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Abstract: Current ecological risk assessments of microplastics predominantly use spherical particles
as models, paying insufficient attention to ubiquitous non-spherical microplastics, such as fibers.
This oversight may lead to an underestimation of their migration and accumulation risks in benthic en-
vironments. This study employed rare-earth upconversion nanoparticles (UCNPs) tracer technology,
combined with ICP-MS quantification and time-gated imaging (TGI) , to compare the environmental
fate and biocaccumulation characteristics of spherical PS and fibrous PAN during a 30-day exposure
period within a multi-trophic estuarine intertidal mesocosm. The results indicate that PAN rapidly set-
tles and accumulates in sediments, reaching a concentration of (30. 94+5.52) wg-g™" after 30 days;
in contrast, PS remains suspended in the water column for a longer period. The accumulation concen-
tration of PS in the biofilmed leaves of eelgrass (Zostera asiatica) reached as high as (511. 69+
108.16) pg-g", with a BCF of 11 449. The concentration of PS in the digestive gland of Crassostrea
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gigas((15.26+1.12) pg-g") was significantly higher than the PAN concentration. In contrast, Rap-
ana venosa and Sebastes schlegelii exhibited a higher tendency to accumulate PAN in the sedimentary
phase, with the material primarily retained in metabolic organs such as the digestive gland and liver.
This study demonstrates that the physical characteristics of microplastics, including density, mor-
phology, and their derived effective hydrodynamic size, are critical factors regulating their environ-
mental fate and biological exposure pathways, providing a scientific basis for the precise control and
risk prediction of microplastic pollution in estuaries.

Key words: microplastics; mesocosm; estuarine intertidal zone; environmental fate; bioaccumu-

lation; upconversion nanoparticles(UCNPs )
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Fig. 2 Morphological characterization and chemical stability evaluation of UCNPs-labeled microplastics

A. scanning electron microscopy (SEM) image of spherical UCNPs—PS, B. transmission electron microscopy (TEM) image of spherical UCNPs—
PS, C.FTIR spectra of UCNPs—PS and unlabeled PS microplastics, D. leakage rates of lutetium(Lu) from UCNPs—PS in natural seawater, simu-

lated gastric fluid, and simulated intestinal fluid over 30 days, E.SEM image of fibrous UCNPs—PAN, F.TEM image of fibrous UCNPs—PAN,
G. FTIR spectra of UCNPs—PAN and unlabeled PAN microplastics, H. leakage rates of Lu from UCNPs—PAN in natural seawater, simulated gas-
tric fluid, and simulated intestinal fluid over 30 days(A. ERJE UCNPs—PS #3146 i 1 A Bi 1%, B. BRI UCNPs—PS 135 5t v 1 el e e 1
1%, C. UCNPs-PS 5AFRIc PSSRt A M HLIH A IR AT B IE K], D. UCNPs—PS fER SRR | AU RS 30 d P9 Lu JEZE RO
TR, E. 24K UCNPs—PAN BOF3 8 7 MG, F. 2F4Ek UCNPs—PAN A3 5T oL T M EsEM% , G. UCNPs-PAN 5 AbRic PAN 1

SR R LR A 18], H. UCNPs-PANTERSRIOK . AU B AR 30 d N Lu st AR 5
2.3 HEFEEEYI BN E S S ARSI RN
WA 22 53 AR E 1 ARV AES O A RO R R R iR . BRI T R R,

BRI ZE RO A M A SN BRI BEAT 035 50 (p<0. 01) o £E30 d Y FRFRWIR, RGEN 4 Bl AL IRAT
R A Y B R AR AR R B W TR A h U  AE B R e (181 3) o
2.3.1 MREFE: BEHEENRETAMBERBE BRS8N EENREE, Xt
BRAR PS e BLHL AR o 04 B 5 MR R, HAR SN RBUREEIRUCA . W& A Fr >R B AR P
M R>HRER . (EAHERRE, B EYIER o ERIR PS B s 5 B mis (511, 69+108. 16) pg-g (Y
HHEFMBCFIA11449), AARMEADIT 102, 2665, HILE TLF4EIRPAN((123. 04+16. 82) pg-g ™).
X VA A TR AR AR I 53 WA ) K EPS A i) Z4EPUIRTOEA S, AHAL T 25 S 1R 48 1 14 % s P it A B
DI et e, ROT & BERTE PS BEZE itk & BEA IR FLER i s 5 | i K AR HH 52 B
TRERER
2.3.2 RAEMRE: KEFHBLNESNEREEE KPEREGEAIRENERIERS, HE
A (BRI S HLAN ) 32 3 DU X ERAR PS B 8 25 5 4 M I (p<0. 05) o LLIH AR AR M 1, BRCIR PS 2
((15.26+1.12) pgg') RELF4ER PAN((7. 2840. 70) pg-g )2 M50 L. VM MAIR BGRIE &, K4t
Wi MK SRR . BT ERTE PSTE/KAE P ) BT I TR B IC, Hm  E RN AR iy T DR LR 114
PAN. HULIEmS, BRIERURIAITEZS N, Syidid VIS 22 2F B ) 7 ERE N LRRITHAL R SE s ET4EiR
VAL S B BEL B 885, M AR — N



