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W OE ORI B (GO )X ORI A 1 BeA: BURRAL A5 i, SR /K B8, T FAS TR B 9 GO A B R oK & v, DE T &
KRN AR ARTRIEAS (e R O i BB S P RN 8 (MDA) & 55 4R bR . 85 R ARG 379 d 5, GO AL 3N Fok
WA B —E RAHIE , HLFEEE GO W 3 A4 040 i VE A #2872 200 mg- L7 IR LI, FEARARAC S ARTE L 43 il % B
CRBSIN GO) BEAIR T 79.8% F165.9%; i GO AbFIve B i1 i, 48 5 RS B DM RN H GO AL FORA AR R4
2L AL B AR (SOD) A5 AL M i (POD ) 16 3 % Hh BLEH 48 Ak, 8 40 fb AU (CAT) 76 2k 5 MDA & i BiE GO Mk B (11
JNG TR , 76 200 mg- L ¥R BER, 43 A0 B THES 1 187.5% 1 335.6% . WF5E 2 M0, GO AbFIXT F K& i s A — e FERE i A AL i
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Effect of graphene oxide on seedling growth and physiological characteristics of maize

ZHAO Lin, SONG Rui-rui, WU Qi, WU Xi, YUN Zhen—yu"

(Institute of Agriculture and Food Standardization, China National Institute of Standardization, Beijing 100191, China)

Abstract: To investigate the effects of graphene oxide (GO) on the growth and physiological characteristics of maize, maize seedlings were
treated with different concentrations of GO in hydroponic experiments. The growth status, root morphology, chlorophyll content, antioxidant
enzyme activity, and malondialdehyde (MDA) content of the maize seedlings were determined. After 9 days of culture, GO treatment
significantly inhibited the growth of maize seedlings in a concentration—dependent manner. When the GO concentration was 200 mg- L™,
the main root length and the root/shoot ratio decreased by 79.8% and 65.9%, respectively. With increasing GO concentration, chlorophyll
content increased initially and then decreased. No significant differences were observed for superoxide—dismutase or peroxidase activities,
whereas catalase (CAT) activity and MDA content increased with increasing GO concentration. When the GO concentration was 200 mg -
L™, CAT activity and MDA content increased by 187.5% and 335.6%, respectively. These results indicated that GO treatment induced a
certain degree of oxidative stress on maize seedlings, which affected various physiological and biochemical indices, thus promoting root
morphological changes and inhibiting their growth and development. This inhibitory effect was more significant at high GO concentrations.

Keywords: graphene oxide; maize seedling; growth; physiological characteristics; oxidative stress

Wi HEI:2020-09-21 A HH:2021-01-29

{EE R Rk (1987—), J I RHO, [, @A 58 50, A AR AR AR MEAL AT Y . E-mail: zhaolin@cnis.ac.cn

“BEMEE : o E-mail: yunzy@cnis.ac.cn

BEEWA : HEE AU A A Y%7 5 8 % 51 (2019YFA0906200) 5 5 44 24 i ERHITF e i 56 A BHIF AL 55 2% (562018 Y-5949) 5 [ 5 i 473 i
B LR R R T 5 H (2019MK118)

Project supported : National Key R&D Program of China(2019YFA0906200); The Fundamental Research Funds for Central Public Welfare Research Insti-
tutes(562018Y-5949); The Science and Technology Program of SAMR (2019MK118)



m@g 1168

URETRR Rt Y F 4055 6

YRR A R R G5 4 BT /N R TR, ZE ML
e Ab2E A A O AT R R LE fE
U8 B B AR AR B aE ST R SRS
R o VAR, TR AOK L 22 B R R, 9K bR
BB 5 N FH SEE A 28 0l , An g oK NERE L9 KA 24
YK A ek R A AR MBI R AR T T
s XV, SRR R T ISR
SR AN AR R O AR BT g S AR
ASITEE, THRIE®R MY B A B ik, 44k
ARk X L P A K T S i 32 345 Sk — 11 % i Al A
XTI

