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HE . YK KL (carbonaceous nanomaterials, CNMs) & A T 44 K44} %) 2 B 40 AR o3, AE - iz, DABE S fa e
sh¥), Heds T %Ak A1 B84 (graphene oxide, GO) B 44 K % (carbon tube, CNT)FI 5 b A1 A& Ji it F 4 (graphene oxide quantum dot,
GOQD)3 Fi it 7 CNMs Xt 5 E fa 4 10 i A 4 L & 2P JFIRST TRV BE K IR 22 55 T 3 A CNMs X B b 01 pig 1031 2 PR B PE AL
NS ArFHLH], S5RFKHH,0.01 ~10 mg-L™' /Y 3 Ff* CNMs X BE & f IR G & B JC & 5 i, (0 235 5 7= A 16 R R (ROS) 12k
BN, o HE PR OE GOQD>CNT>GO; FR I AH G (001 mg-L™") FEREL fa sl fa7e 3 Ff CNMs ilF 2t 255 21 d
Ji , 25 | RS T JURRI B PR 40 o 2 [T 0 ok B 5 £ B 4L L0 ) 5 AL R (T-SOD) I M 5 AU 2% /0 BT 22 9,3l CNMEs X 5t
0 ACI A 5 A B T 2 GOQD>CNT>GO, T-SOD i 14 5 4G M 20 27 JCHR 43 B 3 W, Mg s 18 0 iy 2l i A2 AL R B i B S 0 T-
SOD JEHASEAY > THLIE 2 — %S5 H A PEMT 3 Rl CNMs X A2 25 2R 40 A MAC{d B A TR e S M 32 A0 1 BRI

RSB S BRI BRSBTS BE S 10 OR M VA R S AR A 2
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Abstract: As an important part of artificial nanomaterials, carbonaceous nanomaterials (CNMs) are widely applied
in a plenty of areas such as energy, manufacturing and pharmaceutical industries. In the present study, the develop-
mental toxicity, induced by three typical CNMs including graphene oxide (GO), carbon nanotube (CNT) and gra-
phene oxide quantum dot (GOQD) was investigated in the typical model animal, zebrafish larva. The induced sub-
acute toxicity at the low concentration of GO, CNT and GOQD was investigated in adult zebrafish, either. Moreo-
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ver, the molecular mechanisms at the level of metabolomics were also explored. The results showed that there was
a significant increase in reactive oxygen species (ROS), and mitochondrial membrane damage was caused by GO,
CNT and GOQD in zebrafish larva. However, there was no significant developmental toxicity on zebrafish larva.
The toxicity order in terms of the ROS increase and mitochondrial membrane damage was GOQD>CNT>GO. The
chronic exposure at the typical environment-associated concentration (0.01 mg-L™") of CNMs can induce gill and
kidney cell senescence of adult zebrafish. Meanwhile, it can also inhibit total superoxide dismutase (T-SOD) activi-
ty in adult zebrafish in the subacute toxicity test (21 d) at the concentration of 0.01 mg-L™". The metabolomics re-
search revealed that the toxicity order at the environment-associated concentration acting on adult zebrafish was
GOQD>CNT>GO; and it showed that fatty acids and proline turbulence may be responsible for one of the molecu-
lar mechanisms of T-SOD inhibition in adult zebrafish. This work can supply rationale to evaluate the potential risk
of ecosystems and human health induced by the three typical CNMs.

Keywords: graphene oxide; carbon nanotube; graphene oxide quantum dot; zebrafish; nanotoxicology; reactive ox-

ygen species; metabolomics

T LA, B 40 K b4 %} (carbonaceous nanomateri-
als, CNMs) PRI A i T B M 2 ot w1
FUR N TG PR S g 12 N AR B 2% e 4k
2 AW RIS O A SRR ST AU I R AR 20 i A
1§ 251tk AL IRE FAg Re 45y 1Y Bl
# CNMs my Pt & e 5 n IR 2 5 Z ARG Tl
IR A T A AR AL, PR CNMs Bl
S P AR F A A OB T 4Rk A1 B0 (gra-
phene oxide, GO) . ik 44 K 45 (carbon tube, CNT)Fl 4,
Ak 1 55 45 8 T 45 (graphene oxide quantum dot, GO-
QD)YEH CNMs S5 B ZE AT U I, S il A s
HHBEDE M EE R BFE] 2027 4F A S50
7 AR A P A K 3800 t, 4F A 30 12
FI6, BEE CNMs 7EIH 2% 7 i i i A= 7= F i FH H
T SN, BB AR AR PR H S BN 2 2 58 1 AU
PR, T i FL BRI U R R VS A 1 f R N A 2 X
[SARN PN P SE T e

