (ATCC 19430) 
(IZD, 31.5 ± 0.15, 18.5 ± 0.15, 11.5 ± 0.1  mm at cyano-
bacterial alginate concentrations of 10, 5, and 2.5  mg/
mL, respectively), and Escherichia coli (ATCC 25922) 
(IZD, 28.5 ± 0.15, 21.5 ± 0.15, 11 ± 0.08 at cyanobacte-
rial alginate concentrations of 10, 5, and 2.5  mg/mL, 
respectively). These results are compared to standard 
streptomycin, which showed activity against Gram-
positive bacteria; Salmonella typhi (ATCC 19430) with 
34 mm inhibition zone diameter (Fig. 10 control 1) and 
no activity was detected against MRSA (Fig.  10 con-
trol 2). We suggested that the negative charge of the 
alginate molecule plays a key role in its antimicrobial 
activity, as reported in the literature. Asadpoor and 
his coworker reported that alginate oligosaccharides 
(AOS) have a potent inhibitory effect on the growth of 
Streptococcus agalactiae (GBS), even at low concentra-
tions (AOS 1%) [20]. The anionic nature of AOS may be 
responsible for its antibacterial activity. AOS signifi-
cantly inhibited S. aureus wood 46 growth, suggesting 
that its action may be strain-dependent. Interestingly, 
Hu et al. [83] reported that a depolymerized product of 
alginate (a mannuronic acid derivative) displayed high 
inhibitory activity against S. aureus. The variation in 
AOS’s anti-pathogenic actions may be due to a match 
or mismatch between its negatively charged structural 
characteristics and the target structures of various 
bacterial strains. Furthermore, anti-biofilm properties 
of AOS against Gram-negative bacteria like P. aerugi-
nosa were reported [84, 85]. Moreover, Asadpoor and 
his colleague showed that AOS significantly decreased 
the biofilm formation of both GBS (4, 8, and 16% AOS) 
and S. aureus wood 46 (8 and 16% AOS) [20]. Polysac-
charide intercellular adhesin (PIA) is one of the most 

significant positively charged polymers in Staphylococci 
sp. biofilms. PIA plays a crucial role in intercellular 
adhesion and is implicated in at least the majority of 
infections linked to staphylococcal biofilms. At neutral 
or basic pH, the multivalent electrostatic interactions 
of the cationic PIA polymer with the negatively charged 
bacterial cell surface (such as negatively charged 
teichoic acids) affect the negatively charged bacterial 
cell surface. Alginates can obstruct this intramolecular 
interaction in EPS [86]. According to Asadpoor [20], 
alginates can interfere with intramolecular interactions 
in EPS (such as mucus) and competitively hinder the 
interpolymer cross-links, weakening the structures of 
biofilms.

Conclusion
This is the first report about the production of algi-
nate from a new cyanobacterium isolate; S. algini 
MNE ON864447 that can overcome the limitations of 
alginate production from brown algae, such as lower 
abundance of brown algae and a lack of uniform algi-
nate quality. As well, our results revealed that S. algini 
MNE ON864447 produced an alginate polymer with a 
1.02 ± 0.7  M/G ratio that was able to form cross-links 
with divalent cations. The color of the extracted algi-
nate is a pale yellow color, and it recorded a pH value 
of 8.2 ± 0.1 at a concentration of 1  g/100  mL. Uronic 
acid constitutes 70.1 ± 0.51%, while the moisture con-
tent constitutes 16.01 ± 0.3% of cyanobacterial alginate. 
The defatting process and deproteinization with sevag 
solution get rid of associated contaminants in alginate 
polymer. Screening of seventeen nutritional and envi-
ronmental variables on alginate production using the 
Plackett–Burman design revealed that the working vol-
ume, the incubation period, and the inoculum size are 
the most significant factors affecting alginate produc-
tion from S. algini MNE ON864447. Face central com-
posite design (FCCD) showed a three-fold increase in 
alginate production in an optimized medium compared 
to an unoptimized one. Cyanobacterial alginate showed 
antibacterial activity against both Gram-negative and 
Gram-positive bacteria at concentrations ranging from 
2.5 to 10  mg/mL and the most potent activity was 
detected against Streptococcus mutants (NCTC10449) 
and Salmonella typhi (ATCC 19430). Cyanobacteria 
can be considered an alternative source of alginate that 
can be applied in biomedical, industrial, ecological, and 
technological sectors as drug carriers, matrices in the 
textile and paint industries, metal chelators in bioreme-
diation processes, and so on.



