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WE . NRG KR PLF (natural organic matter, NOM)XF 4K & LEK(TiO,) 5 3,37 4,47 -PUEBEZK (3,3 4,4 -tetrachlorobiphe-
nyl, PCB-77) #2585 P52 i S BGEALER , LI/NER ) S2 56 32304 9, 52 T 992K Tio, 5 PCB-77 M i &2 A B #E 7E NOM f7-7E
SREIESM T3k A K IIEE S 76 P % (reactive oxygen species, ROS) 1N % (malondialdehyde, MDA & K #8484k
Yy Ak B (superoxide dismutase, SOD) i %1k &l i (catalase, CAT)IH PE AV . 45 R, I B IR AT /NER B A KA —
SEMAMHRIERT, PSR UIRE SIS R UL, 91K TiO, fE/K ¥4 rh &) A1 5, PCB-77 Fl NOM 3@ id 52 4K Tio, P 2R3 Wi 52 i /)y
BREEOY A 33 0 [ 2R (AR BT 5 A 4 L 2 T, S S50 200 M TR0 A 38 W, S5 T 40 ' 45 D R 40 P R T 52 i 3 240 R 2
5551 % B PCR RGN PR 1 285 S — 3, FH8 G L 7 S 4408 (transmission electron microscope, TEM)WEE & i, 44K TiO, B %%
#% 5 PCB-77 B & 28 1E NOM FE1E GAAELE ST, Bt i J8) PRI B 440K THO, , A — 40 32F A B4t 1R P 0 , 168 240 R REE A 453 | o
BEST RS LS A5 HA AT 6T LA B 0 B E T U8 PR R0 25 Y 25 4, /N ERE 0 R R 25 8 B 400K, 002 T e e b i R W B4 .
i DU EE AR P ROS I MDA % & 1] 1, B ER LYK TiO, )™ 4k ROS &t ey , 32 1 b 3 B Kk, Sl kit 442K TiO,
HAHHEZ —, FIL,NOM XF942K TiO, 15 PCB-77 w2 BOREHLIE 1452 Wi U 29 Ay W 6 T 588 19 T s o, P 2 e 850 07 L 4 42 f
I BB 493 0 7 A R i ROS s Bl 1) S8 AL 4
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Abstract: In order to explore the effect of natural organic matter (NOM) on algae toxicity induced by nano-TiO,

E£WH . FRKALRR AL 05 H 41807336); st MAFHEL 114055 H (B FHG 341202011 Y189 ; ¥ B LH F[2017]7345 5 B EL& T
H AA[2018]1576919); ST K24 2016 AFHFHIF 5 2300 H 5 57 M 4 tH A — 2R BRI 300 H . vx 85 2R S 5T 2R (B BRI &
[2019]125 ) ; ZE AR AR IR R4 5 TR (BT) (0418001 )

F—1EE B 1995—), Lo WL AR BFSE 05 0] B4k 2 5 A8 9 3 2 ) E-mail: 2307473960 @ qq.com

* JE{E& ( Corresponding author) , E-mail: ka-kui@163.com



LT RINA LB TiO, GUKIkL 5 PCB-77 B LB HLIE 245

and PCB-77 and its toxic mechanism, Chlorella vulgaris was used as the experimental organism. The effects of both
presence and absence of NOM on the growth, cell morphology, contents of reactive oxygen species (ROS) and ma-
londialdehyde (MDA), activities of superoxide dismutase (SOD) and catalase (CAT) of Chlorella vuigaris were de-
termined. The results showed that the growth of Chlorella vulgaris was inhibited in all exposure groups. The ag-
glomeration and sedimentation experiments showed that nano-TiO, was easy to agglomerate in water environment.
PCB-77 and NOM affected the growth of Chlorella vulgaris by affecting the agglomeration of nano-TiO,. These
aggregates attachment to the surface of algae cells, resulting in mutual shielding between cells, which affecting the
photosynthesis and cell respiration of algae cells, and eventually the growth of algae cells. This was therefore con-
sistent with the results of real-time quantitative PCR. Transmission electron microscope observation showed that
when nano-TiO, and PCB-77 were exposed alone or in combination with NOM, nano-TiO, adhered around the al-
gal cells, some of which entered into the algal cells, causing cell membrane damage and plasmolysis, unclear organ-
elle structure, electron dense body and vacuole structure, and thus damaged morphology of Chlorella vulgaris cells.
All of which were the physical damages caused by direct contact. By measuring the content of ROS and MDA in
algae cells, it can be seen that the exposure of the nano-TiO, lead to the highest content of ROS and the severest
damage of the cells. Oxidative stress is one of the toxic mechanisms of nano-TiO,. Therefore, the toxic mechanism
of nano-TiO, and PCB-77 on algae with NOM can be summarized as follows: shielding effect caused by adsorption
agglomeration, physical damage caused by direct contact and oxidation damage caused by excessive amount of
ROS.

