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1. Introduction

Interestin using microalgaeas a sourceof important
biopolymers has grown as a result of their ability to
generatbiomasghatcanbe convertednto severalhigh-
value commercialproducts.Among the varied array of
microalgal substances,polysaccharideshave gained
increasedattentionin recentyearsdue to their unique
structural diversity and different biological sources
(Gaignardet al. 2019) Polysaccharideplay important
roles in several cellular processesacross microbial
populations. Based on their cellular localization and
functionalroles, thesebiopolymersare typically divided
into three groups: extracellular polysaccharidesthat
mediate interactions with the environment, storage
(intracellular)polysaccharidethatactasenergyreserves,
and structural polysaccharidesthat maintain cellular
integrity. The cell-wall polysaccharideshighlights the
complexnatureof polysaccharide# promotingmicrobial
life andadaptatior{Arad & Levy-Ontman,2010,Pierreet
al., 2019) This differentiallocalizationpatternis species
specific and is an important characteristic that
distinguishedglifferentphotosynthetiorganismsandtheir
respectiveecologicalstrategiegLaroche2022)

The general term "exopolysaccharides"(EPS) or
"extracellularpolysaccharidestefersto both cell-bound
polysaccharides(BPS) and released polysaccharides

(RPS)(Liu etal., 2016,Pierreetal., 2019) The dynamic
character of polysaccharide formation in microbial
systemsis highlighted by the fact that the relative
abundancef thesedifferent polysaccharidéorms varies
basedn environmentafactorsandcultivationparameters
(Laroche2022)

A complex regulatory mechanismthat coordinates
complex interactions between microorganismsis the
secretionof polysaccharidesnto the pericellular space.
Theseextracellularbiopolymersare vital for mediating
allelopathidnteractionsandenablingsorption,desorption,
andion exchangeamongother crucial physicochemical
processesThey alsoact asa dynamicprotectivebarrier,
which improvescellularresistanceandsurvival strategies
by allowing cells to efficiently respondto and manage
harsh environments (Maksimova, Bratkovskaya, and
Plekhanov2004)

Consideringheirnumerouspplicationsandwide range
of usageEPSsareregardedasessentiabiopolymerswith
substantiapromisein a variety of sectorsparticularlyin
thefood, pharmaceuticahealth,andcosmeticindustries.
This growinginterestdemonstratebow EPSsmay foster
innovativesolutionsin variousindustries(Gaignardet al.
2019 Nguyenetal. 2024)

Recentstudieshighlight the pharmaceuticgbotentialof
microalgalpolysaccharidesjriven by the growing global
market for natural biopolymers and understandingof
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sulfatedsugarsfunctionsin variousbiological processes.
Microalgae exopolysaccharideare a significant areaof

interest in pharmacologicalresearchconsidering their

varied and potent biological functions. The rising

consumerknowledge and preferencefor natural, eco

friendly componentsare driving the use of natural

metabolites (Akhtar et al. 2024 Magnabosco and

Santaniello2025) Direct thrombin inhibitors typically

resultin patientchallengeseventhoughheparinhasbeen
used as a commercialanticoagulantto preventvenous
thromboembolicdiseasesfor a long time. Microalgal

derived secondary bioactive metabolites, which are

abundanin naturalanticoagulantompoundsexhibithigh

anticoagulant and antiplatelet effects. These marine

metabolite are therefore excellent candidatesfor the

treatmenf thromboticdiseaseg¢Peipeietal. 2024)

It appearghat the anticoagulantvays of actionof PS
may be ascribedo: (i) thedirectinhibition of thrombinor
through antithrombinlll (AT-III). ii) theincreasein the
activity of thrombin inhibitors, including AT-IIl and/or
heparin cofactor Il (HC-1l). The activation of HC-II
appearsto be sulfatedependentin both the intrinsic
(contactactivationor normal,evaluatedy the APPTtest)
andextrinsic(TissueFactor, TF, measuredy the PT test)
pathways (JesusRaposo, De Morais, and De Morais
2015) The ability to produce polysaccharideswith
biological propertiesin two strainsof Chlorella nativeto
the PersianGulf of Iran wasexaminedor thefirst timein
this article, althoughstrainsof the microalgaeChlorella
and the polysaccharidesextracted from it have been
extensivelystudiedwith various structuralfeaturesand,
consequently,biological properties.Our study directly
comparedwo different naturalstrains(Chlorella sp. and
Chlorella sorokiniang. We evaluatedtheir profiles of
exopolysaccharideynthesis biomassyield, and growth
kinetics. This comparison approach is required to
bioprospectandidentify themostpromisinganticoagulant
compounddor largescaleindustrial production;it is not
yetwell investigatecbn naturalstrainsin thisregard.