H AT, 76 HARKIR 158 DU A AE Y ik b 1
SR CNMs IAAAET . A AR AT g 25 42l B
B FREEH AT CNMs, T fiff ok 26 5 5 1Y 52 e 1R 8 22
H AT, B2 K ny SCHkiE T CNMs X £ 4
PEURIAN M ) oK B b8 B Sl R, 4K A
BHY B BT, AR A3 EetE JEAR 2 i fer Ak
SERLGY , SRS A RON " A, GO \CNT
1 GOQD iX 3 Flt CNMs BB Ff k4 Fk 18] A 265 fil B IXURG:
TIRFNTE 22 427 X T3k A [a] A A7 7E 45 K T 1 R
1T 6 CNMs 76 AR Y 31 Az 7= A H 28 ¢
W, RS B A Y, W2 E BRpR
HEALA RSO Y 5 Fhfa Lk z —, B4

WK K B 384G R 2 B S 5 R A A
KA HIL, AR R GO .CNT #il GOQD
YE R CNMs AREGR AL, Hde T H X B I 1R i
AR EF R, U, B oy B A6 = 358
MEWREE N CNMs 4 75 RIS 99 RE K 1 40 1 3085
PLER, ZEARWFSE AR Jia 25™ 09 T4F, v l—1
PR R E(0.01 mg- L)% B 5 fa i ta kAT 1 K
K21 d M SobE R, IR A 4 2 AR X
CNMs W 2 PEREPENLEEIEAT T 8RS, A i TR 40 )
R CNMs 99K B AL EEAR {68 L R A S

1 ##l57 % (Materials and methods)
1.1 CNMs 5%it4Y)
1.1.1 CNMs K

GO(%7 5 XF002-1),CNT (%% 5 S07) fll GOQD
525 XF042), ¥ A [ pg 5t 58 90K b kR
FRRAF] HEA ™ S B in 2R 1 fos , BRI 5 an
S
1.1.2 Zik4EWY)

6 H & i AT BT A= BUE 5 £ (Danio rerio), W H
[l ZE B T 6 %5 4.0 (China Zebrafish Resource Cen-
ter, CZRC),
1.2 CNMs JESi£AE

Bl GO F1 CNT #3 oK 23 43 HE T 40 mL J
IR CBEG Brafi, v R T BRBHE AR A R F)
H UK 30 min, BICH GO £ BE43 #0 F1 CNT
AR, B 10 WL GOQD £ V75 i & 40 mL
ToK B K7 30 min J5 , BI75%] GOQD 4
B0/, R INE MR TE S, 43 B 10 wL GO,
CNT H1 GOQD & B3 HUHk i T Hi 45 2 M (AZH200,
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o E AL T BERMU AR A PR A B b % 5
B (TEM)(HT7700, H 4 Hitachi 28 7])WLEE | HLBE
TAEHE R 80 KV 5 A ULER FNIN 22 b4 AL 1 JE B2, 3 3]
B 10 wL GO .CNT Hl GOQD Z B4 # i i 1E = £
J b R ) H T 8 U8 (AFM) (Dimention 1-
con, 3 [E Bruker /A ®]) #E 17 W%, AFM &l 5 H
NanoScope Analysis 1.8 24475087,
1.3 BEHmEESR S CNMs BEE LK
1.3.1 BEShfasss

