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Bioaccumulation, efflux and subcellular partitioning of Ag and Zn in
the clam (Corbicular fluminea) exposded to nanoparticles via
dietary route
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Department of Oceanography, Chonnam National University, GwangJu 61186, Republic of Korea

ABSTRACT

In a radiotracer study, assimilation efficiency and efflux rate of Ag and Zn in the fresh water bivalve (Corbicular
fluminea) fed to the two types of Ag nanoparticles (coated with citrate or polyvinylpyrrolidone) or ZnO particles
amended with algae or seston diets were determined. These were compared with those clams fed to the diets
treated with dissolved Ag and Zn. Additionally, subcellular partitioning of Ag and Zn in tissues of the clam after 21d
depuration of bioaccumulated metals were compared. The clams were capable of assimilating (AE) Ag and Zn
from the ingested nanoparticles and assimilation efficiency was higher for Zn (22-47%) than Ag (15-27%). The AE
in the clams fed the food treated with dissolved Zn (56-58%) was higher than those treated with dissolve Ag
(7-25%). Ag and Zn release from the clams during 21-d depuration followed two compartment model, initial rapid
loss (20-30%) in 3-4 d of depuration and followed by much slower rate for Ag (0.003-0.006 d') and Zn
(0.002-0.006d™"). The subcellular partitioning of Ag in the clam tissue was mostly in cellular debris (45-60%) and
heat sensitive protein (20-30%), while Zn was distributed mostly in cellular debris (50%) and organelles (30%).
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=

(O'Connor, 1996). oJmisif= Aol £ s 255 5
A 4= glvka A glem, ek olvisiF (53], Mytilus
edulis) &= A A7 o8] 3ol A 52498 2y
B = g AEEH olfEx 9ot Mouneyrac et al.,
1998). 3, w5 o|uisllFo] dx2Fl A (Corbicula
fluminea) & ofrlopA|Gwt ofe} Fujel F3ix| el 4
= o]F 2 A AAAC] FE2F ol gk AR A HAE
of sl £ 9l i 2 GEAS & A%, @ A
A eHdEAE RYEE AEToE AMEEe] gt
(Guo and Feng, 2018).
vheahslal vheslge) ke elste] gharheBAE 2
. LU R SERE 3
Aol STl lth FEUEEA FellA Su=sdAt

=
(AgNPs) ¢} AFslo}lsla}l (Zn0) + 9] 833y 54,
A Fax ajgd 7P B F5S T gtk AgNPse
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M& (Corbicular fluminea) 2 SEULILCYX “E22 26 AgY Zn E%

TS Ze 54 dEel o, 23R, AR ok
=ejsteld 54 el AAAE, FIAET dAeA el
B stA A= glom (Adeel et al., 2021), ZnO+x 2
BEE, 4, FRIE, P, EekadE vSste] AA A}
Al 5 AR 187 il 7 Al vk Ma et al.,
2013). o|H¥ FH=EAe] Ak, 2k, Al A8,
23 ARgEFHA mhret E4F a2l H)7] AAA U
Ago] AR 07 o 4l E7lela, v giAke] AR
ofg} AlFo] FIVEFE FUF B3 T Ao E o=
o5 Uizt FAZA e tigt ¥t A SAel
Wile] S7kek glew, wteejols nlsle, AEEFaE,
=W F, olvjsiF 283 o F 55 de® AgNPs¢t ZnO
= 3R o EUeEAY] 34 9 v A gk
2 A7} A3=Ee] P} (Allen et al., 2010; Franklin et
al., 2007; Griffittet al., 2008; Maurer-Joneset al., 2013;
Ma et al., 2013).

=434 (material flow analysis) = =22 A4k
A #HF 227129 life cycles F4 3= 7IHelt} (Boxall
et al., 2007). 0% w2l djs] ALaled =t Azt
Soll wh=m, W9 4902 heglAe] o 5EA) 42 7}
Sok, AEH s A 2Rl Ak A 71l &
deo] EAlsks 2459 = 2o G4 o W& ler 4
o]} (Wang and Nowack 2018; Hong et al., 2021).
A2A, Yicopdel] 7]Q1% ofde] Fxrt seFEAYYt &
2 2]of| A 3.2-32 mg Zn Kg',E%)A 3.2 mg Zn Kg',12]
I EoA 0.2-1.4 ug L'2 9&5==1 (Gottschalk et al.,
2009; Maurer-Jones et al., 2013), ©]+= AA| 3}A, 7 218
I 7R wYEEA vE sME e g Hal o] H]
3], Syl 4} 459 ofdsEE 50-1,400 mg Zn
Kg"#$] (Pandey et al., 2019) &, ‘33 ¢t 25EAE2
T 1098} 22-312 mg Zn Kg'*H$] (Song et al., 2014) &
Bald. %, W6 $309 Ao A3 rase) SE
7 A B EASkE FERTh oS RS o 4 gtk

