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Abstract; Nanomaterials have been widely used in the fields of food, medicine and cosmetic. A large number of
nanomaterials have been discharged into water during use, which causes extensive water environmental pollution.
Nanomaterials are highly susceptible to adsorption of other contaminants in the environment due to their small size
and large specific surface area, resulting in compound exposure risks and the complexity of their biological effects.
This paper focused on the risks of compound exposure of nanomaterials, such as nanoplastics, graphene oxide, tita-
nium dioxide nanoparticles and single-walled carbon nanotubes, and pesticides, heavy metals and persistent organic
pollutants in the water environment and the toxic effects on organisms. The possible mechanism of composite expo-
sure toxicity mediated by nanomaterials was discussed from the aspects of interaction between nanomaterials and
water pollutants and the mechanism of cytotoxicity. The prospect of the construction of composite exposure model
has been put forward, and the research direction of revealing the rule of composite toxicity from the molecular level

has been proposed, which will provide a basis for the risk assessment of water ecological pollution.
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JFAF 0.1 ~ 100 nm 2 [8] (44 K44 A2 A /)N
FRSFRUNE 2R TR | 7 WA o~ K 8 28000 55 4 R 42
[F[RE S NART = A A 2 =R o =Y g I = Py
TEEEE AR PABE A S b B SN, W AR
3 FVE YN K Y3 K} (nanoplastics, NPs)4s By H A Ti
ANE VE T EE SRR S I T T TR R R
i A At i Y 5 S A7 B8 )7 (graphene oxide,
GO) R i B M A ST AEY 2 — , R B AT I
REMRIEE LS FEA, 7 Z N H AL
JERERATHT UM TR WA RERIG I M AE W B 2R
gh Kk — % 1k £k (titanium dioxide nanoparticles,
TiO, NPs) A Hem 8 i) A APk | 22 AP 2t i e Pk
RN G PE Y TR AL %e BT K AL e |
B P Ak ot i D BET R LA SO K BH B H b 25 45 45
WA T3z N S BRLBERR 40 K 45 (single-walled car-
bon nanotubes, SWCNTs) A kit o, FAGFT 7 224
RETERBUR A WG s M2 AR 1 AR 2] 1)1z
(BIFFE AR T

SR, B KA R BIFFE I, FEAE K A v
PEICEEAG H (AN NPs 75 H K 7K rp (99 B2 2y 260 x
10° ~ 320 x 10° particles - m™™ | TiO,NPs ) ¥ J& ik
107 ~ 107 pg - L™, N ] sk G % 7K Az Az ) 1 il 52
M), 2 KA AN TR] (R A% 00 A2 B A DR e AN [R) ) 2
PEFN NP QB 20 K B BHE 7K P 58 v i) 2 P i
KF L8k & 8 AW gk ok R Bs, 48 K b1
RH i LR AR 5 T W B K R v A 75 e 9,
K2 EaJR FFAMA NG REY  RRA VLD,
SR HAE IS P i o0 A A S AR WA S50 DT X 7k
A AR BORR IN L B R A5 BT 2 R A A R R AN
(F 1), KHESI G R 5K RS e ) 5 6 5
FEAEFT , XA A 25 XU PPAl A 2 S

1 RERSKETEIHEEEE ( Compound
exposure of nanoplastics and water pollutants)
1.1 feZj(Pesticides)

B L B B (glyphosate, GLY )& —Flt PN T
e S U3 KA PR BR 50 1V 22 7K el AT R LA B
GLY HYFFAE , F A IR i VLA TROH K OK U rh A
H GLY B9 M 0.065 ~5.930 pg-L™', GLY #EA
KR SRR R AEAHEAE R A WT5E4aE , A
P TRl B ER 4H , GLY 5 @A i) 40K K L0
(polystyrene nanoparticles, PSNPs)& & 7% & ZH X i 4%

T3 3% 8 (Microcystis aeruginosa) i A= £ 31 i/ FH 5
S, SEUMAIAE A ; GLY 1 PSNPs ¥ fit 5 5004 4t 48
P R 5 T G 5 R S Ak ) B A 7 (superoxide
dismutase, SOD) % Ft 5, M4k &K a S/l i
¥ 75 Z (microcystins, MCs)Y Bl 34 i, 2 B GLY
15 PSNPs i 4l ¢ {4 35 19 A8 A< 410 1) 4 AT g 2 il
BRI A 1R T i 0 ok s B 4K T, Zhang
LGN GLY R G 1) BH B 3R 2K 29 40 oK it
KGR AT TR 45 R L5 mg-L™' GLY
b 2 % 29 T X ] et Fol A 1 2B A A AR VR T [
J& PS-NH, Fl 5% 58 X i i A= K Te s e, i 42 & 2
FRHM MR a B PR/ T GLY Hph 28
H, MR a RBEENFELEARY, SRk
HERFEYIFE, Bl PS-NH, 5 GLY WA % 55 0 2k
AR R A S PUE N . PS HARZ AN EAE
FHBLEN B sl PR A Rt — 2B 5T

1.2 ¥ AVYEA HLI5 Y4 ¥ (Persistent organic pollu-
tants)

Fr AMEA HLT5 L) (persistent organic pollutants,
POPs)Z 8 EIE 1 AFETE ] KBS I M
Kok i O R ik A= ) R ARG N S (R RN PR B 1 AT
R E Y BT, POPs FEAR HAC I 4% B R 7E [El Y
SNV Z KRR AT 3 A, 0 2019 4F 2 A AL
[ f77E POPs 1Y 1A L & ik 49 AN, Z @B
(polychlorinated biphenyls, PCBs) Pl H: 25 P4 45 = A%}
NS AR 1) XU 717 B A A BROG TR Y 1), Lin 450
W58 T PCB-18 Hl PSNPs %} K 5% (Daphnia magna)
IR G SRR MR, 0 E PSNPs X 22 S A
B B 22 0 (1ogKNP) (528 ~6.56), & FH PSNPs 7] L)
335 WP 22 SRR AR 105 5 AR R, T o AR R o R Y
TR, M PSNPs MMM T 1 mg L™
Bf, R 35 () B P8 SR Bifi 25 PSNPs e B 19 38 iy F
i, X P RE 4 PSNPs 5 PCB-18 f77E 36 4+ 5 HU ok
S PSNPs o Wt 141 5 J7 202> T PCB-18 Tk
VWP R TS PSNPs ¥ = T 1 mg- L7 i,
P 1 OR AL A Y B AR, X AT RE 2 R T R Mk R
PSNPs A B 51 | 23%F KA 35 3 iU BRAG 43 , (] B 0
%<3 PSNPs TE8 R AL 5 I A S REIE i Z0IR A
(DR iR AR RAESIIEOESE ST 2 =5 SN iy
FET T o

227 .4.4° -PUVR Kk (2,2° 4,4 -tetrabromodi-
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phenyl ether, BDE-47 )& 358 Hh |12 A7 1) 2 TR IR
fif (poly brominated diphenyl ethers, PBDEs), 1] 7£ 4=
YIURBOAG 107 | JH B 2 2 B R T 7= A A e
PSNPs 5 BDE-47 3L [a] 2 #5227 A= B[R] /F Fi] , Wang
LGUIRRGY K B F 2 B8 T BDE-47 A Eb, Jh[R 2
#2H 1 PSNPs J# 3 W Bt BDE-47 i £ 5 fa ) .0
(ol NI e 9 el i DY N DI R = =
FEEFRREAIG 3 F) R R 2 ) B s 2y A 21 2 R
e va A By N IN E R 1L G = e E R
BRI, M AE LR 2 0, T B -2 - FFCR I g 1
MIXHEH TSHB . TG, Doi2 Ml TRB Foik W 11, iX
W] PSNPs F1 BDE-47 :[a] 555 finfal 7 X 5t 5 £ i
KA MH R EE M, =54 (triclosan, TCS)j&—Ff
B IEBTEA 7E A NP B
L E TCS By B K A AT ZE i i 2 8L R
R, IT i A8 Sy HoA A 5 W B R A W i e F
Jeong ZFE IR 20 A0 K K 43 1] 5 BDE-47 Al
TCS Wit M & FEM R Bn, 52 H X A ML,
BDE-47 il TCS .7t % % {1 15 5 /) 4 HL (Brachionus
koreanus)4 il N P-H £ H (P-glycoproteins, P-gps) il
£ 2l 25 45 1 (multidrug resistance proteins, MRPs){i
V¥ 53 R Ok 5 TS 58 @ T PSNPs, P-gps Al
MRPs {if P45 B 2 fx 21 B AR, H TCS A FEAIRAY
TR K, T P-gps 55 MRPs 7E /K 4 W) E HEsh ¥
W R 22 Y S5 IR W) I BT M ML (multixenobiotic re-
sistance, MXR), # A Ry J& HRAH PR 5 FE 9 1) 5 — B By
P R, IR FEAR I AR IR G B G 2 X A
A REPERESE . K PSNPs 2k B8 2 B4 G HEE W
Jii (reactive oxygen species, ROS)FIA —[if (malondial-
dehyde, MDA)/KF-, fff E 4 5 BDE-47 | TCS
PrF B AE & PSNPs 3 2o 48 Ak L7 J A4S0k 8] 4R
FHIX 2 Pk 2 Fng 38 05 2075 S i 45 , o B A e
X PREE R A2 PR A B0
ZKJF(a) it (benzo(a)pyrene, B(a)p) A HA i P
1 Z ¥ 75 %& (polycyclic aromatic hydrocarbons,
PAHS), B AR B B IR EE | 28 ph R IO
X A R 3 R SE B 15, Martinez-Alvarez
AP BB N PSNPs Jf S 43 Xt BE T 421 ( Danio
rerio) MR IK MR (Artemia salina)JE G 7= A= A M FE
Wil , 117 PSNPs+B (a)p 41 B9 B 5 ff f1 R /K AR ARG
YynTWiEE 3] Ba)p /775, HH BLRE PS OB A% J /)N
MR EAAI SRR, X RWIE A ZER 1 B(a)
p TEER/KAR R AEE S fa i b AR R | B PS R ARk

