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Abstract: In a radiotracer study, the bioaccumulation and efflux of metals in earthworms
(Eisenia fetida) exposed to soil spiked with ZnO and Ag nanoparticles (AgNP) were com-
pared to those exposed to soil spiked with ionic Zn and Ag. Additionally, the bioavail-
ability and chemical mobility of nano- and ionic metals in the soil were estimated using
the sequential extraction method and compared to the bioaccumulation factor (BAF). The
BAF for ZnO (0.06) was 31 times lower than that for Zn ions (1.86), suggesting that ZnO
was less bioavailable than the ionic form in contaminated soil. In contrast, the BAFs for
two types of AgNPs coated with polyvinylpyrrolidone (0.12) or citrate (0.11) were
comparable to those of ionic Ag (0.17). The sequential extraction of metals from the soil
suggests that the chemically mobile fractions in the Zn ion treatment were higher (35%)
than those (< 20%) in the Ag ion treatment, which was consistent with the greater BAFs
in the former than the latter. However, the chemical mobility in the ZnO treatments did not
predict bioavailability. The efflux rates of Ag (3.2-3.8% d™") in the worms were 2-3 X
those (1.2-1.7% d™") for Zn.

Keywords: earthworm (Eisenia fetida), metal bioaccumulation, nanoparticle, radiotracer
method, radiotracer

sisha £, 414 S8 & fiRe] 7P B
21T} (Jankovic and Plata 2019). AgNPs+= =t
7wzl o, A, AA71, etite, w2 e
Y Foll FE LA A-8= 11 QUct(Adeel et al. 2021).
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Metal bioaccumulation in the earthworm (Eisenia fetida) from nanoparticles
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2009; Wang and Nowack 2018).

Edo] F9E U8 B ohafet 4]
Aol whet 2212, sfeha] 2|3 Aot Hy Mg 7
A B MAlstE TRt AEEolA H9dFe =
ot R 5T QItk(Rocha et al. 2017). 3], A|F o= A
st 2)9j9} el Hjo] chabet o AEAWt okt
Uiead o] EgolA sl B St 2 =Y A
AEZ AME T QTH(ISO 11268-12011; OECD 2016).

EFetgol A 2ol ofd tle iAol thigt sl 3
7 Sl B4 W A =449 A= AdEs] Eol o] Fo
Row, 24O TAL AL ofst o AFH ZhA] A
goll o]27|7A] tefet A=t =4 ol vEht
0 Stk (Adeel et al. 2021). SHAIFE, YeE2E9] life cycle
2eS oM Bl FdE Uiead Y =0t ie W
= A0 2 d=E7] w20l (Gottschalk et al. 2009; Wang
and Nowack 2018), &4 A 2 & oJn|7} Q= W2 F ol A
L dzte] Zetets] Agolu a2 o] dojof gigt A

+ 89 5, AA oA HAAE a2 454
Hots AE52s SolA o]Fofx]al v 5o vt
e 7HsAdo] =ohal & 4= Utk (Hou et al. 2013). T3 AY
=554 (bioaccumulation factor T4 bioconcentration
factor)+= P|=1 (U.S. Environmental Protection Agency)©]
v 53 ﬂ:‘ﬂ'(Registration, Evaluation, and Authorization of
Chemicals (REACH) of the European Commission) 14| 7]
ol e F = 57| A ® 2 AREH AL Qleh

EgT Aeolle 490l 52 w50 555 olv| X3t
Stal Q71 whgol, AEEe] ga5uieEdS 7oA &
A e FRoAE ZE B el A a5
TEstal FeFshs ol WHA HA17F ek o2 A, ol 9]
735 LA 22 EFA =52 Bt 56.5mgZn Kg™
723 7 - Yetol A k68 mg Zn Kg ' o]

1 (Alloway 2008), Uicotdo]l 71915k of¢d 2]

STt sk a A S A2 A ElA 3.2~32
mg Zn Kg'' &2 fZ =1L It} (Gottschalk et al. 2009). SH4]
T 71& AFEdAE EF 100~6,400 mg Zn Kg™' H ]
O] o} Yl AAE H7lolo] a5 Ade Haskal
=0 (Laycock et al. 2016), 1 27| =2 FEE H7I5kA] &
O™ Hlwtof| v A2te] e FAof F-olgh ekt
dofuhz] ¢h7] wiZolet.

