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Abstract

In order to investigate the stimulating effect of TiO, nanoparticles on the growth rate and the
increase of some metabolites in the microalgae Spirulina platensis, the anatase and rutile forms
of the TiO, nanoparticle were compared to the bulk form, in the presence or absence of citrate,
on the microalga. The highest chlorophyll, carotenoid, phycocyanin (PC), allophycocyanin
(APC), and phycoerythrin (PE) were observed on 3rd day. The highest PC and APC/PE were
obtained by rutile and anatase, respectively. Rutile NPs could stimulate the increase of dry
biomass and maximum specific growth rate (um) better than anatase and even the bulk form.
Carbohydrate production was stimulated by bulk and rutile. Low concentrations of
nanoparticles often had a better effect in increasing PC, APC, and PE pigments. The addition of
citrate without TiO, stimulated the production of astheaxanthin, lipid, protein, and ROS. The
simultaneous treatment by citrate-TiO, was able to reduce the negative effect of nanoparticles
on dry weight, but totally, its effect was dependent on the form of TiO, and stress time.
Antioxidant activity was stimulated by the bulk form and caused a decrease in Malondialdehyde
(MDA), but an increase in MDA was observed by nanoparticles. The highest ROS was
observed in the treatment with rutile (with citrate) on the 3rd day. In general, the stimulating
effect of TiO, on the improvement of indices or its negative effects on S.platensis microalga
depended on the form and concentration of TiO,, the presence or absence of citrate, and the
duration of treatments.

Introduction

The titanium element, in some cases, improves plant metabolic processes (Gohari et al.,
2022; Carvajal and Alcaraz 1998). TiO, nanoparticles in different forms have many
applications in industry, and it is possible to find their way into aquatic ecosystems
(Yang et al.,, 2015). The two forms of anatase and rutile have different surfaces,
structural, and toxicity properties (Parrino et al., 2021). Some studies have shown that
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anatase has more cytotoxicity and photocatalytic activity than the rutile form (Clément
et al., 2013). Of course, some sources mention TiO, with low toxicity (Parrino et al.,
2021). However, the effects of TiO, nanoparticles depend on the type of organism under
investigation, nanoparticle concentration, physicochemical and morphological
characteristics such as its size and crystal structure. S. platensis, a spiral filamentous
blue-green microalgae, has attracted the attention of researchers due to its numerous
economic applications, including as a fertilizer and enhancer in agriculture, and has
valuable minerals, vitamins, and nutritional compounds (Godlewska et al., 2019; Deng
and Chow, 2010). Citric acid is required for various biological processes
(Mudunkotuwa and Grassian, 2010). The citrate-nanometal complex can facilitate the
entry of NPs along with citrate into the cell (Rupasinghe, 2011); hence the citrate form
of nanometals has been recommended for the growth of plants (Chandrika et al., 2021).
Some studies on plants have also shown that citrate reduces the adverse effects of
nanoparticles (Tirani et al., 2018). Citrate can be adsorbed on the oxides of
nanoparticles through Van der Waals bonds and prevent particles from aggregation
(Park and Shumaker-Parry 2014; Rupasinghe 2011; Mudunkotuwa and Grassian, 2010).
The aim of research

The goal of this research was a comparative evaluation of the possible stimulating or
adverse effects of bulk forms and nanoparticles of TiO2 (anatase and rutile), with or
without citrate (in concentrations of 12.5, 25, 50, 100 and 200 mg. L-1) on the growth,
biomass and intracellular compounds of microalgae S. platensis in 5 days.

Materials and Methods

Zarrouk nutrient medium was used for the growth of microalgae. Anatase nanoparticles
10-25 nm (Purity 99.9%, Specific surface area, SSA 200-240 m* g*), rutile
nanoparticles 30 nm, (Purity 99.9%, SSA 35-60 m? g) and bulk sample (diameter <500
nm) were used. Thirty-two (32) treatments were designed as follows: sample S, control
culture without any treatment; Samples B1 to B5 treatments containing concentrations
of 12.5, 25, 50, 100 and 200 mg L™ of bulk TiO, respectively; samples Al to A5
containing concentrations of 12.5, 25, 50, 100 and 200 mg L™ NPs anatase respectively;
Samples R1 to R5 containing concentrations of 12.5, 25, 50, 100 and 200 mg L™ of NPs
rutile, respectively; C, samples containing citrate. In samples containing both citrate and
TiO,, citrate to titanium dioxide was used in a molar ratio of 3.5 to 1 (Mudunkotuwa
and Grassian, 2010). In sample C, which only had citrate, the amount of citrate was
considered equal to it in 200 mg/liter TiO,. Then all the samples were placed in
controlled conditions of 100 pmol m™s™,16/8 h of light/darkness and a temperature of
28 = 2 °C for five days. Sampling and measurement of indicators were done on days
zero (day of inoculation), 3, and 5 experiments. Various parameters were evaluated,
including dry weight, maximum specific growth rate (um), pigments chlorophyll a, total
carotenoid, phycobilins, astaxanthin, total soluble sugar, total soluble protein, lipid,
lipid peroxidation, antioxidant activity (DPPH radical inhibition), and ROS levels.