ANBT, BT LR TR A S0, DTG-S 3800 T 5 e A 1Y
B(a)p W FIERS , & B PR 58, PRk, AS [R)kE
T2 (%) NPs fR 0] BB 7E /K A= 3185 Wi /B h PAHS k44,
e AR HERAEY SR

25 I NPs SR RE AMEA W5 ¥ 2 A 1EH
FELE2E R, 5 PCBs, i it W Fff PCB-18 , i A% JH: i 25
W B ff PCB-18 L2855 ; 5 B(a)p, NPs 784
AR B B(a)p Ji 38 o A= DR O EE A, XK A AR 9
BEPESE SR, T2 NPs A B ik 31— g i B i, g AK
A= AR 2 ) EA N B AR 5 AR TR
I A mE AR, R M R
1.3 HAb#Fi(Other substances)

UTAEAAE W) 7% (biochar) VE Sy - 38 ok B 77) B R e
DT IR, 28 vl i A K IR 358 J5 X 7K AR A= )
sZm S RS R R A KR GFREET T4 %
F1 NPs X /INER 3 ( Chlorella vulgaris) £ K 1 & & %
Wi, AHAL T NPs BB G5 41, A=) e 55 NPs 2L [R] 2
R0/ NERBE I AR A AR 855 , ik R a &
Jn ALY ROS TR, H T NPs B2 78 23R/
TR 1) A 00 B S8 R P AT A N S5 4 3 o 7 AR
L WFSEHED NPs 54 Wi s Hi/E -l g &A=
—J7 15 NPs 7= A= # B AU B AH B VR, fil NPs
B DRSS B T8 2 fioh 35 240 L 920 3o R 25 4
PIREIR B I X /INER S 9 B M5 50 — 7 BT 5 NPs
S I R N | DRLAE e Xt /N BRI R P A ek
KGHEY A NPs HEA R FFZNER 8 , ek 55 %6t /)N
BRI R AR P HIE Y

JE& 1R (humic acid, HA)J2 Sl A ) 5t 8% 73 i 5 1k
JE A AILET, PR EAT “ S 0 SO0 %)z W TR
b SRl AR ARSI, (5 HA FEAR IR P& it 4
SEME K AR PR AR HE 5 4 JE AN AR R KGR B A
DL K 55k A v g 4 S5 B g 7 A SO B, 6 IR R AR
Yire A ARSI Wu ZEP9BF5E T HA 5 PS  PS-
COOH ,n-PS-NH, .p-PS-NH, iX 4 F NPs fi% #H H.1E
HME &8, £ HA 5 NPs # BAE R BT, HA
XA 61 L (7 A NPs(PS . PS-COOH .n-PS-NH, )it £ &
VEFH, T4 1F FB A7 A4 p-PS-NH, — JF 14 & A B AE IR
% ABHEE HA W 3 m AL Refa e , S Fp R 42 3t
%Al DLVO #Ug i B2, B8 HA W858 PS
1 p-PS-NH, 7, # T+ K AL % 1716 5%, 1R &
M2 HA WZRHE PS A1 p-PS-NH, |, 7= 4= 7 | 1 IF:
FaE FIRETEI, /> NPs 78 K % 2 1 Al B 4
AR S A Ao e A R R 8 A B R AR AR



reduce the damage to the membrane structure;
competitive adsorption reduced the content
of NPs and weakened the growth inhibition
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Table 1 Composite exposure risks of nanomaterials and water pollutants
KIS G TR Y . " -
RS - . P O HEAEAIR 5%
. Water Experiment o .
Nanomaterials . Toxicity Interaction types References
pollutants organisms
TR GLY 5138 4 48 A 17 b 7, e a4 il e 5
S B0 8 A A SR A i/
KRB EHREE W BEVE HIREAIR GLY 14 A=W R B D %
(PSNPs) FRFEH AL i e e BEIG AR A 32 T DR A R R PO/ R A
Polystyrene (GLY) Microcystis The oxidative stress damage caused by GLY is Antagonistic effect/  [11-12]
nanoparticles Glyphosate aeruginosa aggravated, and the growth of algae is inhibited by Synergistic effect
(PSNPs) (GLY) inhibiting photosynthesis/Adsorption reduces the
bioavailability of GLY, alleviates the inhibition
of photosynthesis and growth inhibition of algae
e BE PSNPs 15 4 HEHL e BN 14T 2R
VEIFEAR PCB-18 Ui B e 2, I 4 5
TRV BE PSNPs F #2550 A W Tk it U 341455
Z AT (PCB-18 TEF AL S R A ZOR A L B AT 3 ,
A : . SRR
Polychlorinated KIF The competitive uptake, adsorption and agglomeration o
PSNPs . i . Antagonistic effect/ [15]
biphenyls Daphnia magna of low concentration PSNPs reduced the free .
. o Synergistic effect
(PCB-18) concentration of PCB-18 and weakened the toxicity;
high concentrations of PSNPs directly cause physical
damage to the organism, forming flocculent bodies
on the surface of large fleas to restrict their movement
227 A4’ -TOIR oKL TG B G IR B B 40 2 (RTB S W JE
BDE-47 , Yo B 0 Y T R HOIR R TR )
(BDE-47) BT o _ P
227 AA°- ) . Combined exposure aggravated the morphological . [17]
. Danio rerio . Synergistic effect
tetrabromodiphenyl deformities of zebrafish larvae and enhanced
ether (BDE-47) the developmental and thyroid toxicity of zebrafish
PSNPs {40 }E P 5 MXR HLHIAT 51 P-gps Al
PSNPs MRPs 3 PR, 33 4 A 7 ORUAURE (B 76 1
=H A (TCS) g o A5 007 , A5 20 £ 5 TR P A5 2 D T T A2 R A1K
F1 BDE-47 . PSNPs reduced the activity of P-gps and MRPs uEKLEs
. Brachionus . .. [19]
Triclosan (TCS) P related to the MXR mechanism in cells, and reduced Synergistic effect
oreanus
and BDE-47 the tolerance of monohorned roti to environmental
toxicants through oxidative stress
and intergranular membrane damage
PSNPs $4/i1 T B(a)p 7E£h/KHR %) HUF
BT 6 BEL IR AR B S BOE S R Y
ki e I N ¥
I (a)tE(B(a)p) Sk B(a)p £ A=W BB FIT RS | BEARAAIE 5 R
PSNPs Benzo(a)pyrene m R PSNPs increased B(a)p accumulation in brine . [22]
Danio rerio and . Synergistic effect
(B(a)p) . . shrimp larvae and zebrafish embryos,
Artemia salina L .
resulting in higher amounts of B(a)p adsorption
and migration in the organism, reducing survival
R AR R AR 25 5 M IE Ui NPs B
e TR0 L ) EA B 5 5 43 W
WAL NPs 08 it W5 A K
K IBEL(NPS) - @Z/ﬂﬁﬂﬂ. s B )EJZ 5 2B AR "
Nanoplasti W INER TR Electrostatics and adsorption can reduce the HEHEH 241
anoplastics
(I\fP ) Biochar Chlorella vulgaris NPs in the form of unbound substances and Antagonistic effect
S