Keywords: nano-TiO,; natural organic matter; PCB-77; Chlorella; toxic effects; toxic mechanism

BEE MK B B DR KT, KA R 12 12
T A Tk A A= 5 . Hrpr gl ok A Bk
(TiO, )& N ) Z A B Z — BT At i
BE2h URORE GG RN AL FRAE G R iy A
R 9K TiO, AN Al g AJK RS, 258
I 7K (polychlorinated biphenyls, PCBs)f&— i A P
AHLTG G, TE AT REHF AAAAE (L BE B IR A2
Yi#E RS, PCBs AMUEA AR A BRI | Sy 5 1k 1f
ZEME I TR RS AE iy B 7 S ihi H.
S U B A R PR R SRR P
(natural organic matter, NOM) FH i %8 5 Al & HL iR 4%
JE TR IR R JE A IR 28 W B 2 ™) T Iz A7 AE
FARKIR T, X LR BUFE K SR8 vh I 88 e AL
FAAEARR], S W BE R A5 i, 20 KA AR )
PR B ARG,

KAEABRGEIRZE 9K TiO, #F AIKIHLE
JE 5B HLIE YY) T NOM & G300 S HALFE A,
PRI, % — 5 19 52 5 000 B HOT ZE LB T 5 14
W, K TIO, X /NERBERY BRI T2 K T A Ak
F& 7 Wy Ab 4G B BRIV A EAh , 45K TiO, fE7K
REE v by e A P SR A 3 400 i % e 4 ) G
AKX SRR AR AL O, X i S T2 RN
— B YK AT SR AR S 0T A0 B A
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WYUK R BRI Z —, KR 247
FER) NOM 2 540K Tio, M EAEH , A Hy #ifk
VR S BARAT N SE RS i R T, AR R
B, Ji& B R B8 38 5o ek 20 1% 4 %A (reactive oxygen spe-
cies, ROS)A: iU S BB 5 AR 44 K TiO, X 2R 1Y
B AU YRR R AT S5EY
K3 R L 25 A4 R B A T, DTG 52 i 4 L ) A
AL, 1 40, S 7K 1 PCBs 5 i P9 43 i 2 AL
DNA fitfh % 54 R+ HEEAERN, &
5o G (e BT AR 47 R 57 78 A0 i P9 % (malondialde-
hyde, MDA) % 7 | R B it A6 R i -S40
RGN iR A ™, Rk, #e FoR Uik
TiO, F1 PCBs XJ A= ¥4 AN [R) B s R0 A dEp LB

INERESE A SRAKAR TR R R A R B
BAhRe Sy AR IRBUN X 2 Fh R U
Al B AR AOT SR SRR i, W AR 2 )
KAPAL TG Je PRk AE A YN, B HT, NOM X
K TiO, 533’ 447 -THEIKK(B,3° 44 -tetrachlo-
robiphenyl, PCB-77 )i S 5 M52 1) i AH SC A 52 AR 2D,
HEFGH ARG B W, ASCGEL YK Tio, 5§
PCB-77 Hph [ 52 4 7% B 75 NOM fA1E 5 A FATE 5
PFF, Z 2 e /INER 8 2 K 110 52 ) A0 48 Ak 461 495 B
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ooz 4R #16 &

RUUE, KB S 7 8 4U5% (transmission elec-
tron microscope, TEM)  £1. /) 22 1i& Fll 52 B} 52 # PCR
8577 1k DI 4 i AN 43 /K L4 7R NOM X 4 ok
TiO, 5 PCB-77 Wi sE M2 S BOEHLRE