x|k, =4 3] viAz MAlse AEEE Y] B
w7 24 FEE T3k Q7] Wi, 1xEe] FEURE
AL H7psHA] 3 e ERoAE 7| BT i) &
A5 F43 sty A shed EA A7) ook ol
g A2, ZnOZ 295 Eofou ElA B =2 ofad
E SRR

225 Frlslr] SlEl Eofel| 100-4,400 mg Zn Kg!
(Lahive et al., 2019) 18] EZ3E<] 600-2,000 mg Zn
Kg' (Huang et al., 2019) < A7}Ed, o2 52 5=

£ A7bekA dae AT A A4S Hisked A4

O.

A

gH =2 AR e Ese THEAE 44
2 o]&F AL e d7EHE Y 358 FEIA o
v g o2 wiAoly AEANA W F=HIE AIZF Aol
ug} &Aoo 24 4 ok ®3t 7| 30 WA 25
I Este] IAACR o] lE W wxo HIE B
A7E o] A& 4= 9le} Lee and Lee (2021) + v} %
A& "OmAge}t PZng o83t U siAE AR, olF
FAAR o] gl UrAR 298 EFOTRE AHo|=

2% Aolol Ha ATE A v ek

B ATAE 9 AT FEoR PAEIALT 4
A 1S olgstel 4 AN UeslA Aol L
(bioavailability) & B7Feheich. vheBae] 7o) 5] <
A ESL S W] W), YaeBAee) we] 4AE B
AolE WA selsha, ofef 1A WEAe] A7t S
ANYG Aol & ATFNAE PAESALE BAT L
3} oleirhedl A 4sted, Ao Hol AN B ol
A=Y Agh Zn) §4 B&S SANLA sl B9
A3 Aol FA5 )5 BA| Aslze) AALE AEe T,
AE AN 249 249 24 o REAF 5L vl
07 steieh el sl Fe) (e o 343 &
QEEEIEEE LS RNEE BRI ER e
GRET AYS HATE ol gslgin, BAel f9)5

AEo] ol A HolEd T SAA (aggregates)
s
_]

-

s o
o M o2

%)
ig

=
£ ZAT AL APt YesiAE ol Holst SR F
ARz AR

ERIE

1. A FHNRLEE BXE Je A $4 € 54

2 dFoAE= AgNPs# ZnO 28]aL £ Ag@ Zno] v
A3 A A5E Aetelr] A4 B FA0E mag
o} %7ng AR AL PP Eolee Ay
(in 0.1 M HNOs, specific activity 666MBq mg™, tys =
250.4d) # ®Zn (in 0.5 M HCl, specific activity 161
MBq mg™, ti» = 244d) &= 247 =948 713} Perkin
Elmer (USA) o4 F-uisiglct. Ak S9dax 349 o
E07k9] 342 Lee and Lee (2021) ol AAI3] 71€5]¢] 3L
ch.

PVP (polyvinylpyrrolidone) & Ueglzl=
Arshi et al., (2011) 9] WS 44 A3k sl
PVP-'"""AgNPsE 343s}7] $slo] AgNO; (99% purity,
Sigma Aldrich) 25 mg¥} "mAgNOsE 0.15 mle 25

Al7]

gus

rlo
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(Milli-Q, Millipore) °f =3l %, ofAlE 20 ml< #7}5}ed
208 e wdAdE o]dste]  AlejFgla,  PVP
((C¢HoNO)n, Sigma Aldrich) 0.8g< %718t ¥ o] 40+
ok wkAZT o] F AR S| FRol= FH9| ¢
A ofg] 1] AlEE A3 v 109 59 ikAA vaed)
A2 gdstgdn).  Citrate® Z8E "mAgNPso] AL
Chinnapongse et al. (2011) ] A|A|3F WHoA F=5 #H
AA Agspgich vz 58.8 mM2] AgNO; 0.845 ml
o} HmAGNO,;E 20 ml Z&pol] Y32 60T 2 45 7lsheA
aHAA F9 gt gdo] 34 mM sodium citrate
(Na3CeH507.2H20, 99% purity, Junsei Chemical) 1.46
mlS 7}3F, 100 mM sodium borohydride (NaBH,, 99%
purity, Alfa Aesar) 1 mlS g W4 A7)sigion, galo]
dgAlo g wiHw, PR 204 9 o uEeAZl 3 A
ZollA skl

