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Abstract: As a kind of important marine pollutants, microplastics (MPs) are potentially harmful to the marine eco-
system because of their stable and non-degradable properties. MPs can easily absorb heavy metals and other pollu-
tants in the ocean due to their small particle size and large specific surface area, which would result in additional
ecological risks. Therefore, it is of great significance to study the mixture toxicity of MPs and heavy metals for
their ecological risk assessment. The individual and mixture acute toxicities of 10 wm polystyrene (PS) and Cu*’
and Cd*" on nauplii of brine shrimp, Artemia parthenogenetica, were investigated. The concentrations of Cu** and
Cd*" in nauplii were measured by inductively coupled plasma mass spectrometry (ICP-MS), and then the effects of
the presence of polystyrene particles on the accumulation of heavy metals in nauplii were explored. The results
showed that the 24-h median lethal concentration (LC,,) of Cu*" and Cd** were (126+0.15) mg-L" and (164.5+27.3)
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mg-L", respectively. In contrast, the 24 h-LC,, of Cu>" and Cd*" combined with PS were (1.38+0.23) mg-L" and

(178.3+36.4) mg- L™, respectively. Furthermore, the time-dependent concentrations of heavy metals in nauplii

showed that the presence of polystyrene microspheres significantly promoted the uptake and excretion rates of Cu’*

and Cd** by nauplii of A. parthenogenetica. However, this promotion did not affect the acute toxicities of Cu”" and

Cd*" compared with the absence of MPs. Our results could provide a theoretical basis for ecological risk assessment

of microplastics and heavy metals in the marine environment.

Keywords: Cu*"; Cd*"; polystyrene microsphere; Artemia parthenogenetica; combined toxicity

TR (MPs) 38 248 ROTAE 5 mm DR Y4
PRI sl WOk, B TR 2= M R, 38
MEREAR , S I R A AR TR T IF T REXT AR R
SRR EN faE s R T e,
BHEW RS Th A T 1z, B A e & KR ik
H ™Y PRI R S T i K AT 38
RS, HL S Je kP SLEE AR B i a4 1
SRRHAE A6 AT 3 R A A 38 DX B0AE 7K ke B T s
3276 A~-m? U RESIY) S DR EE I
G A R PRI B SO R AEEN T
B AE YR AT, nTRES AR AL IE B 2E i &
RAE FEEAT R FIRE HE 70 BE AR DA K5 ) B A —
ROV RS B A B Y RT R
STEAEY IR N B, 3 — 20 AR R AE N, T
B, OB ELA LU R T BUR B K P SRR, 2R A
PEANLTS Yo ) 4 e A5G A A2 T i 28
PRI S X PR A A B PR R PO I R e v
TAERER Y8, W AE 2 i 15 e W e 23R 43 A B

AT E A BRI SRR 5 E
L MELARE S HL5) T et w452 Rt s e B
A EERMER I R AT R R
TRl PR 4 S V5 Y KPR R A i B e TR
VRS 2 K P AR B (Cu™ ) MR B 1 (Cd™ ) I vk i
A5 1936 wg-L ' F10.186 wg LR MEFEFREIH K
TSRO 23 W% B B 42 SR BT B R S AR U B Vg v
YR E T RE SN E 4 R AR S KSR BFgT
W] SRR ORI — B EHSSR T Cd X Bt
R, H S Cd 35 78E AT 80 5 £ A4 S 4k
PR ARAED SR, BK LR R B R N H AR
1) 2 AR I I X PR 3 0 1) B MR 1 AS BRL

A FE A e PR AR X A 1) 140 L (Artemia parthe-
nogenetica){E H3Z AW, X 10 wm R 201k
5 Cu® M Cd* 1 — K E A 2R RBON 4T T
W5, AT T R LI ek X Cu™ il cd™ 78
B A PR R R A SE IR LU TE A T R B

5 XHEE R A MY T SO e B P R

1 ##l57 % (Materials and methods)
1.1 AR5

A% : 7500 ce B HL R 55 1 1 1A BT 1% A (ICP-
MS, 3 [E Agilent); Synergy ## 4 /K #L (3 [E Milli-
pore),

IR B R 4 (CuSO, - SH,0) ., A fkff(CdCl, -
3/2H, O) VA iR (HNO, ) ¥4 S 43 Fr 4, W 7 R AL T
REB AL RN A F] 510 wm BHE 230Kk 0 ok
4 H 32 [E Thermo Fisher 23 &l , ¥ & 4(3.96 £0.02) x
10°4~ - mL" (fff F 3 [# Beckman Coulter 2% & 1Y
Counter Z2 BUR FIHEUT 5L , A2 il o 28 8 1
AR 2T AP 35 42 (32 [ Thermo Fisher Science,
Nicolet iS5)% 7 iy R L0 s N Tt 25 H rh £
TR A R H]