178 A5 #F O ¥ 18 &
L
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. ‘Water Experiment o .
Nanomaterials K Toxicity Interaction types References
pollutants organisms
HA f90% B T T NPs 75 K2 3% K
PS .PS-COOH, , paeiikiy IIRAE W KB S I S R A e A A7 R \
FEFH(HA) . N g . LA
n-PS-NH, . Daphnia The adsorption effect of HA reduces the aggregation . [26]
Humic acid (HA) Antagonistic effect
p-PS-NH, magna of NPs on the surface of large fleas, reduces the
burden of large fleas and improves their survival rate
YOk AR pusg et
(TiO,NPs) %} —E3%(TCDD) S A IR TR AR Y E
Titanium 2378- v ty‘” ) S Y O AR S 9 E NS P FIVEH [28-29]
ilus -
dioxide tetrachlorodibenzo- Y Lo Upregulation of tubulin genes affects inflammatory Synergistic effect
. o galloprovincialis . .
nanoparticles p-dioxins stress response in marine invertebrates
(TiO, NPs) (TCDD)
N 75 I BTk O B 5 X T 75 T AT Hh ) A B R R AR g
. st .. . .. FEbiEH
TiO, NPs Caenorhabditis Reproductive toxicity to o 31]
Endosulfan . Antagonistic effect
elegans Caenorhabditis elegans was reduced
FIRAGHE(CYP) — T T — € B A, TR PN L BRI K - S 25 R
TiO, NPs Cypermethrin ) T . It caused some oxidative damage, and the level of o 33]
Danio rerio L . L Synergistic effect
(CYP) acetylcholine in the body increased significantly
] 2 BB BHE MO TR R E
. R PR ) P s DA T o P Ao 28 2R 8 36 it 2
. Hi(Pb) Bt o ) e IR
TiO, NPs ) . Inhibition of acetylcholinesterase activity and o 35]
Plumbum (Pb) Danio rerio . Synergistic effect
down-regulation of neurodevelopmentally related
genes damage the central nervous system
W B Cd, 7K H BB Cd Vi B2 58 R DA TTT it 355 5 346 114
== N PO =N e PaSN=N = 25
P BEME AR a B i RN AR 1 A 3% 12 3 T
: AR A _ M .
. HA(Cd) ) . Cd was adsorbed, the concentration of free Cd in HEBiEH
TiO, NPs . Microcystis . L 371
Cadmium (Cd) i water decreased, which weakened the Antagonistic effect
aeruginosa .
toxicity to algae, and the content of chlorophyll a
and phycobilin increased significantly
FEREIRF TSR Cd A AR R AR 3 N R A R B e
TiO, NPs Cd Ruditapes The bioaccumulation of Cd was inhibited " o [38]
e .. Antagonistic effect
philippinarum and the toxicity of Cd to clam larvae was reduced
AR WL R, T3 B As FEK A SR A KRR R
RS T A A TG MR, T 7SI I £ 1 T
. fifi(As) R &% Strong adsorption can cause a large amount of Bp el 0]
: Arsenic (As) Ceriodaphnia dubia accumulation of As in aquatic animals, but for Synergistic effect
different exposure concentrations, it can
produce different combined effects
TERHACURIFAR A 5 R 4 50 I T 500 |
BRI L) KM 2 R R,
25 RO B T 00 i 3 G A RV B S ,
XL A(BPA) B Tze eéects of secreti:n interference FOUAR A/ RIE
TiO, NPs - ’ Antagonistic effect/ [42]

Bisphenol A (BPA) Danio rerio

reproductive damage and neurodevelopmental
toxicity in the mother and offspring will
also change the intestinal microbial

community dynamics in zebrafish

Synergistic effect
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ISESER Y] TR Y S ; ,
KA - - 7 A B RERIONE AHE A A 2230k
. Water Experiment o .
Nanomaterials K Toxicity Interaction types References
pollutants organisms
TREHOIR 337 44 -
PUSEFE AR (PCBTT) 35 bR B DR R O S IR 3k
. FOBTD (ESCTR AR el
TiO, NPs 337447 - The expression of some genes was significantly O [44]
. Salmo trutta Synergistic effect
tetrachlorobiphenyl up-regulated or enhanced
(PCB77)
SOD FI CAT i LA & MDA #il GSH
o =N 75 = N
. o T R, A RORAR AL NS N
. BED 66 SR ‘ A
TiO, NPs HA . . The activity of SOD and CAT and the content of . [45]
Danio rerio . . Antagonistic effect
MDA and GSH decreased, which effectively
reduced the oxidative stress response
, SO B FRAIG , 3+ EA B = Y DNA Sk ik .
. BETh = i § I )
TiO, NPs HA . X The lethal concentration was decreased, and the . [46]
Danio rerio L . Synergistic effect
level of oxidative DNA damage was higher
AP ROS W MDA i |
» X SOD & PR GSH & &, Jin s 4 AL i
. MR A REMCs) P . iy BRI AR
TiO, NPs ) ) ) . ROS concentration, MDA content, SOD activity o [47]
Microcystins (MCs) Danio rerio L . Synergistic effect
and GSH content in vivo were increased, and
oxidative stress was aggravated
A BB (GO s GO i T 4RMLFR T, SF4E Cd B 7, LH A e ek
(©0) A M e Pl
Graphene oxide Cd GO adheres to the cell surface, recruits Cd ions, o 48]
HeLa cells . . Synergistic effect
(GO) and damages the integrity of cell membrane
W G2 Cu 5 A e H oK T
FEREIRF TR AR BRI, S Cu 51 A S A R .
Hil(Cu) ) . . . . ) EEE/R (A
GO Ruditapes Alleviated copper-induced increase in glutathione levels, L [49]
Copper (Cu) g . o o Antagonistic effect
philippinarum remove lipid peroxidation byproducts, inhibition of
oxidative stress injury induced by Cu
£ I35 12(PAHS) GO ¥ PAHs HEAE YR AE W BB,
6o Polycyclic aromatic ~ FEH ffi 5 | A4 N I TR B B o 2 B rEIVE [50]
hydrocarbons Danio rerio GO carries PAHs into the organism to play a sublethal Synergistic effect
(PAHs) effect, causing oxidative stress and neurotoxicity
GO 7ERRREABIR LI —)=
Go BPA B LA MR IG X BPA. (191 e HEHUIEH 511
Danio rerio GO forms a protective film on the embryonic Antagonistic effect
chorionic membrane to inhibit the absorption of BPA
BABERR AN K
5% HL IR [ 9 : i
(SWCNT) KE PRI T SWCNT #9 Cd, 5l E 1) B R
Single-walled Cd i Uptake of Cd adsorbed on SWCNT o [52]
Daphnia magna . . Synergistic effect
carbon nanotubes causes bioaccumulation
(SWCNT)
N Zn ¥4 5 SWCNT 4 & #HA
Fr(Zn) PN.E n 53 SWONT 2 Bl B
SWCNT . i Zn is more likely to combine L [53]
Zinc (Zn) Daphnia magna Synergistic effect

with SWCNT and be ingested
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X Water Experiment . .
Nanomaterials K Toxicity Interaction types References
pollutants organisms
) SWCNT 53ESG & S BARREA RN
I CESSE o S B
SWCNT . . SWCNT combined with phenanthrene resulted L [56]
Phenanthrene  Oryzias latipes L . Synergistic effect
in increased intake of phenanthrene
AR L ; ; s L
5 . SOD i | CAT 1E VRIS , 5 S UL 18 -
(PFOS) B £ . . L]
SWCNT . . SOD activity and CAT activity L [59-60]
Perfluorooctane Danio rerio . . L Synergistic effect
increased and induced oxidative stress
sulfonate (PFOS)
= \ ‘ B
(S0, NPs) W BV I3 0 Pb 7238 E 0 40y 10 9 1
2 - \ N X 5 -
o . BELh PAZE T LR DR IR P 4330 PR
Silicon dioxide Pb . . o . . o [61]
. Danio rerio Adsorption increased Pb enrichment in zebrafish Synergistic effect
nanoparticles . . . .
. larvae and interfered with thyroid secretion
(SiO, NPs)
4K AT (SeNPs) wmi/b Cd FREFNE T NF-xB
Selenium cd D ERRAS BARSEDL Cd 51K W SAE S B [62]
nanoparticles Heart specimens Reduce Cd accumulation and antagonize Antagonistic effect
(SeNPs) Cd-induced inflammation through NF-«xB pathway
AR
(CeO,NPs) P AN PRR T AA 5S4 i1 .
U RN ARPEAN : o U
Cerium oxide R Modulation of oxidative stress reduced o [67]
. Acrylamide (AA) HepG2 . o Antagonistic effect
nanoparticles AA-induced cytotoxicity
(CeO, NPs)
PR EATE =RAEY)
(ZnONPs) (TPTCI) H AR JEBEAR 7K % 156G 2R EE M) 2 PEREVE HLAE IR B Y 7 AL ) T
Zinc oxide Triphenyltin Tigriopus Combined exposure exacerbated acute . [68]
. . . . .. R Synergistic effect
nanoparticles chloride Jjaponicus toxicity and delayed egg hatching
(ZnONPs) (TPTCI)

TE : MXR Sy Z AL I BT AL s P-gps o P-HEEE I s MRPs Dy 2 25T 25 8 11 ; SOD Jy i S (bW B (Ll ; CAT o S AL Sl ; MDA Sy 18

GSH A BEH BE ; ROS B IEEY I,

Note: MXR stands for multixenobiotic resistance; P-gps stands for P-glycoproteins; MRPs stands for multidrug resistance proteins; SOD stands for super-

oxide dismutase; CAT stands for catalase; MDA stands for malondialdehyde; GSH stands for glutathione; ROS stands for reactive oxygen species.