Results and discussion

Rutile nanoparticles in the presence of citrate or without it caused an increase in dry
biomass and pm index, while anatase nanoparticles caused a decrease. This can be
attributed to the difference in particle size and the difference in specific surface area
(SSA) of rutile particles (about 30 nm) and Anatase (about 10-25 nm) (Parrino et al.,
2021). The high content of ROS was not observed in most of the anatase treatments, but



the level of ROS was high on the 5 d in control C, while the simultaneous presence of
titanium and citrate caused a significant reduction of it. Surface adsorption of citrate on
TiO, nanoparticles prevents the aggregation of TiO, and increases cell access to
nanometal (Mudunkotuwa and Grassia 2010). However, exopolymers attached to the
outer surface of the cells can increase the contribution of citrate-nanometal complex
surface adsorption on the cell surface and reduce its entry into the cells (Zhou et al.,
2016). On the 3 d, antioxidant system activity increased in anatase treatments, which
caused at least a partial reduction of ROS in anatase samples without citrate. The
amount of antioxidant activity was often higher in bulk nanoparticles. Sendra et al.
(2017), showed that the rate of exopolymers in the treatment with TiO, nanoparticles
was much higher than when they were treated with TiO, bulk form. The concentration
of 100 mg L™ caused the highest amount of chlorophyll a, carotenoid, and astaxanthin,
and the lowest concentration (12.5 mg L™) caused the highest levels of APC, PC, PE
and total phycobilin pigments. Anatase stimulated the production of the highest amount
of chlorophyll, APC, and PE, especially on the 3 d, and rutile specifically induced the
production of carotenoid, astaxanthin, and PC. The carbohydrate amount was increased
by bulk and nano-rutile form. Lipid content was increased by the treatment of citrate,
TiO; (with or without citrate), and bulk form with citrate.

Conclusion

The effects of the treatments were observed as stimulating and positive or negative
effects depending on the form and concentration of TiO,, the presence or absence of
citrate, and the duration of treatment with nanoparticles. Biomass (dry weight) increased
by the treatment with rutile nanoparticles and, to some extent, by treatment with a bulk
form of rutile. An increase in chlorophyll, carotenoid, astaxanthin, phycobilins,
carbohydrate, lipid, and protein was also observed. It is possible that Spirulina with the
improved indices containing a certain level of nanoparticles can be used as a fertilizer in
agriculture. Citrate did not always show the same effects, and its effects depend on the
type of accompanying nanoparticle, TiO, concentration, and duration of stress.

Keywords: Algal metabolites, Anatase, Antioxidant potential, Bulk form, Nanoparticle,
Rutile



FASTY dadia V€0 ) e oy s olady 8 jled cand jlea Jlu ol (ALS ulidciy
\\G~\/~7/V~ :AJGAQ\QLJ‘)A@)U

AR ERVARY R :AA;AGuJ)g@JU

AMSRVARYAL W P RR- ATk

s 55 4l

& S g a9l &) 3 93U 4 Spirulina platensis Sl 5258 Wil
Taidle La e o a JlSaae oy ge ) 5 S0 2wl
u\);\ m\__ﬂe‘)'; ‘u\:\u‘)x S il crajlc 25501 Gm\_'\.:u [STeTiy) aj)g‘
u\);\ ‘J\__Je‘)'a ‘u\_\u‘)x o il ‘?-51‘: PRCWA{E) s‘sa:\:n aj)g v