BE L A 3R 55 A AR FOK R R 3%, B Rk Rt
RV 60 mg- L' 9N TIREK , KR M (28 £0.5) C,
JEIEFEA N 14 h JEIE:10 h BRES 45 H 50 4R 0F 2
W, BES A RIR A ARAS  eas AT /INAH ) 0 A 24
Ly R — R M b e REMEAE L 121 A BR &
Y P £ R e £ ol B MR B O I, ™ B B AN T
S A5 FRHF H (SPX-3001-C, 7 [&] | i R 97 A= )
AR A BR AR, R H 78 BE I B R A T 4R
F I 77 B v %) B Al O B 5 f8 AR ZE L, 1 h
J& WA DN AR B BE S RN . (B G R
IR B3 W WS Ve T, o B3 WAL AT S
mmol-L™" NaCl,0.17 mmol-L™" KC1,0.33 mmol-L™"
CaCl, ,033 mmol-L™" MgSO, ,pH = 7.4, LA Fi5|
YR ot st i A A R e MR R A BR A A
R R Uk Ve I o (R B I IR R RS B B3 KR
W BTN LA SR P R 95 2 2.5 hpf(hours
post fertilization), F T 5 £L 5L B0 5%

1.3.2 BESaghfh CNMs &%

HERRFREL 100 mg GO, fifi H E3 B33 R H A3k
IFERZE 1L, HIE 100 mg-L™" ) GO 3Bk 1k
UK A 30 min 2 H 584340 B 45 5 B 50 mL
100 mg-L ™' % GO 4r#iti i 1 E3 7 B¢ % 500 mL,
135] 10 mg-L™'#Y GO R, FRUOR HoAd ) E3 1%
FRWBHAFE, 435 1.0.1 #10.01 mg-L™"' i GO-E3
IR, CNT-E3 5 GOQD-E3 $5 7 W i i il J5 ik
5 GO-E3 7= i BC il ik 2L B R], #F 2.5 hpf
BELhfn ik i B 28 T B3 55 F2 (25 U BR 4L A &
001.0.1.1 F110 mg-L™' 3 F CNMs E3 4380
120 h, ZEELIAE 96 FLAR h AT, B L — MUK
UR, BERE 24 h S — R AR MR OB, AR

G YL RE LRI TE N TG S48 h AT, H R A8 TR
JEH(28+1) °C VLRI EHE L 14 h:10 h,
1.3.3 BESfalifi CNMs Zh 5%

001 mg-L™" CNMs B 1 £ i £6 % 8 W 1) L 1
T 132 AHA8R R 60 mg- L7 GEE A T
K, PRTUARGI A 59 B AL A BE b £ % 1 4 BE AL 4
44, A6 4, BT 1L BERT, Bebh i 2 88 ik
BN L, MRS ZBAEE T AN TR
Frh RESRAR IR (28 +1) °C |, G AR W K IS e
14 h:10 h, 4 H AR 2 YRl o Ak (o ) 20 T
SEE R BRA F) X BE 20 5 B 58 415 3R R PR
— K —IK, 2% Jia O T AR, BE D fa a7
AN 21 d,

F1 3 WBRMKMP(CNMs) ERER

Table 1 The basic properties of three carbonaceous nanomaterials (CNMs)
GO CNT GOQD
4l Purity >99% >95% -
KB
MEDRZS I A AR AR A WHL:20 mg-mL™!
Material condition Powder Powder Aqueous dispersion
Concentration: 20 mg-mL™!
y HIRIR AT ik
JES Shape Single layer
Nozzle stub Dot

A #%:500 nm ~5 um

Diameter: 500 nm ~5 pm

JSf Size )
JEREE .08 ~1.2 nm
Thickness: 0.8 ~12 nm
il 25 s Hummers %

Preparation method Hummers method

External diameter: 1 ~2 nm

Floating catalytic method

4ME:1 ~2 nm
HA%2.<15 nm

KJF:1~3 um Diameter: <15 nm
Length: 1 ~3 pm
FfEfb I EERiIR=9:

Organic synthesis

. GO 184, ONT JFRRANKAT , GOQD Sy 48 AL A1 88 M it 1 i

Note: GO stands for graphene oxide; CNT stands for carbon tube; GOQD stands for graphene oxide quantum dot.
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1.4 BESfaghfal KA BN
1.4.1 BEfag T M e