251 LW HA FEREE TR 3 2 AR 36
BB, EA1S NPs B9 & 2 82 3& W NPs 9 1
B, 82 NPs L5 A= WA fid DA T 68 7K A A= 0 14 58007
FERRIEYUEM

2 MRZEUKREKREFTENNESRE (Com-
pound exposure of titanium dioxide nanoparticles
and water pollutants)

2.1 zh(Pesticides)

PUG R 95 (2,3,7,8-tetrachlorodibenzo-
p-dioxins, TCDD)J& {7 7£ T i 50 1] v BLA 5 21 3 4
—F . 7E/K 3R, TCDD fig 5 A7y 4ok
URLAR BT, X K AR AR W i Ik & 2 i, BF9ER
B TiO,NPs 5 TCDD —# Z [HlfF M INVEH , #£
Y HETEIS S RS2 56 | Canesi 55 %P1, 3 6

& D (Mytilus galloprovincialis){A& P ) TCDD & & 7£
i TIO,NPs 2 {5 28 5% B B A B2 5% v 10 2.7 A%,
Bl TiO,NPs AE{ if TCDD 7 #b v i It DA Py 4 #1
2 g &k TiO,NPs X TCDD 77 7 W% i &%
N, BEVE N TCDD Ry 2844 {2 1 4H il X} TCDD 4 %%
5 R CRRE RN " o A AT N A R 4 A i
¥R T TiO,NPs 1 TCDD ({54 2 8 % 1 P 0
MEsh ) BEE AL, 45 2R 7, TiO,NPs+TCDD 4
SRR R AR LY A 32 25 R RN HE A (differen-
tially expressed genes, DEGs){¥ 7E TiO,NPs+TCDD
A B, 7 62 4~ TiO,NPs+TCDD #1 () DEGs
Hh R A R R 32RO B A R A ARG X P g
JEFRHE T TiO,NPs FIE G904 I D1 b | 40 ff-#- 2L 9k
Gy, MR APV RE i o 5 SRR LS R A S
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PR AME , R e B LR S R A B

WPHE—F A HLEA B, TN T 6
3 KA M AEE BTG . AR TEAK FE R 7
A ™ g A ] B X KA AR 0 A A A AR
PO K AEPT DL F5 TN B ATk HL(Caenorhabditis ele-
gans) WELXAE YA TS, & LA /1A TIO,NPs &
B FR TR JE 6 T 75 T PR AT R () A B B PR AR B T
B AR FE AR, 10 wmol - L™ &1 PH 43 1) 5 Mk i
0.1.05.1 15 pwg-mL™" 44K LB nm F1 15
nm) & A B EE AR T B 75 T 0 A B R A B R K
ISR OC R ; HAEARRIR FERT, 15 nm 1Y
AT IR SR B R ARME R LG 5 nm 5

F BT (cypermethrin, CYP)J2 & il 5k 0L 44 g
FR W Z - BZEPIHRT CYP 5 TiO,NPs
S ) 2 SR KT B £ A £ B B 2R BRI, A5 R R
AT A — 88, W I G BB X T —
FE BRI AT AR PN AR AR A KT B 25 1
TR ARG R 38 e, A G R 22 R G A G
K mbp .al-tubulin, gfap F gap43 WFRIEH B ET
K, B A neuroD (%% sgoKkF- 3 BT AR N T
Bl 2 B, y-2 3 T IR (y-aminobutyric acid,
GABA ) 1 22386 0T (1) 7K F- Wik 25 [ AIG , S 3Tt i
T NREIIB W FE T, 5 TiO,NPs Y54 257,
W5 T CYP TR PEMER]

TiO,NPs AJ W fff ¢ 24 | i 2 B AR A, 3 8 1
TCDD F1 CYP i i & 2285 A 28 252 5 H [7) i
FEAR T B A= A dE VR D B U
2.2 #H4JE(Heavy metals)

2 JA AT (plumbum, Pb)J2 H i T A#E KA
G JETG Y Z —  JUHAE [ g 3 L R W 3R X
BB K RE BB A I H AR 578 400 wg - LTNEY
Pb, TEfA PN KB Po Y BT REHIE 2 700 ng-g '™
WFFE R, G0 K kL 25 28 Pb 78 2E WK 9 1Y & 4R
R AR ., — 00X B 5 fa /9 i 58 45 1R BR,
TiO,NPs fig 5 Pb & A=W M4 T, £ o4 Pb YA R 3k
P, NI BE S RIS Hh Pb (%) IR AL RN A= 9 ) FH
DL Z 4] £ TR AR AR s O T IR b 28 K 7 A DG 3
Kl (gfap . syn2a F elavi3) 1) %% s AT X A Opf 28 5%
Gk A E LR R A R 5R T Pb N 23 52 B
I 4 AR SR IE v B8O T (R R B Bl AT AR
16 4 B2 T TiO,NPs Hl Pb £ 2 BE & fa 41 ik 1y
BT R EE SR

i (cadmium, Cd)& FETFN RE HIL RS W

RAGE B RG ARG, £ 2 S80E,
IRIREE g K ik 5 Cd B AR B AR T RERS in Cd
PAEYRR BAEEYE . 2F JC I P BRI R IR v Y
TiO,NPs Y5 Cd*" Ik & 1E HXF 4 2 1 2 i A= K 52
M, % B4 TiO,NPs 5 Cd*" [6] i} 77 £ i, i T
TiO,NPs X Cd*" iy BiEE FH , 7K v i 88 Cd®" ik &2
REALR DT R 559 %o 3 1) B, ISR R a B 2 1 IEL 2
I & o — iR BT R, WA 2R
T KIS TiO,NPs X Cd* #8177 2 JE A
WA 4F(Ruditapes philippinarum) & PN A= 9 ) H P K A=
VIOV RS | % B TiO, NPs BEf% 3 i i Cd™ 1Yy
AR RIS S 2 X G A7 I 2, S o 52 ) [
55 TiO,NPs X} Cd** fl W B F A 6P

JK B A B (arsenic, As) A3 i IR K BT &
BEWHESE AN S BOZ K il E B S A
PR7E . As BIFEMER ST, Y AR ER As B itib
1 pg-g ' LA b 48H As & ih 20 ~ 130 pg-g™', 3k
BRIRET As & 100 pg BI AT H B 5 0E
JREY . TIO,NPs X As HA7 AR 5k oY W% B, vl 1 A
As TEKAE SR N R AR R (ER X AN [ 1) 2 %
W AT A AR RS AE . Wang SRR T
TiO,NPs 5 As(V )X} W 8L 3% ( Ceriodaphnia dubia) ]
P [EIFEPERL N, 78 TiO,NPs #¢ & i T° 300 mg - L™
b, SET- B As(V ) & J3E 1% 338 fin i 38 n 5 {H2Y
As(V)WIUR e [ 52 , W2 TiO,NPs [¥e BEH8 i, 24
FERRSE LA R B, RO BE BT As AR B 25
Bl TiO,NPs ¥ J3 (1 3% fin ifi 386 i, AT 36 5% As 119
B {H 24 TiO, NPs ¥ 8 3% Jin 21— 22 {8 5 A LFEAR
TR As( V)M, tfff TiO,NPs & i W ¥t (1)
As(V )BT R, NITTFEAR T F%

TiO,NPs Xf # 4 J& Pb,Cd, As #B ] L % A= W fff
YER VE Pb Fl As (94 R0 P USR5 A= 4 By )
FHEE 5 AR M EE M (0 Cd W LA#E TiO, NPs 1 i [
VT B e 2 T e L
2.3 FRAMEA BTG G P (Persistent organic pollu-
tants)