PRI DESE . SETH 1 LR AORIR R BRI ERTE 5 £ AEMR SR RAETT L1 3 ) v I RS0 S A

559 B YrE T 1869
700 — : =

1

1
= 500 ! L =
R I Ab - E
0 i o
¥ i &
= 1 =
E : E
£ 200 ' g
g ! g
g Bb i g
E . 2
£ 100+ ' £
£ Bb q g
= \ =

1

1

1

L L-bio R L L-bio R GLDG G AM M GL DG G AM M
PANZ: % PSR PANZ: % PSH: %

D

404 Aa AaAa Aa

3.0

2.0

1.0+

Microplastic content/(ug-g™" -dw)
Microplastic content/(ug-g™" -dw)

Ct DG LG F Ct DG LG F G L Dt M G L Dt M
PANZ:#R PS##% PANZEFR PSHEE

B3 #FE30d)G, WHIESMBEHEAR RS FZHRAEM AL R R R oA
Fig. 3 Tissue-specific accumulation burdens of PAN and PS microplastics in organisms of different trophic levels
after 30 days of exposure
A. primary producer Zostera asiatica (L., biofilm—free leaves; L-bio, biofilmed leaves; R, root); B. filter—feeding hivalve Crassostrea gigas
(GL, gill; DG, digestive gland; G, gonad; AM, adductor muscle; M, mantle); C. benthic carnivorous gastropod Rapana venosa(Ct,
ctenidium; DG, digestive gland; LG, leiblein gland; F, foot); D. demersal fish Sebastes schlegelii(G, gill; L, liver; Dt, digestive tract;
M, muscle); data are presented as mean = SD(n=3); different uppercase letters indicate statistically significant differences between microplas-
tic treatments (p<0. 05); different lowercase letters indicate statistically significant differences among different tissues (p<0. 05) (A. A=
TR (L, REGEAEDENT F5 L-bio, FEEEWEIM s R, M); B IREHIGEIAFEFERAE(GL, 85 DG, WHLM; 6,
Bis AM, PFEAL; M, ZMERD; C. EHEA BTS2k (Cr, 8, DG, JHAM; LG, BiEM; F, &); D. B2 @ISR Pl
(G, 8, L, BFWE; Dr, WfkiE; M, QLA ; EdERR R PYEbREZE (n=3) ; ARIKRS TR RO e i 2 B 22
(p<0.05); AF/NGFRLRARRIHL 2 BIHGE A  E 2 5 (p<0. 05))

2.3.3 EMERE: KIBSTFRIEMHNTERNNFER SVREFSEMEEHEYANE, AR
P TEAT bk 21 MR R J2 €0 285 APl 24 0 2T 4R PAN S BILH B8 e 00 S 0010 o Bk 2n Mk 9 A ke T 4k
PREGRIFFHSCHL P & =S T F U, HIHEIRN PAN S &4 (4. 4740, 42) peg's X5
LA A AL % 7 (0 BRBE B R S VIAE S, RIPUAMW I PAN MBI 5 ik 2 Mo 5 v
B EEER AR A K, BRI & e U & R b s st N kg, HAE
THAC R GE P 138 i R P28 o S I )44, W RE AL H W S i R S8 2 7 iy AR HE i R PRl th
AU, IR )2 B VR G- il [ AR v RN T AR BE I 27 4E PAN((3.9020. 07) pg-g™) o TGI4E

(B 4) 38— EHESE T 4RIk PAN FERKAT SR TH AL IR s s etk | SR S s i) oA . MR EMS (8] 4A) 7
BT J R T AL S B B T i SO ZH 2R 45 ) s B3 EUR (18] 4B)7E 974 nm IRZLAMEOG L T, TH
AL BRZE ZE ) B DX S S P S 3 28 155, 268 UCNPs AR IC APk I B X S i e SR 4 &
sz EG (B 4C) K S5s3G5 s, 30N 74RO E s 42 b 0 SO0 50 A1 5 7 53
L. AR RS 1ICP-MS & B E IR Ordr— 3, R KAR ML 2P 4E GO RHE AT 2 3 (R 28 B
HA WA ETE S, S8 7 HAEAEY RN I A 23X
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Fig. 4 TGI fluorescence imaging and spatial distribution of fibrous PAN microplastics in the digestive gland of Rapana venosa

after 30 days of exposure
A. bright-field image showing the microstructural organization of digestive tubules and surrounding interstitium; B. dark-field image showing the
fluorescence signal (pseudo-color) of UCNPs-labeled fibrous PAN microplastics under 974 nm near-infrared laser excitation; C. merged image of
bright-field and dark-field, confirming the predominant distribution of fibrous microplastics within the interstitial spaces of the digestive gland ;
scale bar=100 pm(A. WHIZEG:, BoREEE R ) Ao 454 s B, BE7EIG, TE974 nm ITLLAMNSGIA T 7R UCNPs 5
ICMZFARR PAN R EHNZOGE S (1) s C. W SREZEGEN, BATLER BRI AR RIBR A i) 25541 5
FrR=100 pm)

