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ABSTRACT

In this study, an effective supplement for enhanced biomass production of microalgae has been
proposed. The study recommended two nano-systems for microalgae cultivation: oil-in-water
nanoemulsions and nanoparticles substituted aqueous system.

Firstly, a novel nanoemulsion-based media has been analyzed for the growth of freshwater
microalgae strain Chlorella pyrenoidosa. Two types of nanoemulsions, silicone oil (SE) and
paraffin oil nanoemulsion (PE) at five different concentrations (1 to 5%) mixed with Blue-green
11 (BG 11) media designated as MSE and MPE have been prepared for the cultivation of Chlorella
pyrenoidosa. Biomass potential was found maximum in 1% MPE followed by 1% MSE and
control i.e, 3.20, 2.75, and 1.03 g L%, respectively. The pigment synthesis was enhanced by 76%
in 1% MSE and 53% in 1% MPE compared with the control. The microalgal biomass grown in
nanoemulsions shows an increase in lipid and carbohydrate content. According to micrographs
obtained from field emission scanning electron microscope (FESEM), microalgal cells were
morphologically intact and normal in shape. The key mechanism which supports the enhanced
microalgal growth and biomass production appeared to be the enhanced carbon dioxide (COy)
absorption tendency of the nanoemulsion as neither oil nor surfactant was observed as a growth
substrate. Besides, some additional mechanisms, such as improved mass transfer and light
intensity, could also be responsible for enhanced microalgal growth.

The practical utility of nanoemulsion media was examined in terms of its compatibility with
different growth media and microalgal strains/consortium (Chlorella minutissima, Synechocystis
pevalekii, PA4 consortium , and Navicula sp.) and its ability to be recycled. Results showed
increased biomass yield of Chlorella minutissima, Synechocystis pevalekii, PA4 consortium |,
and Navicula sp. by 26%, 36%, 51%, and 50% compared with their respective control. The
recyclability of 1% MSE showed ~ 45% enhanced growth of C. pyrenoidosa compared to the
control. Further, to analyze the environmental impacts, comparative LCA of microalgal cultivation
in conventional growth media, i.e., BG 11(SC-1) and 1% MSE (SC-2), was performed using
ReCiPe midpoint and endpoint method by Sima Pro 9.0 software based on a "cradle-to-gate"
approach with the functional unit of 1 kg microalgal biomass production. Conclusively, the
microalgal cultivation in the 1% MSE (SC-2) showed the less environmental impact (53.39 Pt)
compared to BG 11 growth media (99.25 Pt). Hence, MSE has the potential to reduce the
consumption of conventional nutrients and resources in an eco-friendly manner.

Secondly, two nanoparticles named polystyrene (PS NP) and iron oxide (IONPs) were selected for
further study. Four different concentrations of iron nanoparticles (50, 100, 150, and 200 mg L™)
were added to the algal growth media (BG11) to cultivate Chlorella pyrenoidosa. The iron



nanoparticles (IONPs) at 200 mg L™ promoted growth and displayed the highest biomass yield
(1.94 g L!) and 40 % enhancement in chlorophyll-a over the control (0.89 g L™). The enhanced
CO; bio-fixation rate (~ 28 mg L1d™) as well as nutrient (phosphate and nitrate) uptake rate was
revealed in the presence of 200 mg L™* IONPs compared to the control. MTT assay showed that
microalgal cells were metabolically more active in the presence of IONPs. The flow cytometry
analysis highlights that more live microalgal cells were found at higher concentrations of IONPs.
FESEM-EDX analysis confirmed that the microalgal cells were morphologically intact.

Further, impact of seven concentrations (1, 10, 100, 200, 500, 1000, and 5000 mg L) of
polystyrene nanosuspensions (PS NP) on Chlorella pyrenoidosa was analyzed in terms of its
growth, chlorophyll-a synthesis, oxidative stress, and cell viability. An antagonistic affect has been
observed on the growth of C. pyrenoidosa with increasing concentrations of PS NP. The decline
in chlorophyll-a synthesis (8.08 - 3.93 ug mL?) was observed at 1 - 5000 mg L* of PS NP
compared to control (8.34 ug mL1). The results of the MTT assay and ROS estimation confirmed
the toxicity of PS NP that induce oxidative stress in microalgal cells. Higher impacts were observed
at higher doses (1000 and 5000 mg L) of PS NP in terms of nucleic acid degeneration at 1262
cm* (detected by FTIR analysis) and increased extracellular polymeric substances (EPS) secretion
of 253 mg g compared to control (92.2 mg g). SEM images showed aggregated nano-plastics
adsorbed on the microalgal surface, whereas Transmission electron
microscopy (TEM) micrographs revealed the internalization of nano-plastics with a slight
deformation in the cell wall at higher concentrations (1000 and 5000 mg L' PS NP).
Conclusively, higher concentration leads to high exposure risk, negatively impacting cellular
functionality and their metabolic secretions.