TiO,NPs FIAHLIG YL ¥y [/ ) 7778 T K B v
BT 8] 4 A FAE 25 B A 15 e WA B 1 IR B8 AT
h AR R DA R BE PR RN, . AU A (bisphenol
A, BPA)Z — Pl e S A M 3R, oAb 2= 24
WESCR I, v B VRS S T A SR B R T | 2 2
A HLAL T RURHY S T 7K A 3R SR SR K A5
H BPA V5L iR, 9T A, TiO,NPs A] fE
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h BPA FZRAR I3 i B0 fe 0 H AR 4 vl R 4
MhEEE BPA 5| BE A i 3% b M ¥ (estradiol,
E2) . “&fii(testosterone, T) fE BH7f1i# & (follicle stimula-
ting hormone, FSH)FI#{A 4 1% 2 (luteinizing hormone,
LH) & N, HX4 5 TiO,NPs B & &5 )5, X L9
R o b — DR AR, BREE S 0 O S AR AR 1 21
ZURA W BB w8 {H & BPA Fh D) Ko 5
TiO,NPs 55 7% &% , AT 4l 7 09, ¢ B A= Al s M AL
N XL A LR A M (Scenedesmus obliquus)
SRR i R A0 vE AR NS BOL AR A B
PEFEBGE BHF9E T TiO,NPs 5 BPA HIBES FEMERN
HAEEE TP 75, 4 BPA 5 TiO,NPs #1144
g 4:1 F3:1 I BIEXT S, obliquus HYBEA FEPEAE ]
PR I REPE L R 201 (101122123
I G BEEAE AN 2 B PR FIAEH]

ZAMR S TiO,NPs (B4 1E H R4 2 3Lt
R AVE F. [n) # 85 4)) {0 (Salmo  trutta) % W& & A
TiO,NPs , "HEJOIR 3,37 4,47 -PUSAHETK (3,37 .,4,4 7 -
tetrachlorobiphenyl, PCB77) % TiO,NPs+PCB77 iR &
Y115 d, & PULE TiO,NPs fil PCB77 & & %85 1)1 i
TE P Gt 5 2 T D RE T O T Y B 5/ (z0- 1)
FEBRIGE V4R (sod- 1) B B A 5 3 b ] {H 7 By 2
A 254k, b, TIO,NPs Xf PCB77 5 ST
JIE CYP1A FI4s it H ikid )i it (glutathione reductase,
GR)BGE PERA AR ™ (0 B & 55 B -1
Jfiji% (inductively coupled plasma mass spectrometry,
ICP-MS)EH . 7 I H R b A Bk B R Rt
TiO,NPs A K] REVE R a2 i PCB77 78 HEH 1)
Fn & M, 7 B — L W5k W] TIO,NPs 5
PCBs Z [ & 28 J1 4 Mz 1 2=AE

TiO,NPs 5 BPA 7EA[A] L 5 2 88 B 5511, 2%
LS P A P IR 2 AR TR B AE B i PCBs 5
TiO,NPs & 15 2§ i, 2 W R AE F (H IR AN 2 i T
TiO,NPs HJ#ARVEH , L EARBLHIA FFift— 2D BE5R
2.4  HAB#) i (Other substances)

HA JEAH YRR L 00E W o3 it F Ak DL S — &
G MR A WAk B AR L — 2R S TR A AL
Y, A SCHk#MH,0.1 mg-L™' HA 5 TiO,NPs &
AR A BE S bl R AIE T SOD At L A
fit(catalase, CAT){if 4 LA &z MDA il GSH 3 [
TiO, NPs HUMUE FZ AL, A R AR A AL BB g 3%
WFSEHEM HA AT L33 Tio,NPs 78 £ 77 I T UL
IS 43 B 3 M, B GBI TIO,NPs 1 8 PE,

T AESLEAE LT HA 2 3R A H R VEH
Yang & IFFE S, B AR 6 B VR 2 B TiO, NPs
BT VR ARG M I Uk A AR 85 ) R R R, L AR AR
PR FEOE B8 S T B, HA B e AL {2 3F T TiO,NPs
(O , (45 5 T 0 B2 8% 1% HA 1R)2 TiO,NPs,
HAPE R EOE I JE (lethal concentration 50, LCy, )FEAIG,
JEEAA B &Y DNA A ALK B AL % A
HA )21 TiO,NPs Z2 7241

fol 3 4 B3 R (microcystin, MCs)J&—Fi 12 4310
TRk E B IR B8 . AR R
SR MCs FAAE A 2 8 MR, AR 58 R W
FEYR A BES MCs St [F] 75 FH B RB 1S 3% MCs 19 5
PE, Wu 259 F 5T 78, MCs 5 TiO,NPs B4 5 5%
I, TiO,NPs A REVE 7 MCs [I#E A, 36 i MCs 755
RN FE R BE S f K Y ROS ¥R JE MDA
i SOD EPERMIFRE GSH & 2, I ek 2s 5 & k0
PEAH S I FE R 7K i MCLR 175 5 14 B 5 £ i
AL, B 2T BN 451 407 of A5 B T 0 (1 iR Dk 3
ST R,

3 SHAEREEKESLEYNEASREE (Com-
pound exposure of graphene oxide and water pollu-
tants)

3.1 H4JE(Heavy metals)

GO X £ Fh 4 Jm B 7 B A B0 1 W B B
Dong ™I GO 51 Mg K FE AT 5Y
W78 GO A Cd HAT B R B , GO f.3% Hela 4
JHL 3 266 A 4 AT, 7 400 ] 554 Cd, 3k
MM R TR Cd 2 i v, BRI e 1 AN A i P
&L UUE AN RGN RE ), R Cd EA LIRS
A EETE . H GO 5 Cu W& & B8R W R H5HUEH
Cu 5 1] I & 75 5 AE - 2 45 41 (Ruditapes philippi-
narum) Y B, F 1% 3% & & (electron transport system,
ETS)HIZ Bt H BK S %% % 1§ (glutathione S-transferase,
GST)if M4 i H A e H Ik (glutathione, GSH) K- |
Tk, GO 5 Cu J: 555 W] . 22 fi% Cu 55 HY GSH
AKFTH i, W BRI S AGIR B (lipid peroxides, LPO) Y
R, NI Cu 51k A9 AL BB 5™
3.2 FFAMEA PTG YL P (Persistent organic pollu-
tants)

PAHs B KM | G 88 @48 K M BL X PAHs &
P B R B RE T . PR BB GO AT LIAE
A BT G W 0 Bk Kk SRV FEAE . Martinez-
Alvarez ZEPWF5E A PAHSs i T H s K4 7] 8% GO
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W B}, MR8 Freundlich WY BfF S5 1A 7 ) Freundlich
(K DEL, GO YW fit i i %5 %5 PAHs 37 & B B Al
BRGNS n . GO T #54F PAHs i A A4
R REWBICR N, MRt kB, 5 W E R B(a)p
HAHLE,2 mg-L™' ) GO 5 B(a)p ML 3 d 5, 5
Ha G (i b SOD 1% M i 3% b DL Sk iR iR
21 d J5 ZBERH R g i (acetylcholine esterase, AchE)yif
PERME T B, BiHH GO-B(a)p L2 88 5 A5 A
TR, i BA M, A AR U RVE

590k AR AR AE R TR] , Yang 4651
5T AA A BIE O] mg L1 mg-LHYEETF
BPA X 5t 5 £ JIR i i N 43 W TP B R, A B
FUEY) BPA 512 E2/T HUE ., UP 8RR 1 (vitelloge-
nin, VTG) Fl #4232 /K « (estrogen receptor alpha,
ERa Y&, 4 3 IR 116 0 Ak, S 204 e e | SR80
W2 RN TARVE R TTFE GO MIAEAE T, ik 2E52
M A5 2] T B ZER . XJEH T GO MG SE
I EIE R — )2 iR JZ M T G X BPA I A A
HI, 08852 7 BPA X5 5 0 B & F B By 52 ), F
THESaERKES .,

g5 Pk ,GO 5E &8 FFEEA NG YR
G IR EE I BE] 2 LA U T AT LSRR P W] 4
B E 2330V, GO X5 W) i 5o /E FH 3 224k
IR 8 248 5S4 T G 1 e 7 3 % T oI ) A FH D)
FEA LT GO X5 Je Wy v We bt 5 5248 1E ik
SIEAEY R,

4 BEBRMAKESKESTEVHESESE(Com-
pound exposure of single-walled carbon nanotubes
and water pollutants)
4.1 T4 JE(Heavy metals)

Wang P ERIT T BLRE B 40 K45 A0 4 J8 Cd 3
F i Jr RS AE T, SEB 25 R 78 SWONT FilCd &
B S AP TE M RN, i SWCNT kB2 i 4 7
KA (Daphnia magna) W FET- KBz T}, X 7] G
J 1T K 0K RE RN B 42 R i) SWCNT S & i
B, cd iy A B, AT RS 98 1 Cd By TE RN,
52 AL, SWCNT Fl4¥ (zine, Zn) Y& A % 75 1A
B PR RIRON , A RS XT T Zn Fil Cd ZE7K AR N
AR ZAH B, 75 SWCNT ¥R BE#2 & i Cd 5 Zn 7E7K
AN B R 25 BEAN K, 1Y SWONT ¥ B R IR,
Zn IIEE FALBCR AL T Cd BEIR T 12% , 15 5
20% , Bl Zn FE/K S AR AR BEARAS T SWCNT 1)
WeRE XAl BESE O Cd R4S 5 F SWCNT i, 5%

o S AR X BN Petersen 5P HE— 25 R 5T
TELREKEERNRZL R, KEAEREE
FR R I B E 43 J8 i SWCNT, {H7E 24 h J5 i HET
hHURRE TS 2 M HE O e 2 IR AR DR
LA SWONT, 3 i 15 5 42 J 16 7K & R N A 4%
PR B R