Zn0 A5 213t Jezequel et al. (1995) 9] 713
< $A Agstgc) wkeEelA =9 150 mM zine acetate
(Zn(CH3CO0); . 2H50, 99% purity, Kanto chemical),
100 ml diethyleneglycol (DEG, 99% purity, Dae-jung
Chemical) # ®Zn (as ZnCl,, Perkin Elmer) & 34 %7}
Fsleh. EFEE 180°ColA 1417 F<t 7hdste] ¥Zn0O<&
skl o] & wizkx] antAA F9lvh A= ©Zn0
FRo|=F 353 Sl AES 23,000 g= 203 F3 A
AEEAA ATdE wElL, 2555 ARk o H A
welate] Yresixs 53kt

e vxsiAse @279 siAEEe FabdAEn A
(Transmission Electron Microscope; TEM; Tecani F20,
FEI, USA) o7 2|1 3}ehxAde AAxE37 (Energy
Dispersive X-ray spectrometer; EDX; Tecani F20, FEI,
USA) 2 #4313ltt.

2. 49 ES o)

A& A= A (Corbicular fluminea) 2 A A7} ol A
AR F AR FA9) sz o]EAS A7 sk, 187Cell
A 1539 F¢ £74 (moderately hard water; EPA
2002) ° £xAFH 271 FoF HelAER xR
Scenedesmus obliquus$} Selenastrum capricornutum=
$u9 TR, AR 4% Al oolE TR 9%
tf. £%3E2 BG11l medium (S. obliquus) E& WC
medium (S. capricornutum) °| 571+ 14:10°2.% 3}o]
18Tl wiekst3ict.

A7de] Ho|gdatz o]8-8 Scenedesmus obliquuss 1.2
pm 7] (Millipore) % ¢#3le] 500 mL BG11
mediume] B2 Eepi=ol AFFAZ E o HojiAt
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7 o]4% 23 AEHAEL 63 xm AR ZHYA 1.2 gm o
AR JAE I3 F TGl AFFAZCE D2e] Ho)
7} AR-fE Zef~30] PVP-1'""AgNPs, Citrate-''""AgNP
9} $¥7n0 28] 1™Ag (as AgNOs: 3 nM Ag) ¢} ®Zn (as
ZnCly: 55 nM Zn) & A7}8te] 39 F<t wulslH A wljofFs}
ek wieF &710 Ak YesdA ey o] 559 5
EE Fdstglen, 247 0.6 mg Ag L7 7 mg Zn L'o|th
vioF F Z7ke] AR BA] (o] ¥%) H B vxdA
7} $4 (aggregated) ® ZF3E (algae) oY FHEHAE
(seston) & 0.45 pzm IR Z F3le] A | Holz =5
o ARSIt

.95 FTEE

A4 HAE 53 Holl A} (algae, seston) ¢ +4% A
27 (AgNPs, ZnO)s} ¥l 27 (FH/FHA12] 4 Agsl Zn)
9] Ag# Zn® FFEE (AE, %) = Felelr] 3o
pulse-chase W< ©]83}9t} (Wang and Fisher, 1999).
Zy7ye] wo| wit} 1-L v]A e F445 FulstkaL 20mk2] ] A
A& golFddeh AHe] sz du AFHEE AFSH,
HolslAe= AF-rAI7 aerationshiA 608 F<t ol
A sk o] F AHE 3|3t 3] A 2F (n =
4) 2o 7)o AAgE Abes SAT H, s St &
71 A3} (depuration) PIAZ £A LAFHA] o4& HolE A
A7 FE A 2 FES 4847 T3 v RS 1)
t} (Fig. 1). A3} v]ANA AHL U2 wHE npdoez i
g FeAA adEE AFst wiAdE e FIHeR
EA35) A3 7ke] B Fol| AES AANsle 227 5
7Yoo g Fejsle] MEE WAsE o] SAsIY Feas

@) & T A% olgslo] AEsISIT.

