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[HZE]  HIRITYKITOR T B 0 T PR RN S I AM 25 (extracellular polymeric substances, EPS) 7Ei% i #2 1
RIVE R, ARBF5E LR 2K 20 (PS) il — Ak 7t Si0,) YK IR AR 3R 3 1R A ( Chlamydomonas reinhardtii) N 3%
A W SN GAOK UKL S SR EPS J5 S A i 85 B RS AR OR (B R S i EPS A AR K R AR BAE fL AR AR
SESLIRWT, PS 1 Si0, ¥ 0 35 S B ACHE (0 A K, FL/INKLAZ: JIUARE 34 00 1) 1 B3 794 o 0 A S X 3 1 A 34 114
O F S M LRSS 1Y 20 nm PS A A €6 R A . PR GR BRI G 3 d SR A EPS 43
T RN AR EPS BN T A AR M PS 1 Si0, X35 B A 1 5, FL A3 Rk 3 0 AR R S A KR Y
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Behaviors and Toxicity of Polystyrene and Silica Nanoparticles

Zhang Qiyan',Yang Tingting' ,Huang Bin'* Xu Xiaoqing' ,Gao Xing',
Zhang Jiaxin' ,He Huan',Zhang Mingdong®,Zhou Haoran*

(1.School of Environment/ Jiangsu Engineering Lab of Water and Soil Eco-remediation, Nanjing Normal University , Nanjing 210023, China)
(2.Key Laboratory of Pollution Processes and Environmental Criteria, Ministry of Education,Nankai University, Tianjin 300350, China)
(3.Key Laboratory of quality safe evaluation and research of degradable material , State Administration for Market Regulation,
Hainan Academy of Inspection and Testing, Haikou 570203, China)

(4.Bureau of Hydrology, Changjiang Water Resources Commission, Wuhan, Hubei 430010, China)

Abstract: To explore the toxic effects of nanoparticles on algae and the function of extracellular polymeric substances
(EPS) in this process, this study selected polystyrene nanoparticles( PS) and silica nanoparticles( SiO, ) as representative
materials ,with Chlamydomonas reinhardtii serving as the test organism. A series of growth, physiological and biochemical
indicators, including algal cell density,specific growth rate,pigment content and EPS content,were determined following
the supplementation of nanoparticles and exogenous EPS. The results demonstrated that both PS and SiO, markedly
restrained the growth of C. reinhardtii,and smaller-sized particles generated stronger inhibitory impacts. Overall , these two

types of nanoparticles exerted slight influences on the pigment content of C. reinhardiii ;only 20 nm PS notably inhibited
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pigment synthesis. After 3 days of stress exposure to the two nanoparticles,the EPS secretion level of C. reinhardtii rose
significantly. Exogenous EPS addition effectively relieved the toxicity of PS and SiO, to C. reinhardtii ,which was reflected
in the elevation of the algal specific growth rate. After 3 days of exogenous EPS supplementation , the specific growth rates
exposed to 20 nm PS, 100 nm PS,20 nm SiO, and 100 nm SiO, increased by 33.3%,31.4%,12.0% and 12.1%,
respectively. Exogenous EPS delivered a more remarkable detoxification effect on smaller-sized PS, while it achieved
better toxicity mitigation for larger-sized SiO,. In addition, exogenous EPS could raise the pigment content of
C. reinhardtii and improve its intrinsic capacity to synthesize and secrete EPS.

Key words : nanoparticle, silica, polystyrene , Chlamydomonas reinhardtii , extracellular polymeric substances,toxic effects

Bl FE 2 2T B R | N TR} SE BRI A 7 5 18, 7 A 7 R P 2ok 8 rh oS el R s A
AKIAEEN | Hod ALY K UL (R 2K polystryrene, PS) 21 5 JEHL 4N K Uk (40 AL T, silica,
Si0,) PIE R SART RS Yol , W ATAE T RKIR KRR BE I 0T 7K A A 25 2R G0 b B XU ) B i oK A
AP RIS A KR B RS AT R T R K AR S RGBS TR JE PS.SI0, Gk TR A 2
BEPERY EZSEAR A BRI, PS (Si0, GHRIBURIN e 4 Bt Z R LR A T EE s
AR RN LAY B R SE AR N AR 0 R e AV R R M R R P A S R AR Y 2T R E
HESE, PS . Si0, 44 UkE X e A 75k LA 3 AR AR M ) N A2 0 R B AT B K A9 Bl 3 1 AR
SRS AR ST, R R TR AR YRR (R T AT B —GORIBURL R I X R [ R 2 A R Y
YR URL (nsRaKYE PS 528K Si0,) BYBE RN 25 5 X NFERL , 2 5w A it — IR, Jh sk = [7]
— AR FR R AN [V OK O ()P4 7 %) LIS

