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Abstract

The study depicts the use of various green extraction techniques including supercritical fluid
extraction, ultrasound assisted extraction, enzyme assisted extraction and subcritical water
extraction to utilize each fraction of an algal biomass for its conversion to value added
products. In our research, we used the pilot scale algal biofilm reactor (100 L) to cultivate the
microalgal consortia PA6 (Chlorella sp. and Phormidium sp.), and we procured red, green,
and brown macroalgal biomass from the coasts of Tamil Nadu and Chilika lake, Orissa,
India. The physicochemical characterization of biomass revealed that it contains high amount
of carbohydrate (~ 20.4 £ 0.5 %), protein (~ 30 £ 0.9 %), fiber, dietary fiber, and minerals.
The first step towards the valorization of algal biomass was extracting lipids using
supercritical fluid extraction technique (SFE). The maximum lipid yield (~ 3 = 0.4 %) was
obtained by PA6 biomass which was found rich in polyunsaturated fatty acids content (20.68
%) with the presence of eicosapentaenoic acid, docosahexaenoic acid, a-linolenic acid,
linoleic acid and arachidonic acid. The residual biomass after SFE showed recovery of 27.1 +

0.9 mg g* of total carotenoids, which could have applications in food industry.

The second stage of biomass valorization focuses on the polysaccharides contained in the
SFE residual biomass. Using subcritical water (ScW) approach, ~ 14 % fucoidan and ~ 48 %
of sodium alginate was recovered from SFE residual brown macroalgae. Furthermore,
ultrasonication assisted approach recovered ~ 56 % of «k-carrageenan from SFE residual red
macroalgae. Fucoidan and «-carrageenan had sulfate content of 25 % and 28.5 %,
respectively, which contributes to their biological activity. Analysis of monosaccharide
composition of fucoidan reveals that ScW approach recovers highest content fucose (54.37
%) and galactose (83.32 %) with small amounts of arabinose, glucose, glucuronic acid,
mannitol, mannose, rhamnose and xylose. The alginate derived from ScW revealed the

presence of mannuronic (M) and guluronic acids (G) with M/G ratio greater than 1, fulfilling
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WHO and FAO guidelines for the nutraceutical and pharmaceutical industries. k-carrageenan
exhibited a monosaccharide content of 3,6-anhydrogalactose (38.7 %) and galactose (23.1
%), as well as rheological properties within FAO limitations that can be explored for food-
grade applications. In addition, it was shown that these extraction methods are selective for
polyphenolic and flavonoid compounds, hence enhancing their antioxidant potential. These
polysaccharides exhibited strong invitro 2,2-diphenyl-1-picrylhydrazyl scavenging activity
(up to 88 %), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic) acid radical scavenging
activity (up to 80 %) and ferric reducing antioxidant power value. Hence, polysaccharides
from macroalgae were recovered using environmentally friendly, sustainable methods with

potential uses in the food, pharmaceutical, and cosmetics industries.

The final stage of biomass valorisation concentrates on the proteins present in the SFE
residual biomass with the goal of producing a minimal quantity of waste by products. The
protein yield in algal biomass using different pre-treatments including ultrasonication and
homogenization varied from 0.1 mg g to 55.3 mg g?. P. tetrastromatica exhibited the
maximum protein yield, therefore it was further optimised using ScW hydrolysis under
various temperature and time conditions. The optimum conditions for obtaining the
maximum protein (127.2 + 1.1 mg g), free amino acids (58.4 + 1.0 mg g, highest degree
of hydrolysis (58.8 + 1.2 %) and low molecular weight peptides (< 650 Da) were found to be
220 °C for 10 minutes. The amino acid profiling of the hydrolysate revealed that it contains
45 % essential amino acids, with the highest concentration of methionine (0.18 %), isoleucine
(0.12 %) and leucine (0.10 %). It was found that the hydrolysate contains phenolics (23.9
1.4 mg GAE g*) and flavonoids (1.23 + 0.1 mg QE g), which are largely responsible for
antioxidant activity. The hydrolysate effectively inhibits acetylcholinesterase ( up to 53 %)
and a-amylase (up to 16 %) invitro, which can help in prevention of Alzheimer's disease and

diabetes mellitus. Consequently, this study reveals that utilising eco-friendly subcritical water



hydrolysis method, ~ 79 % of protein was recovered from P. tetrastromatica, which might be
an effective source as bioactive peptides in various nutraceutical, pharmaceutical and

cosmeceutical applications.