1 ##l57% (Materials and methods)
1.1 fbEsfnAgy

T FI#% /INER 3 ( Chlorella vulgaris, FACHB-9) 4
T E R B R K A A Wi 5T BT IR K SRR A
2 E1E S &' 214 (Organization for Economic Co-
operation and Development, OECD)#i 7 55 7% 3 78 5
RESE RO MFR T T R R A R A W, GZ-
250-G)H 5 SR, 440K TiO, NBLEAAY Kifeh 5 ~ 10
nm, 45 98% , W T Wi 154 AT BB 103 A FR
NH] . NOM 7E [E PR & 5 5t /0 2= (International Humic
Substances Society, IHSS)3k 75, 45 A 2R10IN,, 4
FEH 99% 1 PCB-77 W43k T g BTHL T A bR I
WAEBRAA,
1.2 NOM 44k TiO, 5 PCB-77 Fsi #l 4 & 2
78 o] /N R BE P 1 5

Wb T B A K G /B i BT 250 mL HETE
R RE AR B A T IR TR R T R 5
154 100 mL & A AN[FTE YY) H) OECD Ki ik,
ANSEYGAE 110 remin™ BYFE IR T EAT , AR AR s i
VR R DT 40K TIO, WREETE 80% L) |, 153
%A H(25£0.5) °C 110 r-min™ DGR R (100+5)
pE-m2-s™ JEREH 14 h:10 h, BERORIA IR S 1%
R 2x10° cells-mL™" , 5288 96 h Ji5 , 76 0 fld5
(P VLR AGH G4 B2 F], BM1000) T A il 2R3
B/ NER TR, 15 8 4575 e X /N ERBE Y 96 h
FH RGN 56 Rk I M A e A e 4% 5 e
Y196 h BN EE (96 h-ICs,).

WA AN ARG 73y 2 A48 (1) T E /)y
BRI R B BRI, 442K TIO, 1 PCB-77 BV
43550 ~30 mg-L' 10 ~0.01 mg-L™", [l ifi% &
25 AT IRZH (CK) , )T %E 40K TiOo, 5 PCB-77 B4
ZEEEIT , NOM Xi/INsk g 1 PE 152, (DNOM ik Ji2
7 4 10 mg- L™ (FUSE 5615 H 7F NOM Xt /NBk i g
FEERE LR, X082k Tio, #l PCB-77 520 fie K
WRE), Z 9K TiO, MR EE(4.8.12.16 .20 F1 30
mg-L™"),M%E NOM X449k TiO, #EASEEMEAISZ
(QPCB-77 ¥ fifk FE 0 1B P X /N BR 388 1) A= A 41 i %2
fI%T 50% (B s S84 ), Ptk PCB-77 540K

TiO, & A 7 P 5L 50 00 4 ¥k B2 L B R (0a, Oc) . (0.2a,
0.2b).(04a, 0.4b) .(0.6a, 0.6b) .(0.8a, 0.8b)Fl(a, b),
Hrr a b 2Rk TiO, 2 Lk B (IC,, Fiti)
H1 PCB-77 B2 LUk JBE (e KU MR BE) , 5351 Ry 20
mg-L™' A1 0.01 mg-L™"', MELHK TiO, 5 PCB-77
RAEBRBEXNERE RS, O QMR LI N
NOM(10 mg-L™"), MEH4K TiO, 5 PCB-77 B &%
FE IR NOM X /NBR AR K 2, 4% 24 h XHH
KEM) PCB-77 HEATHNTE
1.3 NOM 44k TiO, F1 PCB-77 5 #40 Jfl [ T
LT S 5

K TR B 5 T /NEREE TR I B,
SR S B LB B AR R, 40K TiO, , PCB-77
FINOM W) R FE 53710 16 .0.008 F110 mg-L ™',
INER BRI LG A EE ] 660 nm ARG (A )T, N
02, MNP A RA
UV-5500)T 660 nm i+ Ab I 7 £ 2 5 1 1) Ot BE
(A I 7] B 728 Ak (A TR IRF ] 12 B, 3340 R )
i ) A5 R OB 5 00 46 WROGAE (A ) 1 LU 1EL AVA, , 15
2 A/A, BEET B A8 A B, 25 A% B R 4L A DL
R 5 AL OB R £k, 1T 45 2] NOM £77E 5 R A7 78 it
PCB-77 XF40K TiO, 5/NekEe B UM S5 1RG4 00
AN
1.4 /NBRIE 2N M S5 405 1