Absorption efficiency (%) = A¢ / (A + Ageces) X 100

A AR ER B (¢ = 4sh) o ABAN WA,
Afeces'\% 75]:5:]—7]{]: % :(‘;,]_’;\—?:51- E’—'E’ Hﬂxé% Hc]—/‘}'%‘g] %\:}% 14‘1:/}
Wtk 3714, Ar + Acess 27101 HolE &3l AT WAk
= A% Fholot

4. AL 2A 2% 54

AN Al 49 F 359 AAE (efflux rate) &
PVP-'"""AgNPs, Citrate-"'""AgNPs, *Zn0< 33
S AR ATt &4 1A PZnel] 22 W)
< v|wsgi). 27k AElTe] A3 30 AHE 109 E9F =
A7 F 72 A7) ARE 3]st 713E SR i

A 2518 dAsh eEAE AAN AEE 3714

g
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Fig. 1. Schematics of pulse-chase feeding experiments for absorption efficiency measurement,

IF (0 =4) A°] Wﬂﬂﬂ 20 Lo $447} 92 422 §7
o A2 F5EE AR A0 FLaA st
=59 AAEE *ﬂgxﬂ»ﬂﬂl w50l F 3= o) A
© 2 AA (physiological turn-over) ¥+ Z< AH]U}._E
ARAE) A F A F5EA e T4 R §
3] ST 5 QRS 48/1700] ATE F AAEE ézgs}az
o} oA 48417Fe] At £ 1, 2, 3, 4, 5, 6, 8, 10, 12, 14,
17 :lab_ 2190] A3} w2 vAeS =AsAT. A
Age et 2 W ASR5E ol Al
Ct) = e’ 't + petet
A71A, Ct) = t A1l olslivls A WAks, a9k b
A, ket ket WIEEE A, t v 4 UERdch

S el whel 109 FF AEAES =
Aol do} Q= Aget Zno] AW ¥2 5 4% chetAl
¥ (Wallace et al., 2003) &
Fek WA, 3ute] A 4749 RHERE 7‘H7‘4 WA = Z‘w
o g vlo|dol| Y3 20 mM tris bufferg 4=x
9] 3100 &=ko 2 Yu AEFH7] Polytron®) = F3t
F 4TColA 1,450 g2 1587 AAEe] siglch e o
& Halwel ol F7]13 =3 (debris) 2 100T2] 84k
A 287r ‘ﬁ% 7k3l1E # 20 mM tris buffers YolF
- AP EES tris buffers} TUHFS Yol =
t}A] 60-70 C—4 S8 A ol A 1A 7F Eot 9L 7S & 4T
A 108-7F 5,000 g= 9A1F-2] dto] AFS- (cellular debris)
7} A3 (Metal-rich granules, MRG) 2.3 Y+ ¥ 279
WAS-S At} AFEe 4T olA 100,000 g2 1A17F

A E2)sle] A8 (Organelles: Org) I A5 (Cytosol)
2 Feskglct 2= (Organelles) WAlsE S A

ol2- 80T 2] Aol A 1087F D& 7heh oh 1417F Bt
WA WA A 1 5 4C°ﬂ/‘1 30,000 g= 10‘!‘7]' <
AlRg] 3lo] =3 (Enzymes, Heat Sensitive Protein
(HSP)) 7} A5 (Metallothionein Like Protein; MTLP)
o7 Feg F A7 abe= SAslel

5. s 245 24

YAl (activity) = FHEE (Wallac 1480 Wizard;
Perkin Elmer, Turku, Finland) & ©¢]&3}o] d&4o
U 3l o)u] %Zn (. = 244.1d) = 1,115 keV,
HomAG (t1, = 250.4d) 2 643 keVellx A2 SA38IS
o ZE AZY] A4 A 3Ee=E stn, A oY
(propagated error) = 5% ©|3}%ich SAF A wbt
71% 1#3le] ¥ A3 I, cpm (count per min) = A A
& o]83}o] dpm (disintegration per min) .7 #3k3}
o). Srasd AT Bxe] wES AL arcsine H
Bolol BALAL fgon, LE FALAS SPSS 202 o]
elich, Aske 71e] Aol FUso] sAstel AL
24 (One-way ANOVA) & c°]&3iion], AFA4L
Tukey 4% A 88150k BA4e F24S 94 p = 0.05

o4 A5,
3 9 o
1. %eglA 54

#49% PVP E+ citrate® Z9HH F 59 24xd
£ F 7S Hn R BaEo] o, YAk vad 77
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Fig. 2. TEM (transmission electron microscopy) image and EDX (energy dispersive X-ray
Spectroscopy) data of the laboratory synthesized PVP (polyvinylpyrrolidone)-capped Ag
nanoparticles (A), citrate-capped Ag nanoparticles (B) and ZnO nanoparticles (C).