2 AFolM= At FAVd SR EARE S5 AR
Pdsteq, o] & S22 o]-gsto] &2 o7 ou
I, A% AF-sEo Y B2 oA, YAt
HE B A=A W Agdt Zno] 752 mhefskal
shaich HAM EA U4 S22 712 we- wzdst
2 FEolA S4o] 7Fsshal, e SAATZIA] ¢
A AW e HekE A g 40| 7St
Al ek 71 We 4AF 9Hd Woll $zn o2 HOmAg o]
25 37Fstod, ©zn0 AFstobdd Uleiztet & F70] &
Uizt pvp (polyvinylpyrrolidone) T itrate® TH
T 1mAg(0)E S ol F A S 7MY B
HAo g 9o Hrtol AHREE AFEClt ol |
ROIAtE e HH BT tixE 23} of¢lolgor @
AE EFNA 20| (Eisenia fetida) 2] AJE52 1 A|A
SAJoroinh. 3t thhA|F=E 1 (Sequential Extraction)
ol-gste] EYF Wl 59 2 54 € &0l

(bioavailability) & l&otal o5 A& 543} v wstqict.
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2 Ao AE b FHYAE Szns} 10mAgE o]-85t
o] $Zn0 W YAe} PVP (polyvinylpyrrolidone) 2 318
gl 1omp g 11 QI 219} citrate® FEE OmAgU QI AS
Haotth ZnO= /5] f1all Jezequel et al. (1995)<]
P& Asto] o] g5ttt W& 2k2 =10 60 mM zinc

acetate (Zn(CH3COO), - 2H,0, 99% purity, Kanto chemical,

iy EO]I

¢}

Japan), 20 mL diethyleneglycol (DEG, 99% purity, Dae-jung
chemical, Korea) @} %Zn (as ZnCl,, Perkin Elmer, USA)2
SHA 718 At Zinc acetate’} DEGO] $H45] =52
F 100°CIA] 7FERE & 180°CellA 1AI7F F<F 7HE 5T
%7n0& /ol L, d=2e] 2 wi7hx] wHkAA FQich

ol A ©Zn0 FRIE £H3 23,000x g2 202 &
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#1313, dA% $7n0 bl
o AyEels

PVPE T8 AJ71 & Y- U&= Arshi et al. (2011)2] 1
He 45 eAste 4R, 4 B F obAlEe]
PVP ((CsHyNO),, Sigma Aldrich, USA)£} AgNO; (99%
purity, Sigma Aldrich, USA)= 7Fsto] P45ttt HA
50mg AgNO;E 0.1S mL Sl 8aliAX] th otAlE
40 mL2} """Ag (as AgNO3, Korea Atomic Energy Research
Institute) & H7F5to] 20% &< 73}*]74 TP o] F
PVP 1.6gS H7Fet & 404 5 TFAIA ol o]+ &
Ao ARt Qol27t A EH Hobdle OW] = AlA
Skl S/ SomLE F7Fote] o] 895 10 FeF Wit

A7 PVPE TR H "mAGNP-PVPE T4t

Citrate2 T8 A|X1 2 WY 9J2AH= Chinnapongse et al.
(2011) 9] HHe wheh Al Z5HATE WA 58.8 mM AgNOs
0.845mL2} ""Ag (as AgNO;) S 20 mL Z-75] H7}st
L ofsHA| ZhdstaA wHEAlA oS FRESHAH. 34
mM sodium citrate (Na;CsHsO7 - 2H,0, 99% purity, Junsei
Chemical) 1.46 mLS St %24 7186194, 100 mM
Sodium borohydride (NaBHs, 99% purity, Alfa Aesar, USA)
£ HA3] ot X AU)ste] oo MAto] Hg & 30