2.4 YRTEEESKEER

VA AR S RGN FICAFE, AW 30 d 2885 00 H 8] RFE AT Rk 4 T ot 2T ik
BB, £2), 48R ER, 4R PANFIERIR PS B R S8 WA 53 2k 81. 6% FH 85. 0% (A [ g B
5y EEVAR T KFE A RER P BRI . AR R R SRR ) o

YA A R ERAR B 75% B9 RGN OB E B T IR b, IESEIREE IR Y i ]
H i R i ZEXWBE X AHFEAED R, TR AR B 2550 i 2 B B B A . I8 e R8N Bk
TE PS Y43 B L B3K 3. 93% (A& PAN 9 10. 3£%) , XU RL RS ERTEACER BT 28 E A, Befg
S AR KR i AR SR, FEARIE AR N K AHERE OB R ) H 28R . MEZ T, A4
BHENS S P 5 & 55 H ISR . % RSP Z0WR R4 FC P il b T )iy S A B 35 2%, 4F
AERRE L H A ARSI B AR, R T RE AT o8 i i W A i XS, . DU T BRE pnife
POERH) B, WREAR T LER B RHE A A S T )R8 5 RN, PRI AR R JRURS: Ak 7
FOTMNIEBRE . o, TIEIMARRRIRME. #HHi s ZREE R 7KIER- PRz, FE5
S FEBC T, SR EN AR S T RE S MK AE H PS [P HL,  BRARARHL K R fer . AHA T E
bR A Gy AR R PAN 248, 2 RGO 5, i85 R Bk |H A H A2 O i
X, ZASHLRISEE R AT R DI B AR &, RWNEPSN AR AL R . B AR B S e T Rt
P AT T LA AR AL, aTRENE— A NG AT 5 R R

F1 FFE30d)E, B PSRILTHER PAN SSDRIE 75 R G & A0 4 BL L5

Table 1  The allocation ratios of spherical PS and fibrous PAN microplastics in different phases of the mesocosm system

after 30 days of exposure

PAN content/mg Percentage of PAN/% PS content/mg Percentage of PS/%
FZMEIK 1. 15+0. 004 1. 92+0. 01 1. 38+0. 40 2. 30+0. 67
2K 1. 1620. 003 1. 9420. 004 1. 300. 30 2. 17%0. 50
RN 2.31+0. 004 3. 86+0. 01 2. 68+0. 70 4.47+1. 16
A 46. 42+8.28 77.36£13. 81 45.9319. 06 76.54+15. 09
T - 0.23+0. 16 0. 38+0. 26 2.36x0. 68 3.93+1. 14
RAPE R A5 0. 01+0. 001 0. 0120. 002 0. 03+0. 03 0. 04+0. 05
Jik 2182 0. 01=0. 000 3 0. 01=0. 000 4 0. 003+0. 000 2 0. 01+0. 000 3
VI BT fify 0.01=0. 000 1 0. 02+0. 000 1 0.01=0. 001 0. 01+0. 002

SN 0. 02+0. 001 0. 04+0. 002 0. 04+0. 03 0. 06+0. 05
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Table 2 BCF of spherical PS and fibrous PAN microplastics in various biological tissues after 30 days of exposure

Specie Tissue PAN-BCF PS-BCF
B - il R KB A R 1 3654267 50631 408
R A= st 3190+436 11 449+2 420
it 162+28 3554225
TP A5 i 160+44 307£120
THAL IR 189+18 341425
T 168+29 279+71
FAFENL 109+3 94+17
PAES I 152428 142+85
Jok &1 42, [ 113+9 8111
THALRR 116+11 6016
JERiEL 113£9 67+7
i3 1021 46+2
VG- i fifl 1001 50+7
JiF ik 1012 48+2
JHAkIE 101+2 50=+1
LA 9941 47+1
s
3 & it

ARWEFEFI N UCNPs SR EZHAR , TEZ7E IR L a)is v 52 RGP s 1 ROk 22 B B X
HIRGAERIAY) & R0 . 2R, ORI Y PHE (R R . TEZS) brE)9K3h 1 HARR 1 A2
AR ECA R M B AR . LFARIR GRS Sy i e i A SR AN DO DR S N DU AR IR o R
R, BRI GO I R R I )G, BB Tk o TR R — P SBOREE FF R A R DL
IR NGRS T S § RN NS SRS S R IO B2 9 Z per ey SR = )T AR - NS S IROE N
DU P I 2P RIR TR . BUA S TARIEERTE ORI 2GR AR, WTREAIRAS 1 £F4RR OB IR 21558
H R IERS A AR SR . AR L BB WAl B TE 70 2% ETE S 3%, DLER TR EERTE R 552 47
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