g 2715 /M2, 27+ 9.40 + 2.99 nm (PVP-AgNPs) ¢}
13.10 + 2.44 nm (Citrate-AgNPs) 8912 ®.9t} (Fig. 2).
Zn0 WedAle 78 £ T3] Yk ehalso]n prAe
2 $AE0] 9lom A7) 38.95 + 11.65 nm%E YEPIT} (
Fig. 2). DLS® =A% 27]% 170-190 nm (PVP-AgNPs),
39-41 nm (Citrate-AgNPs), 210-288 nm (ZnO) = e}t
©ow zeta potential> 27} -1-9 mV, -36-30 mV,
+10-+11 mV3ch 3] #4845 EDXE ¥£43 23,
A3l dAkgol At BAsE PAs0] 98S e
o (Fig. 2). & ARelA P4 Foe AR 2], 3
dlo} 54 5ol £57% 249 543 fAs1, 5002

TAE GrgAo] FEEAe) A5E sk 2AA
F85P1 282 4 gloelel HrkEeh B Qs ke
71% 299 93 (Dybowska et al., 2011; Khan et al.,

2013) o|lAE eHAA %%’4%
A5 FABIL YrgAle

A2E o]_&s}o:] A8 /::_lo]] -] 1,]__13‘_01

k. AR EYAR PAT YeER] A5 5&73‘7‘42&
o) gl w2 sEoM AR hgsh, WAk T4t
HlgtabA o g A7k AFtel] we} A4

oh]7] wel] AEE
o A% 4 girks W) gtk

2. 90} FFEE

& A7 A= ofulsiRal Aol Ho iRt 34l v
T 32w FE5UREAE A2Ete] Agd ZnE AWl
BE 3T g e li"ﬂ-’—f‘ o} (Fig. 3). A3 AgNP<=
A = 2ol Agle] 15-27%9] AgE
o &% AgJJr 73‘?:}“} Hol 22 HH Agd ¥+ 58
2 seston #|2]TF (25%) 7} algae 22T (7%) 2t} o =4




M& (Corbicular fluminea) 2 SEULILCYX “E22 26 AgY Zn E%
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=
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=
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Fig. 3. Absorption efficiencies of Ag (A) and Zn (B) by the clam
Corbicula fluminea (n = 4) fed algae or seston labeled either
with dissolved metal (Ag or Zn ion) or amended with
PVP-AgNPs or Citrate-AgNPs and ZnO nanoparticles, *:
significantly different at p = 0.01

yelgttl A3 2] Zn S5 algae (22%) 2.t} seston (47%)
o] 2 Zn029] AgAelA o =2 8% F5F 5tk A
AAE &3l Zng Holok 55 ¥l Adglo] Ag Bk
ENAOR F3ke 2o R veyith
AntA e R ojufsFe] Aoz #4il
4 W A2 L34S AAE ASE
AEE 13 Aok FelA T4 5
w, o] o ue] Eh, pH 22|12 549
Aoy Faoll dFE £ 4 Y ek (Decho
and Luoma, 1996; Griscom et al., 2002). ©&}A], Hols}
A AAE JeFEEL FolA AFsle 5 A3tasrs
v 23k Asldle] Zg o7 i FYx|e] Lalj=]o] 2| £-3)
A FE5E50] FHAEE T4 FrEdE e FAs
Franklin et al. (2007) < 100 ZnO mg L' &4 g0
A 7247 Fell Zn09] 19%7} $F Zno® siE|=w, Li
and Wang (2013) 2 ¢ w2 %9l 0.5 mg L'o4 ZnO
2] 30%7} 2417F ool S-ali=o] HY delol| =Editir B
kgt ZnOdl] vlsl 2y iAEE vt S|4 o]
2o 3=l vjgo] o AL Ze® B (Mirsa et al.,
2012) =1 313, Odzak et al. (2014) = vhFst AFedgol| A
U iA e 59 FeF oF 5% S3llEY ZnO+ oF 49% A=