XN TN

Ll slia (A Gl 8 5 385 Ol dae e TiO, I35l (Sasi€ (G ad i) () g shaiedy
S a8 L audie o3 Jlig, o bl s A <Spirulina platensis Sala g S o
Dlia Cpidn dad ealy il Slag Sae (55 o ey s ple b5 gas 0
350 02 (PE) i)l 55 5 (APC) (sibans S sl ¢(PC) (ol 5 255555 )8 e Jid5 )8
L) JUUT Jaws 53 PE 5 APC JMa (i 5 QiS5 Jans 55 (PC iy 2 e2aliia () 9a 3] o sms
23580 31 e o(0 O b Dl L) dlis) o3l diael Ca 4 (OF 05w b Dl s
A (pm) e Sle o5s Ay e w5 SIS 235865 I e SIL a8 a5 U
&S glable al Soad Jlis) o035l gasall 5 SIL g s s Sl S ) )
O Ol s 53538 258815 (5 yigr B WL PES APC PO saad) S5 Ll 581 50 <3 5
5 Sy lajes ladi 23 ROSS Cufisly el (ol 8Ll a8 Soad Cun ¢TiO,
GRS | S g ek (el @l )il e Ol 50 gaal il 65 ca sl
s‘sl\dé.mg ‘sﬁj Culled | Cudila u.ii..u O ey a9 TIO e)é ) ui ‘),33\.3 stJJ Ll caan
MDA e Uil 38 Ll 2 (MDA) 2l 53 O slle (a8 G 5 Sg jad S o8 o i
D0 0% st o pea 4 Qe b Jladi 53 ROS Ol Cpuidin 5 eaabliie <l 3 il dass o
S5 Sala s Sae B adld 3 s TiO, o35S S yad &l il (g gana jy 2k alaale (o sue
e 35 Ol s ga g pde b 5 2sm 5 (TiO Cibale 558 4 o Gie B G s plasensis

il (K laii e

00510 ¢ Sala slacil silia ( Qi gy ¢ Al il Jawily LT 1 oalS slas 3l g

Jsi SUUT sy Jlea ) 4S cand JU K dadia

658155 o oS M (i S o 5 o0
Gl Sl Q) TiO, aal 5o JSia
Sl 5 ame caline laley 4 Js)
5 ULl ajd 50 (O er al, 2016) Sl yidiy
S YRSy (alida oadan Gl A (s
(Parrino et al, )l Silde o) }uem
Gl UL 5 s o s, 2021)
(Clement et al., 2013; Warheit sl Cu g0
4S ailealy i Slallas A et al, 2007)
S Culld ok Cuen S
Waee i sy af 4 Cuws il
g8y s ) ) «(Clement et al, 2013)
2 5 zhe G Oslas) il

Sl Gogra palic s apilii palc
GHE ed A s G LS a3
syl B Qao 4 )l Y AS My«
(Gohari et al., <l s2d jaie Ll Sl silia
&3 54 2022; Carvajal and Alcaraz 1998)
518 slaa IS s b o 8 2 TIO,
Ll bl o8l (ol sl 5 25 pla G
o Dlagage il 5 ol Glaium €1 4
.l;h.uS\ %9 C'_\\JJ}.ILI 4&5\} BN _.JJ\.J Qeag
G050 e 4 Caasd (TIO, NPs) asailis
IS s 50 g 005 (5 yieS e (51 )la (5 8
25500 sy iS5 5 5 By Ul (M <
S bl (M S a s (Yang et al., 2015)

CAYYOYFPFPOPY Ll E‘)Lm.:i cmadadkar'm@lu'ac'ir «_&y‘g‘)ﬁ\ i\.uu ‘SJL&A :dj}um EMJ&E )

2322-2204/©2023

This is an open access article under the CC-BY-NC-ND 4.0 License (https://creativecommons.org/licenses BY-NC-ND 4.0)

DOL. 10.22108/1JPB.2023.135148.1297



mailto:m.madadkar.m@lu.ac.ir
https://creativecommons.org/licenses%20BY-NC-ND%204.0

¥ OIS 55 gy éJ}J}:} 2l &yl e)—”m Gl 3 gl 4 Spirulina platensis Sasl e i Ls\-%é—w\-,j