Page 23 of 25Saad et al. Microbial Cell Factories          (2023) 22:229  

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12934‑ 023‑ 02240‑w.

Additional file 1: Table S1. Morphological characteristics of cyanobacte‑
rial isolates and their exopolysaccharide yield. Table S2. Plackett–Burman 
experimental design under SF fermentation for cyanobacterial alginate 
production.

Acknowledgements
The authors acknowledge the Genetic Engineering and Biotechnology 
Research Institute (GEBRI) and also the central Laboratory Unite, City of Scien‑
tific Research and Technological Applications (SRTA‑City), New Borg El‑Arab, 
Alexandria, Egypt.

Author contributions
Conceptualization, MHS, NMS and EME‑F; methodology, MHS and EME‑F; soft‑
ware, MHS and EME‑F; validation, MHS, NMS and EME‑F; formal analysis, MHS, 
NMS and EME‑F; investigation, MHS and EME‑F; resources, MHS and EME‑F; 
data curation, MHS, NMS and EME‑F; writing—original draft preparation, MHS 
and EME‑F; writing—review and editing, MHS, NMS and EME‑F; visualization, 
MHS, NMS and EME‑F; supervision, NMS and EME‑F All authors have read and 
agreed to the published version of the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation 
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank 
(EKB). This research received no external funding.

Availability of data and materials
Data will be made available on request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interest.

Author details
1 Protein Research Department, Genetic Engineering and Biotechnology 
Research Institute (GEBRI), City of Scientific Research andTechnological Appli‑
cations (SRTA‑City), New Borg AL Arab, Alexandria, Egypt. 2 Botany & Microbiol‑
ogy Department, Faculty of Science, Al‑Azhar University (Girls Branch), Cairo, 
Egypt. 3 Pharmaceutical and Fermentation Industries Development Centre 
(PFIDC), City of Scientific Research and Technological Applications (SRTA‑City), 
New Borg Al‑Arab, Alexandria, Egypt. 

Received: 9 September 2023   Accepted: 28 October 2023

References
 1. Kaniuk Ł, Stachewicz U. Development and advantages of biodegrad‑

able PHA polymers based on electrospun PHBV fibers for tissue 
engineering and other biomedical applications. ACS Biomater Sci Eng. 
2021;7:5339–62.

 2. Yadav P, Yadav H, Shah VG, Shah G, Dhaka G. Biomedical biopolymers, 
their origin and evolution in biomedical sciences: a systematic review. 
J Clin diagnostic Res JCDR. 2015;9:ZE21.

 3. Bilal M, Iqbal HMN. Naturally‑derived biopolymers: Potential platforms 
for enzyme immobilization. Int J Biol Macromol. 2019;130:462–82.

 4. Roca C, Alves VD, Freitas F, Reis MAM. Exopolysaccharides enriched 
in rare sugars: bacterial sources, production, and applications. Front 
Microbiol. 2015;6:288.

 5. Ates O. Systems biology of microbial exopolysaccharides production. 
Front Bioeng Biotechnol. 2015;3:200.

 6. Kamravamanesh D, Lackner M, Herwig C. Bioprocess engineering 
aspects of sustainable polyhydroxyalkanoate production in cyanobac‑
teria. Bioengineering. 2018;5:111.

 7. Okajima MK, Sornkamnerd S, Kaneko T. Development of functional 
bionanocomposites using cyanobacterial polysaccharides. Chem Rec. 
2018;18:1167–77.

 8. Cruz D, Vasconcelos V, Pierre G, Michaud P, Delattre C. Exopolysaccha‑
rides from cyanobacteria: strategies for bioprocess development. Appl 
Sci. 2020;10:3763.

 9. Cui L, Xu H, Zhu Z, Gao X. The effects of the exopolysaccharide and 
growth rate on the morphogenesis of the terrestrial filamentous 
cyanobacterium Nostoc flagelliforme. Biol Open. 2017;6:1329–35.

 10. Mota R, Vidal R, Pandeirada C, Flores C, Adessi A, De Philippis R, et al. 
Cyanoflan: a cyanobacterial sulfated carbohydrate polymer with emul‑
sifying properties. Carbohydr Polym. 2020;229:115525.