& rlo
T

filtd
E r:;z 30 fo ?P
p o rlo
e T;L Fj s

o fo ey

AP
g

% zo]7} AgNPs Bt} ZnOollA o w2 F5a8S 334
o7 AR 5 glo] Ralth

T3 Urdze el AelA s st AdE A
A it Fe2 F5E] $42 4 lvke ARlo] B
St} Renault et al. (2008) & H5EH (Scenedesmus
subspicatus) °l 2= FUEQIAE 647 Aol AAAAI]
F 9, o, A3MAde] A RS FE Ak Tk
A2 TEMo® a3ttt E3 Meyer et al. (2010) <
PVP-AgNPs$} Citrate-AgNPs 25 A%5 (Caenorhabditis
elegans) AXZE FH3le] AW £ 4 o= A& &
oletgict. wheba, AFdo] AHAFAR Astabg el Yesizt
£ AAEALT e ARE A UxdAE ARHE F
4= 3glvk BejAt) spAnl, & AFellA s Aol vl
A7} SE5o] F4E AR ARA R F49 A vEE
spetd 4 gich

& AT Adfe} o], Ak SAES] Agd
&L 7Zno) vjE W& Aoz By Fe] 9lck. Wang and
Fisher (1996) & H&7F5 443 3 (Mytilus edulis) 9|
Ag® BT5EE (19-21%)°] Zn2] F4E8 (38-54%) R} o
I, Griscom et al. (2000) < t}ofgt E&=8 A48t sfoF
olwlsllF Mytilus edulis®} Macoma balthicad Ag?l &4
EE (5- 22%) ©] ZnS FTEE (21-36%) R} Yl By
SR gk 7]E ATelAE YAk AE5A Aurt &
ZdZ el gt eFol] FgkE o] L, Ho] HAlE Fi xF 7
2= A= 9lom AgNPsst ZnOE §A]ol =413 A3}
7b el £ Azke} vjwe] ofggo] Sl

3. %39 Ag¢} Zne] A A

HoldAke} vegde] A Be S5 10d 59t =
A7 F A F2E Ags} Zn7) 214 59 AAEE oF
2 two-compartment A|AZHE w3t} (Fig. 4). %7|
-4 Fob wE AAE 21 F vl =" A7 S|l B
1 Gk ol ElE FAAEC] 49 5455 AV
ukz o] okrko 27 AW F40] fast-release poolZ} T+ A
slow-release pooldl|lA A|AZCL B3t} A|A S-S A
F3e2 Fst wE AATL (ke B =" AATFZE
(kep) &) AAE A+ 84 stripping WS 283k T
313t} (Newman and Clements, 2008). AgNPs¥ £&
Agell =535 A& 7] Wi AATFIAA 2 30%0]744]
Ag7t AAH{L. 2 Fele Wy =¥ S5 (key =

o ﬂ}‘)l‘

o

1o N
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key: 0,003
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L.
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100
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N A. PVPAgNPs B. CitrateAgNPs
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P AL,
B e = . 0.
5 '$+-- ker: 0.006 H‘f; 1 ke _MUG
‘7o T 1 ST
E ‘.+ { ° 4] . * * + A f
F AR I ’
o4 I
£
=
i
=
=
é C. Ag ion D. ZnO
=l 10 10
=
-
&

05Bb$° A i é X

P

key: 0.002

E. Zn ion

0 3 3 9 17 15 18 21
Days

Fig. 4. Fraction of Ag or Zn retained in the clam (Corbicula
fluminea) tissue during 21-d depuration following 10-d
exposure either to food amended with PVP-AgNPs (A) or
Citrate-AgNPs (B) and ZnO nanoparticles (D) or dissolved Ag
(C) and Zn (E). ke, values denote efflux rate constant,

0.003-0.006 d') % #&¥]glon], AgNPs H2] 77} §2 Ag
Ae]7 Het 2vf o] =3 £52 AA=Ich

ZnO A TollA A2 7] oF 20%7F AA=HGL o] F
AAEEE kep = 0.006 A Sich §F Zn A9 Zn AA
+ one-compartment A|AEde 7VAA 27158 wl$- =2
A AAHRL, AA £5+ key = 0.002 d' e} Zno] A7
+ Agshs W E ZnO A2|FellA &% Zn 2275 3n)
ol w2 AAEE Aex Yepsith Aoz ie 547
o AEA 7] (tys) = Znol AT (tye = 346d) >
AgNPs A2 (tyz = 231d) > Agol&3} ZnO A2 (tie =
115d) <22 vepgr}