B BEI 90 B2 2.5 hpf BE S fa I fIG T 96 1L
PrrbiffAT 120 h W ZREE 5L, i 3 M EY E A A
R E 30 MRS ARG, (HREIEE(ZL 61, H
A Olympus 22 Al M E 0 & B 5 6 iR fif /4l fa, LLAS
B3] JoC BRI AN i 3l (R B 5 £ &)y i ) B 2 20
] RAEE T R X2 B 1A B I 0 U 8k 30 0
Vsl , B a0 IE XS AN 2 7)1 R FE T bR
it aRE 120 h J5 BE S A0 TR A R AE AR i
BE TSR fa &)yt A IR T AR OO0, DACy /50 2 K
i R /5 2 g R 1 R TR S s v R AT ) B, e %
G4k 2 120 hpf BYBE D40 4t i R
1.4.2  BES gl E A g

Bt I 1 &)y #1305 P 450 7 (reactive oxygen species,
ROS) M Al LA 2 M5 27,77 -5 # A
fiz#h(DCFH-DA)(H E At 5t R 3 SR A R A 7)) iE
1 40 B B AR 7 DCF 9% o B R SE B, B4
CNMs IREEZHHER 24 5K B 2 2.5 hpf S MR T
96 LA P #A %% 120 h, i H 3 MEYER , REL
G, B BEYLE 4 ZcBE D fagh i, ] B3 R
WUE TS 155 5 wmol-L™' DCFH-DA 1 E3 $53%
WHEDEIFE 0.5 h, @5 dE, HBEE B3 Ki
Wb sh a6 I, e A58 i BE S A 7E 0.03% — R
(& 99% , 3 [H Sigma 2 7)) RIS , T3 & 2%
6 MBS (X71, A 78 Olympus 23 &) T WAL HA IR
PR R & B K 43 9 Ol 488 nm AT 535 nm,
FIH Image J A4 X6 BE 2 £ S8 29 5 B dE 47 5
T,
1.4.3  BETfa gyt 2k A5 v I 82

JC-1 26 I S Aor 4 65 Fi A7 %) 38 4B 2 S R 4
JC-1(3E1# Adipogen 7 F))ZL (058 Y 5 4 (5 G 1
A5 b R ZR AR B LA T B, BED CNMs R 2 41 B
24 Z5KE % 2.5 hpf & ARG T 96 fLAk 2 5%
120 h, %E 3 MEYEL, BIEH0 5 8 KB DM
hith, FEBEASHTE , HUIREPLEUE 4 Bt
FH E3 W E TS 6% 4 wmol-L™' JC-1 9 E3
VEWCPEEEIFE 1 h, PSR E , AR B B3 TR
el 6 YK, Yt 5E A BE S 7 0.03% =R A
TR S, B 2% B AR (X711, H A Olympus
e a]) TSR BRI 3 ) R 488 nm Al 535
nm, FH] Tmage J S0 5D f S 245 i B F
TR

1.5 B plfa 0 2k 2k
1.5.1 R H8UE YR BIHIE & gLk
T

BE T f7 i £ 2285 T CNMs 3008 21 d J5 B
B 0.06% =< PRI W %2 AR A8 Je Vsl vk
fife ) O Bl £ ) BRI BT 4% 2R
P VRS R (1 S ] A R B A R ) ) T I
BT 4 CoRFR ., S HEUEH A RAKGK b
Ut 24 h, ZJE# AT IRACGR b AT R R . 70% L1, 30
°C,30 min; 85% £ f¥,30 °C, 10 min;95% £ %, 30
°C,10 min;100% Z % I ,30 °C, 10 min; 100% Z. %
11,30 °C,30 min; —HZK/Z 8,30 °C,30 min, —H
11,30 °C,15 min; —H 1,30 °C, 15 min; 71
[,60 °C,20 min; £ %5 11,60 °C, 10 min; 15 1T, 60
C,10 min, = B J5 09 4 2 B A @ 1AL
(EG1150H, 78 [& LEICA 7 #)) L3, F3h ¥l / #l
(RM2235 , f8[E LEICA A R)HHEYII N 5 pm U1 F
Ja, ERMETSH, Ay i -2 R B
TEVEAE FH 240 0 o 22 B -1 FUME T e O 4 R &
(C0602, [ 11 38 2= R AE W BOARAT R wl Rl
o) 1ok A A B ) B U B B A T
1.5.2 N EE(MDA) S =ik