In order to promote the growth and biomass of microalgal cells, this work describes a unique
nanoemulsion-based microalgal cultivation system that may function as a useful CO2 supplement
for microalgal growth media. Iron nanoparticles supplemented growth media enhance nutrient
availability to microalgal cells, resulting in enhanced microalgal growth, biomass, and CO2 bio-
fixation capacity. However, the PS NP showed negative impacts on microalgal cells, suggesting
that the nature of selected nanoparticles also played an important role. In the nutshell, the findings
present a systematic understanding of microalgal response to two different nano-systems, which
will aid in developing safe and sustainable nanotechnological solutions for improved microalgal
cultivation and biomass production.



I

3 eI H G&H AT & TRAATH 3Gt I 9Gle o folT Teh JHTAT b F&dTiad faham
AT §| AT oF FoH Adrel T WAt & fAT ar AAr-sonferat i f{wrier $r: da-g-aiex
AAISHERT 3R AUl of STl JoTTell s Sfaeeniad fra|

T g, geH Addl Tl Folkell IRREAISSET & @wE & v s 3u=am
AASHeRA-3TaRA A fZAr &1 faevor Far =T §1 & UFR & Adsdeed, Afoer
3T (SE) 3R RfthaT 3iael AASHeu (PE) 9T 31e1eT-37e19T digam (1 & 5%) &
sl 11 (BG 11) & @Y fATAT MSE 31X MPE & &0 # =A1fAd #AfsAr Chlorella
pyrenoidosa & Ta& & foT dar fho 7w )

IAT &AAT 1% MPE # ’f¥&hd#d 918 318, 38% aig 1% MSE 3R @307 Imeir
AT 3.20, 2.75 3R 1.03 IH / Y| Trged FRAVOT Al fAz=or & Jeoram 7 1%
MSE # 76% 3R 1% MPE # 53% 1T 917 AT| SlisHA H fahfad ged Aare
srRitAre fafts 3R wEfesse A & gefr gufar §1 dres uffes & saeer
HASHIEHIT (FESEM) & HIed HATSHIATD & 3HJdR, HISHITcdlo HITABN FIcHE &
¥ R 3R 3R F @A | 97@ dF St GeA Aarel Jefer 3R T 3careed
FT AT AT §, AASHRUT T T §‘é’ FIeel SHTFASS (CO,) IFaMYOT T
gdid gt § Fdifeh o ar dor 3R o7 & Tthace FI AT Tedce & ®T & ¢@T 3T
g7 g IeTl, F& ATARFT T, S foh 93 A R FAEATAROT 3R Fehrer v e,
9¢ U FEH Aarel fawr & fAv o SeeR & @wd &l

AASHeRA A3AT HAT FagIiRey 39AIEar f AfFe faem @Afzar ik AgHiveT
TEA/FATCTA  (Chlorella  minutissima, Synechocystis ~ pevalekii, PA4 consortium
3R Navicula sp. ) & BT SHT 3HeTeheTdll IR SHeBT ToloTdloiTen 0T ehT &THT o HeeT H STrd hr
g | 9RomAT & Chlorella minutissima, Synechocystis pevalekii, PA4 consortium
3R Navicula sp. T STIVART 39T # geie [G@Ts, Soleh Helfec HAAFOT T Jolall 7 26%, 36%,
51% 3{R 50%| 1% MSE #T YeTeishul &THaT o =0T i Jefelt & C. pyrenoidosa &
~45% ¢ &5 Jaft Rl gas 3remar, giaRoh yemal @1 favawer e & A,
Sima Pro 9.0 d%cdiR garT ReCiPe fAsdise 3R Usuise fafr & 3udier &
aRuRes faer #fsar, e, BG 11(SC-1) 31 1% MSE (SC-2) 7 ¥&H Aara s
T JelellcAw LCA veded fohar arm aml 1 fhell qed darel SRAE 3cres
FIATcHS SIS & ATY "cradle to gate" TfeahioT X 3MRa g1 oias &7 &, 1%
MSE (SC-2) & g&# Adrel gef o BG 11 faspra #Aifsar (99.25 Pt) T Jofel & &5
TTeR v g3rE (53.39 Pt) fe@man| safaw, MSE # qaiTeRoT & 3iefehel clish ¥ GRUN




