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Exposure to carbon nanotube and phenanthrene : Impact on germination and seedling growth of rice

ZHONG Jian—dan"*, CHEN Hong—chun®, LUO Chun—yan’, LI Ke—cen', XIANG Jun—jun', WANG Li-lin"", DENG Shi-huai'

(1.College of Environmental Sciences, Sichuan Key Laboratory of Agricultural Environmental Engineering, Sichuan Agricultural University,
Chengdu 611130, China; 2.River Management Office of Pengshan Water Supplies Bureau, Meishan 620860, China; 3.Lingiong Industrial
Park Management Committee, Qionglai 611530, China; 4. Analysis and Test Center, 605 Group of Metallurgical Geological Prospecting Bu-
reau, Meishan 620860, China)

Abstract: To investigate the ecological risk of carbon nanomaterials and persistent organic pollutants, hydroponic experiments were carried
out to test the germination, growth, and physiological and biochemical response of rice that was exposed to multi-walled carbon nanotube
(MWCNT) and/or phenanthrene. Compared to the control, 60 mg+ L™ MWCNT had no obvious effects on the seed germination rate and root
biomass of rice seedlings but increased the shoot biomass by approximately 29% and at the same time activated the antioxidant enzyme. 1.2
mg -+ L' phenanthrene decreased the seed germination rate by 22% and the root and shoot biomass by 33% and 44%, respectively. In addi-
tion, phenanthrene inhibited antioxidant enzyme activities and led to oxidative damage to the plant. When MWCNT and phenanthrene coex-
isted, the adsorption of phenanthrene to MWCNT (adsorbed amount was around 50% in 2 h) reduced the bioavailability of phenanthrene.
Thus, compared with exposure to phenanthrene alone, the germination rate showed no significant difference from that of the control group;
however, the shoot biomass was about 19% higher than that of the control. Although the antioxidant enzyme activities were inhibited and
peroxidation took place, the accumulated amount of peroxidation product was much lower than that of the group exposed to phenanthrene
alone. The coexistence of carbon nanomaterials and organic pollutants will thus alleviate the phytotoxicity caused by organic pollutants, and
the introduction of carbon nanomaterials to the environment may change the ecological risk of environmental pollutants.
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HI T ORI B HAT L SR TR st Ry 4 B4
PEUF LLAMRSCPE LR S5 D0 i, BT 2 0 7 H i AR I
BB R AR AR 7 AR HE T bt
5% 2 ) Lux Research [ 43 A7 , I 4F 4= 3K filk 40 K 48
(CNTs) 4 >R B 3 2000 v, BN KA 2 A 5 i 77 Ik
s FECE AT AP B SOk B2 . I ST A
B A oK A8 AT BEAR HE L W] READ IR I A KR F .
Khodakovskaya 25" % Bl 10~40 mg- L™ CNTs 2 % 155 fif
B, AR 1 D LT A Bl - WK, RBORR ¥ R 2 AR K s M-
ralles 284 % I 40~2560 mg- L' CNTs A4 38 5 45 F1/
FMR K. Lin 29 % Bl 10~600 mg - L™ £ BE 5 45
(MW CNTs ) 23 {5 450 R I Ak 17 200 Al 26 L sy, S 3
0 T g R S R AL W) B AL T
(SOD)IE AR , 3 H MW CNTSs 2R 40 g R 2 /)
ST o T R R /A & T N AVAVANN
TR 22 2005 18 55 Z2 R AILTS e ) 7e 36 8k bR
M B AFE A R B KSR A LTS )
(MZ 5 WY E KRB A . Ao
REW ZATFIRAES XY™ A= A Ak iiE , 5 DR PLK
A IO, S BB i A B oK A
BHREIE L B K VR F A o S O S S A LTS e Rk AR
BRI BT, I BRI RHE 1 W AK BR
Birp BA — € i B, A AILTS Ge e SR8 P i
FAEIEZS TR B AL LA B 52 B R ™, Jil 4% %
SEMFESE IO Ff CNTs - 4 052 S A 052 A 5 A vh R B T i
WR A LR, TSR A BR B R 1 2o/ . DR, A B
HH A R Bl 9N KA 5 3 e 0 1 T 25 S e 4 1) A 2
RS