In addition, the sulfated polysaccharides carrageenan and fucoidan extracted from red and
brown macroalgae utilizing green emerging techniques were evaluated for their potential in
inhibiting severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by targeting its
main protease (3CLP™) and receptor binding domain (RBD) through invitro and insilico
approach. According to the findings of our invitro study, k-carrageenan from red macroalgae
was effective in inhibiting the 3CLP"™ of SARS-CoV-2 by up to 93 %, whereas fucoidan from
brown macroalgae was effective in inhibiting the 3CLP"™ of SARS-CoV-2 by up to 97 %.
However, none of the sulfated polysaccharides were found to be active against the RBD
protein. Molecular docking investigations of fucoidan revealed the lowest binding energy (-
6.0 kcal mol™) for 3CLP™ compared to carrageenan (-5.2 kcal mol™?). Molecular dynamics
simulations results revealed that carrageenan and fucoidan successfully binds to the active
site of the 3CLP™ while retaining the structural integrity and stability of protein-ligand
complexes. The Absorption, Distribution, Metabolism, and Excretion (ADME) properties
have been met by both compounds, although only fucoidan obeyed Lipinski's rule of five.
The toxicity parameters suggested that neither of the compounds exhibit AMES toxicity,
hepatoxicity and skin sensitivity. Hence, carrageenan and fucoidan from macroalgae could
act as possible inhibitors in regulating the function of the 3CLP™ protein, hence inhibiting

viral replication and being effective against COVID 19.

Hence, the study brings out a promising pathway to valorize algal biomass by extracting
multiple value-added compounds using green techniques for multiple industrial applications,
thereby targeting a minimum waste generation approach. Besides, this study also highlights

the limitations for practical implications at industrial scale. For this, a systematic study on
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industrial scale cultivation and harvesting of algal biomass along with its life cycle
assessment and techno-economic analysis is recommended to ensure recovery of similar

types of industrially relevant food/pharma value products in a sustainable manner.
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3T B A aftfa Iamel #f 59 SRl & e aTd SR & U 3= BT IUART B &
forg fafte 3t Fshuiur da-fie! & IUANT I S=IMT T1 51 §AR XY H, §H ASHILATd
HITCTT PA6 (@R THUT. 3R Hiffead Tadt) &t W<t & e gree Whd T@Td ariifthed
fRugeR (100 TH) F1 ST fha, 3R g aferrg 3R et 2fid, IS, URd & del ¥ drd,
& 3R Y 1 & AP SO B WS B | SEHR & Hifdd-IGraFe deror aufd J o
Iall ¢ T 598 S= A § Peieisae (~ 204 + 0.5%), WK (~ 30 + 0.9%), 3MER HIEaR 3R
T A T SHETT TEN & geaaeH &1 33  ugdr wen gRiklewa ga fwmy
db-d (THUWHS) BT IUANT HRabs foIfUg FHaTerr ol siftiepa foifis Sust (~ 3 + 0.4%) PA6
TR GRT UTe 3T T o7 S S IRmie s RIS, SIoRai-ss RS, o-fimafe
g, fordfe e ok wWiree s 3t Suffa & T didterRgies et uhre
Tt (20.68%) W W< U1 7T UT| THUWHS & §G (AP TN = $d dIcAagd & 27.1
+ 0.9 firefium Sit-1 Y Repast fowrs, foraeT @y ST § SruanT g1 uehdl |

TN JARTIOIA BT GIRT IRV TIUGS 3@y SEm™ # Ak uidiieRgs R $iad 3
qafehfedd dlex (ScW) EVHIU BT ITART HA §U, ~ 14% WHIZSH 3R ~ 48% Wfeud
TfATE SFE SafIY ST AhI & SRS [T 7| 39 SHATal, SfeeRiHeeH RS T
J TUUES AP AT ABIHT F ~ 56% of-hYol- SRIHG BTl Fucoidan 3R k-carrageenan
H BHRL: 25% SR 28.5% B Febe ARl fl, S @I Gifds Tfafaly # die™ w3
WHIZSH P AFIRISS Tl & fIZaur ¥ udl gadr § & scw =Pdr I=aq ek
RHN (54.37%) AR NAGEIST (83.32%) Pl HH AR T RIS, DN, WHRIHD TS,
AFEIE, B, I 3R TEAN & 1Y 31 Il &1 ScW ¥ T TfAHe 3 ergfedd 3R
HHRCHA ITNN & T WHO 3R FAO TERITHERT &1 Ix1 &vd gU 1 ¥ i M/G 3urd &
Iy F=RIAE (M) 3R TRIFS TS (G) Bt IURUfT &1 gamT fbarl k- 3 3,6-
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TRIESRIAdeIS (38.7%) 3R TGRSl (23.1%) B! Th HHIIRIZS Il & TIY-T1Y THUSH
Hiwrait & iR Rareiiioreper o1 UeiRid fu e Q-34S Srguaii & g @iei S Jeb &1
TS e, g feraran w1 o A femeor faftrr oicfthifere ok waHEs Ife! ¥ o
TGATHD §, TIIY D! TESRNSC &A1 I FGIcll | 3 Ul ADIZS - Holgd 31del 2,2-
SEBA-1-UPideEevEd IBE TR (88% d®), 2,2-URF-SemETE  (3-
RSN TN - 6-Teth i) TRIS werudt IwTs Tfafafdr (80% aw) uelRia ot ok ke
TSRS UraR deg I HH ol | SO, Yo, gal 3R died Ty S § Fuifad
JUANT & Y TITRUT & 3%, [ehrs: qRid! BT ITINT dXh AT I UARIPRISS RIS
fepg e A1