4.2 FEAMEA MG Y ) (Persistent organic pollu-
tants)

PAHs 7E7K FR45  35 3i A7 76, If H ] 4% £0 25
™ JE(phenanthrene)J& PAHs A —Fl, Su SE5° i
SR T SWCNT e # T 37 H A& F 8 (Oryzias
latipes) RN B4 AR 2R o FERY A W) AR 2R & A £ 28 0]
W B T AR SWCNT B4 A I #8 5 , H FLRE G fa 28
X SWCNT (7 Ak i B s, DA 1] 81 258 JFF JUE i i
FEE R,

49 B it TR £ (perfluorooctane  sulfonate,
PFOS)ZEKIAEE h | IZ A2 4, e Fh B s 2
AR A ) B A — R R S R A LTS g
P Li S gE Kk B, A X T 22 8 T PFOS
W BE 5 £ (Danio rerio) 1 5 , PFOS A1 SWCNT &
B BT P fa I E R4 I R (Y PFOS R E
/D HAERE & #E R E T, PFOS R R &b &
SWCNT Ve i3 hninisk /b, 3@ % , PFOS Wl 5
H B ik A 5, H SWCNT 1zt () PFOS
ATREAN £ W AR B2 fn 2 21 b I i 3 R R 4
PFOS WA YR R Ik, 45 SWCNT FEfL T
PFOS Wy E YR Rt HL R R A 75 1Y SOD I 1 |
CAT 11 o 2 = T B 8 T PFOS H iy B £,
R SWCNT Fil PFOS a7 T Ak hy S 45,

25 LT, SWONT 595 e Wiy 2 5300 5 &
XI5 L ) W B e 1A G, SWONT FlE 4x Jm Jh 2
#iF, T SWCNT X 5 42 J@ (W B, 5 4 Jg 1 2E 9
RN, Wi T 4R A W aE e R IR
BN ; SWCNT 5 POPs M2 g% B, K4 A7) ) POPs
FhZs, SWCNT X POPs 1) Mz B fiff HAF A 4 o A R
R

5 HWRBBREEKEKSTEYHNESRSE
( Composite exposure of other nanomaterials and
water pollutants)

F4% NPs TiO,NPs GO ,SWCNT %544 K b4 K} 41,
WA EUA K —E Ak fit (silicon dioxide nanoparticles,
SiO,NPs) . 4} K fifi (selenium nanoparticles, SeNPs) 44
K48 Ak 4l (cerium oxide nanoparticles, CeO,NPs) ., 44
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KE AL EE (zine oxide nanoparticles, ZnONPs) 5 7K {4
15 YW i A 2 i I S IS Bk D W] A AE B

5 TiO,NPs X%} # 4 J& Pb il Cd 0945 H—%L,
SiO,NPs i iz W B VE H 23 340 Pb 78 5 1 £4. %)) £6
A, B FEIER . AL TR R A R
BE Eh 4y £ 4 Py HIR R 22 (thyroxin, T4) A1 = f IR A
J5 & R (three iodine thyroid, T3)HY 7 o i & F#AIX, J
Al HEJEIR & Pb Il SiO,NPs &4 %52 )5 , 7 SiO,NPs
PR R T P A FF IR R 9 22 K ST 98 4 i O i Ik A
tshB Wik 35 LR, AT 5 IR N T4 F T3 A R%
O IR LN RN )/ o e R S VA D e
Cd, 7 Ge ZI 5286 vh | SeNPs 1] ZE i Cd i 1t ik
AT R T R RS M LRI 5 | R I 4, B A5t
YER ., Cd 25 XG0 WA RRHESAS KL 0 ILEF
YW Sd IR SR kb 28 A 200 B 10 95 i R U
ZERIBIARAS , SeNPs 5 Cd JL 278 W #/> Cd 51k
(1) 1xB ik L, 4EFs 5 0E B F-4b T 1E % K

CeO,NPs 5N/ IEHE (acrylamide, AA)H & & %%
BERFEPUEM ., AA Z 0 T HEKE B L HEREE |
YUh G RS 56 % B HL Uk 1 4 45 5 T T SR AR
TR 5% F L A7 AE 23 19 0 B KU Azari
ECRI ST, AA AL FRZE FL X BB 4, HepG2
AP TG AR AT — 2, 1 CeO,NPs Ti4b B 3 1 1]
Wil ROS £54 AR A o 3L, (0 3t BE 48 0 RN 1Y
Ce” FIE LM 1Y Ce™ Z 5 7, W AA BT
ROS 4, BEAIX GSH ZK-F-If-4il LPO, ZZ it AA 5l
I EALR B, B R L AA B SRS, R 2
I AARAE

ZnONPs 5 = 2K J& 8} (triphenyltin chloride,
TPTCHE & 2 #E EI ERIEH . TPTCL Xf H 4<%
PEAE /K 2% ( Tigriopus japonicus)#) LCy, & 4.1 mg -
L™ {H5 ZnONPs & & & # [1(0.1.,0.5 #1 1.0 mg-
L"), LC,, FR#]38 34 M 23 mg-L™", AsidTE
SCES /R AR R T ZnONPs Fl TPTCl AS 50 28 it i 2
R — B (HAER T B A AR At 1]

6 REZ(Prospect)

KA RS PR TS Q) 0 5 A R R R L T
[F] FEBUAF PP BN, — 5 T, KA R AT REAE A
B AR IR RS 15 Y W AE AR IR B T R AR
AR A SO, 5 A 40 LA 40 5 o — 7 THT, 4K A R
X RS T Gy B R e W BT SSOG A A R A 04 e 0 %
TRFREE TS S A BOR EE | AR AE Yk, TRl 44
KA RIS FIE A R BB IE I 32 Fh ek i S5 TR

Wi, PRI A P S A K bR A R R AR ] 4
KA KR AL 5 e 9 38 FAF FHBILRD, 7653 T
AV BRGS0 S T TR, LU
B BB I RETEJCTE A LBl K A A R XU B

BIEESE N K987, %, )5, LR F @
PRS- =1 e

£ 2% X HK ( References) :

(1] W95, BaRGIK IR A 7= Ty s 5 [T, B TTR
{58, 2012(20): 83

[2] Wang Y, Li S S, Yang H Y, et al. Progress in the func-
tional modification of graphene/graphene oxide: A review
[J1. RSC Advances, 2020, 10(26): 15328-15345

[3] RajaJamaluddin R Z A, Tan L L, Chong K F, et al. An
electrochemical DNA biosensor fabricated from graphene
decorated with graphitic nanospheres [J]. Nanotechnology,
2020, 31(48): 485501

[4] Grant] J, Pillai S C, Hehir S, et al. Biomedical applica-
tions of electrospun graphene oxide [J]. ACS Biomaterials
Science & Engineering, 2021, 7(4): 1278-1301

[5]1 m, &t gk g bekmyn AT sE R ]. 1
PEfE T, 2021, 41(3): 25-26, 31
Diao R L, Zhao S W. Application research progress of
nano-titanium dioxide [J]. Shanxi Chemical Industry,
2021, 41(3): 25-26, 31 (in Chinese)

[6] ZRB7E, RUNKE. FBERR YK A AEIIE 16 77 Hh (% v
Wit B[, ANRZER, 2015, 58(3): 330-332

[7]1 Kruss S, Hilmer A J, Zhang J Q, et al. Carbon nanotubes
as optical biomedical sensors [J]. Advanced Drug Delivery
Reviews, 2013, 65(15): 1933-1950

[8] Anderson J C, Park B J, Palace V P. Microplastics in a-
quatic environments: Implications for Canadian ecosys-
tems [J]. Environmental Pollution, 2016, 218: 269-280

[9] Klaper R D. The known and unknown about the environ-
mental safety of nanomaterials in commerce [J]. Small,
2020, 16(36): €2000690

[10] F#, XUEEr, VAT X, 45 WA IO KA HLEY
15 YRR R Ag e XU B 9T [J]. BT L 5 B ¥R, 2010,
32(7): 29-33
Wang J, Liu Z Z, Xu X Y, et al. Study on pollution pat-
tern and health risk of organic toxicants in Zhejiang
source water [J]. Environmental Pollution & Control,
2010, 32(7): 29-33 (in Chinese)

[11]  THEiRI, Z=mfdy, Phab, 5. 49 50055 R0 H IR X i 4 1k
PPN LA FEEALHI[I]. FRBE ORI B2, 2021, 47(3):



4 4

WR IR RS AR BT RHS K HAL TS e (9 52 5 B B RE MBI S0k e 185

[12]

[13]

(14]

[16]

[17]

[19]

[20]