1.2 Zid/EY)

i HU(A. parthenogenetica) kiR IR W | K HEWE A
FEE AW BB By A R | AR AL A 2 120 C
M TR RRAE o AL B R E— 2 o b LB, A
JEAT LR N T K i B 3t i rp (A K 2y
A 15 g KON, ik R b R A, IR
RBEEQS£1) C /K ERE NB0£1) gL, JEHE 2 000
Lux 247,24 h LAY B AT SEAL R 2y, % % S o 34 fif
FH 24 b DAPIIBEA Y pa HUTE T SR S#EA T
1.3 ZctkagtEiit

VEHUREAL 24 h DAN B 0 BT GAA, 2 i A
TN B 4 AR OR MR TR 60 mm 2
pulILH | SEI A4 (5256 1 ~ VYIS S R IR
BB ILER 1, BARE 4 M7, B e
10 Hpd I gk B4 AT B 5 2 AR R R 20
mL, B TEESEIEA T 25 CHEFE 24 h 5, WA
ORI YRR IE T, i SPSS
240 FAFE SRR BRI Cu® Cd 5RHE L
ATk R S G R R N b TG AR 24 h
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BEBEHEE (24 h-LCy,),

FEFR R JE oy BIAE A AL I E 0.5 mL W, H
ICP-MS £ % &8 17 J& 1) 7% W b 25 4 Jm vk )% 1) AR
b, ARSZEEH Agilent 7500ce Y ICP-MS, [ %5 BL
8T )\ M ATREE /5 it Micro-Mist #iME F AL 8s |
IR A B AR AL U, A A B RGE E  %5
fb=, 3 Piltier 2 SRR T(2.0£0.1) C, S5
WEUT.RF FEN 1350 W, W #E 0.9 L-
min” A HE 0.15 L-min™ , He < i 3.0 L-
min”  SREEREE 8.0 mm, 5 & E 3 kPY, K EYG
JefliF Agilent FRBE AR 17 B LA R S v T o VA B Oy
0.00 .0.50 .1.00 .5.00 .10.00 ,50.00 F1100.0 wg-L"' %
GG BRI, SR JE MR AR 2 e B R
fdi R A K B R 100 pg- L' LA, LABH AR I 58 i
JETEARER M BEVO N, I B HLR I, K W Cu®
A CA IRIBR 23518 02 gL' #1005 wg-L"',
1.4 ELEEELEK

R R TR EE SRR, T A
BEPE IS AE AL e B2 B A S 0 v T AT B
WeBEAE W S B, Cu™ 04 mg-L',Cd*
925 mg-L", SCEedhsy 4 ANGL(EIE VI ~ IX)(32
1), BP Cu® fil Cd” g B R MR R IR ek 5
Cu®" \Cd” WBR G R TR, B4l 3 A FAT, BAFAT
10 HEAk 24 h LS B i BUTE T 9iiA

ARSI Cu®* R Ca* 7 i AR Y 18 4 7R AH )
ZAF TR HEFT 7 AR B Ab B, 454 b B 43 1 7E
RFIGMO0h, 1 h,2h,4h,8h,12 h, 24 h B g

TR, B ARG BE 3 DR HET AR E 2 )5
FH 0.5 mL 65% fEfRH WLTH AR 2 h, TFx BTk
T oe 4 )5 () ICP-MS A&l Cu™ F1 Cd* ¥k 52, it
TR R HTE AT W AR R Y Cu®* A Cd™ 9 5 4 (LA
g WA TEI), ICP-MS Kl 7807 1.3, FRERT
V5 i ERL I A AR ol YR Gl K B 20 A5 LA B Lk il 1R Ve
JE 3o R A5 S A R
1.5 Hitatr

K F SPSS 24.0 {4 X 52 56 B0 #E AT gE 34y
Mro 3 P Sr FEAS T K2 5 (independent-samples T
test) X B 4 A & AR SO0 A TCIROR C M sk e i H
AT Cu® Fl C> & 1Y 22 F b A7 He A oy
#r, P<0.05 B BAT M2

2 55 (Results)
2.1 SctkErEtEL

S T RYEE SRR ROK O ek i — R R T
I X e TG 4 A B B R RO, 2 R vk
FER 10 000 A4~ - mL™" B, HAFE 2458 100% |, PRt
H:24 h-LCy,> 10 000 4~-mL", AIHFSE & L, 75
BORLIGER B R W E N 12 A4 - mL ' B, B ] Wi g
) i HTCTT A ORI A Y 255 25 R
B IREE R BRI AW 5 T BB &2 A BRI AL
N ABFRAE IR S H A RS R LE L~V
FEE 100 A4~ -mL " VE R 2R,