 11. Laroche C. Exopolysaccharides from microalgae and cyanobacteria: 
diversity of strains, production strategies, and applications. Mar Drugs. 
2022;20:336.

 12. Maeda K, Okuda Y, Enomoto G, Watanabe S, Ikeuchi M. Biosynthesis 
of a sulfated exopolysaccharide, synechan, and bloom formation in 
the model cyanobacterium Synechocystis sp. strain PCC 6803. Elife. 
2021;10:e66538.

 13. Saad MH, El‑Fakharany EM, Salem MS, Sidkey NM. The use of cyano‑
bacterial metabolites as natural medical and biotechnological tools. J 
Biomol Struct Dyn. 2020. https:// doi. org/ 10. 1080/ 07391 102. 2020. 18389 
48.

 14. Babiak W, Krzemińska I. Extracellular polymeric substances (EPS) as 
microalgal bioproducts: a review of factors affecting EPS synthesis and 
application in flocculation processes. Energies. 2021;14:4007.

 15. Rossi F, de Philippis R. Exocellular polysaccharides in microalgae 
and cyanobacteria: chemical features, role and enzymes and genes 
involved in their biosynthesis. In: Borowitzka MA, Beardall J, Raven JA, 
editors. Physiol microalgae. Cham: Springer; 2016. p. 565–90.

 16. Murray CJL, Ikuta KS, Sharara F, Swetschinski L, Aguilar GR, Gray A, et al. 
Global burden of bacterial antimicrobial resistance in 2019: a system‑
atic analysis. Lancet. 2022;399:629–55.

 17. Mota R, Flores C, Tamagnini P. Cyanobacterial extracellular polymeric 
substances (EPS). In: Oliveira JM, Radhouani H, Reis RL, editors. Poly‑
saccharides microb orig biomed appl. Cham: Springer International 
Publishing; 2022. p. 139–65.

 18. Najdenski HM, Gigova LG, Iliev II, Pilarski PS, Lukavský J, Tsvetkova IV, 
et al. Antibacterial and antifungal activities of selected microalgae and 
cyanobacteria. Int J food Sci Technol. 2013;48:1533–40.

 19. LewisOscar F, Nithya C, Bakkiyaraj D, Arunkumar M, Alharbi NS, 
Thajuddin N. Biofilm inhibitory effect of Spirulina platensis extracts on 
bacteria of clinical significance. Proc Natl Acad Sci India Sect B Biol Sci. 
2017;87:537–44.

 20. Asadpoor M, Ithakisiou G‑N, Van Putten JPM, Pieters RJ, Folkerts G, 
Braber S. Antimicrobial activities of alginate and chitosan oligosaccha‑
rides against Staphylococcus aureus and Group B Streptococcus. Front 
Microbiol. 2021;12:700605.

 21. Hotos G, Avramidou D, Mastropetros SG, Tsigkou K, Kouvara K, Makridis 
P, et al. Isolation, identification, and chemical composition analysis 
of nine microalgal and cyanobacterial species isolated in lagoons of 
Western Greece. Algal Res. 2023;69:102935.

 22. Kotai J. Instructions for preparation of modified nutrient solution Z8 for 
algae. Nor Inst Water Res Oslo. 1972;11(69):5.

 23. Mandhata CP, Bishoyi AK, Sahoo CR, Maharana S, Padhy RN. Insight 
to biotechnological utility of phycochemicals from cyanobacterium 
Anabaena sp.: an overview. Fitoterapia. 2023;169:105594.

 24. Reinl KL, Brookes JD, Carey CC, Harris TD, Ibelings B, Morales‑Williams 
AM, et al. Cyanobacterial blooms in oligotrophic lakes: shifting the 
high‑nutrient paradigm. Freshw Biol. 2021;66:1846–59.

 25. Saad MH, El‑Fakharany EM, Salem MS, Sidkey NM. In vitro assessment 
of dual (antiviral and antitumor) activity of a novel lectin produced by 
the newly cyanobacterium isolate, Oscillatoria acuminate MHM‑632 

https://doi.org/10.1186/s12934-023-02240-w
https://doi.org/10.1186/s12934-023-02240-w
https://doi.org/10.1080/07391102.2020.1838948
https://doi.org/10.1080/07391102.2020.1838948


Page 24 of 25Saad et al. Microbial Cell Factories          (2023) 22:229 

MK014210. 1. J Biomol Struct Dyn. 2020. https:// doi. org/ 10. 1080/ 07391 
102. 2020. 18486 32.