82-90

Ma X G, Li S C, Sun X, et al. Mechanism of the joint
toxicity of nanoplastics and glyphosate on Microcystis
aeruginosa [J]. Environmental Protection Science, 2021,
47(3): 82-90 (in Chinese)

Zhang Q, Qu Q, Lu T, et al. The combined toxicity effect
of nanoplastics and glyphosate on Microcystis aeruginosa
growth [J]. Environmental Pollution, 2018, 243 (Pt B):
1106-1112

Qian H F, Zhu K, Lu H P, et al. Contrasting silver nanop-
article toxicity and detoxification strategies in Microcystis
aeruginosa and Chlorella vulgaris: New insights from pro-
teomic and physiological analyses [J]. The Science of the
Total Environment, 2016, 572: 1213-1221

P Ttk XA TR R AP BILTS G e o ) 2R K A
S Y BDIR B 43 A RRAE (D], I RR, 2020, 32(2):
309-324

Tao Y Q, Zhao R H. Occurrence and distribution of per-
sistent organic pollutants in water of Chinese lakes and
reservoirs [J]. Journal of Lake Sciences, 2020, 32(2): 309-
324 (in Chinese)

Lin W, Jiang R F, Xiong Y X, et al. Quantification of the
combined toxic effect of polychlorinated biphenyls and
nano-sized polystyrene on Daphnia magna [J]. Journal of
Hazardous Materials, 2019, 364: 531-536

Lupton S J, McGarrigle B P, Olson J R, et al. Human liv-
er microsome-mediated metabolism of brominated di-
phenyl ethers 47, 99, and 153 and identification of their
major metabolites [J]. Chemical Research in Toxicology,
2009, 22(11): 1802-1809

Wang Q P, Li Y Z, Chen Y R, et al. Toxic effects of poly-
styre nenanoplastics and polybrominated diphenyl ethers
to zebrafish (Danio rerio) [J]. Fish & Shellfish Immunolo-
gy, 2022, 126: 21-33

Bedoux G, Roig B, Thomas O, et al. Occurrence and tox-
icity of antimicrobial triclosan and by-products in the en-
vironment [J]. Environmental Science and Pollution Re-
search International, 2012, 19(4): 1044-1065

Jeong C B, Kang H M, Lee Y H, et al. Nanoplastic in-
gestion enhances toxicity of persistent organic pollutants
(POPs) in the monogonont rotifer Brachionus koreanus
via multixenobiotic resistance (MXR) disruption [J]. Envi-
ronmental Science & Technology, 2018, 52(19): 11411-
11418

Jeong C B, Kang H M, Lee M C, et al. Adverse effects of
microplastics and oxidative stress-induced MAPK/Nrf2
pathway-mediated defense mechanisms in the marine co-

pepod Paracyclopina nana [J]. Scientific Reports, 2017, 7:

21]

[22]

(24]

[25]

[26]

[27]

(28]

[29]

(30]

41323
Perera F, Tang D L, Whyatt R, et al. DNA damage from
polycyclic aromatic hydrocarbons measured by benzo[a]
pyrene-DNA adducts in mothers and newborns from
Northern Manhattan, the World Trade Center Area, Po-
land, and China [J]. Cancer Epidemiology, Biomarkers &
Prevention: A Publication of the American Association for
Cancer Research, Cosponsored by the American Society
of Preventive Oncology, 2005, 14(3): 709-714
Martinez-Alvarez I, LeMenach K, Devier M H, et al.
Screening of the toxicity of polystyrene nano- and micro-
plastics alone and in combination with benzo(a)pyrene in
brine shrimp larvae and zebrafish embryos [J]. Nanomate-
rials, 2022, 12(6): 941
Lieke T, Zhang X C, Steinberg C E W, et al. Overlooked
risks of biochars: Persistent free radicals trigger neurotox-
icity in Caenorhabditis elegans [J]. Environmental Science
& Technology, 2018, 52(14): 7981-7987
JE/INE . A= A A R SORE X /N R A KR B
RN [D]. FEK: KK, 2021: 35-42
Zhou X J. Effect of biochar and typical nanoparticles on
the growth of green algac Chlorella pyrenoidosa [D].
Chongqing: Chonggqing University, 2021: 35-42 (in Chi-
nese)
VET, TR0, BUKLL. AR BT K 3R T iy
YEFRI[CY2013 AR BER AR A9 5K TS A BT 25
WOCEE. MR PEIREERNEA 2, 2013: 60-64
Wu J Y, Jiang R F, Lin W, et al. Effect of salinity and hu-
mic acid on the aggregation and toxicity of polystyrene-
nanoplastics with different functional groups and charges
[J]. Environmental Pollution, 2019, 245: 836-843
Zhang Y, Chen Y S, Westerhoff P, et al. Impact of natural
organic matter and divalent cations on the stability of a-
queous nanoparticles [J]. Water Research, 2009, 43 (17):
4249-4257
Canesi L, Frenzilli G, Balbi T, et al. Interactive effects of
n-TiO, and 2,3,7,8-TCDD on the marine bivalve Mytilus
galloprovincialis [J]. Aquatic Toxicology, 2014, 153: 53-
65
Banni M, Sforzini S, Balbi T, et al. Combined effects of
n-TiO, and 2,3,7.8-TCDD in Mytilus galloprovincialis di-
gestive gland: A transcriptomic and immunohistochemical
study [J]. Environmental Research, 2016, 145: 135-144
SRR, HOBR, 22 K3%, 55, BP0 B A 04 3 M AN
[1]. Bh¥epd s, 2008, 43(4): 1-6
Hu G C, Gan L, Wu T S, et al. Toxicological effects of
endosulfan on Danio rerio [J]. Chinese Journal of Zoolo-
gy, 2008, 43(4): 1-6 (in Chinese)



186 Ao #F O OH ¥ Mt 18 &
311 FKRIE. ZEE AR AL BN 9N K — B AL A X 0 ) A5 7l 55 particles on Cd accumulation and biochemical responses
PERIZ I D], A8 E R AR K2, 2017: 37-40 in digestive gland of Ruditapes philippinarum [J]. Periodi-
Wang D Y. Effects of plasma treatment and nano-titanium cal of Ocean University of China, 2019, 49(8): 37-44 (in
dioxide on reproductive toxicity of endosulfan [D]. Hefei: Chinese)
University of Science and Technology of China, 2017: 37- 391 #7F, KA, HIFH. fli K 3858 b p T RS Ak [T].
40 (in Chinese) R, 2015, 34(5): 1448-1455
[32] EHI, SKRHDE, FMETT, . A5 MR R X B A 4 Yang F, Zhu X D, Wei C Y. A overview on the process
s B A EE RN [T]. IR K 0, 2011, 41(1): 53- and mechanism of arsenic transformation and transporta-
57 tion in aquatic environment [J]. Chinese Journal of Ecolo-
Huangfu J Q, Zhang Y G, Zhou C J, et al. Effect of gy, 2015, 34(5): 1448-1455 (in Chinese)
cypermethrin on histology of four tissues of Ctenopharyn- [40] Wang D M, Hu J, Irons D R, et al. Synergistic toxic effect
godon idellus [J]. Freshwater Fisheries, 2011, 41(1): 53- of nano-TiO and As(V) on Ceriodaphnia dubia [J]. The
57 (in Chinese) Science of the Total Environment, 2011, 409 (7): 1351-
331 25 oK AL BRI SO TR 52 15 22 55 0 B 15 £ 1Y 1356
HORAR N 20 TR FN s 22 B PEWT ST (D], BT #iVTR [41] 2208, BREKH, TR, 5. XU A s tErE HIHLHI[].
2%, 2017: 100-109 TR BH Tl R 22741, 2015, 37(6): 710-715
Li M. Study on thyroid endocrine interference and neuro- Ji HR, Chen J J, Zhang Q, et al. Toxic effect mechanism
toxicity of zebrafish exposed to nano-titanium dioxide and of bisphenol A [J]. Journal of Shenyang University of
cypermethrin [D]. Hangzhou: Zhejiang University, 2017: Technology, 2015, 37(6): 710-715 (in Chinese)
100-109 (in Chinese) [42] BREXE, 85 5, JAMTE. A BTG R S AR A
[B4] R —, fulfh, REESR. 9k A bR R4 E & R X G R DI €0 1) B JR A4 AW LU A FEH K Tio,
T 01 gJy £ FUIR N 2308 2R SE Y B HERE W [T, VLR G [CY/AE R4 A3 B B Bl K 23 BB 47 75 JE 4 B 2
BRI 53R, 2018, 27(11): 2588-2596 HENER SO CE. BHE: hEFHESH
Zhu LY, He W, Zhu B R. Effect of the lead bioconcentra- FHE G 43, 2018: 126-127
tion and toxicity combined with silicon dioxide nanoparti- @3] MERLL, AR/, 8, 2 gk A Ak (nTiO, ) 5
cles on the thyroid endocrine system of zebrafish larvae W A XF 4} W58 (Scenedesmus obliquus) Bk & 71
[J]. Resources and Environment in the Yangtze Basin, ROV, A AFR AR, 2015, 10(6): 110-120
2018, 27(11): 2588-2596 (in Chinese) Zhao L H, Zhu X S, Wang Y X, et al. The combined toxic
[35] Hu S C, Han J, Yang L H, et al. Impact of co-exposure to effect of nanoscale titanium dioxide (nTiO,) and bisphe-
titanium dioxide nanoparticles and Pb on zebrafish embry- nol A (BPA) on Scenedesmus obliquus [J]. Asian Journal
os [J]. Chemosphere, 2019, 233: 579-589 of Ecotoxicology, 2015, 10(6): 110-120 (in Chinese)
[36] RIE, Tk, MBIETT, & HBUE K F LK A5 [44] Lammel T, Wassmur B, Mackevica A, et al. Mixture tox-
JR[J]. ST, 2015, 10(6): 54-61 icity effects and uptake of titanium dioxide (TiO,) nanop-
Wu J, Dong X M, Zheng Y F, et al. Recent research pro- articles and 3,3 4,4 -tetrachlorobiphenyl (PCB77) in ju-
gress in molecular mechanisms of cadmium induced car- venile brown trout following co-exposure via the diet [J].
cinogenesis [J]. Asian Journal of Ecotoxicology, 2015, 10 Aquatic Toxicology, 2019, 213: 105195
(6): 54-61 (in Chinese) [45] Fang T, Yu L P, Zhang W C, et al. Effects of humic acid
[B7] “FILIL, BRI, BHILL, %5 90K TiO, S HE4EJR Cd and ionic strength on TiO, nanoparticles sublethal toxicity
o] 23 Tk T S A W) O B s TR [T]. AR A R P A AR, to zebrafish [J]. Ecotoxicology, 2015, 24(10): 2054-2066
2013, 8(1): 23-28 [46] Yang S P, Bar-Ilan O, Peterson R E, et al. Influence of
Xin Y Y, Chen J Y, Cheng Y H, et al. Biological effects humic acid on titanium dioxide nanoparticle toxicity to
of nano-TiO, and heavy metal Cd on M. aeruginosa [J]. developing zebrafish [J]. Environmental Science & Tech-
Asian Journal of Ecotoxicology, 2013, 8 (1): 23-28 (in nology, 2013, 47(9): 4718-4725
Chinese) [47] Wu Q, Yan W, Liu C S, et al. Co-exposure with titanium
[38] TR, WEHEDY, SRR, AF gk TiO, XHHEE WA A dioxide nanoparticles exacerbates MCLR-induced brain
FERE T Cd 1% AR5 A= A 7 1) 5% [J]. DI 9 K injury in zebrafish [J]. Science of the Total Environment,
2FEEAR (B RBRERR), 2019, 49(8): 37-44 2019, 693: 133540
Zhang B, Pan J F, Zhang X J, et al. Effects of TiO, nano- [48] Dong Y Y, Chang Y L, Gao H D, et al. Characteristic