KT A AN LRI DTS Je W 0 52 45 2 BRI
F2 LA RS AL AR AR A Sl R SO T
T, AT 2 B IO T WA KA RS A BT et
FEIF RN KA X 15 Qe e R ) vh 9 ROV B 5
Wi, Ma S5 SY L BRAEAE WA S FE b B
Coo VR JE RGN, = A7 X =S LM I 1 26%~
82%. {H Torreroche Z5" % B, 4 MWCNT. Coo 23 3 5
AR 245 S F DDx G i 156 Bz FEACH 40 ) A7 I, MW -
CNT A PG E P FoK LAl K S R FE % AR )
SPHH DDx AR T 219%~80% 5 Co 1 1] AT
PHELATXT DDx WAL, KA 3 74 24 AR 20 40
WAT o At AT Bt A DK A R X 3 S Y5 G A A AT ) P AR
F0 5200 A PR T R4 KB 5 3 G 40 [ ) s i A
Mo CoBy520 2728 5 AT YA OC, XA [R5 44
S AN [R] 5 5 Yl k) U AN [R) AR 400 40 M B4 3% 2 1

e S A 5

SR, BR AN AR 5 A LTS Qe ) [R) I AEAE R E AT
3 0 I ST A A X R R AR 22 AR A [ Y B A
SIUNAT e AR A By A BRAE AR SR AR 7 AHOCHTSE i
gD M3 P ) R B 3 i kR 2 A v
ANTERE . AERRANRMA RN FAHE) T 240 = i
BARTHEOLT AR B S A LIS Qe
B T5 AT AT LA A B A TS I 1 A 2 XU £
PR o R, AT e E 2 AR VR ) KA D 32 i
Yy, BE5E T ZBERRANKAS 5 230557 S AR K
SEFEIAFAEXT KRR AR 25 3 4l A K e AR AR AR
RN, HOBE T R A A T KRS AR R

1 MR5FE

1.1 RIEHRIRIRF

ZRERRAA A (MWCNT, E 42 10~20 nm, K JF<2
pm, 268 >97%) , W A BRI KH 5 JE (Phen, 465>
97% ;30 CHF K fRIE N 1.3 mg- L), I H TCI 2 A
IKAEFFONFF35) I TRV XA Ful . Prafb &R
S il (G A AL 7 AL i SOD i A Ak AUl CAT i 481k
Yyt POD) (1 1 Ko ask 80 Ak 77 P T8 — [ (MDA ) Il 22
R &0 A R  ERE Y TR T SR A
BLE R, Qo e | FR e, 38928 (e 4l A 24 Rt )
Bk o v i, 52 K ¥ Z8 180K o
1.2 BRAKE R FIRIE

XF MW CNT #5474 A b #1525 J0 o i Fn i Ak
& B AR Y, HERR 22 B R R . K MWCNT
FE 55 3R 40 Y I E 300 CHETRANFE 1 b BUR R E S
FH 6 mol - L (YL FRIZ Mu i #1 4 h, SR 5 FHZ8 18 /K wrigk:
ok, BRIEHLEAL)E B MWCNT & T1E 5T R4
15105 CF M0, A2 T TR Es N A& . T 4 B
75 51 B85 Libra200 (Carl Zeiss, GER) Wi %< MWCNT £
TEB . ¥ MWCNT i 75 43 BU7E 1/2Hogland ¥ FR W H?
T A 0 2 ' B A o 43 HIORR E 1, I ZetaPALs fir
JE 43 B AL (Brookhaven , US) 43 Hr 42 7 Bk 45 1 B2 4% il
zeta Eﬁﬂﬁo
1.3 JKTET 4B R
1.3.1 V5 YS9 e il

FRE— % B 4l 4k )5 9 MWCNT F 1/2Hogland &
F5 W TC T 3 BB Ry 60 mg - L7 BB AS TS Y, I T
FEALHE 80 W .40 kHz 2514 T #7530 min, i H 785343
B, BRI MWCNT V5 989 o H JE S 7 B st e e
1 R B AR A U, -4 CRURPRAAT o F T TR 4
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— ERFIEAB & WTE A 1/2Hogland & 37 1 (H B
B IR AR <0.1% DA skE G FHEE B2 0 ) |, 2088 75 I3
FEIR 2 WG A3 2R 2 1.2 mg- L W ETS YL, 17
FAE G, BB . AR T G 2 I — o 4
TR HEAS A8 I 0 A B E i 47 1) MW CNT 75 YL i, 3
FEWZ M2 h 5, 753 1.2 mg- L' 4E 5 60 mg - L7 ik
B FE+MWCNT IR A5 Y, BURCEL A
1.3.2 JKFE K ZE5250