£1 284 (Graphene ) J&—Fh FH ik J5L - DA sp2 24 4L 7
FIE A 7S Ff 7 2 0 1 A% 1 — 2R R AN K AR, I HH
e [ A2 ) 3 AR R A A B 2 SR A A A - i R R ST
TR R R AU 3 1 A R rh A B Ok
e, SEFARTRI M D RESE AT , A 88 AT A R Ak A
B LA B A BRI AR, T BRI
HAT AR EA D S5 50 B R, 2840 P B A
Wil 424 , 2 vb M B 2 T W B 551 25 T
A A S50 (GO ) SR TE A 20 M w3 IR A% 45 /) iy S it
b RMEBSRIL AL I POt RIS
A M, HLELA A o K M R R T L T AL
Al o U S AT T R A R R s R B GO
PR A 7 AR AR AR A= 77 85 8 (R A 5
F R e 2 2o 0k A8 L3 | IR Bl b R AR A
R /K S5 K AE 3 A%, DA 52 M T 7K | 338 6L
G 7/ Nt SoiL7/ e we i L7/E

AP I o A 4E 4 5 N A B LR G, TR Ik
GO A= RON AR B 1)z 60, Rt A i
XFZ R AR AEY A K R T A N R R B S
Chen ZE™HESE T 0~2 000 wg - mL R EE R GO Xf /N2
40 R A s, 25 R WIAE 125 pg - mL Al
250 pg- mL WK EERT, GO XN L AR AR AT
[ P2 BE A AL 1 P L T 24 GO M EEAE 1 000 g mL™' A
s DU ZINZZ A A A A e B L A B R
LI FH B 2 v B2 A 34T 34 K, 2 000 g - mL7 ¥
FE T /INFE Ay P MR R 1) % Bz A i AR B 2 A A BRI
F14) FiF A RIS ARY | R o 00 P e 224, LR 8 T W A
SR ST AE P A G5 R A E  5 Park SEOWE SR R
LIS 2 1) GO XU R I AE KA BB A 52, mT ARG
MR A B R A B, A2 F A6 2 1T B, [FIB GO ik
2350 P I A BE 38 0 v TG e RO 40 o
WA 5T & B GO REMS i HE H 15 BT S Fh 7 iy i 4

1% WHART]

I RELWMAE N AEREFT. EAREMRIRE
YEW , B IR (B, A3 [ 4% i XCHR A Rl
GO RN TR ML R A T AR, H AT B Y]
MZEIE . ABIETE LT RS 1 o sl oy, 4 o3 A
TR A GO X TR A RARZS DA 11 L s
TIRIFENE | & AL A1 S8 M AR BEVE PR A A IR
RO S P2 o

1 #MEETE

1.1 FFR#H

GO 73 BRI T 1L IR e T AR AR RH A FRZA
w] O PR B ORIA SR 1~6 2 (TEM) , i 42
0.5~5 wm(TEM) , ¥ 10 mg-mL™', EKFh 7Ry T
A6 K LAl I & A R FL bRl R 4B 5 958, A
FREFHRKT 90%-.
1.2 iXIeAb I8

VEPERERMIHE /N AT oK FPFF 1000 mL
A, T HO X -1 8 10 min, ZE 1 /K #PgE 3 3,
VoAb HCE B EH AR A R SR A & 28, A R
FZ IR B 2970 3 em, MK 2 B OKFh 15 BE Y 1/2
Ab, TR BB R TR FR,90% HAh T K K 3 3~
4 em B, FE 2 1 000 mL AR HOK RS ASRIREE T
B 3% 24 h 5 3 B RS 2 500 mL ¥ 0 (X B ) (25,
50,100,200 mg- L'/ GO 20 SO H K5 5% 9 d, B ik
JE GO W MR F7 0 EOKRTE A F 8 fk , B b #RIK 3
MEH,
1.3 £EIERHNE

FLHH GO 4B 9 d 5 , BT & R MLk I 5 0k
L FE K Ve T b 19 GO, oK 4t e+
KA, N T AR R, 0 AR i JoT £
Hhy bRy e o
1.4 ESERIE

B GO &b 33 1) B K4 i AR, R Z8 18K vh gk
T, P H pH7.2 B BEIRR 22 vl (PBS) #i 8 3 ¥k, HAR
RO 2.5% B Y, 4 CCREE 12 h, FI PBS TS
Pk 20 min 58 B E A SRR 228 30%.50% . 70%
80% .95% . 100% 1] ZLWE4S 20 min PEF AL BR , T MR S
4 100% 1 ZBEAL PR 2 YR 4% 20 min B4 T K, SRIG TE 2
Pt ST =10 1V R P AL FE 20 min, 26K T T 30 min,
FEFHARCT P A 1 R A 20 “CRY KRV R
% 30 minJi7 , R VR THRAL T MR SR 20 4 b FESL BT
FEah & b, W4 (120 s) , FH 4 4 W I G4 WL 22
(SEM,S-3400N,HITACHI, HA)
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1.5 EHIERNE
1.5.1 MEE S RlE