4 4

WR IR RS AR BT RHS K HAL TS e (9 52 5 B B RE MBI S0k e 187

[49]

[52]

(53]

[54]

[55]

[56]

(58]

synergistic cytotoxic effects toward cells in graphene ox-
ide dressing with cadmium and copper ions [J]. Toxicolo-
gy Research, 2019, 8(6): 908-917

Britto R S, Nascimento J P, Serode T, et al. The effects of
co-exposure of graphene oxide and copper under different
pH conditions in Manila clam Ruditapes philippinarum
[J]. Environmental Science and Pollution Research Inter-
national, 2020, 27(25): 30945-30956

Martinez-Alvarez I, LeMenach K, Devier M H, et al. Up-
take and effects of graphene oxide nanomaterials alone
and in combination with polycyclic aromatic hydrocar-
bons in zebrafish [J]. The Science of the Total Environ-
ment, 2021, 775: 145669

Yang J, Zhong W J, Chen P Y, et al. Graphene oxide miti-
gates endocrine disruption effects of bisphenol A on ze-
brafish at an early development stage [J]. The Science of
the Total Environment, 2019, 697: 134158

Wang X H, Qu R J, Liu J Q, et al. Effect of different car-
bon nanotubes on cadmium toxicity to Daphnia magna:
The role of catalyst impurities and adsorption capacity [J].
Environmental Pollution, 2016, 208(Pt B): 732-738

Yu Z G, Wang W X. Influences of ambient carbon nano-
tubes on toxic metals accumulation in Daphnia magna [J].
Water Research, 2013, 47(12): 4179-4187

Petersen E J, Akkanen J, Kukkonen J V, et al. Biological
uptake and depuration of carbon nanotubes by Daphnia
magna [J]. Environmental Science & Technology, 2009,
43(8): 2969-2975

Sun R X, Sun Y, Li Q X, et al. Polycyclic aromatic hy-
drocarbons in sediments and marine organisms: Implica-
tions of anthropogenic effects on the coastal environment
[J]. The Science of the Total Environment, 2018, 640-641:
264-272

SuY, Yan X M, Pu Y B, et al. Risks of single-walled car-
bon nanotubes acting as contaminants-carriers: Potential
release of phenanthrene in Japanese medaka ( Oryzias
latipes) [J]. Environmental Science & Technology, 2013,
47(9): 4704-4710

Kunacheva C, Fujii S, Tanaka S, et al. Worldwide surveys
of perfluorooctane sulfonate (PFOS) and perfluorooctano-
ic acid (PFOA) in water environment in recent years [J].
Water Science and Technology: A Journal of the Interna-
tional Association on Water Pollution Research, 2012, 66
(12): 2764-2771

Jin Y H, Liu W, Sato I, et al. PFOS and PFOA in envi-

ronmental and tap water in China [J]. Chemosphere, 2009,

[59]

[60]

[61]

[62]

(63]

(64]

(65]

[67]

[68]

77(5): 605-611

Li Y X, Men B, He Y, et al. Effect of single-wall carbon
nanotubes on bioconcentration and toxicity of perfluo-
rooctane sulfonate in zebrafish (Danio rerio) [J]. The Sci-
ence of the Total Environment, 2017, 607-608: 509-518
Boncel S, Kyziot-Komosinska J, Krzyzewska 1, et al. In-
teractions of carbon nanotubes with aqueous/aquatic
media containing organic/inorganic contaminants and se-
lected organisms of aquatic ecosystems—A review [J].
Chemosphere, 2015, 136: 211-221

RAL—, I, ARBESR. 9ok — S AL RE RN 52 5 B 8 X
BE I 40y 0 FUR IR N 4000 R GE 1Y 2R 2 D], 4TI
WP S5IREE, 2018, 27(11): 2588-2596

Zhu LY, He W, Zhu B R. Effect of the lead bioconcentra-
tion and toxicity combined with silicon dioxide nanoparti-
cles on the thyroid endocrine system of zebrafish larvae
[J]. Resources and Environment in the Yangtze Basin,
2018, 27(11): 2588-2596 (in Chinese)

Ge J, Guo K, Zhang C, et al. Comparison of nanoparticle-
selenium, selenium-enriched yeast and sodium selenite on
the alleviation of cadmium-induced inflammation via NF-
kB/IkB pathway in heart [J]. The Science of the Total En-
vironment, 2021, 773: 145442

Qu K C, Li H Q, Tang K K, et al. Selenium mitigates
cadmium-induced adverse effects on trace elements and a-
mino acids profiles in chicken pectoral muscles [J]. Bio-
logical Trace Element Research, 2020, 193(1): 234-240
Mehri S, Abnous K, Khooei A, et al. Crocin reduced ac-
rylamide-induced neurotoxicity in Wistar rat through inhi-
bition of oxidative stress [J]. Iranian Journal of Basic
Medical Sciences, 2015, 18(9): 902-908

de Lima J P, Silva S N, Rueff J, et al. Glycidamide geno-
toxicity modulated by caspases genes polymorphisms [J].
Toxicology in Vitro, 2016, 34: 123-127

Takahashi T, Yoshii M, Kawano T, et al. A new approach
for the assessment of acrylamide toxicity using a green
paramecium [J]. Toxicology in Vitro, 2005, 19(1): 99-105
Azari A, Shokrzadeh M, Zamani E, et al. Cerium oxide
nanoparticles protects against acrylamide induced toxicity
in HepG2 cells through modulation of oxidative stress [J].
Drug and Chemical Toxicology, 2019, 42(1): 54-59

Yi X L, Zhang K K, Han G R, et al. Toxic effect of triph-
enyltin in the presence of nano zinc oxide to marine cope-
pod Tigriopus japonicus [J]. Environmental Pollution,
2018, 243(Pt A): 687-692 L 2





