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B — GNP A H BE AR AR AR B PR MU T IR E] 12.0 mg- LTV HE, 500 BEAR H R 35.7% 5 IR 1 MWCNTs-
COOH R4 Z &R, H 1.5 mg-L™' MWCNTs-COOH & 317 5 M- v it 48 4k Wy i (POD) % 4 781 ;6.0 ~ 12.0 mg- L™
MWCNTs-COOH /¢ #EM-+ OF 77 Ak FR AN | 43 424k 4 7 AL it (SOD) I 1k Th g, - v 21 48 (0, 3t 55 186 22 ; MWCNTs-COOH ¥ Ji
12,0 mg-L™" B 412 - O 77 AE #E3R W 2E I, SOD ¥ 1 F W, AR 40 i s £ ¥, ZE 1T il , MWCNTs-COOH 5 Cd £ & )5, 4
MWCNTs-COOH £ F 6.0 mg-L™" , .5 MWCNTs-COOH H.—AbFiZH b4 AR R IE SI AR WU B A8 {1k 1 = 6.0 mg- L7 J5 , iR ARTE
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COOH) and cadmium (Cd) on Vicia faba seedlings, the physiological changes of the seedlings hydroponically cul-
tured in solution of MWCNTs-COOH (0, 1.5,3.0,6.0, and 12.0 mg-L™"), Cd (10 wmol-L™") alone or their combi-
nation were investigated in present experiments. The results showed that root activities tended to decrease with the
increase of the single treatment concentration of MWCNTs-COOH. The root activity decreased by 35.7% at 12.0
mg- L™ MWCNTs-COOH in comparison to that of the control. In addition, low concentrations of MWCNTs-
COOH promoted the production of chlorophyll, and peroxidase (POD) activity was significantly elevated at 1.5 mg
-L™" MWCNTs-COOH compared with the control in the leaves. Moreover, - O; production rates, superoxide dis-
mutase (SOD) activities and reddish-brown spots were increased with the increase of MWCNTs-COOH concentra-
tion from 6.0 to 12.0 mg-L™" in the leaves. In roots, at 12.0 mg-L™' MWCNTs-COOH, the -O; was significantly
produced, and the SOD activity was obviously declined compared with the control. Additionally, the dead cells in
stained roots increased under the treatment. Under the combination of MWCNTs-COOH and Cd, no obvious chan-
ges were observed in the root activities at the concentrations of MWCNTs-COOH lower than 6.0 mg-L™"', com-
pared with the single MWCNTs treatments with the corresponding concentrations. When the MWCNTs-COOH in-
creased up to 6.0 mg-L™", the root activities decreased below that of 10 wmol-L™" Cd single treatment. Malondial-
dehyde (MDA) contents increased to be more than the corresponding treatment of MWCNTs-COOH in the roots or
leaves under the combined treatments. POD activity was boosted in all the roots or leaves under the joint treatment
by 6.0 mg-L"' MWCNTs-COOH and 10 pmol-L™" Cd. Particularly, the reddish-brown spots were expanded to
64.02% , and hydrogen peroxide production was markedly accumulated in the leaves, while the root tip cells were
damaged and partially fell off the roots under the combination of 12.0 mg-L™ MWCNTs-COOH and 10 pwmol-L™'
Cd. Thus, it can be concluded that higher concentrations of MWCNTs-COOH (no less than 6.0 mg-L™") may exac-
erbate the oxidative stress in V. faba seedlings exposed to Cd in culture solution.