Arthrospira sWEES 3yl lasa il 58
s Desmodesmus  subspicatus smaxima
U—h-_*‘ ok 438 S S 4 Parachlorella kessleri
A s sl s (Padrova er al, 2014)
D glacSala ad ) anil 8 e Gl A gl ) sl
L (Miazek et al., 2015) 35S & | - e
Sl e Gl (Sae Gl 38006 (Js ol
(Chen ef al, gd 35l Salay S 2l
(NPs) s @l 090b cadly 0 2012)
(ROS s @b Ol 1) Jslu sbagaly
b Sl el A1 3l slag s
i€ Jama (sla) b QS s 4 dlay
(Xia et al, 2015; Suman et al., XS o« &l
2015; Manier et al, 2013; Sadiq et al,
2011)

SobS 5 S F ) S Sl
saul B 5l (g b 534S Gl (T el
OsplansS) 5 (slo it 2wl S35l sm
allan LQO:QS})..} 9 \Au__a)? c\.&»&\)dg.&»ﬁ)s
.(Mudunkotuwa and Grassian, 2010) 2,12
8l _ )y u‘.ﬁ*‘s 48 sala L Cilaaas
ol et 4y Ul 0y, 5 dagad w2l sia
(Rupasinghe, 5% Jsle s 4 &l
) n <l )l 51U 4] i o 8 55000 S 52011)
(Chandrika et oo 4pa 5 LS ()5 5
O QLS (g5 L liEaT A al, 2021)
sdia HUT EalS Cuw Gyl 4S dileala oLds
{(Tirani ef al., 2018) 2o <) )3 6l

2 Gl oS Gy s
Al 2 g cuALC’_a\)'S:xu )...'.EJ Gguuaﬁ:ms
Wl «(Yang et al,, 2016) Sl aSaa 8 L on
(DI Glaasl (555 2l gige Gl i
eabe @ Gl il Ly Gk )
5 B0 4 @Y s O gl b2l
asa Al gl QW) ¢l i
(Park and Shumaker-Parry 2014; 2sd =
Rupasinghe  2011; Mudunkotuwa and
4S W3 e Gl alls () Grassian, 2010)
che o ) SlS s cas ol
ol b 5 Ll ) Sl i Dl o5l
.(Rupasinghe, 2011) 283 a3 ) o33 ) J sl
B a.ﬁ)l.ug clasaldaia ?‘:JGJ; (F gana )2
Gl s Tio, sb caline slaa
szl Gl o sui€ St sl
O e U shaien 5 cSla 5 Saa sl

ROS s 4asgiipn 5 iy Gkl glad
AN cldlaal, JSE asdie b))
i ge 20 S e JauSl 050 5 JanS 2
(Odling and isd Jslu slalie 4 sl
1) ¢Ti0, alie (A 44l | Robertson, 2015)
(Parrino S e JS3 oS 5 by Cuan g1
TiO, o35 &l Jacyl b et al, 2021)
(DR pse sdi) dsase £ Ay S
5 and S b s S5 o iyl cubale
(i S s 5 0 5l jlas So 3515 50

Aol gl
Sala g S SS9 S platensis Sl g Sas
OV oS i g8 5 am jle ghid ) (ol Sa

Jiy 4 a8 Gl Oscillatoriaceae 2 51A
O sieds alas )'\ =i (gALa) LgLAJ).U\S
An 5 350 (5 LS 3 piS Tyl 5 35S
(Godlewska et al., 2019; )3 ) )8 (lssss
bl 4185, Deng and Chow, 2010)
0350 a b5 IS «Sla g S (a0 (5 i 58
cu...ﬂ:\.!}i:\ﬁ Lg\.%‘\j\.\i.'u &\J\J (ORad
ki a8 Gl Wgig S Jagnl R
(Yaakob ef al., Yiws Cuaal Pla galat)
S, Sala s S 2014; Hoseini ef al., 2013)
Qs )3 (i g k) Llse )12 platensis
Gola AS Cud SR ) uaya Ve B 00
(Sharma e <l (5 )5 na absal laswal 48
Gl Opinas Sala g S ) Lal, 2019)
G gl ) e 5 Gl yan g S
5oz 7Bkl 5 il o pmin L opladl e
5 Sme palie dagpaliyy gl
(Habib et al.,, sl 358 anda slag)ans) 3l
e SOl il b aslia 52 2008)
238 ) R S platensis ) shaw S g
sl gladle 52 (Habib er al,, 2008) <l
lacSls 58S s DlaS 55 4 b)) Slea st
Gl SR ) 8 0 gl i g Cawl s2d
Y pana Jiugn Sapd olr Sy
Wy sl 3 )
Caal oaly Gl Glalllas 213l lacSals 5 S
2 TiOp L35 i 5 0 8 /) Gag il &S
o sLaw) A8 (UV-A L) s
Chlorella  Wdsls 0 2k, (& e
L (Kang et al., 2014) o212 (il ¥ yulgaris
@l (U 0 Rke 8/1) ol @l il