T R A 3 1) K A R 7 10% 1 B4R KR I
30 min, FFFHZERK R Veid o SRIG R Rl A U
U A DR AR B SR ML, B A 85 5% LA 20 %
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W, LATS S 18 i D2 O E B R SR LA T R
BEFRAE P T 25 CRAME S50 Tkt & 28, 38 B s oxt
PTG YRR KAy, 4 d G iE R T R 2R R IR K
BLETMHTFRE, FREDEFHTLRKERN
REZEFRE, K ZF =R R BU RS R S o<
100%. FEAIALFR 3 E 6 A~ T-A7, I B 25 1M K Ab 2
IR i A S X HE
1.3.3 #sEs

A0 DERD FHAR S PR VR 13 288K S & o e &2
PR LT A SR KRS 4 o S ) SR T, K
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JEIE 14 h, GRS B 4 9000 Ix, iLEE 28+1 °C L, IR JE N
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AR E Y IR R TE AT EE TS YU . B FR AL R 8
APAT, I IR ES IS YWy 18 SRR AR R Xof B

KiF% 15 dJe WORAE &, R BRI s Ak,
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T A0 7R, sk AR % b 35401 R A 5 =2 0 4
ARG IR M & TR TR AE7E 105 CRME T RE
30 min, SR JGTE 70 CHAF MU 2 H 5T, FRH T
TP AR R Y oA 4 4P AT T AR B AR A
FE 0 D) AR R o I IS FE VKR A5 T A
FER ACHE L 43 T BIF S o1 5 S 2 S0 S, SR 1 ke
N &, 43 51 2 SOD , CAT . POD 75 4 S MDA &
o TR G R R AR U A AU PO (NBT) Stk s
B VBRIMY IR AR AR AR B R
SOD PAFE 1 mL WA Z& o, 2 v 2 S8R 1 4 o 3

ik 509% 15} 19 SOD i — 4~ SOD i J1 51437 ; CAT LA %
2 v VR VR B0 4 AR 1 HLO. 19 22 5 50367 s POD
DL 45 22 v 20 SV FUAE 37 CHE A B Al 1 we IS 1Y
POD & H—A4~POD i J1 #fi
14 BRESEBPHBSENNE

e F RIS IE+MWCONT RS 75 YLl A 5 2 58 i
MW CNT X JE AW B 5256, 5% B 3 447, [l B AR in
MWCNT 9 HE 75 Y A o v B B 5 & 75 9
PEFE2 hE , UL 0.45 wm JEIE /> BB TF MW -
CNT, 3 HECA 2 EK I #5 #) HPLC (Perkin Elmer, US)
DU R P R VR BE , RVl e W B P FE VR BB . LA
Xof BN S AETEURE I A3 2k DA R T 2k .
1.5 RS

JITA B YR FHAA S 56 1) S S5 s o i 2 58
Fn o SR DPS Geit oy BTk A4 7 95% 11 & A5 T 1
05 22500, BEAT AN TRl Ak B2 7] 22 7 B PERG G .
Origin 8.5 HATHHRZ A .

2 HRESW

2.1 SEERMKEHIRIE

PR B A5 2 PR R P MW CNTT A 58 SR £ 7K g 2%
B A4 35949 nm, zeta L7 H-7.5+0.5 mV., & 1A
)4 > 50 nm, 7] L MWCNT 4R 42 7E 10~20 nm /2
L5 Rk -8, R 4, MWCNT
R ZREFRA P ILise. K 1B AL, o8l
BB MWCNT, Tig e & 5 3E A7  fE 125 h i
B, YW AR UL, S dJE WA PG
WA R EE Co T 55% , R I, Tl A5 A Al A Ak 7 ¥ L T 2L
A —E MR EE
22 BRYIKBMFEAFENMSGEEDENZM