Keywords: MWCNTs-COOH; Cd; Vicia faba seedlings; toxic effect

WA K S (CNTs) & — Fi B A Rk 45 1 1) &= 1
PR ELAT W B B 4T A b BB ) 8 RN AR E
AL R ARRER RS LT & SRR R = BT
I3 N BAOBE B 4 K 45 (SWCNTSs) Fl £ BE it 4 oK 45
(MWCNTs), #H X F SWCNTs, MWCNTs % T /=
7 H AR, O W B A |1 R A ) 4 4
P A 9T B e, {H T MWCNTSs 3% 1 k2> 7
PEREA, ZEFEAR 7 9 T A &) 1A 2R B 4 4 | AR
MELEVE 7 S B A1 4 Y BRI T DR &
¥, Rk, 78 MWCNTs 2 1f 5] A—COOH 45 3% 7K
FEPOR A s g v o Bt B 4 8 T CNTs
A ST AR B O B AE AR T R il o AR
MWCNTSs A A 3kt f H 25 B ik 31 25 85 o, 0Pk 9
MWCNTs #F A P58 5 51 A& 1 35 1 380 00 A0 A 288
FER R KU 51 R 2 R FE Ry )z b, B
I, T 49 K b4 R0 F 5% 32 2 4 v 78 3h ) A ik
A, BN, CNTs RE % 1 B R 7 28 i S8 1= 0 il
IRk A BRI /N B 3 DNA SR 0™ 46
AR, CNTs H A7 $ 1 1% M, GE 0% BH 65 40 04 1 A=
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1 ##l57 % (Materials and methods)
1.1 BRI ZRERR YK AT FRAL

MWCNTs-COOH (4M% 8 ~ 15 nm, K 0.5 ~2
wm, 405 >95% )l [ FR R Y8 K s A LI A
FRAF, R K S B+ 0 5805% (GeminiSEM
300, %[ ZEISS /A ) #fiF MWCNTs-COOH F i
L 1),
1.2 SCEM kL

AL (Vicia faba L.)FPF R i g 24 1 & UL 5
(K5, W T e [ A A )
1.3 SCmnETt

P UL AR (14 4 T2 AP 0.1% YRR i
W2 10 min J5 76 Milli-Q 7K H 5843 vk | =5 iR
Milli-Q 7K1 24 h AT A0 B FE 4 o0 28 J5 4%
TR A b AR AR 2 em ZE AT IS
I AEA 1/4Hoagland SRR TR & Tl
Kb 2 rEnt g, #2 i A . CK (1.5 mg- L™
MWCNTs-COOH (T1).3.0 mg-L™' MWCNTs-COOH
(T2).6.0 mg-L™' MWCNTs-COOH (T3).12.0 mg-L™
MWCNTs-COOH (T4).Cd (T5),Cd+1.5 mg- L™
MWCNTs-COOH (T6),Cd+3.0 mg-L~" MWCNTs-
COOH (T7).Cd+6.0 mg-L™' MWCNTs-COOH (T8).
Cd+12.0 mg-L™' MWCNTs-COOH (T9), Cd N4t
4l CdCL,, T A7 & Cd #5558 Cd 583475 10 pmol
-L™"  Hoagland 7 CA T A A BEEEA L F2WE , pH 4

T1 T2 T3

65 ~68, FMNLIEE 3 KRG MR AT 48
PRANT), B 3 R4 — R Ab BV, PN 480 8 2R A7 i
SR, AR S s (& 2), BT EUE =
1.4 SLEHk
1.4.1 MERESEAR R E

2R 2 B I E - S SRR AR I ik
WFREL 0.5 g BIVOrH Ttk A 80% PN 25 mL
HEATHIFEES | SR JE b S 4 iR 20 J g A 50 mL i

Date: 26 Jan 2019

WD= 4.6 mm Time: 17:15:44

Mag=100.00 kx

1 RENZEBAAKE(MWCNTs-COOH)
B EE (SEM)
Fig. 1 The scanning electron microscope (SEM) image of

carboxylated multi-walled carbon nanotubes (MWCNTs-COOH)