qiYes deal 3R AT AT @Ud Y FH T I AT B

I & IETTT F AT gieiEersia (PSNP) 3R 3R 3ifaarss (IONP) Td® ar
AARUT I TFA ThAT IR=TI Chlorella pyrenoidosa & TadT & oIT Tedrel Y FAf3ar
(BG11) & 3R aauifceed (50, 100, 150, 31X 200 mg L) & AR 3cla1-37el4T
iguT 1S a7T| 200 mg L '9T 3R Sadiiésred (IONP) & e &1 derar fear 3K
Soads SRVAR 397 (1.94 g L) 3K 9907 (0.89 g L) W FeRIfhe-T  40%
9efe yeRid H| 9d g5 CO, Sta-fAeRor & (28 mg L''d") & &y-ary diveh ded
(BIEhe 3R A5¢e) T @Y &, FIT0T H g # 200 mg L' IONPs &t 3uf&ufa
# gohe gg M MTT @ A @ f& IONPs & 3ufeufd & gea Aarer HfRIHT
31 |@fha A Flow Cytometry (FC) fa2eioT 9 §Td WX 9ehIeT STeldT ¢ T IONPs
&I 3T Higar # HUH Nfdd g Aarer HIRGAT 91§ 9| FESEM-EDX faReivor &
gfSe &1 foh gedr Aarel PRAFT FcHS §9 & 3T A

34k 3Tcllal, Chlorella pyrenoidosa G dielelas] aaraedesT (PS NP) & dTd Aigdr
(1, 10, 100, 200, 500, 1000, 31X 5000 mg L") & 9T & SHS &, FelRithel-
a GUT, TR ddrg, 3R A cgdeidar & Gl & faeavur fhar am=r ar PS
NP &1 Sodr Higdr & AT Chlorella pyrenoidosa & faera WX At gsta @r Iram
gl =0T (8.34 mg mL") & Jorell & 9Ivd TAd &% 1-5000 mg L' X FeRifther-a
TNUT (8.08 - 3.93 mg mL") & fRm@e <& %1 MTT W& 3R ROS el &
aRUTAT @ PS NP &1 fasreradr $r qfte &, St o g SIfiesi # sifedsiea d=ma
@I IRA AT 81 1262 cm™ (FTIR Ta20N0T GaRT T @1 a1 W gfdes TS
HUEe & AHS # PS NP & 3T e (1000 3R 5000 mg L") o 3== gera
@ I AR 253 mg g & SEd MR gerd (EPS) @ra # gefdr g3 & fAgor &
Jolell & (92.2 mg g')| SEM Bfadl & FEH-Tedlel Holg T UehfAd siall-ColliEceh
e, Sefd cafAea soaeld ASHERHr (TEM) ABHETE o 3T digar (1000
3R 5000 mg L' PS NP) W ¥ &aR # ARl fa®I0T & AU Ael-Cellfeesh &
ARSI T oI Ha1| [ &9 @, Iz gl 3= @A HT 3R o Sl g,
St AefoR HIAETHAT 3R 37 TAIUY Hd &l FhRIcHs &7 F FoTidd il &l
HIShITeITS FIABIST & e IR TATH &l Ferar ¢l & [T, Ig F Tk IefadiT
AATHRIA-TUIRA ATSHITeIT PhocldQle] HECH T JUTT FIAT § Sf HATSHITeITel
faera #Aifsar & faT 39l CO, W& & &7 H S T Fehdl gl IONP Foelldes
MY FASAT ABHITITST HIAF3T b T&IT 9ISk dcal HT 3TASHAT Hl doIdT g, Torddh
IRUTATIERT ATSHITATS MY, SRAAH AR CO, STAl-TherdiRled &THAT H Fefer gl &
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fo T SRl T Gepid o 8T Teh HgcaqoT ffHepr Hers| Halq & Jg A,
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