\V’~\J\.@.}‘?5\73_5:\4325‘)\.&5sr‘;hé‘)\.ﬁd\.u‘o\ﬁ\sﬂﬂgwm;ﬁj ¥

Sl lesi 550 et 0500 DS
SO 308 dalpe Db dia iy G o
slad Fion Av) GiS g pam 5 028 o 8
alad) (4883 10 e 4y ol Kiiilis 4a 2 ¥
Qi Gl A 5 (5 e s g il Jal e 4)S
5 MDA ROS la=adld ja 4 dladi g
oK B oaldin) L «DPPH
(JEN 6405 Jx - Ko al)e sia gid 5 yiSul
LA Qi lw ad Pl Way,
L DPPH 5 MDA <ROS sl iaius
96-well microplate reader, _ria 53¢ yiSul
ol & ¢ Epoch-BioTek, Winooski, USA

A

SLA (139 5 e )

SIS T NP ERPRS g SUgTE
A5 (35 (AR 18 < Veee g) S il
5oyl o Sai a8 ja s
a5 siied hle T L JL YUY (Sl
mu?augg\)@u@ﬁvadmﬁ
A5 Oy 5 SEA

(um, maximum aei Sk 0y My S
specific growth rate)

s padld ) (Sa ey M) G pe b E
O ol s ol (ol 2k 6 G
PDdee) Apulae adal ) Ol gley 5 S

) akal

tm (Cell weight day™) = In (xo-x1)(t-t1)™!

Xy oty Qe 0 Sala SR a5 )5 X

Madkour ) t, (be) 03 Sala SEA 2355 (4 )
.(et al., 2012

a J gl Gl
5ot S dds)lS alka) Gt )
PoaRlalea a0 90 Jalie 5 Sila
T G)naBia Yo e 4y ol Kl s 0
d}b B dgﬁ})ﬁk_m; A% saldtul 6\.%4.3\.3?@1)
ol ) ke 5ol A yia gl PFO - sa

copinad  Cuwl oddh (yadilia JlS b @
DA 5 @l i b @l d dalad il sy 0
Giad ol alal Bl e Salag Sae
o d il aadlas ol 5o (ol au
p A L 4ulie 3 TiO, $U s, 5 B
O 052 b S s ol jar 4y (leasl) S
b 0503 DS i 5 elesm 28 55 2
O sy Ko 1 S platensis Sl g S

A ) p e )9

LIPS
LIS b 4l @l )Y dse 4dS
Ol e b W S5 5 Sida
O Salay Sae 2l gl el s olu A
(Raoof e al., & o3&iul Zarrouk <iS Jase
(Purity Jiesili YO-Y + 3L &l )3 66 2006)
99.9% ,Specific surface area, SSA 200-240
(Purity 4)34\}.11_1 Y ~d3U}J C'_\\J.J}.al_a ‘mz g‘l)
SIL 43500 5 99.9% SSA 35-60 m? g')
S0 ) (Siesil 00 e 1 S il ) L)
&% A US Research Nanomaterials, Inc,

L% saldtul g

S byl pi 9 09l W lasi Al b

s Cjsady 5 220 VY olasd 4y s jlas
Opeilin g (S A gad 2ad aljha ) oo jlad
R om el Afe 0y wli Sl
DR (TiO, 5 Sl sl sl
e Dt 4y a il 2l (g0 4 G Sl
(Mudunkotuwa and oaldinl V 4y Y/0
)1 W ja 4S C 4igal )2 Grassian, 2010)
BN u‘ J\ASA Jalea kl\\):uu J\_\SA ¢ g3 <l e
5 53 eTiOy S 3 pfle Tor Jlas
A5 s

3 S cgd ) G Jladi 5 alE sladi s
Lyl yd Hhs 3l ead i a&inla )l Jassa
(AU 2 mesie 3 dses S Ve s
Cela A }@Uﬁa}) Celu VY .ﬁﬁ).ujﬁﬂ\_u
3 o) Sl aa 0 YA £ Y lad 5 Sl
Lo aals aad sala 8 Hgy O G
i 5 ol il 5 aladl T sl
5 Y (il Hs)) e sla sy o lapadld