T5 T6

B2 H— MWCNTs-COOH AR E Cd EAMEBHNTEERKRKR
¥ :CK.T1.T2.T3.T4.T5.T6 . T7 . T8 1 T9 Jy%FHE4 1.5 mg-L™" MWCNTs-COOH 4 3.0 mg-L™' MWCNTs-COOH 21 6.0 mg-L™!
MWCNTs-COOH 4 .12.0 mg-L™' MWCNTs-COOH 4 .Cd #b#4H .Cd+1.5 mg-L™' MWCNTs-COOH 4 .Cd+3.0 mg-L™' MWCNTs-COOH 4 |
Cd+6.0 mg-L™' MWCNTs-COOH 41 .Cd+12.0 mg-L™" MWCNTs-COOH 41 , i1 % Cd AbH4H h Cd #3454 10 wmol - L7,
Fig. 2 Growth status of Vicia faba under single MWCNTs-COOH and MWCNTs-COOH combined with Cd treatments
Note: CK, T1, T2, T3, T4, T5, T6, T7, T8 and T9 represent control group, 1.5 mg-L’1 MWCNTs-COOH group, 3.0 mg-L’1 MWCNTs-COOH group,
6.0 mg-L™' MWCNTs-COOH group, 12.0 mg-L™' MWCNTs-COOH group, Cd treatment group, Cd+1.5 mg-L™' MWCNTs-COOH group,
Cd+3.0 mg-L™' MWCNTs-COOH group, Cd+6.0 mg-L™' MWCNTs-COOH group, Cd+12.0 mg-L™' MWCNTs-COOH group;

in all the treatment groups containing Cd, Cd content are all 10 pmol-L™".
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th, 11 80% PN R Y v AUF A R R AR, YEVROT A A 2
HEZ AR 50 mL, A4 0GR TH(T6 #rtad , db o
il FHA A A R BT AEA R ODy,, A1 ODy , 3t
AR R O,

MG T I < R AL = 2R DU A (TTC)
WP HERRARIBR REES 0.5 g THEART A
5 mL 04% TTC IFWAM 5 mL BEERZE ik (IR A IR
W, TR TE 37 C BB AR 1.5 h, imA 2
mL 9 1 mol-L™" AR AR Z 1E S 5 BUH AR FH0K5 H 55
A 3 mL PR B, WS i B 41 (A 4R U e
AP IEESRZE 10 mL, W OD, , R 5 &,
1.4.2 S AP p e

AR AR L O & i YT E . S IR IR
B E AL R A AR i 1 g TR,
B 3 mL 65 mmol- L™ B§H 80 2% vh i 5 7543 BT
10 000 r-min~" B5.0> 15 min, ] ETHFREAZE 3 mL;
TERAE PRI 0.5 mL 65 mmol - L™ BRR B 22 i
#.0.1 mL 10 mmol- L™ R ¥ f, #8451 ,25 C AR
10 min, A 0.5 mL $&H0OR , #:27,25 C{RiE 20
min, FFAK KA 1 mL 58 mmol - L' fifi i .1 mL 7
mmol-L™" o-Z5i%, IR G JE P2, 25 C IR 20
min, ITASFRFR A 2R A TR =S e, T 10 000 -
min~' .0 3 min, OB KA E ODy,, .

FRFII Y % (MDA) 7 it i U - 2 B AC
FLZ-BR(TBA) R 3L, MERIFRIUR .1t 0.5 g, fillA
5 mL =S LIR(TCA)SE T 743 WS , 213 LA 4 000
r-min”' &[> 10 min, W H 2mL MDA 28U, i A 2
mL 6 g-L™" TBA &, & Tk /K &3 15 min, il
BRI B L R /EEE TN ODy,, #1 0D, 0

M H,0, A7 U [A] b B A 520, TOA
18 T EOR I (DAB) W TG AL 6 b,
B2 IRD IR R AR T . Z )5 eAb 3 1
h BLIAREBES Iy 1k, HZE K bt 7 If A
18 AR (75 % TE/K L BE+5% H il +20% 7K), 7E 80
CoRE TG, BRI 5S4 WA IR