This study aimed to evaluate the EPS production
capabilitiesof two microalgal strainsisolated from the
PersianGulf andQeshmisland,Iran. Also, the extraction
of thesolubleandboundpolysaccharidesf two strainsof
Chlorella and the stimulatory effect of the extracted
polysaccharides on anticoagulant activity were
investigated.

2. Materials and Methods

2.1.Cultivation of Microalgal Strains

Chlorellasorokiniana(PTCCM8011)andChlorellasp.
(PTCC M8010) isolatedfrom the PersianGulf and the
Qeshmisland(26°32N, 53°56 E), at the southerrof Iran
(Mousavian et al. 2022) were cultured in 500 mL
Erlenmeyer flasks contain the B o | désal medium
(BBM) placedin anorbital shakingincubator(GFL 3031,
Burgwedel,Germany).BBM culture solutions(per liter)
contain25 g sodiumnitrate (NaNGs)(final concentration:
294 mM); 25 g calcium chloride dehydrate,
(CaCb.2H,0O)(final concentration: 0.17 mM); 7.5 g
magnesium sulfate heptahydrate (MgSQ,.7H,O)(final
concentration:0.30 mM); 7.5 g potassiumphosphate

(K:HPQy)(final concentration: 0.43 mM); 175 g
monopotassiunphosphat€dKH-PQy)(final concentration:
1.29 mM); 2.5 g sodium chloride (NaCl)(final
concentration0.43mM) 11.42g boric acid (HzBOs)(final
concentration9 pM); alkaline EDTA solution, acidified
iron solution(final concentration:0.9 uM); trace metal
solution containing 8.82 g zinc sulfate heptahydrate
(ZnSQ.7HO)(final concentration; 1.50 uM); 1.57 g
copper (II) sulfate pentahydrate (CuSQ.5H:0)(final
concentration:0.31 uM); 0.71 g molybdenumtrioxide
(MoOs)(final concentration0.26 uM); 1.44g manganese
(1 chloride  tetrahydrate  (MnCl..4H,O)(final
concentration:0.36 uM); and 0.49 g cobalt (II) nitrate
hexahydrat€Co(NGs)2.6H0)(final concentration0.084
pUM) (Bold 1949) The cultureswereincubatedat ambient
temperaturainderfluorescenampsin a 12/12dark/light
cycle.

2.2.Cell and optical density and biomass

To monitor cell growth and quantify two distinct
microalgaeconcentrationshe absorbancevascalculated
using a UV-Vis spectrophotometerevery 2 days.
Microalgal growth in all flask studies was carefully
monitoredby periodically extracting2 mL samplesrom
eachcultureandmeasuringpticaldensity(OD) at680nm
with a UV-Vis spectrophotometdBioTek, Epoch,Gen5,
Tokyo, Japan)ln addition,a hemocytometewasusedto
determinethe cell densityby countingthe cells underan
opticalmicroscopgAdar, KaplanLevy, andBanet2016)
Therangeof theexponentiaphaseof growthwasfrom the
first to the seventhday of cultures.The cultureswere
harvestedat the terminateof the log phasewhither cells
had enteredthe stationaryphaseof growth andthe EPS
wascharacterized.

2.3.Morphological Investigations

Microalgae polysaccharide  capsule was
morphologically characterized by observation of
morphologicalfeaturesunder a light microscope(100x
magnification under oil immersion), throughout their
cultivation procedureThe capsulestaining processuses
crystalviolet asthe principal stain,which is absorbedy
the entirecell. No mordantis usedin the capsulestaining
method. A 20% copper sulfate solution acts as both a
decolorizingagentand a counterstainlt removescrystal
violet from the capsulebut not from the cell. Copper
sulfate decolorizesand counterstainsthe capsule.The
capsuleappearsasa light blue halo surroundinga purple
cell (Selvarajaretal. 2015)