= FRSAIFT o] o] §HS A4 Al5]Fo citrate
2 g9 2 O];q'(AgNP citrate) & 35S}
A E Y YAE2 0.1 M EDTA (ethylene diamine

tetraacetic acid) & A0]A] Y=} EH S| o] Q1= HEAL
HESl9Lae] BARsS AAS AT AZH e gRte] 9
Ho} 37] 9 THPLE Qohs] lste] EabAEn
A5} 24 B ol gakr

IleH

HjQ g

g HUEGH=

MHo

= x

2 Ao A A8 AR O] (Eisenia fetida)+= AP
Sheto] Aol ARG FTollA FaF o, A 7d A
HH 21 +1°C ARS-25 oA HiFE L, ARlolle 2]l
] A|1%°] 300~600mg?! A S AElsto] o]- g5t A
Hof| AFEH Q1 FE S OECD Guideline (OECD 1984)°]]
A AAEE ‘ﬂo*‘:”—"— HE st ZAskAh 2 AdA 1F
E AlZE OECD Guideline®] ma} o] Fo) % 11, EQFO]
& =EARE 2B BEEREH SAE G450 vjE 52

3

= Aol F2 o] A Wgste] ARSIt ol 29t ¥

L N
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< PAMEE 2R a3 A7 E S F4s)
5tz Qloff Bagt 2| ¢ick &0]7] E&(Sphagnum peat)
W 7R UelE HE T1Eal AYe 1:2:79 HER A
85190, pHE= CaCOsE ©]-85te] 7.0+0.57F HESE
Z75H A, -2 30% 7t E| 5 Skt

AFTEGN H=dAE H7Ish] 9l He=dAE 5
TR A FEol A SAe & e dAte] S
z|43tsh7] 9ol 3027 sxbA s 4L, o] % &4
H EFS 25mL Hfo|¥ol| sg ol & $Zn0, " AgNP-
PVP2} "OmAgNP-citrateE 3 mL¥ H7Fsto] L Y2}
o] FEE 100 mg Zn Kg'9t 2.50mg Ag Kg ™' 2 B F
ek A Yl AR A5 71Eo] & I g5
29| AsE Hwstr] 9ol 8E449] ZnCl+%ZnCL}
AgNO;+"""AgNO;E H7Fsto] 57t 9] e dAE9]
St ZolA| =5 SH3ih
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2002), s Z0] B F ABARE oA 4857
2 A ALt &I 10479 =&7|7] £
o Aol 24417 B9 HYTAL A% o F @ F
e Eopo] £ ujolatz §7 & 797 24 AT
= sten 2984, 7440 e 7ol A PAFs=
Zohck o) 24 A, BE AR 34 24L Hotsp]
sl A= s=AE S, A sS5Ar= A= Al
o B0 EE B U] 34 SEE O 2o] A
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Metal bioaccumulation in the earthworm (Eisenia fetida) from nanoparticles

HE & Qlof ol €0l BRsI3lH. ol &

4, Tfoh7| 2= =4 (Sequential Extraction)

EG U 2t 559 2EEAT A=0]-8% (bioavailabil-
ity) 5 Hlwotu 2} A FEH S o] 8ottt thdAS
ZER2 Tessie et al. (1979)3} Clark et al. (1996) 114 A A
S AR sl A GAZ . 1A Y AT

EFE 60°CollA] 24A12F AZEAIA oF 1g& F5k3
& 50 mL polypropylene centrifuge tubes®]l Ho}
= APt om 4719 vhEaE FoUoh A HAe B
F A=l 8mLe| S5 H7RRE & Aol 1A F
o} WHIR|AH & & water fraction (Fl)—% ZFZ319 1 o
Al 0.5M MgCl, (pH 7.0) 8 mLE 37}5t9] exchangeable
fraction (FZ)% FE51h O]—?—, 1 M NaOAc (pH 5.0 with
HOAc) 8 mLE H7Iet & 20°ColA sAIZE B9t mHkA]
# carbonate fraction (F3)&, 0.04 M NH,OH - HCI (in 25%
HOAc) 20mLE 71t 5 80°CollA 6A17F B9t WHIA]A
Fe-Mn oxides fraction (F4)E F&5tth EH 2 0.02
M HNO; 3mL2} 30% H,0, (pH 2.0) SmLE ¥-2 F 80°C
A 2A17L, 30% H,0, 3mLE 7Sl 3AIRE 52t 57
HAZ] & Aeo2 A8F9I, 3mL 3.2 M NH40A (in
20% HNO3)E H71s5l 3027 WHIAA Fto] 2FAHo=
organic fraction (FS )} residual (F6)< A 31t