¥y

O 55 sy (S s 28l Ol i 5 il &l 3 8l 43 Spiruling platensis <S55 32 38 slagly

W pl 95 (laiu

)00 Seai lind il Sl saliid b ] Al
}MJ‘){}A AR ¢adus Ciland J‘){}A
5 (Moraes et al., 2011) aladl ¢(7 4%
37OV (7V0 lag e Jsh o Jslae da
cladilaSs ) juolia 5 ol edil & yia gl OFY
B R T S T
.(Bennett and Bogorad, 1978) & 4xulsa

(Bennett and 5 4slaa 4da g3 ya 5o J 90 8
.Bogorad, 1978)

JS 58908 i

Soobesn Sl JS 2 )lS (laiu )
s (sie 4 2a ;0 A8 Gl G 5 Sala
J\&}aﬁ\}i )L\}.a\_a ¥o. By g__a.ﬁ.;}aj\éiu\
2 dslae abage Jsep bl O
.(Devanathan and Ramanathan, 2013)

el 2l (63 glead oal )l G Jlasiz 53 ) s

Table 1- Description of designed Nano TiOz treatments.
14 7 14 7
5 Lwg . Q| : R L | ol Q| : ’
G q: e Qﬁiﬁ 43 g7 & Qﬁiﬁ 4
2 95 TiO, EJe- 3 3 s Ti0 E=J720- 3
s o R 3 9 R
L))

Sila 5 S
VoS0 Daor - - - - - - -

8 (il

St 438 8

Sala g S

s e ‘_g\.)\.jﬁ o

Y S M}S‘)Afsu - A_)\Ai Y C )LA&S - A_)\A
)LA* [T
2l o
s »l)
¢ Bl N \Y/o 2yl V4 B1+C N \Y/o Al
° B2 <Sdu Yo 2yl Yo B2+C <Sdu Yo Al
! B3 Sdu o 2yl Y B3+C <Sdu o Al
% B4 N Vo 2yl Yy B4+C N Yoo Al
A BS Sdu Yoo 2yl Yy B5+C N Yoo Al
1T Al Sl VY/o ala o Ye Al+C Sl VY/o a5
Yoo A2 Sl Yo Llu Yo A24C Bk Yo 2l
VY OA3 Sl o Lylu ¥ A3+C Sl o 2l
'Y A4 Sl Yoo 2, YV A4+C Sl Yoo a5
\'YAS Sl Yoo YA A5+C Sl Yoo 2,
V¢RI Js, YY/o Lylu Y4 RI+C s VY/o a0
Yo R2 Jigy Yo KPIEVEEN R2+C disy Yo Al
1 R3 Jigy o 2yl R R3+C Jtigy o Al
VY R4 dauj_) Yoo A_)\.\i Y R4+C ngJ_) Yoo A_)\A
YA RS dauj_) Yoo A_)\.\i A\ R5+C ngJ_) Yoo A_)\A
JS Jstae a3 i Ol 8] s

Albalasme sy lise p JS 28 (5 5% 5l
D olagn 2l aladl (YY) glolsar
St Oaibpmsp O Jidhe VOl Jeals
(ORsad b= i Jal el 3l o) Sl
slae i) s 5 S il (S0 g
Lde S 68lgu il he V/0 b (s
led il 8 2l (S5 5 b slie ey 4y
Sl G353 ) deala Jsla
o) U) & sy » e e 4 dale

N el b (i) R0l i g1 50 ) yaia
Jie 2 PDa 5 Sl Sad o)
7o e R ol s ) (DMSO) S il s
4 S yiile Ol Oy g aladl o Bl 4s )
0 Jslae s (e ad bl g gl ()
Dlie 5 oeNlA il FAY = Jsh
SR )5 a R 0 e Sk iy il

.(Ni et al., 2008) & (s



\Y’~\J\.@.}‘?5\73_5:\4325‘)\.&5sr‘;hé‘)\.ﬁd\.u‘o\ﬁ\sﬂﬂgwm;ﬁj L2

aladl J#b) i sl Vi) e Jslaa ) saleial
adlaal Jsilie 30 DPPH Jslae g 5 24
e 40 30 Lﬂ;m 09 Ol oS3 w20
}aia\}'; )3.«}.11_1 Y« By g_m; go\ﬁ:«ég Yo
(Shalaby 25 4sdlas JS Sl il Cullad

