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Toxicological effects of modified nano-carbon black on earthworms in
Cd-contaminated soil
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College of Geography and Environment, Shandong Normal University, Jinan 250014, China

Abstract To evaluate the toxicological effects of modified nano-carbon black (MCB) applied to Cd-contaminated
soil on earthworms, earthworm (Eisenia fetida) soil incubation tests and in vitro cell toxicity tests were
conducted. The effects of nano-carbon black (CB) and MCB on the survival and physiological and biochemical
parameters of earthworms, and the survival and DNA damage to earthworm coelomocytes were compared.
Additionally, the effects of Cd, MCB + Cd, and MCB - Cd treatments on these parameters were compared. The
results showed that CB was less toxic than MCB to individuals and coelomocytes of earthworms, while the
application of 1.5% MCB compared with CB significantly promoted catalase (CAT) activity and decreased the
glutathione (GSH)/oxidized glutathione (GSSG) value (P < 0.05). Moreover, the DNA damage to coelomocytes
was significantly aggravated by 100 mg/L MCB in vitro (P < 0.05). Cd appeared to have no significant effects
on the survival and CAT activity of individual earthworms but significantly increased the lactic dehydrogenase
(LDH) activity and decreased the GSH/GSSG value (P < 0.05) at 5.31 mg/kg in soil. No significant effect of Cd
in culture medium (2.9 mg/L) on coelomocytes was found. The available fraction of Cd in soil was significantly
reduced (P < 0.05) by MCB + Cd treatment, however the uptake of Cd by earthworms was not significantly
reduced. This treatment also decreased the survival rate of earthworms by 32.1% (P < 0.05) at 14 d and by
51.9% at 28 d, while significantly inhibiting CAT activity compared with that in the control. The MCB - Cd
adsorption product significantly reduced the survival rate of coelomocytes by 16.4% (P < 0.05) compared with
that in the control and significantly (P < 0.05) exacerbated coelomocyte DNA damage compared with that in
the Cd treatment. Overall, the effects of MCB on the biochemical parameters of earthworms and coelomocytes
were enhanced due to surface modification, and the effects of Cd on the coelomocyte survival rate and DNA
damage were intensified following combination with MCB. It is therefore necessary to be cautious when
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choosing MCB for the remediation of heavy metal pollution in soil.
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RGP RL, AR T RSN, X5 T2 4R, BT
15356 LA LA AE R N RE R 32 BB AR, (2) 1R a4t
B, R RS 274 E 2 R RS A (B
VENBIAE T, JEAE 3 i it B K (1%-5%) ), I LB
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(transmission electron microscope, TEM, JEOL, Japan)
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JE AP BIRIAZR 2947 (£17) nm (N = 100), kL2 DL J0R
BAAE (B . 9K BR324 1 <5 8 A% T2 T L s vEAL R 1)
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Cadence, XOS, USA) il ig BTk & Cd Az HoAth B < J& 2% 5 it
W, BT REEEDS (B R, MK R CIn R IR T A7 il
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=AU N0.000 1%, 1 F At 40Fh & Jm 2% i 75 5 50 A0 B AN 88 1o
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1, CBIE A IR 1l 45 7 V2 K C A 7 CB Ay i T S AMA R
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MCB (1 g/L) itk (Vortex-Genie 2, SI, USA) 30 sE[IA]
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TR 100 mg/LIICA* W01 L, N TR A & P AN H
FC I Cdin 4 3%, CAIIAMETR INE N5 mg/kg, 1%k ¥ % &
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JEEAE DA A B 0L 75 e 3 5 rp ol e R, R A
V54 3ECd® 2 45.31 mg/kg. SRV HIEEH600 g# ks
HICdi5 4 A 338 Je AR V5 4 R 3R 9.0 g MCB, fii #:4
SR IN156 mL/K, BTN AR 120 °C, i8/278% + 2%
AT TR, R R B A S N CBAL 40 5 MCB#E AT
PAL. & 25 A TR 541, 73l 7& X B (CAA R AH 0.38 mg/
kg) . CB (15 g/kg) . Cd (5.31 mg/kg) - MCB (15 g/kg)
MCB + Cd (15 g/kg + 5.31 mg/kg) » & MEFLB 34 F47, JE
154
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K, DRFF 3K & B AR K 5 1150%. %+
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. 0 ATE14 dFI28 dihHohT 05 A7 VS 28, Wil BB T ) 4 2



DS 2K Tt R SRR 5 e O i ] 1 25 B

Vol. 26 No. 3 June 2020

545/

)

~ 1500

1000 —

FRE Intensity (a.u

500 —

O | Si S

0 T T T T
0 1 2 3 4

T | T | T T
5 6 7 8 9 10

S T3¢ Kinetic energy (UlkeV)

B R EEEST R FEMREGMEBETEIERE. f/UL%200 nm.