B Ry a5 22 8 20 o BLUTC 15 411 24 h FET Fefil
TR A A MR AR R T

®1 ZRSARRTBRE

Table 1  Groups and concentrations of MP, Cu’" and Cd**
HG B R MP R B2
SR | Amg-L") S mL™) SERRIN ] /h
Groups Nominal concentration Nominal concentration of MP Test time/h
of heavy metals/(mg-L") /(particles-mL")
I MP 0 0,1, 10, 100, 1 000, 10 000 24
I Cu®* 0,05,10,20,40 0 24
ARG
- I MP+Cu? 0,05,10,20,40 100 24
Acute toxicity test
v cd** 0, 50, 100, 200, 400 0 24
\4 MP+Cd** 0, 50, 100, 200, 400 100 24
Vi Cu®* 04 0 0,1,2,4,8,12,24
TR .
Vi MP+Cu 04 100 0,1,2,4,8,12,24
Bioaccumulation
VI cd** 25 0 0,1,2,4,8,12,24
of heavy metals
X MP+Cd** 25 100 0,1,2,4,8,12,24

T MP 53R LR HOR

Note: MP refers to polystyrene microspheres.
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Cu®" \Cd*" 5 R 2Ntk Bl L B Ik A % 5 %o i
B4R 24 h-LC,,, 45 R 2, Cu® X ki
TCH RN 24 h-LCy, M(126+0.15) mg-L", H5ERHK
ORI R B FE I} 24 h-LC,, }(1.38+0.23) mg-
L', Cd™ X 1 B SR 11 24 h-LCy, (1645«
273) mg L, 5B 2 ek 4k W) 2 @ 1 24 h-
LC,, H(1783+36.4) mg-L", ] UL, {28 8}
TEEIF AR Cu™ fil Cd™* iy &tk rE
2.2 HEJREELRL

i AR N 4 8 A REBERTR] (0,1,2,4,8, 12,24
h AL 2 7R AN A SO R,
RPN Cu F1 Cd> 1 F i ¥ R B T & BRI A
P pd BTN Cu BIMRISCEE 12 h k26,
ZIEHEH . BRI HERE Cu™ A BT, 0 ~
12 h BrBopd R Co it T — g dl, Hfe

120
100
gy 80
@ :i 60
118
B
BE40
20
0 1 1
1 2 3
Cuz*mﬁ{/(mg <L)
Cu? concentration/(mg * L")
120
100 Cdz+

BETH 1%
Mortality/%

1 1
200 400 600
CPHE /(g + L)

Cd?* concentration/(mg * L")

4 h I 22 5 35 (P<0.05) , KW R LA ok e ik 1
I AENT Cu™ IR, A ORI AR T,
HIET DN Cd™ YL TE 4 h ik EIE(E, Z )5
BHHE 8 h JE K BUAR P Cd’ TR e, R
PEBF A FHE 2 P, ROR ek 5 Cd™
WA 2 FE T, CA> MR BEAE 2 h B BV A S AE LL B p
HARN CA i A TR — B #E 41(P<0.05),4 h
I EAL T8 — R R 4(P<0.05),8 h [Fla TR,
R EH TN EE2ER(P>0.05), 45REN] R
AR R B A7 TE AR HE T 3h oy 2k AR op g X
Cd* B AFIHEH

3 118 (Discussion)
TR RHA A Py B RN 5 FOR R RN S el
GHREA RN, ARUFFH MR B, 5]

120
10fF Cu**+MP
88 80
ﬁi 60
& 5
= 4
20
1 1
% 1 2 3

Cu> ¥ & /(mg - L)
Cu? concentration/(mg * L")

120

100 - cg?+MP
s 8 80 |
@ :T 60 |-
18
BE
= 40 L

20 ¢

0 1 1
200 400 600

CA>* ¥ /(mg - L)
Cd?* concentration/(mg + L)

Bl HHEVTHERCERESCERRRETHHMUSHE

Fig. 1

Mortality of nauplii of A. parthenogenetica after exposure to heavy metals at different concentrations

x2 RO~ VEEBRRPESEZMKER 24 h-LC,, &
Table 2 Measured concentrations of heavy metals in solutions and 24 h-LC,, of group II to V