.and Shanab, 2013)

ROS haim

O 5meS) ) sladsaal ) Hlata o)) @l
A4 saldtul (gavul Gj)}\ d}.\h\) “ara )
sk (Bindschedler er al, 2001)
by Sla 5 o)s O ROS gl A
5 oaliiad /A At U Y selie 00 Cilind
B8 YN ‘J\J‘ LgL%dlSu“J\J C\);l.u\ B) o
Saslh 070 zsa Jsh 0 duals Jolas
a ) Lﬁ‘):’ a2 Y H,0, J\ Al el g
» s s g oaldiul 2 jluliul Jisie
Ol Sala 5 s a8 o dsesSae s
N

Woald (g el il
4 bal S 5l Syl Lagsa )
b aladl 83 s 2 Ji)siU G g
Clalie 5 ANOVA sl bl dilas
(V. DU a5 L 053 (shials i (e
.5 alail SPSS 16)

s

5 S ola et Ll Glanlie )y 0
OJs Clowsd (g, 5 bl @i gl
e 380 5 (ady slagadld pla 5 KA
Sl Pas) slacullad (g i g
QIS (Y 5 Y Jslas) ouibls AU 1l
i les dlEe @l
.43 63 (P<0.01,0.05)

SRR &) i i TiO2 sbb s s

Sala g Sa 2
SEA e g e jladi il ol ) Jss
D e L)y S platensis Sl 5 Sas
CaR ) p SEA (ila gy ¢S WL 4l sa
DA Ue) et Clly Gl 38 e
el Ly 8 (i s 0 03510 glacuhle
)'UU‘ a).'ﬁ}'u\_'u 9 SAL e)j alidg LEL“‘—‘H; ale

Gl el Culegd Ha Cdly (fals (éU\ wled
PRY|PES )34\}.11.1 Yyo BN d}XM L YN
5 bl Jum ad sl SED ) as

A% salatal JJ\L&»\@M&A}

JS Jslane (i gy (e

GMLA}S 8 y2a J\ salain) L uﬂ}ﬁ Lﬁ\}:‘M
dsb 0 4ise @i il 5 sh il
Omesll oy ) A% Gisia jie gl 090 7 g
huilin) nie any sl (BSA) o8
.(Bradford, 1976) & ealdiul

Y)Y b 5 S platensis S olesn )
oo g el (V/V) Jslie a8 S
4;).5\0(5}45:@.5\(5 B B A')M}a
) oled ila 2218 5 2l Hlail (2l Sl
sailaidly 3 and (5 s Jslas (5 lulan (5l p
g 0% ol o ag Jlae 5 b saliind sl
Al )5 9 Hand yilu 488 0 e B v e
(Bligh & (i 5 daulaae 4d gl 8 alld

.and Dyer, 1959)

IS) [ ) AT s padld Ghaia
G sl sy O e ()

sl o LI apdd ¢ sanlaus) () e
G b (MDA) walisagsile cabale fiaiu
Ak aladl (Y4494) s 5 Hodges
«(v/v) AeeYo JPMM%C\)@\
Gadyile 3 ow a8 Hla Jil Gl )
AE) TBA L LS sy Jsla
osh A s 800 b s () Sosi b
() S s bsi 5110) +TBA L 4i8las
lad o 5 Sh ) Dad 4 il A3 a
O 4y YO e 4y o) St 4apn 40
SR E] 5 YRR K S W TET R L E R
Too 5 OVY (FFeilaz e dsb 0 s
waallsanslle  palde Ak sdil A yia gl
M';O)})J MJJQ‘)}‘A@}‘L}M\A‘\

Al R Sl
Sy ) s AT cllad hala
(DPPH 11

B R IS P R e It B
GBSy -¥- Ja o SV ) Al JSG
L ozloAsl ol Giaie (DPPH) o)l oue



¥

O 55 a5y S s 28l Ol i 5 il &l )3 9 43 Spiruling platensis <S55 2 38 slagly

3 St (C) (ol Ar ) s il (oas )
e sn )la8a (p<0.05) Ul —ine il arc
(S) u\).u_u aal8 AALMA_UA.HU g_\_mugs\.,;
AL 50 dsanig sagu ja) 53 b 0
Lacuble Qlle 53 ol 5l yisw (e a8
O ul%\_s Ju\_l\ a).j}i\_]};i_“_]e)i)j
s glacahle 4K 5o Ll Cudily dea g S3A
SBY) (p<005) )‘JQ—.’&A uig\)J\ d_JU}J aJ.S
0 el die C ld A C o SiA
o5l 48] Caling la jlag ) g pane
G L L s e a Ay e 3580 a4
lsn alS cuw (R, R+C) Sl
ety s 0 daligy e d 51U Ll aiad Sia
U e SL Gl Jlasi 5 Lachle 4 )