SN E AN [F] 28 58 45 1 N 15 9% 24 h BEA D
ROS MDA | #i %A 1k 9 ¢ 1k [il§ (superoxide dismutase,
SOD) i 4 1k & i (catalase, CAT), %% #& & 14FFl/h
BRI LA TR 5 75 S50 A AH R, 0 I 1 ) 4 vk
SIS AR TR . MDA & 2 5 4 MRS 3 i 4
FEBRIR 5% VI AR 56, AR B 2 R 2 MDA 1Y
St AL BUBRRE S(6)-A P -2, 7 -
PN E . £ BR R (5-(and-6)-chloromethyl-2*, 7 -
dichlorofluorescein diacetate, CM-H,DCFDA ) 5 /N
BRIEEANAE P ROS™ , SOD Al CAT AWk HT A
L, SOD 2 HE A B A4 S Ak 3 13 1 50 — 38 Bl 4%,
CAT AR {E AR N Y H,0, 7 R & AK,
PUAR LA %32 H,0, B0 , I Bt 7 ) ROS,
AER5 A P AR SO A, e B SOD Al CAT
R B UL HE T (R mt @ ) TR SR )
1.5 ESTHBIER

T 108 S RN BR B I v B 5 R S B A A
6], P R G v B S5 TR S i — A, 15 9% 24 h
R/ INER S5 240 A G 1 v T K SR
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Jii , fdH TEM(JEM-1230, H 7K B, 728 5] WLEL 41 i
B
1.6 £4h=0E

& L2141t (Fourier transform infrared spec-
trometer, FTIR)Z:H7 /S [A] 28 8 4% 11 i 4t Ml A G4k
P ITHAEAL . B R SRR N IR B S EE
S AR ], ) 5T 090 G Tk B 5 100 A S 3 ) AR TR
Fi57 96 h Ji5 FH 28 BE V- vk 43 9 1S A0 T 5 9 2 A
RASURE, 5 WAL B 3] 110 98 240 L P Wl 1 6 2% b VR (PBS,
pH=7.0) th %k 3 3 J5 , ¥ 7R TR A5 20 5 DU i dn . 1
mg FFIER 5 100 mg KBr IR&0FEE & F, 404k
Y61E{Y (Thermo Scientific Nicolet 1S5, 3¢ &) #E 47 M
ELCEHER 4 ecm™  7E 4 000 ~ 400 cm” PG
Rl A3 32 ¥k, T OMINIC B E X5 2 (21 4N
AT IELALIE S T — LA B S  HE AT 2555 53T

1.7 FEPRE

P 25 0 B (CK)  PCB-77 FI4 K TiO, E &
5 (NOM fATE 5 AAAAE ) SEUndl 5597 AR RN ER
P LR R S B E SC I AR IR, B R AW bR vk B S
ORI AR, 1555 96 h J5 , B5.004 000 r-min™" |
5 min 4 C)WAE BN, IF FH PBS(pH =7.0)%5 V% 2
i, ffF UNIQ-10 #E=X TRIzol & RNA Hh3itH] &
(BS11321, 4 TAEY) TR (i) e A BR 2 ml $2 B
&L RNA, ARSI HEAES 2= vl B . D e 48
HUAY RNA 7F 230 nm 260 nm £l 280 nm AL SE1(E
FFHHA RNA MR, 24 A, /Ay, HWIEHTE 1.8 ~2.2
ZIE, H AylAy, HWEN T 2.0 ~2.4 Z RIS, 156 ]
RNA 4 FAr s, Sl T 13 A H AL, 415 B
W52 1 iz, cDNA 5 —45 5 WU 7E /KA ) nucle-
ase-free PCR 45 H it A7 AH B B9 )2 7 Ji= , F5-7F PCR 1%

*1 BWEEHS|WET ]