U 0.2 g, BYHE B T 50 mL &0 A
25 mL 95% [ %, 1 P41 J ki 5 24 h R B 4
AR 8 A R EE TR 663 645 nm Ab 1) I G
(A{E) 3B M 2K a(Ca) MFEEK b(Ch), B4R
(COMEF R (mg- o), AKX N

Ca=(12.70A66:=2.59A4:5) X V/1 000W

Ch=(22.88A4615—4.67Ase3)XV/1 000W

Ct=(8.03466:+20.294415)XV/1 000W
T+ Aves Asss 0 N TEPE K 663 1645 nm Ab (I EAA 5
VR IO Y SR AR mL s Wk F R o
1.5.2 s P

FRE— 2 Jo £ I AR B TV I Ak b 4% 1215
(g-mL™") B EE B S 19 (m/ V) B 2% k% o il
(PVP) 1 0.2 mmol - L™ Z —}& VU Z 8 (EDTA) i PBS
(pH 7.8) %W, WS 22573 , 12 000 remin™' .4 CE L
30 min, B3R

Rt I 0 2 s R AR A B A (SOD ) 1 MR
FAAE PUmgk o S AL AU (CAT) T35 2 R FH e i
PR B S 2%, 1 AL BT (POD ) 15 P %2 R FH A 1A
Wik o P9 (MDA) & 5ok AR A E L Z R vk kA 7
ME
1.6 #iE4LIE

A R S5 R DO B E s hr i IR 22 %R . i
4 R F SPSS 19.0 8 #4748 153 A A VA
Origin,

2 HER55
2.1 GOMERGYEEKNF I
ME 1A LLIE H, GO AR d i, AN HE 4, A

[ B GO Ab3) F KA ARG ZER A4 AR TR
FEE IR . GOMREE R 25 mg- LB}, FoKRANTE A% B A
AR RGN B B2 . 1Y GO ¥ B 35 £ 50,100
mg- L7 1200 mg- LB, FOKEI 1 14 FHARK AR FXF
BT BIREAR T 39.0% .67.6% F179.8%; MK A AR 1
15.9% .47.5% F149.0%. 7£ GO ¥ & >4 100 mg - L™ il
200 mg- L' i), 2R A2 31 52 552 0, A6 X6 BE 3
WIFAAR 26.5% F132.0% .

[FIFE, GOALFR 9 d )i E AL 43043 1 i it 522
BRI AR (I 2A) o JUHOR ARG 5T 6, & GO ¥k
Y0, b 3ZH AR X B AR IR 39.3% .46.4% |
71.4% .82.1% HIFEAK . A R A 32 B0 B AReS LE

0 25 50 100 200
GO GO concentration/(mg-1.™")

401

a
{_ a O # Root B
{_ [ 25 Stem
E 30 - 'H“Leaf
S
= b
S
3 o || . ,
= I 7
“ Z /B
10 a N 7 > c
2 I° Il
r / /|
0 % %
0 25 50 100 200

GO GO concentration/(mg-L™)
AN/ NG FRE R R A PR 22 5 2 (P<0.05) . R 1]

Different lowercase letters indicate significant differences among
treatments(P<0.05).The same below

Bl 1 GOLEXERLGERK EREHKEZIT
Figure 1 Effects of GO on maize seedling root length , stem length

and leave length

W SR TR 2B FR 765 W
GOAMFET , T RSN (AR e b5 5% BEAH EL i 25 T R
3B % 29.3% .39% . 53.7% H1 65.9%, X $e4k
B GO 75 256 v 2 i 161 P9 RE A ) oK G 2 L
HAE GO VR 3L 100 mg- L7 B, Xof 6 K &)y 8 #3814
A AR S B R
2.2 GOXER G B IREBH SR

fifi F SEM X K AR 3R 114 2 11 45 # afF — 25 Lg%
5%t HE 4 (] 3A A 3B)AH EE , 50 mg- L' GO 4b B9 d
J&i , BRGNP A UL A B 25 F A8 Ak (181 3C) , B IX
Ay ETE AT (E 3D), B R WA B 45
i 5200 mg- L' GO AL PR B T K 40 RSB 047
W1 A 25 0 A8 Ak AR el 5 4 A DX ) BRI 2% (A
3E ), AR IX 2 ThI RS 40 FL A5, R B S A

