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Abstract: Nanoplastics are ubiquitously present in environmental media. Owing to their nanoscale
particle size and exceptional ability to penetrate biological barriers, they pose a severe threat to eco-
systems and human health. High-resolution and precise imaging of nanoplastics, as well as the eluci-
dation of their interactions with biological interfaces, is the key to clarifying the environmental behav-
ior and biological effects of nanoplastics. However, conventional optical imaging techniques are fun-
damentally constrained by the optical diffraction limit, which renders them incapable of resolving in-
dividual nanoplastics below 1 wm. Furthermore, the background interference originating from com-
plex environmental and biological matrices further decreases the imaging signal—to—noise ratio(SNR) ,
making it extremely challenging to achieve high-resolution and accurate imaging of nanoplastics in
complex systems. Super-resolution optical imaging techniques can break through the optical diffrac-
tion limit and achieve nanoscale spatial resolution. They have emerged as pivotal tools for deciphering
the interactions between nanomaterials and interfaces, and hold significant promise for precise track-
ing of nanoplastics. In view of this, based on the systematic collection and collation of relevant do-
mestic and international literature, this paper categorizes super-resolution optical imaging techniques
for nanoplastics into two major classes: fluorescence labeling-based super-resolution fluorescence mi-
croscopy and label-free super-resolution imaging techniques. It comprehensively reviews the advanc-
es of super-resolution optical imaging techniques in nanoplastics research and prospects their future

development trends, with the aim of promoting the establishment of a super-resolution imaging detec-
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tion system for nanoplastics and supporting the assessment and management of their environmental
pollution risks.

Key words: nanoplastics; environmental risk; high-resolution; super-resolution optical imaging
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JEAGHARAE 7 B NPs ISR 22 R PR, LU FERST N T 2T S AR PR (£ 200 nm) 9 NPs, X flif3
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H-EHAEE 2 AR, JFEARIRIE T 100 wmol/L SN FURLA RS A e R (EHEVE R, ik THEZZOER
s TO T T 45 PR B3 SRR NPs B ME . R SMLM e ARTEA Y40 BUS T BT, (B B8 H
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Fig. 1 Comparison of laser-scanning confocal images(i, iii) and STED images(ii, iv) of NPs"“/(A); STED images(column 1)
and FLIM images (columns 2-4) of NPs in marine microalgae R. salina®/(B); correlative i 1mag1nry of dSTORM super-resolution
ﬂuores( :ence microscopy and TEM for PLGA-PEG nanoparticles internalized by HelLa cells”'(C); co-localization of aged PS—

Ps and Cd( II ) by SIM imaging(aged PS-NPs, Cd( Il ), and the cell membrane were labeled with blue, green, and red fluo-

rescence, respectively)™'(D)
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TR EORAN G, XOMSER BRI T ORI R e . (R R I AT R, O R
TE UG B A5 MR b R 2544 S R SRS B v R A o8 o A S P ) RS R T S AN DT A, 1 s i 45 44 6 [
FMW R, MM RERER R,
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STED. SMLM . SIM =& FJRFARRK AR S EE SGYERERFIE AR, TEPRIE A 5 B2 Ak PN B S B 7
FBCRAAEWI R 225 . R 3 28 BRI ORI IE S 3 5, ARSO6 3 R ERUE 7 PEOE WA
SR BE AG LA T RGEN L, BRI 1F7R .
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Table I  Comparison of imaging characteristics of super-resolution fluorescence microscopy techniques