$ ot
oo o

e R oo
o

O

O

5. Wb 24 % Sz

A 59194 0] HHARS (radioactivity)<> gamma coun-
ter (Wallac 1480 wizard, Perkin Elmer, USA) S ©]-85}o] =
ottt ®zZn2} Zn0 (t,=244.1 d)= 1,115 keV, '""Ag
9} 11mAgNP-PVP, """ AgNP-citrate (t;,=250.4 d)*= 658

PSS ZAsH RE B 24 A 3
202 5ta1, 4 of|2] (propagated error)+= 5% ©|H T
WAFse] 57 A AAT AN RS olstel WA
=t BE 2 53] & (disintegration per min,
75}, cpm (count per min)
At 7| B 7] 242 o]
859 dpm (disintegration per min) 2 & g5t A
Aee YA ZFAHEAS o] A5k e H FA1A

2
o

nm APO|ZE YEHH o H, EDXE F9ll =
Y27t Zn= FAE] AU5S FAS 4 A
PVP%} citrate® ZEHE & L dxt= gl
BHI F7)= 217F 9.40 £2.99 nm®t 13.10 £2.44 nm & L
Bhgton, & Ul BT Agw TAE e 2l
& 4 AT (Fig. 1). FS fAal H7ret HAM S
AE59] 90% ol/do] Yle g2tz A A FHae2
90% olol Ak, T8 F) A4 LheJAHES EDTA
(ethylene diamine tetraacetic acid) 2 o A3} LI}
T 2 F9¥ A= mH|SkH. o] = AV F A
AE0] Yl dzhe] AT = Aml S a4
S} ¥ (isotopic equilibrium)< ©]F1L Y= A A9

= b, 9 E e AR W AME S YA E Ui
dA=9] oy A= Wl A= F45k= d +-&5H
ol gd Ao r WAL 7|E HH AN A 5
Y4 (Dybowska et al. 2011; Khan et al. 2013) U ®AHS-&$

¥4 (Li and Wang 2013) 5 ©|-&3f L A}2] A AE2

554 A= A Edel A8t ol digt B

1 A= EoFo 2HE 2|go]k o}
g sty o ofdoleo 2 ogs okl Hls )
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Zn
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3.00 6.00 9.00 12.00 15.00 18.00 21.00 24.00

(c)

o i | '
. 8.00 12.00 16.00 20.00 24.00 28.00 32.00

TEM EDX

Fig. 1. TEM (transmission electron microscopy) image and EDX (energy-dispersive X-ray spectroscopy) data of laboratory-synthesized
ZnO nanoparticles (a), PVP (polyvinylpyrrolidone)-capped Ag(0) nanoparticles (b), and citrate-capped Ag(0) nanoparticles (c).

net S5 HIAth Aot e dRkel ool 2ol YAbs A4S sl AFolE L9d EFeRRE A
7He Bl =2 H A E A7 ol59] BAFE k&7 13 ¢ 715ke] 6417 &7t EHAR A & Al WAbsES 54
A% S7FetAeH, 2442 & 794 0.067F 1.862.=2 oF St Atstotd Ul dAtet ofdol ol e HH B
318 o] frolRt Zfol 7k e p<0.01, Fig. 2). o L2HAE B2 TS o 242 °F 63%2k

554 ©2021. Korean Society of Environmental Biology.



Metal bioaccumulation in the earthworm (Eisenia fetida) from nanoparticles
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Fig. 2. Bioaccumulation factor (BAF) of Zn in worms exposed to

soil contaminated with either Zn ions or ZnO nanoparticles (a) and

the BAF of Ag with Ag ion, PVP-capped Ag(0) nanoparticles (Ag-

NP-PVP), or citrate-capped Ag(0) nanoparticles (AgNP-citrate) (b)
during 10-d exposure and 8-d depuration periods.