BEH 0 g 0 52 5% T CNMs 2080k 21 d J5 0t
B BT 0.06% — R L ARFEIG , # 5E H fa 3%
T VA D6 T3, TG T oK A Bt 53 AR
AR 10% A= 3 ER K 5 9% F5 4f ¥ VR B0 L
(5804 R, f [E Eppendorf 23 F)7E 4 C F 3 000 r-
min~" #5010 min J5HCETE , BES#H MDA K
FE5(A003-1-2, v [ Fg 5 s AR A TR 58 )itk 4 7
L DA T s e e 7 - £ =l = o= W
(A045-4-2 , [ g st B A ) TREF ST PT)IE , 3k
TR G ) 2 Ao e e R B 1 B R iR T
1.5.3  RHEAY AL EE(T-SOD) & il

BEE a0 5 5% T CNMs 3080k 21 d J5 3
B BT 0.06% — R L ARFE IS 1 5 5 fa 3%
TV D6 T3, TG T UK A B f 55) EABREESS)
AT 10% 25 3R K A1 9 5 18 FH 3 R 250 Pl
(5804 R, f# & Eppendorf 2% #)TE 4 °C F 3 000 r-
min”' #5010 min 5B E, B 8 T-SOD il ik
R E(A001-1-2, T e ot il A= ) T ARG T )it
AT, 177 W AR v B AR o R
(A045-4-2 , [ R o AR ) TREIIF 9 )52
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1.6 fRiggl 2=t

BEH £ R 5% T CNMs 00k 21 d 5 3
B Gk E TRAH 5 min J5 BUH 7R B BT
PRl 4l ST B A S SEA T aR I, AR
PEEGEFE R . (O)FEWE S AP O RE & PO 15 mL 481
RAET =20 CHAMRBUR G T (VT EE): VEETT)
FVK)=2.5:1:1); Q) 4 B A< B, 40 °C,30 min,
FEITE SR B I FVE TR, SRS N 15 mL 42
RIPRAET 20 CRURBUR AT T (VI(F B : VI
P1): VOK)=2.5:1:1) (& 525 0)AHR), Sk B
HHL,40 °C,15 min; G)IAES K IEW, 55
— PR EIEROIR A T 50 mL Z.0E R, A
500 pL K5 M58 F7K,4 000 r-min™' &0 5
min; (4)78 UL FAPBRIG K B0 T E, RO
HsE/ M, R 2 A DA . WK ARV VR T8,
RAMKTE DA S)RES TG, R WAL AT
RitEAk, BSEIIA 50 WL FFnH I 925 fire 14 Y 4 22 it
ERFRER (20 mg-mL "), BB RE R0 ,30 CHlR
790 min;(6)1A 80 wL FEbEAk IR N-HIJE-N-(—=H
FERERY)- = 98 L Tk e (MSTEA)(h [ | i 223 52 36 )
FATBRAAN ), 37 CHRIA 30 min; (7)E R ATAE AL RORE
A B A S B (GC-MS Y 45 v

BEL AR T GC-MS(6890A/5977A , £ ]
Agilent A FNFEAT 4341, WIS EA T (1) AH A
TEPERES R BERE R | WL, FRRE R 230 °C %%
SRR (1:50), AN A, TE 2 mL-min™
T A St R AL . SAH €3 S 80, MDN-35 &
YA TR (30 m), TR EEFEIT N 80 CHE IR 2 min, £k
JELA 15 °C -min” (YEETHER ) 330 °C 4742 6 min,
fE 528 (transfer line) i B 1% N 250 C Q)% S
BB TIRIR R E M 250 °C |, JREFHITE B 2 m/z
70 ~ 600 , SR AEHFRAERD 20 NI, i H 2% 45 R
KT 22T I Bof ) €0 35 5 700 23R 170 s J, K 25
JE 1700 ~1 850 V, i 7 #IBE BN 0, kT 22 &
WA 70 VAR A S, GRS SE T
N BT I AR Chroma TOF |, 3£k 71 B (base-
line offset)i B A 1(0.5 ~ 1); & [ F- ¥ (smoothing)
5 BE G ~7), 5 (peak width)3 s(3 ~4 s); [F ML
S/N(signal-to-noise ratio)>k 10(2 ~15),
1.7 BdEgeit ot