Fig. 1 Transmission electron microscopy image and electron spectroscopy of nano-carbon black. The scale bar represents 200 nm.
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A3 h, WRG TR -80 CORFE AT, AT UK A & A
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1.4 ISR

AT 39 SR AR 06, i 51 A Bl 4 A 2 R 56 T LA
Pl R S e 2 AR AR AS R . R AR R N A
M B E 7 32, H 4% i R A 0 R N 1 mLAA s 4 M R
i (950 mL 0.85% NaCI#50 mLJG /K ZEE R4, & 10 g/LiE
R ) & B AR H M EE 2.5 g/L EDTA, 1 mol/L NaOHif
FpHN7.3) 111.5 mLESLAE 90 s, B 15 5 AR B O HL4
‘CF3 000 r/minB0»3 minfS B YT ANAE. FHUKAPBSE O
We2Uk, EVTIE TN mL PBSHE 40 i, 5 5 5 41 g
PBSHi FE 1005 )5, 5 G i i 9: 1R A 44 43 min, i1
BT im & KA it S =, 4015455 (CX23, Olympus,
Japan) FULEE . TR WSV 40 K 2 B DA s A i 2 AE
1E, DELL2-10 A0 FR T AT 5. 95% L 4l %) & Wy i 46
Yy, YRS N1 x 10°%/mL.

T B CBEMCBI % 7 #1125 mg/ L1533 80— g K b k) e
TR,

MCB-CAd& & 48 M aCHl 0 B (1) & okl i W bt
LI % MCB-CAdE & 4. FL#10-2 mmol/L Cd** % (&
0.01 mol/L NaCl, 12.5 mmol/L MES, pH 5.5) , #xIX0.1 g

MCBHIA25 mL Cdi& i, 25 ‘CIEIRIRZ12h, 8505 B i
TR T WSO 52 C 75 2, TR B o 2 gy T ST A3
_ (po= p)V
q m

Hor, g FHT T & (mglg) 5 pofilpg3 5L CAIIHI Uk i &
PR BE (mg/L); mANMCBJF 0.1 gs V425 mL. MCBXf
CdIf) s R b £ 4 28.4 mglg, T b BEAF A Langmuirs i 2k
(R*=0.971, %1, B2), NI TIZWM.  (2) fil % Pl ix
. K W B CI M AR IMCB (W B 5 5923.4 mglg) I 7K
LA EBEFKIRIE 2k AT Ui, 12.5 mg ik FE
SEINA100 mLES 777, 3K EE 125 mg/L, % Cd 2.9 mg/L. [F
i P 9k P R2.9 mig/L CABe— YL TR iR, T E Y T A 38
fii FIRPMI-16403% 77 S Bl sk #5 B (pH = 7.4) ™ {96 4L
R AT e 0] e s 00 L P A D 7. R AL 160 mLAS R b 3
G TN 40 uLss B o1 x 108 mLIf 4 B3, & EE
540 4b 3. CK (RPMI-1640%;77%) . CB (100 mg/L) . MCB

(100 mg/L) . Cd (2.3 mg/L) . MCB (100 mg/L) -Cd (2.3
mg/L) , FEAAEERE B 3APATFL. 4UMu7E25 C. T CO %1