LIy SN (mg - L) Measured concentrations/(mg-L™)
— — 24 h-LCsy/(mg-L")
Groups F 721 (Before exposure) F72J5 (After exposure)
I Cu?* 0, 046, 090, 1.86, 3.59 0,0.15,029,0.71, 141 126+0.15
1 MP+Cu?* 0,045,097,1.83,3.62 0,0.12,037,0.66, 1.16 1.38+0.23
I\ Ccd** 0,53.6,949,241.7,409.7 0,419,709, 134.1,385.8 164.5+273
A% MP+Cd** 0,553,1046,2142,4153 0372,945,1482,3712 1783+36 4
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BYICAN/INEREE)TE R B — 3%, BT 2 &k B AT
PUPR 5 A T HE SR 2 M ik B R & 32).
HARARA0 ) FEXT R, AR X8 2 P BE 4E A i HLAAR
I, BRI, JF AR SRII R T o T SR i v s AL
N, 5B, Beiras SEPHIFSE & B, A [ R A2
AR 2R AR I R X P VR i sh i 7 A &
PFEPERCN . H Rochman Z5PHFGE & B, RSF/NT
1 mm {3 A5 SRR R 7T BB 2 2R B AT T 7K 7 il
1(Oryzias latipes)i) N 531 Z ST , W R IR T
HBEAT BE L3R OB 25 5 (A= W32 B

b B — B S e 4 Sk MR A A9 4 R A
Y feE R 2RO I R R, 5
AWFFE Cd™ B — 2B MEF R A L 2L, R
BRI E] Cd> % HRE 30 h (X HL(A. salina) TG 4
&#) 24 h-LC,, & 150.08 mg-L", Hadjispyrou %"
M Cd® XF 24 h NIEAL I 1K (A, fianciscana) JC 7
LKA 24 h-LCy, M 155.5 mg-L", Zulkifli Z5 4
MF) Cu** Cd* XF 24 h PIEALIY <1 HU(A. salina) JC 1T
AR 24 h-LCy, 43514 0.28 mg-L"' 1 2.47 mg-
L' R FABISE 1 ~2 AE0E g, X T g 5 i dpp
J& R SR B TR ARSA K,

90F ——Cu
r —0— Cu+MP

Cu? concentration/(

B U P Cu R B/

1 . . . . . .
0 4 8 2 16 20 24
FEFZ I E]/h

Exposure time/h

NGRS B R X 4 R B B A TR 5
(R i 77 . Rochman “FF7BIFFY & 3, JXH A& —
PR R B RO RALNK REER N
RN 5525 Fh S A SBHE |, X Cd Ni, Zn FI
Pb %54 )@ B T HA RN 1, & FEE
P IR O RA N R INIG S Z R ik
T B, AN [R5 %) F A X 48 25 1 I o g
ANTA], AT HADES - F7 78 I G ) 0 B A4 P 25
RN, TR BT B Z A AN R AR 2R A Tk
SR AN [7] H 4 S 1) W BT £ 0 RN RHARRAIE 7T BE 23 47
R ES AT —PIIRAMNR,, RF5ET,
AT R LI %F Cu A Cd” A7 W BfHE FH , F
AR T Cu® Il Cd> 7 < H AR P 4 W s A H | R
PR 2Ot A e 3 M 2 B, (A Lu S5
XF 5 5 1 (Danio rerio) = AbbR ) | 2H 295 JL 2 WL 5¢
MIRE R FRIR LR G TR 5 pm R IR
BRAAEAERG IR T CA™ XS M0 e 5 Cd™ ik
GR R Al BB A kA A AR N R E . Kim
GG R, ROR A R A — o R b5
G JE X KA (Daphnia magna) 1% shi |, H 4
T BRI 1 K L s koG LR i S . H

160
—'bo_‘; 140
o 5 120
s 100+

80
601
40t
20
0 ' : : : ' :
0 4 8 12 16 20 24

FEFZIS ] /h

Exposure time/h

——Cd
—— Cd+MP

B/ (m

Cd?* concentration/(m,

B HUAR P C2 ik

B2 pHER Co™# CaRENTL(UE g BT EIT)

. *P<0.05,

Fig. 2 Concentration change of Cu’* and Cd*" in A. parthenogenetica (with per gram of dry weight)
Note: *P<0.05.

£3 VI-XAREARTESERUWRESZNRE

Table 3 Design and measured concentrations of heavy metals in solutions of group VI to IX

e FWE BE /(mg - L) S BE (mg L)
Groups Design concentrations/(mg-L™") Measured concentrations/(mg-L™")
VI Cu? 04 042+0.02
VI MP+Cu?* 04 043+0.04
VI cd* 25 246+03
X MP+Cd* 25 245104
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HLEEFHIA57] (OPFRs) X /)N Bl (Mus musculus) it & AL
PR N AL, HETA IR S E e m IR G
BRI IRFFAR BB 2, A G VER T &
PEPEREMERION MALIA FF T3 2 AR A RIS .

25 PN K LI R WA E A 22 Cu™
A CA™* X i HUTG T G AR ) Sk RN, (AR T
R HIET GARST Cu® Fl Cd™ R A FTHE . ASHF
GELE A Ry U PR v G R 4 e 1Y) A S KUK
TEN SR UL AR

BIEEE N L3 3£1967-), %, B R #3035 % & s #F
TR, 22 NFHEERE R AR EFERZ R MNF0 T %
PR, EHREARILETRE,HE B RAFREFTLATE 12
R, B E 3 R,
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