 26. Pathania R, Srivastava A, Srivastava S, Shukla P. Metabolic systems 
biology and multi‑omics of cyanobacteria: perspectives and future 
directions. Bioresour Technol. 2022;343:126007.

 27. Saad M, Sidkey N, Khan R, El‑Fakharany E. Nostoc muscorum is a novel 
source of microalgal lectins with potent antiviral activity against her‑
pes simplex type‑1. Int J Biol Macromol. 2022;210:415–29.

 28. Omata T, Murata N. Isolation and characterization of the cytoplasmic 
membranes from the blue‑green alga (cyanobacterium) Anacystis 
nidulans. Plant cell Physiol. 1983;24:1101–12.

 29. Allen MM. Simple conditions for growth of unicellular blue‑green algae 
on plates 1, 2. J Phycol. 1968;4:1–4.

 30. Liu J, Wen X, Zhang X, Pu H, Kan J, Jin C. Extraction, characterization 
and in vitro antioxidant activity of polysaccharides from black soybean. 
Int J Biol Macromol. 2015;72:1182–90.

 31. Belhaj D, Frikha D, Athmouni K, Jerbi B, Ahmed MB, Bouallagui Z, et al. 
Box‑Behnken design for extraction optimization of crude polysaccharides 
from Tunisian Phormidium versicolor cyanobacteria (NCC 466): Partial 
characterization, in vitro antioxidant and antimicrobial activities. Int J Biol 
Macromol. 2017;105:1501–10.

 32. Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F. Colorimetric 
method for determination of sugars and related substances. Anal Chem. 
1956;28:350–6.

 33. Desikachary T V. Cyanophyta. Indian Council of Agricultural Research; 
New Delhi: 1959. 686 pp.

 34. Nübel U, Garcia‑Pichel F, Muyzer G. PCR primers to amplify 16S rRNA 
genes from cyanobacteria. Appl Environ Microbiol. 1997;63(8):3327–32.

 35. Auhim HS, Hassan SS. Production and characterization of alginate from 
Azotobacter vinellandii A3. Int J Adv Pharm Biol Chem. 2013;2:507–12.

 36. Evans WC. Trease and Evans’ pharmacognosy. Amsterdam: Elsevier Health 
Sciences; 2009.

 37. Sakanaka S, Tachibana Y, Okada Y. Preparation and antioxidant properties 
of extracts of Japanese persimmon leaf tea (kakinoha‑cha). Food Chem. 
2005. https:// doi. org/ 10. 1016/j. foodc hem. 2004. 03. 013.

 38. Altameme HJ, Hameed IH, Kareem MA. Analysis of alkaloid phytochemi‑
cal compounds in the ethanolic extract of Datura stramonium and evalu‑
ation of antimicrobial activity. African J Biotechnol. 2015;14:1668.

 39. Borbón H, Alvarado‑Mesén J, Soto R, Vega I. Antimicrobial properties 
and screening of secondary metabolites extracted from sea anemone 
Anthopleura nigrescens (Cnidaria: Actiniaria: Actiniidae) on the pacific 
coast of Costa Rica. Eur J Scien Res. 2015;134:212–21.

 40. Kumar BR. Preliminary test of phytochemical screening of crude ethanolic 
and aqueous extract of Moringa pterygosperma Gaertn. J Pharmacogn 
Phytochem. 2015;4:7–9.

 41. González M, Guzman B, Rudyk R, Romano E, Molina MAA. Spectropho‑
tometric determination of phenolic compounds in propolis. Acta Farm 
Bonaer. 2003;22:243–8.

 42. Nurprialdi B, Gani VOT, Halda S, Pratama PA, Panjaitan RS. qualitative 
and quantitative identification of carbohydrates in commercial yoghurt 
products. Indones J Pharm Res. 2022;2:11–21.

 43. Felz S, Vermeulen P, van Loosdrecht MCM, Lin YM. Chemical charac‑
terization methods for the analysis of structural extracellular polymeric 
substances (EPS). Water Res. 2019;157:201–8.

 44. Bradford MM. A rapid and sensitive method for the quantitation of micro‑
gram quantities of protein utilizing the principle of protein‑dye binding. 
Anal Biochem. 1976;72(1–2):248–54.

 45. Lv G, Hu D, Zhao J, Li S. Quality control of sweet medicines based on gas 
chromatography‑mass spectrometry. Drug Discov Ther. 2015;9:94–106.