STED SMLM SIM
HE s HER (BT ~30~70 nm ~10~30 nm ~100~120 nm
] F e W 19 F /N NPs R4 ~50 nm ~80 nm >100 nm
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RO TR R 2 B S U (SRS) R TR SR 2 U (SERS)  AH T RO HE 5 i 2 it
(CARS)FFH 2 AR F i o PGB S, TR 50T S S A5 S 0 o PEdg, X4
RGEFR A ILIHATERIRL SHR . Dutta T 5T 51 1 WA -FH g 5t hr & 6% (AFM-TERS ) ¢ FH H2
AR, R (Ag) CLE ) AFM £H 0= A Ja s R 0 45 3 T LR, 7ERE SR TR ey s e ) iy, R
W 7T . KIESET: 7 HL 24551 REUE 52303 PR, SCPL 7 A TR CIRAIR R (~30
nm Fl~70 nm) i) AFM JESR B I B2 ) TERS JE SR (B 2A) o Qian 57744 S A5 47 55 61 SRS A R
SRR YERE B IR AL TR S U B e R P RHAEIR BN, SIS S RN S T i 100651
B E S HE9, Be ETAEE RS R R EE U T SE U E ML > 10 A SR ASURI S e A, DT il 1
B &AL 2 T 3k s e AR I 40 oK OB SR B, B 22 523X 100 nm 245 20K FIURE ) BRLASORE RS AS)
Eifb 2R . %W 25 A B IR AN SRR S 1 7 RheE UL R R SRR RN, 6 DR RURL A TR o 1
R 96%, AR HMERMCT 1%, M TGN NPs GG A H 2o ml B, ki 2 ERE A AT
BE5E T AR . Xin Z50SR B OGS SZ 8 S 80T (SRS) BASHEAR , I IRZM 20 5 HUE LAY
BERMOCFATHRIR , SCBL T ARG /3 PRS0 8%, EHEETHAY 100 nm SIS LR BRURL, R IR
AT BEE RN ) 50 nm NPs ZREEGR (1 2B) . BRI B =452 Prae 11, il - 245
BB VR ST MAS , T ITRREDT NPs (EBE S £ 55 28 B 00 =423 [R50 A, ShTE AR Y NPs BRG 1HE23 [8) 5 £
PRt T IR IC R  FR AR HT T %o Lee SF 45
Joy ik R W F E Mo R RS
blindSIM 53k, DUHDEE B A% OB, 2B
T NPs &3 b 2 B g (B 2C) o %07 2aE
it BRI e S S T T A R T R Y BB
GEME T AL S8 e SIM I AR AR R, (8] B R H
SERS RV K NPs s hi S (55, (PRI o ¢
HAEMRL, RAKRFELRER, G YRR
72 nm, AT IET 4.4 %, SEHT 80 nm
PS—NPs B TEARIC AR . Fang 25 F HIOE G HE
WA RE R % 5 NPs b 8 & I E S 2 4
T AT AR, R AT 2 kG
e, REBREG g mliihm . BB PE
EURZHAZ O RE, B SEBl 7 NPs i s 54 © Wavenumber/cm!

H. A5 R S A SRR, BeiiE T B
X} 100 nm NPs ()8 53 P AL HE JT . Fang 5 )5
L1 T i il & R G TR LR B R S o
WAG T AT ST, IR N H T ERER oo
Bin . AW H S R S NPs BRI 43 [ @ @ , , .

Bio Qian %500 % TWREESEIROCHRIE Rough silver surface P om0
R PR VISTA, FEASZ 4. 2 /54 1) B4 1 2 32 nm 573 nm RO LM (PS) WURLIN I F1 . fi B
WK 5 5B 2 FRA T NPs JE BBl OS2 T4, 7E3 050 (AFM)JEFLE 5 TERS JEIE ' (A), 50 nm PSTHERZEEE T 32K

o e JEER 6 REE Tt 4y 0 SRS B Y SRS UG I (4 AT
em’ B BT X1 100 nm PS-NPs ) C—H AT s, e . psiimR. HoIR=20 pn) '(B), ST

32 nm
@ @ N oL

Intensity/a.u.

T T T
1 000 2 000 3000
Raman shift/cm™'
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SRS #if%:, 3 PR ik 78 nm, BUOBEM TOhRICAR /M HES TR R 55 80 nm PS BB 43 PG
e A s N 5;\%9
2.2 ETFLINIBHESBRERHA ()

e o ... [Fig.2  AFM topography images of 32 nm and 73 nm PS particles
1 L AR AT S (FTIR) S ik A —Fh iz and TERS spectra™ (A); SRS images of key organs in zebrafish