HRANMLAE TR I . O [R]Ab PR 7 AR SR T
025% (m/ VY SCEEE RIS 5 min®™, FHZE 1K
gk 3 WE THGE A 50% [ FAA [E 5 (38 % HH i
5 mL, L& 5 mL,70% £ 90 mL) T, 4 L FEAE L)
WA, — H RSB O, A M B R — R s iE
F740 I A0 2 SR e % U1 /AL (HM 315, M-
CROM, FEENYIF, I 4 wm , il 5 B2 5,
62 B (CX23 LEDRFS1 C, AR L )0 Tolk A

FRAF, E)MER
1.4.3 SOD F1 POD jfi M il

AL L B (SOD) Ailid S AL P i (POD) I 1
435902 B GRU DU WS G S RN AL IR I8 L gk |

SOD &M AE ;6 mL S iR AW & 3.5 mL B
22z vhif 0.5 mL H B 22 \0.5 mL (& Pamk 0.5
mL Z DU 2R — 4N (Na,EDTA) 0.4 mL Z£1# K .
0.5 mL Z R 100 pL B, LA BEGH T BB AT
M0 1 43 )0 A A% B WO E

POD &M « LA— HMA 3 mL IR &
(50 mL pH 6.0 SRS i +28 wL AAIARE+19 wL
30% i A LS ) .1 mL 20mmol - L™ KH,PO, Y H {4
MLAE R X B oAt b 4 A 3 mL W IR &
W1 mL R, 7 BV S Bb R IR 4 O B i
470 nm P TllE OD fH,
1.5 Bt

K Excel 2016 . SPSS 13.0 i #1750 4031
FIBAN 7 22387, Duncan 3£ ¥E4T 2 8 o #, A
Origin 7.5 B4 %5 %4k 73 v 45 SR AR &L, FIJH Auto-
CAD 2019 5245t it i AR 481 .

2 455 (Results)
2.1 MWCNTs-COOH & £ Cd Xf 75 G 4y Hi 4 %
B IR R TG TR0

&l 3 TJH, MWCNTs-COOH — kb 3 7 T 4))
B, PHBEE MWCNTs-COOH ¥k Ji 1384 i, -4
o T m E AR R, 2 MWCNTs-COOH
W H9 3.0 mg- LI, AR R Sk B R 1.29
mg-g™'; MR & 1% 71 B MWCNTs-COOH ¥ Ji (1) 4%
I T3, Hodr 12,0 mg- L' MWCNTs-COOH
AP SR R TG ) B 2 N FE(P<0.05), A4
M 7E MWCNTs-COOH 5 10 wmol-L™" Cd 3 [&]5% i
T, Ffi MWCNTs-COOH 4b P ¢ & 1% 38 Jin -2 35 &
R REAR S (HUE A A Bl R 25 7 OR8 B 3 (P>
0.05); I A1 & & b P AR R 36 1 8 AKX B
MWCNTs-COOH H—4h# | 55— Cd Ab BRI EL ,6.0
mg-L™' MWCNTs-COOH &4 Cd A3 HAR R 1 1
F FI%(P<0.05); MWCNTs-COOH & & Cd 4bBH4 ()
M43 S AR T MWCNTs-COOH 2i—A4b 34 |
2.2 MWCNTs-COOH & £ Cd X4t & 4 i i 42 ik
ith
2.2.1 O FFHEERIAAL

H &l 4 A%, MWCNTs-COOH B—Ab 3T %
IR - O P Az R 1 i TR R, o 6.0 mg-
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HANEING FhE R R AN R A B ) 22 57 10 % (P<0.05); T IR,
Fig. 3 Changes of chlorophyll content and root activity of Vicia faba under single MWCNTs-COOH and
MWCNTs-COOH combined with Cd treatments

Notes: The different lowercase letters in the figure indicate significant differences among different treatments at (P<0.05) levels; the same below.