 46. Wang Z, Perez‑Calleja P, Nerenberg R, Novak PJ, Ishii S. Unraveling encap‑
sulated growth of Nitrosomonas europaea in alginate: an experimental 
and modeling study. Water Res. 2022;208:117857.

 47. Lee HY, Chan LW, Dolzhenko AV, Heng PWS. Influence of viscosity and 
uronic acid composition of alginates on the properties of alginate 
films and microspheres produced by emulsification. J Microencapsul. 
2006;23:912–27.

 48. Haug A, Larsen B, Smidsrød O. Uronic acid sequence in alginate from 
different sources. Carbohydr Res. 1974;32(2):217–25.

 49. Chauhan S, Singh M, Thakur A, Dogra MS. Antibacterial activity of Nerium 
indicum against some Gram positive bacterial species. Int J Drug Res 
Technol. 2013;3:8–11.

 50. Hill DR, Keenan TW, Helm RF, Potts M, Crowe LM, Crowe JH. Extracellular 
polysaccharide of Nostoc commune (Cyanobacteria) inhibits fusion of 
membrane vesicles during desiccation. J Appl Phycol. 1997;9:237–48.

 51. Wilde A, Mullineaux CW. Motility in cyanobacteria: polysaccharide tracks 
and T ype IV pilus motors. Mol Microbiol. 2015;98:998–1001.

 52. Kavitha N, Karunya TP, Kanchana S, Mohan K, Sivaramakrishnan R, Uthra 
S, et al. Formulation of alginate based hydrogel from brown seaweed, 
Turbinaria conoides for biomedical applications. Heliyon. 2019;5:e02916.

 53. Zu L, Zhao Y, Gu G. Recent development in the synthesis of natural sapo‑
nins and their derivatives. J Carbohydr Chem. 2014;33:269–97.

 54. Banerjee S, Bhattacharya S. Food gels: gelling process and new applica‑
tions. Crit Rev Food Sci Nutr. 2012;52:334–46.

 55. Mandal S, Nagi GK, Corcoran AA, Agrawal R, Dubey M, Hunt RW. 
Algal polysaccharides for 3D printing: a review. Carbohydr Polym. 
2022;300:120267.

 56. Beaumont M, Tran R, Vera G, Niedrist D, Rousset A, Pierre R, et al. 
Hydrogel‑forming algae polysaccharides: from seaweed to biomedical 
applications. Biomacromol. 2021;22:1027–52.

 57. Lee B‑S, Krishnanchettiar S, Jayathilaka LP, Lateef SS, Gupta S. Structural 
analyses of carbohydrate moieties of glycoproteins by microwave‑
assisted partial acid hydrolysis and mass spectrometry. Curr Anal Chem. 
2008;4:26–39.

 58. Forni C, Telo FR, Caiola MG. Comparative analysis of the polysaccharides 
produced by different species of microcystis (Chroococcales, Cyano‑
phyta). Phycologia. 1997;36:181–5.

 59. Colica G, De Philippis R. Exopolysaccharides from cyanobacteria and their 
possible industrial applications. In: Sharma NK, Rai AK, Stal LJ, editors. 
Cyanobacteria an econ perspect. Hoboken: Wiley; 2014. p. 197–207.

 60. Gonzalez‑Gil G, Thomas L, Emwas A‑H, Lens PNL, Saikaly PE. NMR and 
MALDI‑TOF MS based characterization of exopolysaccharides in anaero‑
bic microbial aggregates from full‑scale reactors. Sci Rep. 2015;5:1–12.

 61. Martínez‑Gómez F, Encinas MV, Matsuhiro B, Pavez J. Preparation and 
swelling properties of homopolymeric alginic acid fractions/poly 
(N‑isopropyl acrylamide) graft copolymers. J Appl Polym Sci. 2015;132:32.

 62. Jančiauskaitė U, Višnevskij Č, Radzevičius K, Makuška R. Polyampholytes 
from natural building blocks: synthesis and properties of chitosan‑o‑
alginate copolymers. chemija. 2009;20:128–35.

 63. Meena S, Vidya Kalaivani M, Tripathi AD, Ramyaa Lakshmi TS. Optimization 
and characterization of Alginic acid synthesized from a novel strain of 
Pseudomonas stutzeri. Biotechnol Rep. 2020;27:e00517. https:// doi. org/ 
10. 1016/j. btre. 2020. e00517.