W H :J:‘%?E*A‘*"l"f‘hiéﬂﬂzﬂg ES N s fl:,ﬂ\:iﬁﬂ;] + larvae at 6 days post fertilization exposed to 50 nm PS micro-
SYFRE S 22k 54y T-25 4 . 1% TR T spheres (red: protein; green: lipid; blue: PS microspheres,
- ° [38] . . L.
o v N X S scale bar=20 pm )" (B); schematic of the working principle of
FAF SRR LL MRS, A 205 e label-free super-resolution imaging via near-field speckle, and a
% L:j 5}" ?‘T}L:? Zj] ﬁgg&% JUn @EA Hﬁ%?ﬁﬂ% j‘%“‘li Wz Lli o super-resolution image of 80 nm PS beads™ (C)
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FHE AR R e, MR R R — DN SEIZ MEARE R, AR 2 30 (8] B A 4 21
ANEIE (FTIR) , RS 7 YEHELIMEREE (O-PTIR) . 2T R 1 1 BB AL/ E RS (AFM-IR) . 24
KA B AR 2T PR 5 4 R (Nano—FTIR) . B RS 3 6 243 R (s—SNOM) S5 2% R . FTIR Al
O-PTIR £ F Wi 20 AN FE ,  HURE R4 R A2 1) MPs R4 TPl iR 3 A 4% 5 1) AFM-IR Fl Nano—
FTIR DG LLIME S S I s U AHSE &, RS L AME R B RTET AR AR, wI Xt ahok 2k
BURFIEAT TR IR ) SRORAE . O—PTIR il i B 21 AN I SRR St A 00 S P S A A se
A%, 2585 HERTIK 500 nm; AFM-TR R H AFM HREIAE SIS 2T A= P IR (55, g4
MM AR RIESRAEA LS &, 25040 P05 100 nm; Nano-FTIR Rl H & @ AL EH NG5
SRR R, B GBS E SR BOEE, 2SR APER K20 nm, 5508 AOPRUG AL,
LN RS A Z AR S A K TOET I, SR SE A 3R & oA ) R AR W v, AER S B AR AR P
C—C. C—H &R 7 TE 8, 5 A% i o b Hon] SCBTR 4Bl 25 4%, 3 BT R GR I B AME . Xie
SRR 23 18) 0 HER 100 nm B9 AFM-TR £ A, LUET T RS ACH IR S, B IRSEBL T IREE K ik
A MNPs B EHERM], PERET 1 um, ISR 0. 7 pm A5 35258 TIRAE (P3HB) . 0. 86 wm 1)
Wy A BRI NE G 2 Fh MNPs, JRAENT 7 H 255 SR 25 IRHIE . T BRI, S22 ANOE Y HoK
N (ZER G PP B EEZ) 100 nm) K A5S-S5 MR AR FR IEARSC A JRBRRR 1, B R TETEA %5 E
BiA2/NTF 50 nm B HUEURE NPs, (] B ELARR S FAC PR 3 20 pm JE T 55 0. 1 pum BERS LR 2K /> 2 U8
{VELET 0. 1~20 pum X JH) R, KRB ZE/NT0. 1 pm AR, REEE LRSI, ZB AR T HS
AHUNPs 1) =S . A2l 5 R WG B, FEREARUX oy BRE LA ke . AN b R AR %
FEFFHE, 4100 nm~20 wm MNPs () USURERE 3 BT 43 798 K TR . Belontz %57 # TJR 7 1 A%
B AMETE (AFM-TR) 56T AMIEE (O-PTIR) B OB S R AMDGIS AT IR R, TS AL 2R
eI H R B R MNPs @ IR . AL RAE 5 € B0 . WFFETEREAS T (SRS HE o] 2R P B i
JE R % 3L 38 1 P(3HB-co—4HB), HH196% BRI RIARAE | wm, FH/NERERIAR{L 14 nm, 22 AFM-IR
ER, ZEAWAEE KR TR REE R 0. 15 weg/mL, IESEA] A AR SRR FEA T MRS AT T
TR NEAR, SRR IR LL NP R KR 7E . Huth 25 ) H Nano—FTIR SZBL T 20 nm %5 [6) 7p PR
FILLAMBLOEEASIN . FEMIERE I, Wagner Z“ HAHESE Nano-FTIR YR TBIEIHHE R AW 59 6 #55
B AL, WEE T OBIRE % & R GIR (LDPS) , HATAMIFTE#E 1 000 em™ ., 5T AL SE Globar YR
4015, (EMEHLIRTHIE 1 ML, REA s—SNOM ARG 0] SEH 25 nm Y25 [H) 0 PER . Meyns S5 S T
Nano—-FTIR FRiEAL IS ZEPTEC IR AA R, BHIE 1 1 700~1 300 em™ 840 X 0] S B S SR AWK 4y, BRItk
DB A5 7 min N, fi#De T PE. PSER59(5 5 R G FAEST, RIS EEH IR-s—SNOM & 523 1
20 nm S FER LXK G, TR E A4 ai A SR 0] 58 R EREE S ALAOK SR TR S, TR T I I 3
i % R A A R el R A T R
3 SEERE

AR RGARIR T RS B IBAG T ARAE NPs WF 70 S0 o7 F B J 4 A% SRmG 43 A8 2 B
AR S TR IR AR IS . Wi EAUA | STED, SMLM ., SIM =R FFHEAM BRI,
RGN T ZF W PER . edEME . ARid R TR A S OMERE , WA T 45 BORTE NPs B
PEN, ISBEPRERT R SRR, EERELTH SHUT S/ PHEAR, MHATH
T ANERRIL . 0T R RBUE S SR 80E B A% O3, ROHAR SR AR A58 5 A W ke i vh 8 o ks
I NPs (1987 H