Table 1  Sequences of primer pairs used for real-time PCR "*"!
ER:SE-30| i A SI1F5IGS ~37) PP bp
Target gene Encoding protein Primer sequence (5’ ~3) Product length/bp
" LTS A R F: CGCAATACCAAGGAGAACAT 0
acc.
Acetyl CoA carboxylase R: ACATCTCACGCAGGTTGAC
D LR A RIS F: TAGTTTGTGCTTCGGGTGG 227
acce,
Acetyl CoA carboxylase R: CAATAAGGGCTTTCGGTTCA
Deat7494 RS H I B RS F: GCTCGCTGGGCCTGATGCTGTT 186
a
& Diacylglycerol acyltransferase R: GCGGATGAGCGGGAAGTAGA
TR SE I R RS F: GGCACAAAGAGTTCACCGT
Dgat3280 . 236
Diacylglycerol acyltransferase R: ACAAACTTGAGGTGGGTG
ME SRR F: CCCTCTCGTTCCCCTTTTATT 158
Malate dehydrogenase R: AAATGCTGACGCAAGTGTGA
PEPC TR TR A T PR T R P2 A Tl F: AAGGAGTGGGACGAGGATAAG 238
Phosphoenolpyruvate carboxylase R: GGTGTGGGACATTGAGATGAT
CAHD Tk I TS T F: GACTCCAACATTGCGAAGAT 109
Carbonic anhydrase R:GGAAGAGGTCGGTCAGGT
bl 1,5- Z B RRAZ NI A/ fin S BT I F: CTTTCCAAGGTCCTCCTCAC
I0C.
Ribose 1,5- diphosphate carboxylase/oxygenase large subunit R: TCTCTCCAACGCATAAATGG 208
HIA Tk EEH F: TGATGTGCTTCCTCACCCT 189
Inorganic carbon transporters R: TCCAAAGTGTCCTGGTCCT
- JERG I P680 M43 a A ELIE F: CACCGTCTGATTGAAGAGTTGC 187
S
p Photosystem Il P680 deprotein of chlorophyll a R: GATGTTCCTTTCCGTCGTTCTG
- At o SALEIEE I F: GAAGTGGATAATCGTATGGTTG s
CO.
Cytochrome ¢ oxidase subunit II R: CTGCATCACATTTTGCTCCTAA
B ATP & CFI W7 3 F: GTTTCGTTCAAGCTGGTTCT 105
a
P ATP synthase CFI subunit R: GTTCTTGTAAGCCACCCATT
s A ELE A fisH F: ACAAAGTGACCGAAATCCAGAA 12
S.
Cell division protein ftsH R:TTACGAATTGGGAGACTAGAA
. [SE= T F: GCTCAACTCCTCCACGCT
actin 187

Internal reference gene

R: GTCCTTGCGGATGTCCAC
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b BRI B ST RO SOV, SRS E RS NOM J5 /INER 3 A AR K 310 4 55t 25 08 i, 388 K 0 i
PCR 7£ Step One Plus %5 %E & PCR {L(ABI 2  KEBHHN997%

A, E) BT, actin NS HE M FKS 2.2 NOM 44K TiO, Fl PCB-77 *f/)Nak i A1 B i

HRAKIEN S actin H B RN 27960
1.8 Fdaaba

AW FE S B E 3 AP AT, SEE R R
fifi ] Excel 2016 #E174 3 K i1 5., 78 SPSS 22.0
AT 2 ANOVA J7 25534t ) Dancan £ 5 [t 45
ZEFNEKE A P<0.05), SR EI{# ] Origin
2017 5E M.

2
2.1
Al
H [l 1(a) Al %1, PCB-77 144K TiO, HM P id
/NERBE 96 h 1y AR A E 03 5 Dy 19.28% Al
64.00% , 41K TiO, Xf/NEK#BE 96 h-1Cy, 42 22.30 mg-
o K TIO, Ve R R X /NBR T A A A
B F U EE (30 mg- LT85 5E 96 h 5 /R
BN & B HETE ST BN BT, BA 40 i
FOBAEIRE b o BRI TS B e 3l , B SRR & ]
AE SR TR SRS B W] REAZ 252, B 1(b)
7R, NOM 40k TiO, Xt/INeRysE A2 PE AR, R AR
MR KA I 7.67% . BB 1(c) Al HIZHK Tio,