2 79 A= AgNPse} ZnO A7} Aol 2% 3
A w53 2ol AEEAEH wiEHgA L, wEH A=
= AAEE FE5Fdel vt 234 Ao|7t & A
Zt}. Croteau et al. (2011) 2 SHAAFHAA FAAE
7oz o=p9-Fo] (Lymnea stagnalis) 7} AgNPs
(citrate-, humic acid-AgNPs) Z} Ago]&°] 447t &3}
25%47F AIA7IZN: AR F Ag AAES 247t 0.051-0.058
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23 0.004 d'2 2uFch 7R AAEL ZEHA FF
o AL AgolE AT AASEE & A7AA} T
stk 71=lu] (Chlamys islandica) 2] o] E] Agst
polyallylamine (PAAM)-AgNPsel] 6A]7F =% ¥ Ag A|A
£ i mEA A} AedA w7]E 17-50d 9o

w2 AAEEE ofrtx e 7|70l 719ldk Ao s ®al
t} (Al-Sid-Cheikha et al., 2013). 733} %] (Peringia
ulvae) & £ Zns}t ZnOol| 794 =Z3} 28U A|# 7|7t Zn
o AAEL xE4=2 FHsH 0012 d'E ¥2uyc
(Khan et al, 2013). ¥ 54194 384 7Wer
HomANPs9} ¥7Zn0e® 9% Eofol| x|¥o] (Eisenia
fetida) 2] 10947t =% ¥ FA= G52 T97E A7 A, Ag
o] AAEL ZHHe ol T3] 0.03-0.04 d'o]iL Zne] A
A&-& 0.01-0.02 'S ¥t} (Lee and Lee, 2021). A<
3 o2 F49 AAEL Cust Seol 27 0.004¢} 0.006
d'® 23 53 9t} (Croteau et al., 2004). wehA, AEZ
e S48 359 AAES 2557 224, 237
AAZNZE 22| A2 5ol we} oofshA e, Yx

24 QAT AT ol A AEL BEe Sl

4. Ag%} Zne] =2 X E4

Ag®| AW FE2E FHTFY 25 =0 T Ag
9] o F--0] cellular debris (45-60%) °ll, o-&22 HSP >
MRG = Org > MTLP <22 ¥¥3}3t} (Fig. 5). Znd =
A +2 A =E5HZ| A JFE A dskeH
cellular debrisel °F 50%, Orgell °F 30%7} #+¥3}5°
a8 YA 37 fractiond]lH 2 5-10%% wE3}ich
(Fig. 5).
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AEE2] A A Hj-E2] F49] cellular debrisol] ¥23F
vtz 2udtn 9lrh. ZnOe 3047 x=EH %o
(Carassius Auratus) 2| 7tol|4 o} cellular debris +
MRGell 55% 18] HSPe 25% ¥ 3t} B g} (Fan
et al., 2013). AEHE Yl 25 F gy F50
cellular debrise] #E3=d), AgNPso] »=53 A
(Lactuca sativa L.) 2] Agx 2F 80%7} cellular debris$}
MRGe 8] 9F 15%7} Orgell +E3}1 (Li et al., 2020),
AgNPs¢} ZnO°| =% 3 x5 (Thalassiosira
weissflogii) 2] Ag®l Zn¥E cellular debrisol] 27 80%%}
65% aex Orgell iy 13%%} 18% ¥
(Bielmyer-Fraseret al., 2014) 3}y ¥ v3}ic)
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Fig. 5. Proportional distribution of Ag (A) and Zn (B) in subcellular
fractions of the clam (Corbicula fluminea) after 10-d dissolved
phase (Ag or Zn ion) exposure or dietary exposure to
PVP-AgNPS, Citrate-AgNPs or ZnO nanopatrticles, Subcellular
fractions are grouped as cellular debris (Deb), metal-rich
granules (MRG), organelles (Org), heat-sensitive proteins
(HSP), metallothionein-like protein (MTLP), Different letters
denote statistically significantly different at p = 005, *:
significantly different at p = 0,01
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