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Cytotoxicity and genotoxicity of silicon dioxide as a food additive
anti-caking agent

Han-Na Nam, Chae-Yoon Lee and Soo-Jin Choi’

Department of Food Science and Technology, Seoul Women’s University, Seoul 01797, Korea

Abstract

Amorphous silicon dioxide (silica, SiO,) is widely used as an anti-caking agent in products such as chocolate and powdered foods.
Although SiO; is generally considered safe at standard usage levels, concerns regarding its safety persist because research suggests
that it may induce inflammation, intestinal dysfunction, and neurotoxicity at the cellular level. In this study, the potential cytotoxicity
and genotoxicity of SiO, as a food additive anti-caking agent were investigated in an intestinal epithelial cell line at practical intake
levels, with a focus on differences based on the manufacturing method (fumed and precipitated). The results showed that neither
type of SiO, induces cytotoxicity in terms of cell growth inhibition, cell death via membrane damage, or reactive oxygen species
generation. Furthermore, neither type of SiO, caused DNA damage, chromosomal aberrations, or micronucleus formation. These
findings provide fundamental evidence that supports the safety of SiO, as an anti-caking food additive.
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M2 SiOx= 1960978 A7 HaR AREIeH, 2012130] 9
[ T—

FEAE A2]7Ksynthetic amorphous silica, E551)24] EU Y3

F8% olilehtA(silicon dioxide, silica, SiOx)= F-2HEtol|4] ZJ(Commission Regulation) NO 231/20120] S-ZE|QJtHEUR-Lex,

IARAA, AFAAA L odipE A BH 0w ARYIER 55 1995; EUR-Lex, 2012; Fruijtier-Polloth et al., 2016).
=o] glom, AT XAR AMESH= B9 HTAE 2 Aol Zﬂﬂ bz oZ AZEH7IE SiO= ARSSEOIAE P Aoz

SfoF JIHMEFDS, 2025). I AFAA] = AFAIAA =2 AR 7EEa itk E3] Sioy= A1EA A0 HMAZo7 ZA5k= A
o A 7R " 9 E57l 1% ofsk, Aol 2% olst, 181 07 AN AFYogHE dUHFTFo] 1915 20~50 mgo]| o|=

7]e} A1&0f| 2% ololZ ARETRS 11A5lal JTHMFDS 2025). F4 2o 7 AR QUTHEFSA Panel on NDA, 2004; Sadowska &
¥ SiOy= AR A|(anti-caking agent)ZA] H[=Zo]A}= 21 CFR Swiderski, 2020). 1]+ A]3Z-0]oF(Food and Drug Administration)
17248002 2572 SUEUCH(CFR, 2026), 4 T, o= IAFAARA SO HF AlFON 2%E 2HHA] o=
Zu|g, gA An], BaF An 228 gl BORE S0 Y] AL E] Z0)| A Generally Recognized as Safe (GRAS) 47 7F5lal Q)
I UcKDekkers et al., 2011). 53 A3 (European Union, EU)oJ|A] THCFR, 2026). 3t A4 s A7 7HFAOY A AIE A 7154 WHO)
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SHE AEA7IEAET Y3 (Joint FAO/WHO Expert Committee
on Food Additives)o]Al= 12HA]A| Si0,2] 194%]5]-85E “not
specified” = A5l Qlo] AAZ] AT FEolx= il o
= ASE 715kl QITHIECFA, 2017). 202419 -RAEQMES
(European Food Safety Authority, EFSA} RS 165+ 1]} Jotg
AF 9 e Aol ARAA] Ess19] bAdS A7t
om, 71 AF} ESS1 B Q- AHeollA bR digt 927t
glom, AA] e ol BF 165 WY Jokg A1Fo] AREst
= A Est Qbdsittyl ZEX|QUTHEFSA Panel on FAF et al.,
2024),