HEAN R AW (extracellular polymeric substances , EPS) J& #2543 2 MW Ko A P, EZ s R
RS E AT SRR IR Z LR EE 0 5 Z D RESEEA EPS AT TR fA ) gl ok R, BlcE H
AT N SR, CA I ETEANE EPS X 40 K FUR 75 1 1 B R R P2 R Y (B kit T ARse
U5 EPS M0 WS BLOGIEAR . LA EPS Tl 5 24 7 FE 9K ORI A8 T 41 73 i AR AL B Tk = &R
IR, 3K B A ( Chlamydomonas reinhardtii) J& T45¥E1 ], ) 2 AA1E TR A 7= 38 BA A Kl
W R | A0 A 2 44 7 B R T Y M U S R SR T R K A AR R A 9 A BEARRR 2

T LIRWFR S 1, AR LSRR A 2 A1), R HLECRRIRAR (20 nm 100 nm) PS il SiO, 1)
FEVERONL , W1 R B WV R R 22 57, R n AN EPS X9 KSR 73 VR 3B/ . WF9E A B2 o gl oK i
LAY A 285 RS DA A PR (LR AR 3.

1 RSk
1.1 PS #1 SiO, #K Bk gy &

PS Ml e RSB S A . BIR LM (St) BB ET (K,S,0,, KPS) Al ke FEfif BR 40 (SDS)
PN OB &, d BT RL A Y PS. BIE = S5U5 i b in A 27K 53 i S0 25 B ' ROk s 480, O
JA KU IR 5 V5 I R G0, SR ) SR R N AR TG 7 SDS, $i #E 4151 e I A 2hiAk ) St 544 R
NEEEE T2 70 CHFINA KPS ¥, 51 & v, O 2@ A Z SR, ROVEH G AR R =, i
Ry 1At FHAB IR ARG | LA 2B R S 0L A B B R A i FR BTG PR, ARAR 4649 20 nm A1 100 nm PS &
TR

Si0, Ml % : R FHEGHEAY Stober A 0. B TR FIMA—E W E R 2R, 7LMR A6 InA—E
B, & TS 0 R #E 18P as b VR B2 R 60 °C B In AERERR PU £ 6 (TEOS ) |, S
—EME] 152 10 nm (9 Si0,. 7EMCEERN FFE—255 i 20 nm 19 Si0,. BIV T Af K B8 S B0 e B 2N 2
FRAEE A 1~2 mmol/L, INAFRC &, HAEFFEedi 1 TR S WA ZE 60 C. A 0.35 mL TEOS J&5 ,7E%
M5 PR 0 — B[] 3 1o e O 4liA A5 2 20 nm 1 Si0,. BU— & AR 20 nm Si0, 5 2 AR
HKIRA N, —BeiEFEEMA 5 8¢ 10 ¥k TEOS A1 LR AY). 121 GECAME N AW A W, Fr
SISO A5 E) 100 nm f9 Si0,. 20 nm F1 100 nm ) Si0, B NG ¥ E 4 BE 4k b | If
TE 4 C KA RECA# AT
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1.2 MRMRE

BE RIS R 20 nm F1 100 nm () PS B IFH (1.3.10.30 mg/L) & Si0, B IF# (5.10.20.50 mg/L),
i 3 B A SCHUR 9 AAT B A ( Nano—ZSE , Malvern , % [ ) il i HoAe WC 5577 30 oK AR fe. e L3Rl I
DIRASIN EPS B4 AWK B PRV % IR 5B 10 mg/L Y PS F1 20 mg/L 4 Si0, , 75l EPS(30 mg/L)
i DN 90 K SR 7 B i rh 1 K AR AR 284k, 10 me/L PS .20 mg/L Si0, Sy AR S Bk B X [] 1) rr 457K
- BERESRIIE PS . Si0, ZHK UKL Y B L8500 7T g Fe e SN, SORT A 34 s AR EPS I B3R IR SR 5 R
TR BE S 5 P AR 2R N K B 9% B4 8 P R R R B — B, PRIE T ST A5 SR A AT E . S8 i AR
EPS ¥R JE A 30 mg/L, 4b T [ P AR ERA A5 0 H e B2 X ] Y.