TN dARTZORA &1 i aRUr TUhs a1y SR § Higg WIdH IR & Sigd Bl
8, o Sl gRT =g7ad A § Sufiy &7 IdTe 8IdT ¢ SATd SN § SegriIHbmRH
3R g Ifed fafid gd-3SuaRt &1 IUdT e Ui &t Iust 0.1 frefium a9
55.3 fcom® a9 R gt 81 O CeReiifedt A ifidad UidH Susl &1 UeR fasa,
zfo 39 fafia gara ik aruH fRUfAal & d8d Scw SRSy &1 START B 3R 31w
3igpierd fovam Tl Hf¥BaH U (127.2 + 1.1 AU 9m7), o i TS (584 + 1.0
foreioms am ), SRS &t Sw=ad fSi (58.8 + 1.2 %) 3R HH 3MUMAH UR UPTSIH (<650
Da) T & & forg svay fRufaai 10 e o fow 220 feit Afcag o urn | grRgaEse
& 3l RIS WHTSfe T udr 9 § 6 39w DfsHFH (0.18%), TSGR (0.12%) 3R
TIH (0.10%) & IAdH TGl & Y 45% HAWGH A RS 8d 1 I8 urn T
gTegIamgele H HAIfeay (23.9 + 1.4 fArcfium am) 3fR wiaHISSY (1.23 + 0.1 oo w3
) TS € o Treiadide nfafafy & i &) 85 d ReR g1 gEgiasve Ha:
179 + 0.1 firciom ficfeier” R 160 + 05 % & ICs Hedl & I 39 fagr &
TRICRABI e 3R Sfehl-UHAS &I THTA &7 9§ Al ©, off SeaigiR AT 3R AYEg

Tcleq B AHUH & Heg I Gohdl ¢ | Ao, 39 & I UdT Iadl & [ TaiaR0 & e
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Taffedwd dex gregIfay fafd &1 IuahT #d gu, it SerRemfesdst § 79% WA sRe far

T, S fafte gergfesd, BHifewd iR SIagfehd UM | SEufded UpRed &
U H T GHE) Hid 81 9l |

TG 3ATa], W IR WGl &1 IuNT B §T AT 3R WY [T & Ahlem ¥ et Mg
TS UTAIBRISEY HRoi- 3R RIHISSH BT Y- 39% T WIS (3CLPe) 3R AR
SEFET ST (RBD) &1 dleid dxap TUR did 49+ RIS SRIFERRY 2 (SARS-CoV-2) &l
gfde) 3R SRIferR efPepiur & ATy Q 1T B | ITh! &1 BT TN 7T UT| BHAR 3fdel
TG & 5Bl & TR, AT TBIHT I k-BYoT SARS-CoV-2 F 3CLP™® BT 93 % ddh SIferd
FRA T T o1, STafds S8 AHIHT J WHISSH SARS-CoV-2 & 3CLP Bl 97% I aIfed
HA H yHTd Tl B, SReS! UIdH & e 313+t Iepres Ulikaniss Fiksg 6!
U1 AT THISSH BI UM SiehTT (-6.0 keal mol-1) S ¥ UdT Il § fob oA (-5.2
fpel HaR! Hid-1) Pt A H 3CLP° & U Ja HH THBRT ol gl 3M0fad Tt
e afkomt & uar @ § {6 didH-forfis ufteR) & TRa-tere sresdr 3R fRRdr &) §91Y
TG U Yol 3R THIZSH AHadgad 3CLP &1 Jichd ATSC I S[Sd & | S[ayuy, faaRwy,
AT, 3R IO (TSTAS) U7 41 GTepT GRT el €, BTefifc charet WepIg S o fafuep &
ufa & fraw &1 urer foan fawrerar tRTHieR Sard & b el & @ #18 ot vens ey fawrera,
gUCTaRIC! SR el Hdeeiiciar Yefkid el Bl g1 FHeY, Heplel & Yo 3R
WHIZSH 3CLP° UIEH & 1 31 fafafia s § Juifad siafiy® & &0 § &1 o I&d g,
ZYfTT AR WA ia &1 v g SR COVID 19 & AT THTa 81 7

SAMNT, T & Sefies srguanl & for gRa Wil &1 IudNT B T SMRATSHS
AR A 1 5, o A Uiy Idred =P@iv B dfdd fhar S g1 $He S,
e SN UHH IR ATagIRG T B Hrrsll R | g Sterdr g1 59 g, g8
PR & 3N U ¥ WS @e)/BH! deg SAG! 31 Iad asid ° Rebasl GHEdT d- &



forg, 59 SfiqT I el SR dd-iel-3fie fIzawur & Y-y Qo SEE &
SN THM TR et 3R PHeTs W Uh TR e B RIBIRY ! St 81
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