B & (dietary assimilation eﬂiciency)q S = AU

o ORI sk HOlE G210 2 A e

2 JeR)7] gj&o (Croteau et al. 20

B2E ¢ 559 AU F+=
1°%e]

[e]
=
Ak # 4 Siek £l 4T B4 A AT

F ashigolA] QREE Hoke S §E iy
LR E s o)A tehd dafolT, ol Astold

NPT FEEHS HARE9 EUE FF B
Azg A g

o] A<

l:t:l T
L o

b

19 g

& (assimilation efficiency),
= && (influx rate), A&
(efflux rate) _O_o 5/d9sto] kS WS A o|th Laycock
etal. (2015)= Yot 0 2 @ A Efol A 2gol= 4
A& FolA 95% BE LA %= B F-E FollA of
A& ZA3ttal B I5FTE Romero-Freire et al. (2017)2
S00mg Zn kg ™! EOIA 3=9] -8 ofele] =7t
Irobd A2t Ee o] 2/ ofd 743]:%01114 108 & E=A
UePdtha Barskar Qlek whebA, o] 248 ol A2+
ZAgols B8 Bl 3559 && ofde AL
2 Y 5P Aor gk

H ALo| A A= BAF= A HOlE 56 mg Zn kg o}
dol2 Fko] kEAX] & 4= BAF 2.3 (Koen 2001)
7} 100~5,000 mg Zn kg ' AFSIotA ol kESto] A
BAF (0.01~0.37) %% (Hu et al. 2010) 3 ARG Q1S H el
t}. oo} -FAFSH, He et al. (2019)2 1497 29 EF
of EH Aol ot F4&0] o] 24 ofdd Ao

Q =z

a}
1)

mlm i)
rSL EZ:

FP

Elolv >

==h
°© 1:!—1

=

A thieotd ARk o~38) o A UehdS ®ale}
1tk
29| ¢ 9A Aed obde] et v A 2 e

Ao} o] Felo] o7 ooy EoFo 2 HE z]Fo]
AU 2 54L& = o), 29 @ FHlol| w2 2ol v
A5kt (Fig. 2). 29 £A& YieE4d A2 HolA] k& 7
U7HA] F7¥staL, 2ol A FollAl= sL7HA] S7Fsttt
ook AgFS HRAth kE 7Y & BE AHEFoA 2
O] BAF= +2J_t 2to] §lo] (p>0.05),0.17~0.23°] H91E
Helct,

Z|ggolo] & F2A-2 ofddof Hlsl| A 7 =E7|7F
o7k ulg- A vebetth (Fig. 2). 22 of<del] s =
o] AX 7ot F&50 2 U A Q1.0 H, Shoults-Wilson et al.

(2011a)2 ¢ 7mg Agkglo= @ HE EQFoA Z]gdol7}
9% E9RS Flujgithy B skl gk & ZA o] A o]
A & HolE Kol o= 2 A-elA A 29 &
ToflAE AAYEC] HAEE WSt 5o AFFAlolt

oh2 obAAL E4 o] e A

;] ]2 BAF (0 01~3. 63)—4 ‘:H—AE B It} (Nahmani et al.
2009). TFe 950l = EGo e E 2P0l & =
Z©o o 0] © Od ﬁ:]EHEi_]:}-‘_—. _Q_QJ EO]Z LH .‘:-_Eoﬂ ]:—] = Oq

FS ugrom EoF U & ko] ot} 0.02~0.062] BAF
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%k (Shoults-Wilson et al. 2011a, b)T}+ 0.74~0.89 BAF 4t
(Makama et al. 2016)= K115k it

10971] 1B/ 70k 2441249] TS vh
Al 797 QAR 2] 92 El =S Yol ofdo A=
Aoz viEs AmEH, Atstotdd i YA} ofdo]2
nE AR HEARE RYA7HA] wE S50 iS22

Q18 4 I9Itk 1 ol % 6A7-e A 242] A77 o
L2 biphasic elimination pattern= E T}, 5 HA] A7 7]