FA s 358 3 ek 3 AN AR &
52,5 R S E b O 22 3R0R . BT SE 50 £ s
fifi 1 SPSS 20.0 it F 47 B 2 J7 22 (ANOVA)

S3HT, M P<0.05 B, ICHTEGE 7 L EA WM,
IR A MeV 4.9 2224 | ] B i B8
R £ 5 A SIMCA-P11.5 # il AT £ 50
Geitor b, Bl o I B G TR Y 32 i 4y
(principal components analysis, PCA), 15 X B8 2 F1
A PREH 2 [ Y B B HOE A (A B S AR
I IE 22 e 7y 3 1 1) 51 43 #r (orthogonal partial
least squares discriminate analysis, OPLS-DA)"*™"! 2.
25 5 BE 5 A0 ) T-SOD i PR AR Ak 48 7 A 56
P, ek AR A H M HE P (variable impor-
tance in projection, VIP)>1 AJAS & 15T

2 ZR 5178 (Results and discussion)
2.1 3 Fl CNMs #BHFRAE

PR R RV S A B A AL M BT (A AR
AR SH) B% A5, 3 Ff CNMs fUTE 5 TEM F1
AFM W& G550 & 1 i, il 1) FiE 1(d),
GO MBS N2 Rk, R 278 H 1 (1.5+0.50) pm,
JEREEVEFE(1.15+0.25) nm; CNT AYTE S5 0 K 7ROk
GO IR LA, B IME L) R 2.58 nm, NARZY
J90.8 ~1.6 nm, i GOQD A AL ) s RS
HRR RN R (20+5) nm, 25 FEEE R (7.8 +1.1)
nm, HHEHARH 2T AMEE(FTIR) AT X ST40GH
THETE(XPS) AT LA e R AE 9 K b 1 i) 26 i fh 2 B
e, MRIEFATZ BT FTIR FR4F B 45 5 7] %41, GO |
CNT H1 GOQD & I # H A F= & 19 B Ag A1, (45—
OH ,—COOH HI—O0—, XPS Hy45HREMH, GO 5
H672% C1s.304% O 1s f124% S2p 20/, CNT
H 627% C1s.294% O 1s.72% Na 1s f10.7% Cl
2p 4, 11 GOQD W 78 2% C 15,16.5% O 1s Fl
53% Na 1s 41a¢"", HH Na Cl f1 S ZIoCEH#2
A CNMs i BB A2+
2.2 3 fif CNMs X B S fa g A= K& 5 15200

YK A X B £ IR /4l 0 A K R B R
BB AR TS bR, R, B 5ET 3 B CNMs
JE R [A] 2 52 (120 hpH)XTE3E L G /4 e A KRB 1
SO LS SR TR RT3 LR A I H A 95 45
ROS “FREMEAE R, MR 2(a) 77, B fh &)y f 75 5%
T GO.CNT fil GOQD ZH WA T- KL N 3.4% ~
9.1% , B T 25 F6 RZH(2.3% ), (HZHR A b &
5 (P>0.05), ZELAYE SR IR BE 1 10 4)) 10 W TR
I, G 2(b) iR, 25 F R BRAL B R IE R 2 K
0,1 GO .CNT F1 GOQD 4 (I JEZREAE 5% LAT,
To FEEERP>0.05), LI EgEHEE £ 001 ~10
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GOQD

a
6.62 nm

1.15 nm 8.39 nm

Q

~7.76 nm

500 nm 1 000 nm : 1 000 nm

B 1 3 MERGKRAIES B FREME(TEM) R FHEFRME(AFM) SRR
1E: (). (0)H(c)735 8 GO .CNT Hl GOQD i TEM &1 A5 (d) .(e)Fl(H)73 5125 GO ,CNT Fl GOQD 1y AFM &1 /-,
Fig. 1 The morphology of three carbonaceous nanomaterials characterized by emission electron microscope (TEM) and atomic
force electron microscope (AFM)
Note: (a), (b) and (c) are TEM images of GO, CNT and GOQD; (d), (e) and (f) are AFM images of GO, CNT and GOQD.