1.3 EMERE

ST TR [ TP ERREBE K A AR YR T (R, D) 7E WC B33 (pH 7.0) G KT 3%, Higs
Zet S REERFE 60 wmol/m*/s, YEMEEL 12 h: 12 h, IR 25 °C |, # &1 9E , B K ER 8 3 k.

1.4 PS #1 SiO, 40K Fifi 514218

A3 SIC & AR TR PS(0.1.3.10.30 mg/L) il Si0,(0.5.10,20.50 mg/L) [ WC K535 15 3 14 4K
LA 1x10° cells/mL IR AREE EHE AT REIR 3 d, A IR I 2 VA TR RO B2 . S0 360 445 R 000 A ot 4 L £
R E EPS SRR,

T4 E W 10 mg/L 20 nm PS. 10 mg/L 100 nm PS.20 mg/L 20 nm SiO, .20 mg/L 100 nm SiO,
AEFRA AR E A 30 mg/L EPS FURHIA EPS JE47XF L, [R]BsF 152 AN 15 49 K Uk 0 6 B2 . 5 3 1 4K
BELL1X10° cells/mL FIPIIR S BEE ATERE 3R 5557 3 d, A3 K HURE I A2 I VR MO BE . SIE 6 22 00 2 e ot 200 A
R G EPS & DO EFIRIR.

1.5 1BHRAE
1.5.1 HEwmpBESA¥kE

SR G B I S S AN . 2SR A ] DL A BE T (UV-1780, 15, H AS) I K H1 4w o
W) e KM A 680 nm, T+ 680 nm AL E MG L, BV OD . A I BRTHB0MR 75 E4T 2 i 114K,
ST WO 5 B AR 2. B R IURE I VRO TR R AR KR w (1)),

InC,~InC,

p=— (1)

K, €, AWILR BN BT | €, A Zeid — BERH I ¢ o A48 20 i vk i
1.52 &&4%F
K BRI E 425 a(Chl a) 442 b(Chl b) AEKEIE N2 (Caro) & . 35353 d B, B 10 mL
AR 2D S LT R IR 8 B IE IR 95% LRI T 4 CHROEGIZIRE 48 h. 8 200 g B0 15 min, BN &
470 nm 649 nm F1 665 nm WAALHY OD 1, VA 95% ZEEHW NS Tl F AR B O R &5

Chl a=13.7X0D,~5.76X0D,,, , (2)
Chl b=24.96X0D,,,~7.32X0D s, (3)
Caro= (1 000XOD,,,~2.05xChl a)/245. (4)

1.5.3 EPS #1484 MZ B Ry %T

RO~ IFATE SR EPS, 73 Wi 84 S-EPS FIFEE AL B-EPS. MUt #K,8 200 ¢ F£5.0> 15 min. |
WL 0.45 wm AL TER T IES 5 S-EPS; F 2 W41 M0 3 1P A A 2 (A AR 0.05% 1) NaCl Y57, 60 C /KA
30 min J5F 11000 g FE5.0> 20 min, FIERZ 0.45 pm FLEUEM IEAF ) B-EPS. HHEMMRRILE pH<2.0 J5il
i A HLER AT (Multi N/C 3100, AnalytikJena, 5 ) MI3E EPS k. EPS th B 5 55511
P AR % 35 i 1L D
1.5.4 =R KR EoH

%ljﬁﬁ%%%ﬁ%%ﬁﬁ“( Lumina, Thermo Fisher, 3 [E) T 5 B i 1A 2 6T K e B LR (EEM). R
(Ex) FIA SR (Em) $148E 235020 250~450 nm 200~650 nm. 5334 12 000 nm/min, # 4l %
B M E K0 10 nm. B3E0G2H ( ﬁé’@ﬂ() Ty
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1.6 HIFEHHT

SRR VLS Y E bR 22 R, SR SPSS 26 #E47 B K 5 224381 (ANOVA ) ALl ST BEAR ¢ A6 56,
# 03K p<0.05, 25 7 W3 ++ UK p<0.01, 2R AEH W3 + =+ L3R p<0.001, 22 54 & 2. >R Origin
2018 . Prism 10 2:&].