2t Bt o1e1o] A7Lg-S wlmale, 45l Lhglatel
ofdele AT A7t 1.7% d7'eF 1.29% 47 & A Al
o S4H oIS uj$ LR 5 AAAHE & 5 9

ohelo] 2483} el A7) SE7h AR AT ofd
of gefoll BalA] At Auke Bl Aol S of

12 Aol fAFSHA AFSRe A0 Hollt,

A 712] Gehe] Lol 1zl Aol g 2o A7
£ £l 2943 20 sialgol g ¥ ggtor)
ol o] HLAH biphasic elimination patterne Bt =
A A A7 L 2] AlAES 32~3.8%d7' 0] HAE

o, ofd o] A AEHTH= oF 2~3H] EA UETH
(p<0.05).

3, ChoA Y
caAFE YOl nHE Eofolt HHE W 349 2

3 FE - water fraction, exchangeable fraction, carbonate
fraction-2 mobile fraction. . = H|W & oF5t A2 5111 Q)
3, AR e g2 AEEA (bloavallabhty) =3t 23 &
Bz g A ok 2] RE2at Ao :Li‘\fi =794
¢l #Eog AESHA 19 spebA] vkt W A
Fef 2 LA Ath(Salbu et al. 1998; Basta and Gradwohl
2000).

7} Aol A 23t of A o] At A] RL= Fig. 30 LrEt
LI, 7} fraction®] FE5 = 9 HlEoll Bl 7t
= 100 mg Zn kg™ (°F WAk} o] & A 2l4h) 2} 2.50
mgAgkg™ (= Wl AR} o] & Ag) s E Hoto] &
o1 % 9tk ofedol2 Azl 7} Aslotel HeiTol of
-2 ZFZ} Fe-Mn oxides fraction®l| $3.2% (53 mg Zn kg™")
@} carbonate fraction®l| 41.0% (41 mg Znkg™") = 7 =7
F 325}, residual fraction A= < 5% (<5 mg Zn kg‘1)94
ZE BT} (Fig. 3). Mobile fraction®ll+= oFdo] 2]
T2t Atstordd Aol A 242t oF 359%2F 65% 2] FEE

F

-+ Ae

556 ©2021. Korean Society of Environmental Biology.
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50% -

25%

0%

AgNP-PVP  AgNP-Citrate

Znion ZnO Ag ion

m Residual Organic matter, Sulphide m Fe-Mn-Oxide
Carbonate & Exchangeable Cwater

Fig. 3. Relative distribution of Zn in the 6 different fractions of
sequential extractions of soils contaminated with either Zn ions,
Zn0O nanoparticles (ZnO), Ag ions, PVP-capped Ag(0) nanoparti-
cles (Ag-PVP), or citrate -capped Ag(0) nanoparticles (Ag-citrate).

Kol gt ghH, 29] 79 2 FHjoll TSI organic
matter & sulphide fractionZ} Fe-Mn oxides fraction®]|
>80% (>2mg Ag kg™") SZSFTE (Fig. 3). =+ mobile
fraction®l] <20% (< 0.5mg Ag kg™') EE35}oq, ofddof| H]
S sfeta] 1] al A et ST e ZoR
A S= ]l

ol 24 A7 7ol 5554
27 BAFE 1.8622 20|
H E9k=t, ol ofol2o]
fraction ¥} A5kl 2ol difE gt AotS sh= A
oF ARt = J
(bioavailability) Oﬂz—‘—]' A e
AUtk o] oz @ JAX Bk
A2 §U501H 2 AT (phase) 2
Sh ofslo] 2FE e A0 2 2,

s}, Atsjotedt ohelole Aol 4 B uj obel
o A=l mE A Aol SE 23 A VB
Az yioje] @abS Welek 991 2710] Astela )
=< EFUAET 294, ddrider ~X‘Q74Ur e
5 gofslo] ZAfsie], A7kl ALFEA B o
o ek A|SeHE £4AES S 27te] A
o Aol Aoz sl T F4
Romero-Freire et al. (2017) ZF= oAl AF3%0]
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Metal bioaccumulation in the earthworm (Eisenia fetida) from nanoparticles
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