161 (a) 5 (b)
Control EZ40.01 mg- L' EJ 0.1 mg-L"!
gl (:;1 I:(]ifl 10 mn?i" - [ Control 0.0l mg-L! 0.1 mg-L!
12f y ¢ < 4 EimglL- 10 mg-L!
3 E
M > sk M2
= B €5
= c
4+ S
N = 1r
PG ola
Control GO CNT GOQD Control GO CNT GOQD
Ab3EH AbFRZ
Treatment Treatment
(d)

400 um 400 pm
—

B2 GO.CNT# GOQD MM B4 EIET X (a) REFHE (b) KR
T :(a) GO,CNT Hl GOQD XJ BE Iyt Kt JET- R AR ; (b) GO CNT I GOQD X Bt I 11 )y 11 Wi F2 AR 5 (c) ~ (d) FBAIIIE
BELG (02, o 6 Sk BT DA O/ B0 B K i, 4 (U Sk T DX R AR HE S I, ()P 4L B T RE R A i
i S T S B B 4y O E X A SRR B 3 AT, R 87 MR AR /4 £,
Fig. 2 Effects of GO, CNT and GOQD on the mortality rates (a) and malformation rates (b) of zebrafish larva
Note: (a) mortality rates induced by GO, CNT and GOQD of zebrafish during embryogenesis; (b) malformation rates induced by GO, CNT and
GOQD of zebrafish during embryogenesis; (c) ~ (d) partial malformed zebrafish larva; blue arrow and green arrow represent pericardial/yolk
sac edema and tail/spine curvature, respectively; in figure (d), area in red rectangle was enlarged and red ellipse and yellow arrow mark the

cardiac region in zebrafish larva; eighty-seven embryos were observed from each of three treatment replicates.
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mg- L™ MR N AR #2120 hpf) TiX 3 Fff CNMs 1 mg L™ fil 10 mg- L™ i}, BE & 471 4y 71 44 4 ROS
PN XRTBE Syt gl (A7 T NSOy AR BEE SRR ETHE(P<0.05), Chen " HMF5E K, GO
FIREI AL I T AR R P B ROS K7 & B T 10 )
FALNHOR ORI GUOR PR 2RI 2 & AL R RV, 1 mg- L7 Fl 10 mg-L™' 1
—U% BRI a4y B R TS RIVR Y GO, CNT Hl CNT Fil GOQD 25 B & fa 4l AR )N &k A i 3
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Fig. 3 Effects of GO, CNT and GOQD on the reactive oxygen species (ROS) of zebrafish larvae after 120 hpf exposure
Note: (a), (b), (c) and (d) are representative images of the ROS fluorescence in control group, 10 mg-L™! GO exposure group, 10 mg-L™' CNT
exposure group and 10 mg-L™! GOQD exposure group; (e) fluorescence intensity representing the ROS content in zebrafish larvae after exposure to

nanoparticles until 120 hpf; the black asterisks denote significant differences at P<0.05 level compared with the control groups.
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Fig. 4 Effects of GO, CNT and GOQD on the mitochondrial membrane potential loss of zebrafish larvae after 120 hpf exposure

Note: (a), (b), (c) and (d) representative images of the mitochondrial membrane potential loss in control group, 10 mg-L™' GO exposure group,

10 mg-L™" CNT exposure group and 10 mg-L™" GOQD exposure group; (e) red to green fluorescence intensity ratios in zebrafish larvae after

exposure to nanoparticles until 120 hpf; the black asterisks denote significant differences at P<0.05 level compared with the control groups.
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Fig. 5 Subacute toxicity induced by three low concentration carbonaceous nanomaterials in adult zebrafish