2 RS

2.1 HRBRE

PS . Si0, 44K FURRI AR AL /N e BE AR (1 mg/L PS Fl 5 mg/L Si0, ) , AL 2846 M 350 R 45 2%, KokiAz
PS . Si0, KRR E M4 (K] 1) . 100 nm PS BFE HEEAE T 20 nm PS. iR EEH 1 me/L B, PS 19
HiAE B IR K ELg sh RIZL VR EEA/NT 3 mg/L PRLAR 8 TA2E. 20 nm PS F2E J5 B RIARTE 20 ~ 30 nm),
100 nm PS F45E J5 (RARTE 60 nm 2545, 5 mg/L 1Y 20 nm Si0, 7E 2.3 d BFRIAR I B KT 0.1 d; HAR g E
AR/ BEARTRE . 100 nm Si0, KA SR BN, FRUE M B AE. 20 nm Si0, FE 5 BRI TE 20 ~
30 nm, 100 nm [ Si0, F&E J5 RLARTE 110 nm 22747
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im 160 F o 1601
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po o SEeE D oo oo
£ 80 J : I . = sof
] Toc Bl T ok =
0 1 1 1 J 0 1 1 1 J
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180 (e 0d 1d 180 (f) 0d 1d
g 2d 3d = 2d 3d I
£ £ %
xd N e
= 120f . @ 120f T !
4o . <o
ﬁ . I e ﬁ =5
A « BB iz
g 60 - ke :[ == I & i} A’H:E% 60 -
¥ -1 zIm X . =
g I g ___ S
1 1 J 0 Il Il Il J
20 nm 20 nm 100 nm 100 nm 20 nm 20 nm 100 nm 100 nm
PS PS+EPS PS PS+EPS SiO, SiO+EPS  SiO,  SiO,+EPS
Qb3 Ab3g

7E:1.3.10.30 mg/L(a)20 nm PS F(¢) 100 nm PS;5.10,20.50 mg/L(b)20 nm Si0, Fl(d) 100 nm SiO,; (e) 10 mg/L PS+
30 mg/L EPS; (£)20 mg/L Si0,+30 mg/L EPS. * /XU EPS FIJ5 A4 BZH [ A7 7 1 35 22 5% (p<0.05) 5 * + RRIRN EPS Bl /5 1Y
LR AR AR B 225 (p<0.01) 5 # # = FRIORUSIN EPS TG (AL FRAL W A 7E R B & 25 5 (p<0.001) .
1 AREIREARREHZE PS 0 Si0, KRN EPS BI/EHH2R W

Fig.1 Particle size changes of PS and SiO, with different concentrations and particle sizes before and after EPS addition
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ERIN EPS AXF BEAIAR LL , SN EPS J5 PR R TOR R AR 1 il 2548 K, HL 25 55 00 25 1 B s () 185 o i
A5, 24y BEE L (PDL) WAHR G A, #1401 20 nm A1 100 nm () PS Al Si0, ZEZ A EPS 3 d J& , H: PDI 435
M 0.43.0.15,0.31.0.08 /1% 0.71,0.45.0.67.0.38. X LLK I EPS B4 ML 2 T 99 K HURL A9 A 5
(K 1(e) . 1(1)).