WWW.Qes.019.CN
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Figure 2 Effects of GO on maize seedling weight and root/shoot ratio

AXTLOA X BE L ML 5 B.x 1 000 4% : %J B, Jl 2 X5 C.x95 4% : 50 mg - L™
GOALBE, A3 D.x1 0001 : 50 mg- L™ GO LB, B X ; E.x 1007«
200 mg- L' GO ALH, 435 F.x1 0004 : 200 mg- L™ GO AbFH, ALK

A.X110 times : CK, root tip ; B.x1 000 times : CK , maturation zone ;

C.x95 times : 50 mg+ L' GO treatment, root tip; D.X1 000 times: 50 mg- L'
GO treatment, maturation zone ; £.X100 times: 200 mg- "' GO treatment ,

root tip; F.x1 000 times : 200 mg+ L.™' GO treatment, maturation zone

3 ERAEREBEFHERE

Figure 3 SEM images of maize seedling roots

W (& 3F) o SEM 45 5 5 A 48 A il il 45 SR AR AT
WS T EWER GOX ERGHMRBERK LT A
B 2 R
23 GOMERDBEAXEGEANZI

MR R EESEHY T A ERN EEAR,
B M ERR a PR E bR, MRS E S

1% WHART]

Py 56 BN, SR TR O A AR . i 4 i, Ca.
Cb.Ct & i B Ffi 5 GO ¥ B 1) 15 i 2 30 H3 2 0L i AR
A, RIS Ak . 7E 25 mg- L'}, Ca .Ch  Ct & &
E50F BR 4 S48 0 18.5% . 22.9% H120.0% , T 24 GO #e
B 3K #] 200 mg « LB, £ $8 A5 B 430 R RE T
21.2% .8.6% M1 17.8%. SAKKFE ,Ca.Ch,Ct i K
U TE S GO Ab B AF TN A I RRAR, KB
WP GO A &M FOK L) S 2R 10 A il o
2.4 GOXFERLERERSOD . POD F CAT iEF MR RN

SOD .POD F1 CAT J& A= Wi N T 14 8B Bk R 4
BRI e, AN IRl SA RSB TR, A A GO e
JEARBE F KR LT 9 d i, AR SOD 1 POD f 36 PE 55 X
WA PR B A B Ak o T CAT WIS YEFE & GO ¥k
£ B30 BT 0 2 T e e, JUHAE 100 mg - L
1200 mg- L @R E GO 258 T, CAT 3G M40 5 I+
145.8% #1187.5% (1% 5C) .
2.5 GO ERLEAREBMDA =R

MDA J& i i i S A0 VE I S 27 ) 2 — |l ad
D 5E MDA 7 15 AT PEAS IR T AL R B . MDA &% i
oz I 25 R 2R (B 5D) , Bifi 7 GO b 3Rk B 1% 7 s
MDA & 5t & B3 i, 78 GO ¥R 2 4 25,50, 100 mg -
L7 1200 mg - L7 B, AHAS T X6 B ZH MDA 5 3t 43 31| 3
J157.5% .158.9% .189.0% #1335.6%.
3 itig

A1 S I MR S A A BRI B &R IR Tz
WFSE o (RS [R) A 380 bR 4 B AL~ A AR R
255, BT HE P A K B RION A B A Rl 2 A B
¥ 2% A SR BRI I B TR B oK G i AR K, HLBE
A H R B S g R I (R) A 3, B M o B g 1
52 IRV BE R AL A 3R (SG) BETH BR 1K 4l i AR
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Figure 4 Effects of GO on maize seedling chlorophyll contents
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Figure 5 Effects of GO on enzyme activity and MDA in maize seedlings

TR (ROS) , B2 o 2l 1 A0 g AR T s ¥k B2 1Y SG
22 EARES ROS 7 A8 , S A AL - e ZhREfb
A A M (G-NH) B2 EE 5 1R T /NE ik
LRI, Sk T /NZE AR BB B AT s A
XA AR R T R A 5T B AR TR AN A K
A IR B R SE Al B AR E . R T GO XHEY)
IR R 22 R B A A T G 400 ) o 1) 2
MR A S o SR, H TR ol S M 2 88 2 1 A
[7] , GO Xof L L AE 40y 1) A <t 28 B 8 11 IR