IKFERN TR 2R L5 02 1. MWCNT Ab B2 F
E+MWCNT 4b 3320 1) A 2 256 55 X REZH A PR UL S 2
255 M AE AL B A Y K ZF R T X R (P<
0.05). JLAMALHR 55T BRI EL , & 2E e AR A I
(B AT B AR . MWCNT & 77 1 Ak BRI A o028 A+
(R R 2F 5, X 5 3 W S ZE A5 43 HIUZE Hoagland 7 5%
W TH Y 10~40 mg- L™ SWCNT XK R 719 & 25 5%
M BF 25 AR, (HBFFE IR 43 HIAE MS 5552 L )
50~100 mg- L~ BRAE REHE 25 K R R 7 & 25 5 I 4 S
BTN A AN [ 4 5236 B 5 1T R A R
RST e 26 4 85 3R B T IR A B R, K
e ot o 5 PR RO ) Jr i )™, 22 B4 0 8 JE X 7
BREEER, AR AR T 20% 247,28
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Figure 1 TEM image of MWCNT (A) and stability of MWCNT in

nutrient solution (B)

A E 2 DLARIE™ . SR, JE+MWCNT Ak BHZH /Y
Pl 2 R S AEAL PR AR U A R B . T AL,
MWCNT BAELERRAR T IEXS R TR F A . B K
HESELENE I & S 5 FEX KRS 7 5 25 A 1 5 i 1)
WA MU B . Al L, iy TR Al i KA A
S KA LTS G E ) AR A n W R A, A B
A LA I K A I AE R AR kD 5 R el AT 1B )
Phen+MWCNT H (4 58 P B AS 7 5 37 9 b 12 i A1 3R 0P
B B SR G A, B 2 I 8 e T R R (4 d I ()
TR W BE AR T 40% 2247 ) o DRIt 20 W M 28 1)
FE L BIRRAE A DTV T 2 T I I 2R o T A 25 TR B ek
A0 5 R S 2855 S PR 8 P AR e A X o 1) 2 T A P
ik,

MoK K S AR A REE R RS, 5
X BEZFLAH B, 45 b B2 6 AR AR ) i i s e 5
25t HMRAEYIEAE, &L T S A Y
Y1 55 %F B2 25 5 W 2% (P<0.05) . 4 MWCNT 4b 2 i
HHT A YRR T 29.3% , AEAHL T 34 1 A
KR T R (B 43.8%) , T AE+MWCNT &b 2y 25 5
EJ{UMWCNT b B 45 SR, L BE 21 5t A ) o 34
T 18.9%, W] W, ,60 mg- L MWCNT A 520 &) 1 A
AR FRR R A R R B E IR GED T,
HWFFE A R AR A2 HE 2y I AR AR K, A1 Wang S5
RILMWCNT i AR A= Py 3, I & 3 MWCNT 23 8%
/INFZ R L 2 7 AR A4 iR RE TE N A0 it e RO R
() £ AR, 84 TR, 240 L e B8 St 0 e, DA T S SO
ARAT R I BFIY & I RE R AR I o 4 v
AP B A P A A AR A RD AR X A A Bk
ERARTR S SRR A RIS AHP ST B IR sl R iR

SEE L AEX A A KRB MR, XS
PAH XJ AW 25 77 A= B 5 AR B0 s — 3 JEM
MWCNT [F] i 58 #5  , 5 JE AL FRAH Eb , 40 v A A et 7
A= A TR N, U R e 4 A G e 3 (P<
0.05). A DLIAIAs B FR I, MWCNT 2 FRARE: Z 480 3
AR A K IR FH . 5 TR e % R 2 2R 1Y
SEM AL, oF JE B T BB N S FER R LA A
Wb B R G, T MWCNT 78 8 38 8 19 [
RURAR R, AR W) 40 L BE 1) LA 29 4 5~20 nm™,
PR 1M W o %) S e LR AL 400 200 R T A 400 s e
Fo AT ARIE TS QKRR MR AR Bl DA L
5 Y Wy HE AR AR O AL S A ik
BRI JEARESE R, W] REARIE R A A AL
P . Torreroche ZE" % B MWCNT RJ fif PG & ™% . oK .
PYZT AT K & DU R 4 % 4 245 52 PH A DDx (1 W e /b
T 21%~80% , Coo . HE f 2 1 ] K A1 PH 214l X DDx
P . oA DF 5T A 40 K Al 4 L BE R A A LTS e

®1 ES/SBRENKBHFRAFRDEENENTI

Table 1 Effect of phenanthrene and/or MWCNT on the germination and biomass of rice seedlings

FE8 45 Index CK A MWCNT JE Phen JE+3R4Y Phen+tMWCNT
K 2f#& Germination percentage/% 93.2+5.9a 91.8+2.7a 73.346.7b 88.5+8.0a
HIETE Wet biomass of root/g 0.219+0.058a 0.20420.089a 0.146+0.040a 0.170+0.028a
IR T Wet biomass of shoot/g 0.53720.026b 0.69420.026a 0.30220.043¢ 0.6380.116a