2.2 PS 0 Si0, BF RN
2.2.1 PS A Si0, AR HERF ALK H®

PS X6 3 B A 5 1) AE R HLAT S B MR S 30 I it %) 390 e — 2800 R (] = 2500 5G &R , o, 20 nm PS
X 3 A TR AR KA IR T 100 nm PS(K 2(a) .2(b) ). 10 mg/L 20 nm PS 38 F&5 2 RIEM ALK
Z AR W (p<0.01) ,MTEH 3 KN SZA% 2 1] (p<0.001 ) , BEHT PS X 3 14 A st A= < 114 400 1 B 15 1]
R MG SE. 7E 30 mg/L 20 nm PS 53T R AKESS 3 RIVFESF A RKORZ B W E i (p<0.001) , 1
[F] B2 #9100 nm PS {CR I AR H RFEMH] (p<0.01) , X — KA A FEE 22 7T P T/ IVRiAe PS HAT
TR bR AR . — 7 T35 1 ISR E RN &, 3 — T TR T A A 3R T P R B R AR 2R

Si0, [AIFE RT3 P4 A g 3R B 1 A A i 250z, HL A i A T T A s A8 s/ N T 3 8 (J&1 2 (e) 2(d) ).
50 mg/L 20 nm SiO, ZbFE 1 d J5HHIR L 79.85% , .3 = TR E 100 nm Si0, ZbFI4L (51.74%) , #E—2
UESE T /IR AR g K ok A S s i AR ) bk (HHSRN i U0 O R 55 T PS.

200 OmgL mm 1mgL w3 mgL 20 (v Omg/L mm I mgL w3 mglL
10 mg/L 30 mg/L 10 mg/L 30 mg/L
) LSk = o 1.5%A}
B - f ; - Nj‘ J J_
N bl Al ==
'_,\ﬁ 1.0+ I dy o I:*_'...m 91.0» I . . = L=
iy T == iy N i =
£ 2 = B
05r 0.5}
0.0 J 0.0 )
1 2 3 1 2 3
SEE A ] /d I E)/d
6r (C) 0 mg/L 5 mg/L 10mg/L 27¢ (d) 0 mg/L 5mg/L 10 mg/L
_ 20 mg/L 50 mg/L 20 mg/L 50 mg/L
s} s} N
@_ 4+ - @_ 1.8 I
o - o
K J N H [ I
I I I J o % M . I B
2 o JII [.] 2o k|- -

S TR ] /d ZREIN/d
#:1.3.10.30 mg/L(a)20 nm PS AI(b) 100 nm PS;5,10,20.50 mg/L(¢)20 nm SiO, A1(d) 100 nm Si0,. = F7n 5%} AL 7]
HFEEREES (p<0.05) ; ++ F/R G BA MR BEZESF (p<0.01) ; * =+ R 55X BA M A 7EN B % 225 (p<0.001).
2 REREZRBETARREARFHE PS 5 Si0,3 d GHHERERKETH
Fig.2 Variations in the specific growth rate of Chlamydomonas reinhardtii after 3 days of exposure to PS and SiO,

with different concentrations and particle sizes

222 PSASIO, S REREEFEZTH YA

20 nm PS [ B8 AT S 25 0 o) 3 B A P €0 28 A5 A, LAY o AR R e R T T R S I R - K
NKFR (F 3(a) ). HXT Caro HHIHIR IR = (48.49% ) , HAK & Chl b(47.80%) .Chl a(40.75%). 100 nm
PS X3P AR HOE A O R R ML) Hormesis S0 - RIREE (1 mg/L.3 mg/L) Fedt AR, B =
(10 mg/L.30 mg/L) W] g F Ml 58 (E 3(b)).

5 PSKRIA],20 nm A1 100 nm [ SiO, PHA T, 3 EABEEMN (AR & R0 W E 21k, R M Sio, X 3EE K
HOCEEHM T AR BT PS(EI 3(c) 3(d)).
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Chl a Chl b Caro (b) i Chl a Chl b Caro

TR WE/(mg/L)
~
I
R WE/(mg/L)
~
&
=

0 1 3 10 30 0 1 3 10 30
PS¢ /(mg/L) PSH¢ S /(mg/L)
Chl a Chl b Caro @ Chl a Chl b Caro