2.4.Determination of Total Carbohydrates

According to Dubois et al. (1956), the colorimetric
phenotsulfuric acid techniquewasusedto determinethe
strain'stotal carbohydratecontert. The basicprinciple is
the dehydration of hydrolyzed saccharides with
concentratedulfuric acid, which resultsin the formation
of furfural derivatives The concentratedulfuric acidwas
addedo thetesttubecontainingthe samplesThesolution
wasthentreatedwith 5% phenolandincubatedn awater
bath at 90°C for 10 minutes. A UV-visible
spectrophotometarasemployedto readthe plateat 490
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nm afterit hadcooledto roomtemperatureD-glucoseand
heparinsodium (Hi-Media Laboratories Mumbai, India)
were usedas referencestandardgo createa calibration
curvefor thisinvestigation(Duboisetal. 1956)
2.5.Screening carbohydrate production due to
microalgae growth

Carbohydrateproductionwas measuredn threeways
during the different phases of microalgae culture
development(1) To determinghetotal carbohydratdthe
total of the polysaccharidecontentsin intracellular and
extracellular), the microalgae culture (cell and culture
medium) was directly tested for the estimation of
polysaccharidesFor this reason,concentratedsulfuric
acid was addedto the samplescontainingthe cell and
medium Thenphenol(5% v/v) wasaddedto thereaction
mixture tubeandincubatedn the waterbathat 90 °C for
10 min. The absorbancevasmeasuredt 490 nm usinga
spectrophotometeto determinethe glucose equivalent
(Duboisetal. 1956) (2). To measuresolubleandloosely
cell-associatedslime EPS, microalgae cultures were
centrifuged at 10000rpm, for 10 minutes at 4°c. The
phenol sulfuric acid method was also employed to
determinghesugarcontentof this sectionof the extracted
polysaccharidesAfter centrifuging the cell suspension,
collecting the supernatantand were treated with
concentratedulfuric acid. The absorbancevasmeasured
at 490 nm following the addition of phenolanda 10 min
incubationperiod at 90°C (Dubois et al. 1956) (3). The
harvestedcells were hydrolyzed in hydrochloric acid
(0.07%)for 4 h at 90°C to extractEPSattachedo thecell
surface andthe cell debriswascentrifugedat 100009 for
10 min at 4°c. Total sugarsin the supernatantwere
determinedby meansof the phenolsulfuric acid method
(Ale, Mikkelsen,andMeyer2012) (Duboisetal. 1956)

To eliminate contamination from internal
polysaccharides;ell lysis wasestimatedy imagestaken
afterculturetreatmentlueextractionprocess.

2.6. Anticoagulant activity

Prothrombin time (PT) and activated partial
thromboplastirime (APPT)assaysvereusedo assesthe
anticoagulanpropertieof EPSsamplegCommerciakits
aPTT and PT tests, Fisher Scientific, Canada).Control
plasmasamplesvereincubatedat 37°Cfor 60 afterbeing
mixed with EPS concentrationganging from 0.05 to 2
mg/mL. For two minutes,the mixture and heatedaPTT
assayreagentwereincubatedat 37 °C. Clotting time was
then measuredafter addingpre-warmedcalciumchloride
(0.25 mol/L). Control plasmaand EPS sampleswere
combinedin varying concentrationg0.025 0.2 mg/mL)
for the prothrombintime (PT) assay.After that, clotting
time wasmeasuredand prewarmedPT testreagentwas
applied(Li etal., 2016) As a standardheparin(0i 0.05
mg/mL) was used (Heparin sodium, Hi-Media
LaboratoriesMumbai, India).

2.7. Statistical Analysis

The experimentsadoptedwere analyzedin triplicate,
and datawererepresenteéis meant standarddeviation.

Minitab 21 was utilized for all statisticalanalysesn this
study,andsignificanteffectswereindicatedby p-value<
0.05.

3. Resultsand Discussion

3.1.Cell concentration

Optical densityand cell count(cells L'Y) were usedto
assesghe cell concentrationof two microalgaestrains
duringculture(Figurel). Themeasuremenwavelengttof
680 nm was chosenon purpose becauseit reduces
absorptionby the nutrientmedium,allowing for a more
accurateestimateof microalgal biomass(Adar, Kaplan
Levy, andBanet2016) While OD measuremeris aquick
and easy way to estimate biomass growth and, by
extensioncell concentrationit is crucialto understandks
limits. OD measurementsanbeinfluencedby changesn
cell sizeandmorphologyduring different growth phases,
especiallyat highercell densitiesaswell asvariationsin
chlorophyllconcentrationThesevariablescanconfusethe
direct relationship betweenOD values and actual cell
concentratioror dry cell weight(DCW). In this study,OD
valuesremainedin the low-to-moderaterange,allowing
them to be used as a credible measureof cultural
advancementNotably, a significantdecreasén OD was
frequently associatedwith cell inhibition or mortality,
demonstratinghe applicability of this approachfor real
time monitoringof microalgalculturehealth (Penloglou,
Pavlou,andKiparissides2025)