TE AR NE PR A& AL BRE] 22 57 .35 (P<0.05) o A IHVRIE Y 25 P 20T 007

Note: Different lowercase letters indicate significant differences (<0.05) among different treatments. Root and shoot were analyzed separately.
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Figure 2 Effect of phenanthrene and/or MWCNT on root—shoot

ratio of rice seedlings
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Figure 3 Effect of phenanthrene and/or MWCNT on relative

antioxidase activities of rice seedlings

CATBHE 5 X M 22 7 R 8% . X UL KRS 2>
5 A 7 A AR BT, DT 9 & Bt AE LA T 1) T
P AnER A% UK AGAE 100 mg- L A MWCNT i
i, CAT F1SOD ff & PE 35 T . AR SOD i
FEE CAT BEHE 5 % B4 22 3R B3 vl g 5 i 15 97
(1A R (B FIAS [ BT A O A R P A 06 . A it
SE AL S — 8 B 2R 1Y SOD 7857 B 48 AL 38 2 W) 6k
Wk, ERERR A W 7 A AT AT I R AR
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{9 38 BIF 5 R 2 DL R JE X e SOD 1 BTG
AIRE 54 F Y R A MK FEAR ) A3 25 A ¢, R
FE T 2832 40015 BT A% 38 45 ek 1) A3 58 400 1 o A B
[Fi] B 52 453 A A BB I WS S A% 356 25 ) el AR K I 7
TP AL T BT JERR R T KRR A R A Y
P . 2 ek L

E+MWCNT [F] i 22 58 T (14 15 1 5 JE o i R i
T2 (55 R I R 52 T KR CAT Wi A, 33 19 Foft b 3
P G TG . 25 S ), YR IO (B S I B AR Ak g
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Figure 4 Effect of phenanthrene and/or MWCNT on MDA content

of rice seedlings
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FEXTAE ) 1) B T A D55
2.6 FE+MWCNT [E Bt & B %t 4h 8 B9 2 AL 2R 55 4
WX FE+MWCNT IR A 15 Y b e 2 2 JE 1l
FE, RINBR 2 8%~13% WRUBERL 2% , 2 h i+ 52 B 4%
MW CNT W B (%) 3 a] 1k 21 EW) iR vk B2 19 50% LA _E i
T SIEAR T 0.45 mg- L7 YW ik )5 (29 5
d) J5 , MWCNT M i 5 AT 35 (83+3) % , A W2 86 1 1
B ASTEILUN 0.06~0.08 mg- L', 7EIE+MWCNT [ i 22
FE IR, JE S MW CNT [ 56 422 fiph G0 40 FE L 4
WLRFE . T 5 d S22 50 MW CNT 768 55 9 7% 47 141
R EIFRAAR R (- AB) |, K 0 B 25 3R 4 [l s 2
FFEIFWAR R . A SCHRHRIE MWCNT BEG% iE AAH )
A BB AETRT DA P AR R 1) b5 A e B 1) i AR R
A SRR SEFE RS T AF AR IR AR, ol R B
(14 FEME DL EB B, T LA MWCNT J2& 35 BB A
Yy, W B S TE B AR YA RPE R AR . 28 B TIR
MW CNT X = 114 5 A fige W 3R iy V2 &2 & Jilr 2 52
Bt AEXT A 0 AR DA G 1 A . Rt ik
YA AL B AEAEXT R AR A WL G i 2k
BIEA —EEM

3 #ie

(1) B —75 YL ZLFZ 1}, 60 mg- L' ) MWCNT X+
Wk 2 TCRE A, (B 5 ) A A W) A AR T [ s
W 2R PR AT IS 1, 3 BUR R 0 AP 5
1M 1.2 mg- L AE B R AD R & 28 5 A K I HLRRAR
BRSPS 3 ™ A SR A

(2)1.2 mg-L" 3E+60 mg- L' MWCNT [A] v} % 5%
BF, FE X R 2 2 FIAE P A A B R A 25 o 22 i
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X Tl A — R S ), (EL A sk A A A A 7 A 1) AR AL A5
5o XA R IEF MWCNT 2EAEB) , MWCNT % 3E 1Y
W T A i g 3R i £ S 14 A= A R AR
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