1, GO X AL AR A RAONE H PPAN BIF 50 5 RS 1 200 23k
JERRIE o AWFFE IR B IE N, GO RERGHIN ] 1K
LR AR AR BRRAROE L , B e B8 B9 T e, AR
WA KA A, BT A A R O, A Rl
RN R 2 o AT P e a6 v B S T BT A O
BFIE 3R S PR AP HRE , BT — e BT X
M2 A A B ERDL A R LSRR T
HYCETERERY 5855 , T BLAE— 2 R FRERIEAHY)
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RO R 2R AR B, BIBES GO He 5 Y3
IS BIHE MR R AT 0 45 SR 150
25 mg- L' GO A HAE —EFE B FRBHIEOE IR
A, GO W # 1 50 mg - LTI, K S i B O6A 1k
REA 2332 252, = VR Y GO AT R fuff I R A 45 ) 3
FNWIR, NIRRT 4R G . X —45 2 5 Hu
SEPTR B 200 mg - L7 A7 SR IG XA I % 28 a RIS 3R
b 15 LA AN FI 5 1 AH— 5

H AT A DKL B BEPEBLE 8 A IA AT 2
YUK RIS FAEY) ™ A 1L i ROS, 5 AL yin
FURG B Ak, DT 5 040 A A R L DNA 435,
FYAMIBE T, T R A A A S 2 T
ARG (SOD .POD \CAT) 9 145 1 Sk H& Bt S Ak 1z 8, (H
A MSHE T PR RS — BN, A AL
PTG PR AL 2 RRAIR Y, A S50 AR 1 A 0 B 1 AR 1T R
5 80 B A G, Zhang SE A Y25 AL R L FE
250~1 500 mg -« L™ 7 85 45 e BEYE [N, /N2 it |
SOD A POD I A B ¥ . COFBR T m¥EF
SOD .POD 1l CAT i £ Tt iy , [m] sf 7 A 5B ok 4 A 45
157 , MDA 75 38 i

SOD . POD Fl CAT J2& # ¥ 76 306 5% 2% 4 T WA iy
TH) SN ZR 45 1 O B I, A8 U A T P ARU0 A 4 1)
0N AR A 25~200 mg - L7 GO W EJL RN, £
K4 B AR SOD F1 POD F 3 14 5 ) B oA 1 3
A, T RE S A SR AR R R VR B SR )
YIRS 5. CATAE Ry il 45 A8 0 1A 9 S8 AL T 30 2
A (%) FE B, 5 UM R AR e S A L R ARG
FEFE Y PR F O T A T AR A AR o vk
FEVLEN , CAT 15 PR % GO ¥ B (38 hin i B8 25 1
FHE e, CAT 2 5 T L0 GO Wil . MDA 1 i
J ek S A I bR AR A, L o R — R R A b AR
FEFRET ) F R EE MDA & 5 CAT IS A &
KAtk B, BIBE % GO ¥R FE (1% 38 i ' 2% T+
L FE KA 2R ROS i A=, 240 Jif JIE ) 58 4%
PR Z 4507, X 5 Ren 55715y Vi J82 fi £k A7 55 4 40 3
KK LB RS AL . GO b3 E K 4l A By i
il 38 07 ] REJE GOl 1 M A 55 PN SRR 3 B
L 0 R A4 S 25 =X A 0 0 i A 2 ]
AN TRV HR BE GO X K &Iy 77 A AN R 28007 1 oA FE AL ]
AR HE  RATIGAE T — 26 058 & X A OG5 5
[ Ko B R IR A T IR A IF 5 SR, AT R A1
S 11 M T A A A 2 PR A0y A AL SR Ak 5 A R R
AR

1% WHART]

4 ZEig

(1)GO JHpia A [F) B bl T F KRN A
TE 25~200 mg- L7V EEVE IR Y, GO REMS ANl £ oK 401
MR B A BRAIRAR RS EL , S Bl TR B2 A T o, P
£ LRI TE

(2) B RLH M2 R & 8K R E B
50 mg- L'GO AL PR & A P BEAIR , 3% W 4 oo vk
GO X2 R G 1A AR

(3)ANIF GO M JEALFL T, £ K 4 B AR SOD Al
POD 13 P 48 0 REZH 35 R e A 0 25 A8 Ak, Tl CAT /Y
TEHERIMDA & B GO MR R i T .
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