1 MCBXCARIIR M FiR &S
Table 1 Parameters of adsorption isotherm of Cd by MCB

Langmuirf ff 45 i 2k Freundlich pf 4 iff £k
Adsorption isotherm y = (gkx)/(1 + kx) ~ Adsorption isotherm y = Kx"
q k R? K n R?
28.4 4.9 0.971 23.64 0.38 0.905
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Fig. 2 Adsorption isotherm of Cd by MCB.
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T ZHCI-HNO,-HCIO i %" 5 FHHK-8100 %! Hy
TR A S5 B TR 1E X (inductively coupled plasma
spectrometer, ICP) Jll 3¢ B 4 J8 4> 5. LA UFECIRH
DTPAIR R E Gt A2, pH = 7.3) , 1HIE KB IR % #4140
rimin#fz %2 hjE A K@ R T IRIOE ST (Atomic absorption
spectrometer, AAS, TAS-900, ¥ #1i@H, db50D) e, +1%
B 77 92 b, WL 5 55 A8 i HNO4-HCIO, (4:1) JHfi#, ICP
ME AP Cus Zn. Pb. Cd. Ni& 24 %/°40.19. 20.0. 2.1,
3.33.1.67 mg/kg. il 55355 Wl Cd il e 75323 BRI
3%k s, 80 CHET, WHEEE80H I 5 17034y, FIFHHNO,-
HCIO ", & gL i 2 3 ik wb e, 2 & 225 mLAIAAS
M CdH . 59 M IR AL E 345 M il , 3047 I A [l Uie 5 A
T, 1% 7L CARTINFR [EIU 9 100.2%. & 75 B ALK Ik 345 W
5, 3% 52 AR AL 1:9 I AN UKV 11)0.85% 4 B £ /K WL FE 8 &)
WAFE0% AR S o, T EASENINE. ¥ LR 5HK
R E106%, ECATIH . LDHIE . E A& 8 iE K 1%
s g, AT L6 4 e BT (UV1601, b a5 F)D
595 nm il 5E S S )R B s CAT I 1 K FH 4 8 e 4% 1
25, 405 nmil e 3 4= A VIR B, E U= AL AUER
BEFDER 2 i1 mmolIH, O, & 8 — /MG 1 547 ; LDHE 14 2%
R BEFRE, & 37 CREHLAEASETERT min, K
MR Z 2241 mmol TR R R 1547, BiEAR{X (Multiskan FC,
Thermo Fisher Scientific) 450 nmis B Wk G R, 7
SIS W], FH R R e R A ) ST R A T R R AR R LG4
5132, FIFIDTNB[5,5'- i AR X (2-i 2 2K R )1 96 #4325 Ml 5
T-GSHAIGSSGHI & . GSHE & ET-GSHE & 525 GSSG
FrEMZEAE. DT bR g i B 2 B AT

PRAMEFPESZIG R, B B R s 0 i AR R (5 mL) R E &R
EEME XHHNO, : H,0, (1:1) Wik, ICPIE & /> 41 i
HCu. Zn. Pb. Cd. Ni*F-¥ & & 4351819, 231, 93, 28, 11
fg. PRI 40 B A7 35 R 0 SR FHMT T8 J5 it v, 4 e FHPBS
W2 s, EFLIn50 yL MTTE R, 7£25 CH# &4 h, 300 r/
ming L W BB, /401150 yL DMSO, F Fir B2 PR %
). FIREOEE R EIE W, E570 nmAkb bR ORI 56 %
% (optical density, OD) . HIX} 4l 7% 5= (4B 4 OD1H-
X & ZHOD{E ) /5 R ZHODHI{E x100%. DNA 175 52 56 % F
R S0 SOPR B PR I F Uk, 4 =B A R - i e Y
fift-~DNABH fiF K7 ik Al LK (25 V, 30 mA, DYY-6D%Y,

b5/ J&, F10.4 mmol/L Tris-HCI (pH = 7.5) F1 137k,
B N20 mL PIFL G L 6410 min, T586 B8 NG

45 (olive tail moment, OTM, DNAK&B 5.0 3| B # 500 [ FE
B 5 DNARH E 2 EHINTRAD $845, TR % B AT B U IR R
PET- 4 I DNAK 4.
1.6 HiELIE

4 1217 Shapiro-Wilk IE & Mk 5 S Levene's i % 55 1
K56 I, SR FH B TR 3R 5 22 4o i 10 AT I 35 1 A 30 (O 35 1 K
0.05, ¥ % 4 it 58 F), Ll Duncan% & b, A 5 BEX 4
IR R EIEZE R (P < 0.05) . it/ Hrf HSPSS
21.0.