 64. Lomartire S, Gonçalves AMM. Algal phycocolloids: bioactivities and phar‑
maceutical applications. Mar Drugs. 2023;21:384.

 65. Leal D, Matsuhiro B, Rossi M, Caruso F. FT‑IR spectra of alginic acid 
block fractions in three species of brown seaweeds. Carbohydr Res. 
2008;343:308–16.

 66. Priego‑Jimenez R, Peña C, Ramirez OT, Galindo E. Specific growth rate 
determines the molecular mass of the alginate produced by Azotobacter 
vinelandii. Biochem Eng J. 2005;25:187–93.

 67. Sanchez‑Ballester NM, Bataille B, Soulairol I. Sodium alginate and alginic 
acid as pharmaceutical excipients for tablet formulation: structure‑func‑
tion relationship. Carbohydr Polym. 2021;270:118399.

 68. Dekamin MG, Ilkhanizadeh S, Latifidoost Z, Daemi H, Karimi Z, Barikani M. 
Alginic acid: a highly efficient renewable and heterogeneous biopoly‑
meric catalyst for one‑pot synthesis of the Hantzsch 1, 4‑dihydropyri‑
dines. RSC Adv. 2014;4:56658–64.

 69. Guo W, Wang S, Cao M, Geng W, Song C. Synthesis and characteriza‑
tion of alginate oligosaccharides produced by Pseudomonas mendo‑
cina NK‑01. Sheng wu Gong Cheng xue bao= Chinese J Biotechnol. 
2009;25:1366–70.

 70. Zhang H, Cheng J, Ao Q. Preparation of alginate‑based biomaterials and 
their applications in biomedicine. Mar Drugs. 2021;19:264.

 71. Murano E. Chemical structure and quality of agars from Gracilaria. J Appl 
Phycol. 1995;7:245–54.

 72. Hao Y‑J, Zhang K‑X, Jin M‑Y, Piao X‑C, Lian M‑L, Jiang J. Improving fed‑
batch culture efficiency of Rhodiola sachalinensis cells and optimizing 
flash extraction process of polysaccharides from the cultured cells by 
BBD–RSM. Ind Crops Prod. 2023;196:116513.

https://doi.org/10.1080/07391102.2020.1848632
https://doi.org/10.1080/07391102.2020.1848632
https://doi.org/10.1016/j.foodchem.2004.03.013
https://doi.org/10.1016/j.btre.2020.e00517
https://doi.org/10.1016/j.btre.2020.e00517


Page 25 of 25Saad et al. Microbial Cell Factories          (2023) 22:229  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 73. Rajendran A, Thangavelu V. Optimization of medium composition for 
lipase production by Candida rugosa NCIM 3462 using response surface 
methodology. Can J Microbiol. 2007;53:643–55.

 74. Vilaça PR, Badino AC Jr, Facciotti MCR, Schmidell W. Determination of 
power consumption and volumetric oxygen transfer coefficient in biore‑
actors. Bioprocess Eng. 2000;22:261–5.

 75. Gauthier L, Thibault J, LeDuy A. Measuring kLa with randomly pulsed 
dynamic method. Biotechnol Bioeng. 1991;37:889–93.

 76. Pena C, Trujillo‑Roldán MA, Galindo E. Influence of dissolved oxygen 
tension and agitation speed on alginate production and its molecular 
weight in cultures of Azotobacter vinelandii☆. Enzyme Microb Technol. 
2000;27:390–8.

 77. Sabra W, Zeng A‑P, Lünsdorf H, Deckwer W‑D. Effect of oxygen on 
formation and structure of Azotobacter vinelandii alginate and its role in 
protecting nitrogenase. Appl Environ Microbiol. 2000;66:4037–44.

 78. Trujillo‑Roldán MA, Pena C, Ramírez OT, Galindo E. Effect of oscillating 
dissolved oxygen tension on the production of alginate by Azotobacte‑
rvinelandii. Biotechnol Prog. 2001;17:1042–8.

 79. Trujillo‑Roldán MA, Moreno S, Espín G, Galindo E. The roles of oxygen and 
alginate‑lyase in determining the molecular weight of alginate produced 
by Azotobacter vinelandii. Appl Microbiol Biotechnol. 2004;63:742–7.