LE _EIREOR CAE NPs 8 /3 FECS G G S e, (HPREOR I RR Y, 2y
THAEE RPN . TR PO RS EOR . NPs B HUERICTOGIRER, mBARIC
J7 1k (W . BB . SE O BIE) Y TEAE A BhbG . BEShW IR KB AbRICERE 1R, S1E
BRI R b & AR SR YR . S EUBFH SR MMEER AR E T, (S WA AN R
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FEM AT . BKPESFHEACPERT, SR R T AR N, . BEORER R, A FROE AU S
{XRESEBUGT 50 . TBRIC NPs BRI, FEiR 0T IR AR NSRS | SRFSRIEAY NPs AT ) R, X
MHRZR E R 1 HAE E SRR ARSI A T A R H o eAh, SRR 56 v RE SN 2 P A% 1)
PERE, ERBBHES R, BT LR, JEELm s it — Ik etk . AR BT RO
B, RAREIKIE N . N EBESEPRIC SIS LU X NPs BALE B0 520 , [ b i a3 2 >0 Sk ik
STED MO e 25 PafsAsia . SIM B {5 S 57k 5 SMLM I T B oy T k. FECRIE PRI
[ B EOE T AR 12 MR R, B ZMOLE A SR ENE, AR TG kR . 2T
FRicB 43 PR G E AR S HTPERE I SCHE R Ay MR - Gl BRI R )T =2 RN ERKER, &
PG H AR (W TERS . Nano-FTIR ) B BE4> ¥E 20~30 nm (9 BAS0RE , {H 15 08 B AR 18 (3G 2 R AR T 50RD
BEOYRR) , SR G TN, DL R PR e TR A A TR s el B R AR (W1 SRS)
BRI E TS 200 A%, (H4» HERAL R 100 nm A4, MELLSN 3% 50 nm LLF B9 BAURE NPs; 1T
AFM-TR WFEZERG I AR AY )55, SR 208 (PE) . SR (PP) S 59 40 SR ISR A Wy G I PR A 5
MELLR IR & NPs. R, B — TR IC 8 53 Al A5 45 R T 125 ) B Y2 PR ) 2 40 9 | e il
RN = E R, RRTIFE S SO B RSO TGRS % -5 A A I S
WOCE AR, BE SRR E 107U L, IRoed R T R IE S AN SO IE HE 7 5 R 6
PONRSGE, SCHRAEME LGRS PR DT I 588 7 PG I H Bh g, N5 SR s 1) Do) b 4
BECED, O ARS PEER S A 0 P

RS IAGBOR B A B AR R T, H H B B HORBE 22 . G iR 2 A
[FSASF ARG A AR . S SRR G RO LIRSS, SR RELEE SR RARER; i
JZ T Z g — MR R S s B, =4 G gl B R ST IR E Ak B2 R 2EOERR
105 TEbRICAE I A ] A EOR AR M2, MPEEFRIC ST 8 SasMeitieste. Bk, EEMR
i B A B AN ] AR BRI GRS R, TR RN . hie L IMNE PG I - R 5
BB BT 12 T W= SRV ACS {2 72 i G047 s WY 4 L1 R0 Rl 5 o ot R b i = o
% [e| B} 259 bR 55 Tobm ARSI i) 3 P AR S 7, SR NPs BOTESUIIN | AL 8 i S Bl A
I FRIE B ) — IR AL

H A8 S AR AR 8 BRI R e 5 T E N DL, ShZ 4 —bRiERLE, S BORE 5L
I 2 BPAESHRT AL i . BUESHO B SRR S K, R IT Al SR LA BB E S H gL
[, BUEGE 2 % R AL B PR UE SR ZE 205 NPs M AR | 550 bRIREE i 28 D0 S AR B . i B
W5 R AR ) A NPs TRTE B 5. LA, NPsWRIfHN 4w . ¢ APEA LIS Yed S5k £ e e
HEEDERETHE, PRI T . RRTEKIE . 3 KRR SAEYHL SRR LT,
lE FESHCREE . BIALTE . G S0 B B S B T R AR E R s AR
FZREW2EA . RREIBREE . AFEE ST YIRS NPs AREGIE E 52 iz, b SLm S A
05 HSE AT ISR A — R s R ATl N B I S HORAZ R, s o ks A H R N
R IRBE 2 WM AOARHE TR IR R, IRAR E3R T AR T Sk 53558 1 .
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