The use of log-phaseinoculum circumventsthe usual
lag phasein cultures.The growth curvesdisplayedthe
expected characteristics without a lag phase, an
exponentiagrowthphaseastationaryphasevhengrowth
ceased,and ultimately a decay phasewhen cells died
(Razaghi,Godhe, and Albers 2014) The range of the
exponentialphaseof growth was from the first to the
seventhday of culture.The cultureswereharvestedat the
terminateof the log phasewhither cells had enteredthe
stationaryphaseof growth terminationof the log phase,
whethercells had enterecdthe stationaryphaseof growth,
andthe EPSwascharacterized.

3.2.Morphological Investigations

Polysaccharideis microalgaecanfunctionasstructural
componentf the cell wall, energy storage,protective
polysaccharidesand cell contact (Cresset al. 2014)
Microalgaecell capsulesrein thicknessviscouscoatings
of  high-molecularweight polysaccharides and/or
polypeptideghatassociatedvith attachto the cell surface
that associatedwith and attach to the cell surface,
generatedn the cytoplasmand releasedo surroundthe
cell. A thick capsulewould be predictedto function asa
more effective protection of cell surface components
(Fuertesrabanalet al. 2025) Capsulesstain relatively
weakly with reagentaisedin simple staining(Breakwell,
Moyes,andReynolds2009) The positivelychargedstains
readily adhereto the reactive sulfate, phosphate,and
carboxygroupsnegativelychargedcell surface(Evanset
al. 1974) Crystal violet staining of the cell surface
revealed acidic macromolecules with well-defined
negativechargegFigure?).
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Figure 1. Growthprofile of a. Chlorella sp. andb. C. sorokinianabasedon opticalandcell density

.

Figure 2. a C. sorokiniana,b: Chlorella sp. ReleasedholysaccharidéRPS).Microalgaecells are surroundedby an extracellular

capsulevisualizedafter staining(barmarker,10 um)

The microscopic observationof cells during batch
growth revealedthat isolated cells or small aggregates
were surroundedby large, tightly bound mucilaginous
capsulesAlthough they are strictly connectedo the cell
membraneasshownin Figure2, thislayermayremainon
the cell surface (bounded exopolysaccharidespr be
released into the surrounding environment (RPS)
dependingon somefactorssuchasthe growth stageof the
microalgae strain or due to cell separation by
centrifugation.(Casillo et al. 2018) The polysaccharide
excretedfrom the cell starts solubilizing, creating an
extracellularconcentratiorgradient.If excretionexceeds
solubilization, a mucilaginouscapsuleforms (as in the
stationaryphase)while if excretionis less,acapsulenever
forms or disappeargasin log phasejRamusand Groves
1974)

3.3.Exopolysaccharidesextraction

Regardingcellular growth and total polysaccharides
production thefindingsshowthatsignificantvariationsin
total polysaccharideproductionwere impactedby cell
growth rate and cell numberin responseo changesn

culture time (Figure 3). Total polysaccharidegxtracted
from C. sorokinianaand Chlorella sp. in the medium
increasedvith theincreasahe cell number At the startof
cellgrowth,duringtheexponentia(first growthweek),the
amountof total carbohydrates themediumincreasedn
theculture.ln thesecondveekof growth,despitea minor
risein photosyntheti@ctivity, extracellularcarbohydrates
wereaccumulatedat a lower ratethanin the third week,
which could be explainedby their partial utilization by
algalcellsin theexponentiaphase.This researctshowed
that the photosyntheticactivity of algal cells has the
primaryinfluenceontheaccumulatiorof carbohydratem
the medium. During the exponential phase,when the
proportion of deadcells in the culture is minimal, EPS
accumulatioris predominantlyattributedto the secretion
from functionally active cells and their reproductive
processesAs the culturetransitionsfrom the exponential
phaseto the stationarygrowth phase the contributionof
autolytic processesto EPS accumulation becomes
increasinglysignificant (Maksimova, Bratkovskaya.and
Plekhanov2004) Releaseof a large part of the produced
polysaccharideinto the medium over the exponential
growth phase could be explained by active cell