 80. Leitao JH, Sa‑Correia I. Oxygen‑dependent upregulation of transcription 
of alginate genes algA, algC and algD in Pseudomonas aeruginosa. Res 
Microbiol. 1997;148:37–43.

 81. García Méndez MG, Morales Martínez TK, Ascacio Valdés JA, Chávez 
González ML, Flores Gallegos AC, Sepúlveda L. Application of lactic acid 
bacteria in fermentation processes to obtain tannases using agro‑indus‑
trial wastes. Fermentation. 2021;7(2):48.

 82. Gawin A, Tietze L, Aarstad OA, Aachmann FL, Brautaset T, Ertesvåg H. 
Functional characterization of three Azotobacter chroococcum alginate‑
modifying enzymes related to the Azotobacter vinelandii AlgE mannuro‑
nan C‑5‑epimerase family. Sci Rep. 2020;10:12470.

 83. Hu X, Jiang X, Gong J, Hwang H, Liu Y, Guan H. Antibacterial activity of 
lyase‑depolymerized products of alginate. J Appl Phycol. 2005;17:57–60.

 84. Powell LC, Sowedan A, Khan S, Wright CJ, Hawkins K, Onsøyen E, et al. 
The effect of alginate oligosaccharides on the mechanical properties of 
Gram‑negative biofilms. Biofouling. 2013;29:413–21.

 85. Powell LC, Pritchard MF, Ferguson EL, Powell KA, Patel SU, Rye PD, et al. 
Targeted disruption of the extracellular polymeric network of Pseu‑
domonas aeruginosa biofilms by alginate oligosaccharides. Biofilms 
Microbiomes. 2018;4:13.

 86. ArciolaCR C. Polysaccharide intercellular adhesinin biofilm: structural and 
regulatory aspects. Front Cell Infect Microbiol. 2015;10(5):7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Identification and statistical optimization of a novel alginate polymer extracted from newly isolated Synechocystis algini MNE ON864447 with antibacterial activity
	Abstract 
	Introduction
	Materials and methods
	Isolation and purification of different cyanobacterial isolates
	Samples collection method and cyanobacteria isolation from different soil and water samples

	Cyanobacteria purification methods
	Polysaccharides extraction and selection of the most polysaccharide-producible isolate
	Method for bounded polysaccharide (BPS) extraction
	Method for extracellular polysaccharide (EPS) extraction

	Identification of the most polysaccharide-producible isolate
	Morphological characterization and cultivation condition investigation

	16S rRNA analysis
	Physicochemical properties of extracted polysaccharide
	Purity evaluation of extracted polysaccharide and its biochemical analysis
	Characterization of purified polysaccharide from the selected isolate
	Thin layer chromatography (TLC)
	High-performance liquid chromatography (HPLC)
	Examining monosaccharide composition using gas chromatography–mass spectroscopy (GC–MS)

	Characterization of the purified polysaccharide using FTIR analysis
	Characterization of the purified polysaccharide using NMR analysis
	Fractionation of cyanobacterial alginate (MM, GG, and MG block determination)

	Statistical optimization of cyanobacterial polysaccharide production
	Selection of the significant variables using Plackett–Burman design

	Face-centered central composite design (FCCCD)
	Studying the antibacterial activity of cyanobacterial polysaccharide
	Preparation of different bacterial inocula

	Agar well diffusion assay
	Statistical analysis

	Result and discussion
	Screening of cyanobacterial isolates for polysaccharide production
	Morphological and phylogenetic characterization of the potent isolate
	Purity determination of the extracted polysaccharide by phytochemical analysis
	Physico-chemical properties and biochemical composition of extracted polysaccharide
	TLC and HPLC analysis for S. algini MNE ON864447 polysaccharide
	GC–MS analysis for S. algini MNE ON864447 polysaccharide
	NMR analysis for S. algini MNE ON864447 polysaccharide
	FT-IR spectroscopic analysis for S. algini MNE ON864447 polysaccharide
	The MG ratio of alginate extracted from S. algini MNE ON864447
	Statistical optimization for alginate production from S. algini MNE ON864447
	Plackett–Burman design to identify significant factors affecting alginate production

	Model adequacy checking
	Face central composite design (FCCD) for optimization of alginate production
	Statistical analysis of the data
	Model accuracy checking
	Three-dimensional surface plots
	Antibacterial activity of alginate extracted from S. algini MNE ON864447

	Conclusion
	Anchor 49
	Acknowledgements
	References