SEA (ila sn (p<0.05) Ulaiee ialS
o0 2l S L Ay G i aaiy Gy 0
G O O3 dn 5Ol Liaa Jliy))
et D30 03 S Gulagy 4 Q8 il A
Calite slaa b il i alia 2
O3 LS 4 pai Ly G i 28l 6 gl as
OJs ialS A8 1 as e Ll ¢(S) Dl i
D50 0% Ul 5 b a8 e jlas 0 Saa
uﬂg\)ﬁ\ u.l)lﬁa.u 4.5&5)3 RN IV e;.x:a
slacble paa Jlis) e 35l Jlad 0
Pad g il a8 LYo 5 1Y/0 4yl
Soas (S 9 pSske Yov) cilile oy ity
d_JU}J a)bjiu BN (5.11_1;\ LQLAU_\HQ 9 il
Dl A S (5 S () 3 G s 88
S 4 gl 4o G i g et (ol o Lalale

Al Gl

R

L 2sas ¢TI0, Shle «Ti0, e ,ils Cni S plarensis Sala S5 sl s 58 slagadld Gaily ) 5 4355 -Y Jsaa
oSis 2 0 um « SR G5 Dw )l 4x3 IDF (D50 0 5 T er) A8 le) Gde 5 Gl i 35y pxe

Cbae S ol T APC il 5508 1PC ¢ Jid s JS Chl g cpas Sl
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Table 3- Variance analysis of the physiological indices of S. platensis algae under treatment of theTiOz forms, TiOz
concentration, presence or absence of citrate and duration of stress (0, 3 and 5 days). Df, degree of freedom; PE,
phycoerythrin; MDA, malondialdehyde; ROS, reactive oxygen species.
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Figure 1-dry biomass (A) and maximum specific growth rate (um) (B). S, microalgal suspension without citrate
(control S); C, microalgal suspension with citrate (control C); B1 to B5 bulk TiOz; B1+C to B5+C bulk and citrate;
Al to A5 nanoanatase TiO2; A1+C to A5+C nanoanatase and citrate; R1 to R5 nanorutile TiO2; R1+C to R5+C nano
rutile and citrate; Numbers 1 to 5, respectively, concentrations of 12.5, 25, 50, 100, and 200 mg L' TiO: at 3 and 5
days of the experiment. The data is the average of three replicates+SD, and different letters indicate significant
differences based on Duncan's test at p<0.05.
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Figure 4- Total soluble carbohydrate (A), Total soluble protein (B), Lipid (C). S, microalgal suspension without

I p<0.05 gams D3 O3 (y5a)

-
LS

B1+C to B5+C bulk and
A1+C to A5+C nanoanatase and citrate; R1 to R5 nanorutile TiO2; R1+C to

citrate (control S); C, microalgal suspension with citrate (control C); B1 to B5 bulk TiOz;

citrate; Al to A5 nanoanatase TiOz;

at 3 and 5 days of the experiment. The data is the average of three replicates+SD, and different letters indicate

R5+C nano rutile and citrate; Numbers 1 to 5, respectively, concentrations of 12.5, 25, 50, 100, and 200 mg L' TiO
significant differences based on Duncan's test at p<0.05.
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oxygen species (ROS) (C). S, microalgal suspension without citrate (control S); C, microalgal suspension with citrate

(control C); B1 to BS5 bulk TiO2; B1+C to B5+C bulk and citrate; Al to A5 nanoanatase TiO2; A1+C to AS+C
nanoanatase and citrate; R1 to R5 nanorutile TiO2; R1+C to R5+C nano rutile and citrate; Numbers 1 to 5,

respectively, concentrations of 12.5, 25, 50, 100, and 200 mg L' TiO: at 3 and 5 days of the experiment. The data is
the average of three replicates £SD, and different letters indicate significant differences based on Duncan's test at

p<0.05.
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