[ IM Leaf [EEIR Root

=]
=}
. 3
B g .
B ez 40F
e gk 2
ﬁ..éé.é 301 o de de
CELE b by kb
i Rl c
B E
=z 2= 10
51
2 0
52 CK TI T2 T3 T4 T5 T6 T7 T8 T9
Qb P
Treatments
E4 ZEEMHRFMREFEEREHE(-O;) EEEMNTK

Fig. 4 Changes of superoxide radical (-O,) production

rates in leaves and roots of Vicia faba

L™ F112.0 mg-L™' MWCNTs-COOH Fi—4b 3% &
AR - O P AR R 3 IR (P<0.05) ;5 10 pmol -
L™ Cd 4bFEAH I, MWCNTs-COOH % & Cd Ab B
-0 PR PR G TR LT3 AR - O r= Ak
%%Wkﬁi’& AR 45 A L 2 (] 35 TG i 35 24 57
(P>0.05), Z&—RFNBREABE , AR LB T, 0t
-ofﬁ@_i\tm‘ﬂ“éﬂﬂ%ﬁmo
2.2.2 MR H,0, EN RARRY MY 7

mE 5 A1 1 A%, MWCNTs-COOH 81— 4b F
WRECY MO ARSI £,6.0 mg- L™
MWCNTs-COOH H— &b B i 2% 1% 5 0 i A AL i 45

(P<0.05), T HRJ 41 i Y4 . 4F MWCNTs-COOH ¥ &
12 mg - L™ B 2 R i ; MWCNTs-COOH 5 10
pmol-L™" Cd He[m] ke T, i oo 2145 65 55 FTAR 2R
24 L 25,72 A 52 0 AH ] a5 (SRR 5 ) s % MWC-
NTs-COOH ¥4 12 mg - L™ i, I Fp 21 46 (5, B 45
IR ELAT & i B R, 35 51 64 2% |, AR IRE5 #4) AN
SR YL B

LN )
'I‘II '}

TS T6 17 T8
EMAEELS(H,0,) EARIRCAMERE
Fig. 5 Leaf hydrogen peroxide (H,O,) localization

B 5

and root tip cell staining of Vicia faba
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2.2.3 MDA &A1k

f 2 2 AJ A1, MWCNTs-COOH Fi—4h R4 .40
BT, ARFIE MDA 5 528 10 i H 4 b B 22 ]
ZRANREP>0.05);5 10 pmol-L™' Cd £ /5,30
mg-L™" MWCNTs-COOH 5 R Flif MDA & & T
M H KT Cd &b FH 6.0 mg- L™ MWCNTs-COOH
4 Cd AR A MDA &8 B3 FTHP<0.05); ir
FEA A FE AR A MDA A R T R Y
MWCNTs-COOH #1—4b 3

x1
Table 1

BRI R ELRGER
The oxidative damaged area of
Vicia faba leaves
5245
Jb T A /om?

Treatments Area of leaves

7 b AR
/%

Percentage of

W T AR em?

Leaf area/cm’

damaged/cm? damaged leaf area/%
CK 0.19+£0.04 f 765+1.13 de 248
Tl 029+0.20 ef 769+092 cde 3.77
T2 0.56+0.09 de 959+0.71 a 584
T3 1.05+0.16 ¢ 945+145 ab 11.11
T4 1.10£0.18 ¢ 8.79+0.79 abc 1251
T5 1.56+0.10 b 926+1.26 ab 1685
T6 0.52+0.12 def 937+137 ab 555
T7 066+0.16 d 7.11+£0.62 ¢ 928
T8 1.80+0.12 b 836+1.36 bed 21.53
T9 573+043 a 8.95+0.95 abc 64.02