2 HFER55H

21 HIEEFARER
TR R A U, W AR AR A R AT, X R4 M 4528 d

BTN T20%, TAESEHA AL, B3I, S5xFIEAHE,
CB. MCB. CdfIMCB + Cd/b B 41 i 5] 7735 R £ 14 d) 5l
P 1 21.4%- 21.4%- 3.6%H132.1% (F = 4.469, N = 3,
P = 0.025) ; 728 di 43l Bk 1725.9%- 25.9%. 29.6%Fil
51.9%, HH T KA NRZE, %A A RS2 7 AR
(F=2.375 N=3, P=0.122). &4 B4 5| 17 7% R H A
AN R JEE 1 AT, 8 T M Y050 8 0 420 5 0 6 e s 7 AR s
PR 55 I P T 40 A28 & T 3 o 0 A S b [RD e 9 . 5 5% R
th, CBALUE IS F3E R N AR (P > 0.05) , BLHCBYK
LR 7S B S B 051 7 3% S /. MCBALHE 18] 77 75 % 5 CB4LAH
[, 50 W A Ak 2 T e o e ] ) A7 9% R TE W S B2 ) [ ISR o
CAFIMCB 5 iR INCAAHLL, Mt 14 dIEHREE N (P
<0.05), 28 dfFiGH N EEARE (P> 0.05).

F=4.469 F=2.375
1200 p=0.025 P=0.122
g 100} 2 a
£ 8o a B
R A
S 60f ¢
=3
n
j 40f @CK
v ACB
& v MCB
20 mcd
@ MCB + Cd
1 1
0 144 284

7% R ¥ Training day (t/d)
E3 R[E40 IR 5 b 45| 7 B F A R, Ak RO 25 (N = 3) . CK:

Fig. 3 Effects of treatments on survival rate of earthworms
individuals. Vertical bars indicate standard deviation (N = 3). CK: Control;
CB: Nano-carbon black; MCB: Modified nano-carbon black.

2 1 3 iz 05 5 G W LA AR B I 52 66 1, A7 NG R AR bR
ANRE 58 4 I WLt 0] 57 B A IR G, DR Ik 3 St 1 A i
5] A A 4K FE B 100 5 Sk W b ] e Pl 3 e N R IE PR AL
Wl R AT, SxIRARLG, &N Ak E A ] 4 2 8

HEMAENFEREEMN TR, HELEEME (P> 0.05. CB
W EE AL CATIE /1. GSSGE = M GSH/GSSGLL{H A b A &
# (P> 0.05, LDH& EE#ETHE (P < 0.05) . MCBALH
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Fig. 4 Effects of treatments on the physiological and biochemical indexes of earthworms. (A) Protein content; (B) Catalase (CAT) activity; (C)
Lactate dehydrogenase (LDH) activity; (D) Reduced glutathione (GSH) content; (E) Oxidized glutathione (GSSG) content; (F) Content ratio of GSH and
GSSG. Vertical bars indicate standard deviation (N = 3). CK: Control; CB: Nano-carbon black; MCB: Modified nano-carbon black; MCB + Cd: Coexistence

of modified nano-carbon black and cadmium.

R2 BHRAFLIRENSHELIENMBIFAREETH (N=3)

Table 2 Changes of available Cd content in soil and Cd content in earthworms before and after culture

Lb + 48 [ 47 335 45 & & Available Cd content in soil (w/g kg™) iz 15| 4 Y Cd & & Cd content in earthworms (w/mg kg™)
Treatment 3 9% 17 Before incubation B 9% )5 After incubation }: 77 1 Before incubation }: 355 After incubation
CK 0.10 + 0.02° 0.11 £ 0.01* 5.50 + 0.29°"
Cd 2.87 +0.75° 2.28+0.23° 3.3+0.63 49.08 +1.41""
MCB + Cd 1.92 +0.24° 1.54 + 0.44° 50.58 + 0.84°"

R TR A ELL 2 6] T 1) fFE B #EPEER (P<0.05, N=3) . RS RERFRHEHIBFAERENEESR (P<0.05 ~P<0.001, N=3). CK:
X CB: 4K MCB: IPE94 KBk MCB + Cd: XSPE 9K SR AR 3L A7

Different letters represent significant differences between treatment groups (between rows) (P < 0.05, N = 3). Asterisks represent significant differences
in data before and after culture (" P < 0.05; "' P < 0.001; N = 3) . CK: Control; CB: Nano-carbon black; MCB: Modified nano-carbon black; MCB + Cd: Co-

exposure of modified nano-carbon black and cadmium.

LA 5 & A LDHE 77 5 CBAL H 20— 1 be g i 41 d 25 8 5, WA Cd S B, 52 LA S CdI 201%, 24 Cdif
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Fig. 5 Effect of different treatments on survival rate (N = 3, A) and DNA damage of coelomocytes (N = 20, B) from earthworms. OTM: Olive tail
moment; CK: Control; CB: Nano-carbon black; MCB: Modified nano-carbon black; MCB-Cd: Modified nano-carbon black and cadmium conjugate by

adsorption.
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