(o)}
T
&
—
—
"
—

o R /(mg/L)
N
Y SE (mg/L)
N

[\
T

0 1 3 10 30 0 1 3 10 30
SiO, ¥ J¥/(mg/L) SiO, ¥ ¥ /(mg/L)
7£:1.3.10,30 mg/L(a)20 nm PS Fl(b) 100 nm PS;5,10,20,50 mg/L(¢)20 nm Si0, Fl(d) 100 nm Si0,. * F~5
BRI A2 5 2 5 (p<0.05) ; % 3277 15 0k BR AL A2 A i35 2 5% (p<0.01) .
B3 XEAERBETARREARFEMNEZPS 5 SI0,3d EHNBERE
Fig.3 Variations in the pigment content of Chlamydomonas reinhardtii after 3 days of exposure to PS and SiO,
with different concentrations and particle sizes
2.2.3 PS A0 Si0, * K H RFE EPS &AM 50 %0

PS 1] 5 5 3 A 43 Wb S-EPS, H 43 Wb i il vk B T T 22, IR R - R (K 4 (a) .
4(b)). 10 mg/L 20 nm PS 4bHf 3 d J5, 3 AW S-EPS & B M B3 TH i (p<0.001) , Fr K38 K R 3k
632.36% , 1M [F]VE FE 1Y) 100 nm PS ZEFRA | F KIGH RN 582.54% , KBI/IVKiAE PS X 3BT AHE S-EPS 1941
WA HSREFAER. PS WA X B-EPS W2 M AN 5, {30 mg/L AbFRALH LT B E R EER. 45
SHT iR N PSR RGN S-EPS Al B-EPS WA & (K&l 4(e) 4 (f)), X 20 & 500 0 &5
(B 43i) \4(5)). ATREHLHIR PS X 20 i A= 4 18 i g JBly , F2 (58 S 40 i 53 W6 B8 2 1) S-EPS FH I PS, 1
A BUR AAEE R B el Rete ek PS Ay B, 4 5 % Az AR TORE , 98/ PS 55 358 4 M i) 422 fih , B AIK PS
) 2.

20 nm Si0, BB XT EPS KA 4352 ma 4R i (181 4 (e) \4(g) \4(k)). & PVEEE 100 nm Si0, A
1B R 2 S-EPS 1 B-EPS B953 4 (Bl 4d) . 43R AHEAZ H] 100 nm SiO, BB, S-EPS B & H &
P FEBIN, M B-EPS B & B AR E (8 4(h) ). T BEBLENZ: SiO, X 40 g A= 1 g, 12 1 35
YL 5T WA TE Z2 1 S-EPS FH T Si0, , M8 (1 BT 3R A7 76 K B RE A, RS AR E Si0, AR, (& A= A
R IE TR FEAK Si0, MAvERErE. X T 20 5 & R EE Y 100 nm Si0, X HA #H i 2 iy 4 il 1
FHCE A1) . X — I AT REAEAE MG I T AL . — & Si0, Xt 22 W HLAG Beui iy Wz BE s 7 | S 3040 Wb 1) 22 Wk
POHHAE ; IR AENA ST AR AT PR G RE U0 8 FH T6 iR 1 5T DA s B E 8 g, AT 1 2
WG R DG B ) R k.

2.3 EPS XK BALH R EE
2.3.1 EPS s kB mia T EERELAKGHH

LARMA EPS HXF BRALAH LG, A EPS B AL BRAT S B A i e 57 A 1 R i 25 1 g, AN EPS #E
R PS I Si0, X3P ACHE R KA (B 5(a) \5(b) ). 745 3 KAF,EPS X 2% T 20 nm PS H3KEH
A AR AR B WY S 2 2R (p<0.001) , X 2288 T 100 nm PS A9 EA I H B Z ZfE R (p<0.01) ;
TES 3 REF, EPS X285 T 20 nm SiO, A3 8 A i A KA TG B 3 G2 i AE T, NP2 88 T° 100 nm SiO, fH
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Fig.4 Variations in the contents of EPS and its components( proteins and polysaccharides)in Chlamydomonas reinhardtii
after 3 days of exposure to 20 nm and 100 nm PS(1,3,10,30 mg/L) and SiO,(5,10,20,50 mg/L)
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20 nm and 100 nm PS(10 mg/L)and SiO,(20 mg/L) ,with and without exogenous EPS addition
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20 nm and 100 nm PS(10 mg/L)and SiO,(20 mg/L) ,with and without exogenous EPS addition
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Fig. 8 EEM spectra of B-EPS from Chlamydomonas reinhardtii after exposure to different pollutants for 3 d
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