45 R ( Results)
NOM 442K TiO, 1 PCB-77 Xf /INER i A= K 1

ESEpeA |

HH L 2 (a) T, Bl R B 2 L 5 NOML A2 72
PR R DURE T 2 LG, 2 U] NOM X 34 4 it
() E LR 0 AT DL 2208 {0 PCB-77 Bl it st /)N
BREETTREE RN, LB PCB-77 X /NER AT — €
HIFEE, & 2(b)Frs ,, PCB-77 X442 TiO, ) H T
F%JC 25200, PCB-77 XF402K TiO, B iF ke et &
AAECPERETC B R I NOM &, 442K Tio, #
PCB-77 YLK R ms ok, i B 2 (c) iR, 49k
TiO, S5/NER B L UTRE RO AR H B8, B Z 1 &
AT WA B A0k TiO, f B A/ NERE T, b
TUREH A, PCB-77 X 4K TiO, 5 /NekiE g3t
B3R TE B | R PCB-77 %t /NBR B DT
AR (AFEAR S LIS 40K Tio, 5 /NER#EE Y 3t
UURHER oAk TiO, 55 /NBRie B2 fl S A B 4L
IR, HA SRR LT sR R e, i NOM
J&i 48k TiO, 5 PCB-77 Fl/NEREETURAH RN,
2.3 NOM . #i>k TiO, Fl PCB-77 X i 41 g &k 1
P52

HnE 3(a)F1 3(b)Fi s, MDA &5 18k a5
ROS WAL IEA — 5, BREBE YK TiO, BT

5 PCB-77 & & 7% 5 X 3 40 M A= K (R 52 i, 8 W, ROS Fl MDA B9 5 i /=1 , Ui P i 4 7R 44 K
(©
Pl - 0 ) TONP 60 +Ti82NPs+PgB-77 o
-= PCB- ——TiO,NPs < 5. - TiO,NPs+PCB-77+NOM .
RS 0F _o—TiO NPs <60} -+ TiO.NPs+NOM ' § 2 20 ’ P
= o = o = .2
£S5 g4 230
Ko W8 e
| =
TE s ,H ) YE20 c=2
Ege ’ Eges S
) [ P4 = 10
¥ 0 1"
0
0.001 0.01 10 3 1o 15 20 25 30 02 04 06 08 10
WHE/(mg- L) W g/ (mg- L) S HHE

Concentration/(mg-L™")

Concentration/(mg-L™")

Normalized concentration

E1 &SEYREMEESSEEIN/NKER 96 h &< HI &7 2 -5 57 #h 2%
1 :PCB-77 4 33’ 44° -PUSIKFE  TiO, NPs 44k — A fbEk , NOM N RIKAHLIE ; (a) PCB-77 Fl TiO, NPs Xf/NEK#: A 96 h Az K kil
FIEE-RON LR, (b) NOM 778 5 RAEFE 54T TiO, NPs BRAMZR BRI /NEREEAY 96 h AR K AM IR &R0 128, (c) NOM f77E 5AAEAE
%1FF TiO, NPs Fil PCB-77 & A 5= T8 6 /INERTE I 96 h A K008 2% 5 * 260 3 25 57 (P<0.05),

Fig. 1

The dose-effect curve of 96 h growth inhibition of Chlorella vulgaris by various pollutants alone or combined

Note: PCB-77 is 3,3’ 4,4 -tetrachlorobiphenyl, TiO, NPs is nano-TiO, and NOM is natural organic matter; (a) 96 h growth inhibition dose-effect

curve of PCB-77 and TiO, NPs on Chlorella vulgaris; (b) 96 h growth inhibition dose-effect curve of TiO, NPs on Chiorella vulgaris alone

with or without NOM; (c) 96 h growth dose-effect curve of Chlorella vuigaris exposed to both TiO, NPs and PCB-77 with or without NOM;

* means significant difference (P<0.05).
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(a)

®)

1.00/® 1.0 0.9} g () @ Algea+TiO,NPs
2 Lo t 038 O Algea+TiO,NPs+PCB-77
0.95 % @ i 3 0.9 T, T3 AU AlgeatTiONPs+
‘é 5 é 08 Ae ’ 0.7 PCB-77+NOM
0.90 LAY 865 - i 0.6 t s
< B s % < 07 A @ d R
< 1 < A < 0.5 A@
0.85 2 < 9 *
LRI 06 H 0.4 L
0.80; @7 Algea A 0.5 ®TIONPs : o ) I
Ot Algea+tNOM 4 | ©TiO,NPs+PCB-77 039 L
0.75} A Algea+PCB-77 0.4 ATiOZNPS+PCB-77+NOM a 020 a A a,
100 200 300 400 500 600 700 100 200 300 400 500 600 700 100 200 300 400 500 600 700
[} [E] /min fisf[] /min it ] /min
Time/min Time/min Time/min