Note: (a), (b), (c) and (d) are typical pictures of effects on 3-galactosidase (3-gal) activity of adult zebrafish gill in control group, 0.01 mg-L™' GO

exposure group, 0.01 mg-L~" CNT exposure group and 0.01 mg-L™" GOQD exposure group; (e), (f), (2) and (h) are typical pictures of B-gal activity

of adult zebrafish kidney in control group, 0.01 mg-L™" GO exposure group, 0.01 mg-L™' CNT exposure group and 0.01 mg-L™' GOQD exposure

group; (i) ~ (j) statistical analysis of positive cell ratio of 8-gal activity in adult zebrafish gill and kidney after exposure to three carbonaceous

nanomaterials; (k) ~ (1) influence induced by three carbonaceous nanomaterials on total superoxide dismutase (T-SOD) activity and malondialdehyde

(MDA) concentration of adult zebrafish; red arrows in figure (b) ~ (d) and yellow arrows in figure (e) ~ (h) represent partial dots with positive B-gal

activity in adult zebrafish gill and kidney; the black asterisks denote significant differences at P<0.05 level compared with the control groups.



110 S

15 %

0.0 0.03

S
=
=
5]

@]

I
n

GO
CNT
GOQD

N R Alanine

2R Valine

LR Leucine

HER Glycine

2293/ Serine

KN Z Phenylalanine
JE R Threonine

KA R L-Aspartic acid
B Glutamine

iR Lysine

#4482 Tyrosine

%% Proline

WV NERR Ethanimidic acid
SERAR Malic acid

251 Purin

JUHF Inosine

JIUEE Inositol

Z% Ethanol

TR {55 % Campesterol
A Sitosterol

T HBRIIFER Eicosapentaenoic acid
1 5ERR Eicosanoic acid

J& MR Pentanedioic acid

C. fi2 Hexanedioic acid

2% R Decanedioic acid

25 Nonadecanoic acid
R NIEIR Docosahexaenoic acid
+75K5HR Hexadecenoic acid
N =R Propanetricarboxylic acid
T BRIEFR Docosanoic acid
+FikifR Pentacosanoic acid
C. 18 Hexacosanoic acid
A IR Phthalic acid
JRZE Urea

T Butene

ZHT# Diethylene glycol

F 2P Maltose

H#%fR Mannonic acid

HE£EE D_Mannitol

H#EHE Mannose

E 0 3 \

AH[EEE Cholesterol

12 Phosphoric acid

Bitil2 Acetic acid

IR Propanoic acid

N & Propanedioic acid
T2 Butanoic acid

T2 Butanedioic acid

FLBZ Lactic acid

C.iX Hexanoic acid

25 Decanoic acid

+ & Dodecanoic acid
+PUR Tetradecanoic acid

+ TR Pentadecanoic acid
+75fR Hexadecanoic acid
FNHRIGHER Palmitelaidic acid
+-EFfR Heptadecanoic acid
+/\f& Octadecanoic acid
F/UfR Octadecenoic acid
HZEHE Oleanitrile

+ /N ZH5ER  Octadecadienoic acid
MM Glucose

bl d-Fructose

%M D-Glucopyranose
B d-Ribose

PZLME W D-Galactopyranoside

PCA.MI1(PCA-X)

GO

Control °

D
L

GOQD
®

|
~
n

T

CNT

1
-5 -2.5 0 2.5 5 7.5 10

Eloe mOaMa=aXRAM 3 MERMNKME 21 d REARG I
T : () 22 AR IR AT 5 (b) 2y PCA SRS IAL

Fig. 6 Metabolic analysis of the control and three carbonaceous nanomaterials-exposed adult zebrafish groups at 21 d

Note: (a) heat map of all the identified metabolites; (b) PCA cluster analysis.
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Fig. 7 The orthogonal partial least-squares discriminant analysis (OPLS-DA) of metabolites
Note: Coefficient CS and variable importance in projection (VIP) value with the metabolic levels as the independent variable

and T-SOD activity as the dependent variable using OPLS-DA.
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Table 2 Type analysis of significantly changed
metabolites (SCMs) induced by three carbonaceous

nanomaterials in adult zebrafish
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