K2 FEMAMRAFAIIE(MDA) SETW
Table 2 Changes of malondialdehyde (MDA)

content in leaves and roots of Vicia faba

(nmol-g~' FW)
4k 51 I LS
Treatments Leaf Root

CK 14.08+1.67 e 2926+338 ¢
Tl 15.73+1.67 de 30.69+4.17 be
T2 1425+2.11 e 3145+2.32 be
T3 16.11+143 de 3223+4.15 be
T4 17.64+035 cd 33.76+5.03 ab
T5 18.89+0.53 ab 35.01+226 a
T6 19.09+021 ab 33.07+3.01 ab
T7 18.15+0.13 be 31.56+5.19 be
T8 19.50+1.57 ab 3564672 a
T9 20.78+092 a 3628+429 a

2.3 MWCNTs-COOH & 4 Cd {78 541 2 Fii
AL 1 52 ]

& 6 7T, MWCNTs-COOH HL—4b FH 4 55 4))
HiJ5 , AR A SOD & POD i P4 % B 24 F F, H
#,6.0 mg-L"' MWCNTs-COOH i 5 4R #1H SOD
TR 3 T (P<0.05), R SOD 3 4 ik 3] £ KAH
15021 U-mg™", 1fii " SOD I%#4:7E MWCNTs-COOH
WP N 12.0 mg - L7 A3k 8 % K 24 MWCNTSs-
COOH ¥ E#F 1.5 mg-L™' Fl 12.0 mg L™ i), i FIAR
POD G PEIREIHR A, 4054 152.78 U-mg™' #1379.02
U-mg™, A% BB ) MWCNTs-COOH 5 10
wmol-L™" Cd & A MHA R, i SOD 542 POD i
PR TR s £ 14 it SOD i 1 =2 1]
ZR N E (P>0.05), 1 6.0 mg- L~ MWCNTs-
COOH & 4 Cd i F M POD I 1 i & T i (P<
0.05), 5N, B4 Cd kb FELH AR POD 7 1
iR F Cd B—4b 3 ; SOD &M B A1 T X )i, MWCNTs-
COOH F—4hHH; it SOD % PE &4k I AR SOD i
P, i POD 3 PE R THRAY

3 112 (Discussion)
3.1 MWCNTs-COOH & % Cd X 4L 4 K
B IR ZRTE T 20

2% R A OK PG RESEA T A VE I &
B, A = AR B R AR YR A VR FH B K
- TTAR 2R 3 T A4 v IS L R W R S S
AR EET UL, W R A 4 N 3 5 1 38
R IAIL, TR T BRI R
oA PSR S AR AR AR A T AR Ak,
S AE M 1 ~ 50 mg- L 40k — A ALK REAS [
TR M 4R = 4R K & &, Begum 25V R) H R Bl
MWCNTs Zb PO FFSE 4 1, 45 3 %P ,0 ~ 200 mg -
L™ MWCNTs Zb 3~ AR R30G5 2 B, Ao
SEH B TAAE 15 ~6.0 mg-L™ MWCNTs-COOH
i AbFETR SRR B i I (HAR R E 7 B AR TR

H, SHTAMGEN L, % 54 1 X MWCNTs-COOH

E@ﬂﬁ%?ﬁlﬁﬁ?éﬂ]ﬂé:’ﬁwﬁ%ﬂ?E@Tﬂ“%&
MWCNTs 2B T /K Fg A . 5 R & MWCNTSs-
COOH SRR B AN KRR, BEAE 25 7 FE AR 40

BE X HE Y00 B KT AR MM MWCNTS®™ it
% FE A A [] A, 2 HE o) 40 Kb ) ) i 52
FEJO e A 22 5% 24 MWCNTs-COOH 5 Cd 3]
Jifhil A A IE 1.5 ~3.0 mg- L' MWCNTs-COOH
R AR FR 3 B3, JE R & MWCNTs-COOH
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Fig. 6 Changes of superoxide dismutase (SOD) and peroxidase (POD) activities in leaf and root system of Vicia faba
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