[ 2

ETLRYBMEEEREIIEKE
1F :(a) PCB-77 NOM Xf /NERHE TR A 540 5 (b) PCB-77 NOM XF442K TiO, JTREHIRZI ;(c) PCB-77 NOM X 44K TiO, Fil/NaR LTI 10

RN LT B Y 220

Fig. 2 Effects of single and combined exposure of various pollutants on the self-sedimentation

and co-sedimentation of Chlorella vulgaris
Note: (a) Effects of PCB-77 and NOM on Chlorella vulgaris sedimentation; (b) The effects of PCB-77 and NOM on the deposition of nano-TiO,;

(c) The effect of PCB-77 and NOM on the co-sedimentation of nano-TiO, and Chiorella vulgaris.

TiO, MFERT, &A= T Mg it S Ak i mi SE AL i 13,
WK T 4R SE 88 Pk, U8 in NOM J& , 3 40 il ) ROS
MDA i i P AIK, FT g2 K o NOM 5 25 7240
K TiO, FAT, 38 13 4 HHLFH Sk L 1 9 K 5k 15 38 240
JRLER) B i, TR A T 492K THO, X i 200 At 1 S TL i
i, Lin ECRGE B E R RE B & PR KAk Tio, 51k
1 MDA &, PCB-77 Al 38 A A NOM J&
55 1 S5 2H AR e e 40 B b ROS F MDA 7 i 48
fE#AK, 6B PCB-77 FIl NOM X 3 4 it 1§ ROS
1 MDA &850 A K, PCB-77 H7E A NOM
J&i SOD Fll CAT i Pk & 2 F &, 4 v] G2 i T
PCB-77 5 NOM %5 & ¥ % /N Bk 8 40 ig ) SOD #iI
CAT WA W35 F1EH , 330 SOD #l CAT A
LSl SOD 1 CAT G FF ), &4 75
1 ROS 5 MDA % & Lt 5k PCB-77 i i) &7, 16
WK TiO, /25 [ EHE 4 MI N ROS Fil MDA & it 48
RS FET7, 450 NOM J5 5725 A X R 404 L % ROS
MDA & i il Ul A A R 122 &
TR F LA,

AP AT RE T, AR R T B R AT
SOD &) CAT I3 4K 2 55 LA 22 i S Ak e 012
It CAT 1 SOD 117 14 5 40 i 57 2 (4 S8 AL & 11 A
%, B AL E S ia i B CAT Al SOD A RE 58 4
THERAALE T B = A A |, S S e ik 5] —
JEFREE,SOD 5 CAT MG TR, 41N ROS FLER
W M Z AT A 3(c)H 3(d)IR, B
AL SOD Fl CAT 1145 MDA Il ROS & A 5
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Fig. 3 Effects of single and combined exposure of pollutants on oxidative damage of Chlorella vulgaris
Note: CK is blank control group; the intracellular (a) reactive oxygen species (ROS), (b) malondialdehyde (MDA), (c) superoxide dismutase (SOD)
and (d) catalase (CAT) were measured at 24 h; the difference of different letters was statistically significant (P<0.05).
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Fig. 4 TEM images of Chlorella vulgaris exposed to various pollutants for 24 h
Note: The arrows with white solid line, black solid line, white dashed line, black dashed line and black dotted line point to
starch granules, lipid droplets, cell damage, plasma wall separation and nano-TiO, adhered to cell wall

respectively; the white box shows electron dense body and vacuole structure.
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Fig. 5 Infrared difference spectra of Chiorella vulgaris exposed to various pollutants alone or in combination
Note: (a) Infrared difference spectrum of algae cells exposed to nano-TiO, with or without NOM; (b) Infrared difference spectrum
of algae cells exposed to PCB-77 with or without NOM.
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Fig. 6 The mRNA relative levels of 13 genes in algal cells with and without NOM exposed to nano-TiO, and PCB-77

Note: Different letters indicate statistically significant differences (P<0.05).
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Fig. 7 Toxic mechanism of NOM, nano-TiO, and PCB-77 on Chlorella vulgaris
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