S, 1ARAA SiOq= AlRER] wEbA HE Y (fumed,
pyrogenic)¥} A (precipitated) 0.2 FEETE WEA SiOE Ab
A3}tA(silicon tetrachloride)E 3} FEsflolAL = 3,000C 9]
7] ot=of|A AHGANquartz sand)yS 7]SHA|A A A 2K Schulze
Isfort & Rochnia, 2009; Maharana et al., 2020). J4g SiO,= At
& OHe(silicate hydrate)T}al® B2, ¥7)/d 4t &0 F
714k 7Telo] AA WSS B3l A|ZRScH(Florke et al., 2008). ©]
5 71 "Alef| ofeff AR el SiOq= 3FaH ZATE AlxHH
e 2T31H 4 2 AESH v 9 4 SltK(Yoo
et al., 2021; Yoo et al,, 2022). AFA7IFEE2A = F4E SiON AF
S3IEE SASIATE, 2 Sio, 4] B 7|7 FY Al
TS 4 HE T 5 e AoE HiEI QITIARC,
2012; EFSA Panel on ANS et al., 2018; IARC, 2026). ESt Z]Lo]|
= AZSE0 SI07F 9%, A 75 o4 U AASAS St

= 77} 238 B} 9T, thie 37](1-100 el 1) 434
MK340) T2 4 Qo] Qo] e S BT U
= Al o]t (Buzea et al.,, 2007; Khan et al., 2017; Guo et al.,
2018; Du et al., 2019; Tada-Oikawa et al., 2020).

wba] & Aol AXFHEEA, IA-F)ol TE F 7
AFH7HE Si09] S AR ol =0 28
T ATt RS AT AFA o dAAE RS 4
F=40IA 71 S5 EEE F7RIESIE, AEH Al A
A8 b kSt AWIIAREFTE ol8sto] Sioof 23t
DNA &4, QA4 ol & 48 ol E Fslo] 542

st sisict

R

Si0, M=
AZH71E-8 LGA(AEROSIL® 200F) 2 A (SIPERNAT®
228) SiO,= Evonik Industries AG (Essen, NRW, Germany)o{|A] <
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Ydsto] ARESIGIHE AR A Kol SiOE SF5(distilled water, DW)
o I mgmL =& A3 F, 30 5% wWHISkL 1582 B 25
1} #2](160 Watts, Bransonic 580, Branson Ultrasonics, Danbury,
CT, UsA)sfo] 2931901, RE 418 Ko] 48at s sjdst

of A8,

sasiere 54 24

SI0: QIAI] 74 A} 27| 9 Felhs WANEY AP
(field emission-scanning electron microscopy, FE-SEM; JSM-7100F,
JEOL, Tokyo, Japan) ¥ 8T SR} 0] (high resolution-
transmission electron microscopy, TEM; JEM-2100F, JEOL)C & =7
5193t} FE-SEM £45 913 7K ]o]Z(5 mm*5 mm, E-SONG
EMC, Seoul, Korea)”} F-2Hel TR-E(Specimen Mount, JEOL) 9]°]]
20 mL9] SiO, FE(0.1 mg/mL) BoJ=2]|al Aol AxsI3
T} 1 %, 2mE}R] 57 (sputtering process)& &3 ME EHE 302
&< PYPA=E TSI, FE-SEM OH|A|= 15 kv 71 ZAYoflA
A=siglnt

TEM 242 7%, olek20] Si0, A AEHH(0.1 mg/mL)Z A
Zolal 158 59 233 A2et &, A% 5 mLE 200 w4 7R
¥ 2] 18|S(PELCO” TEM Grids, Ted Pella Inc., Redding, CA,
USA)ef Goj=a|al A2ojxf AZ5I3ITt TEM °OJH|A]= 200 kv
715 ZAAYollM DESGITE FE-SEM R TEM o[R|A] 49] Sio, A4
B 3719 Y= BXL Image] AT EH0](version 1.53a, National
Institutes of Health, Bethesda, MD, USA)S A}&sto] £33t

SiO, YAFe] AAIEEHA &7 (hydrodynamic diameters)a} AH|EF
719](zeta potentials)= Zetasizer Nano A]Z~&](Malvern Instruments,
Worcestershire, UK)& AR50 212 54 sPAHH(dynamic light
scattering)} A719%5 3ZAeHH(electrophoretic light scattering) O
& SASISIH: ol S8l 1 mLY] Si0, @EH(0.1 mg/mLyS Y]
& E2H Fl(cuvette)ol] L 204 S5I3AH.

H| EH = (specific surface area) ~196C 419 UR}e] A4 N,
714 B2RERR 5248 0]-85H Brunauer-Emmett-Teller B O 2
St 24 A A W R 100ToA 2417 B9 Ax
sto] A|AsHl o, o] H|FEHA FA|7|(TriStar 11 3020, Micro-
meritics, Norcross, GA, USA)Z Z=7%35}3ith

MIEEHH ¥

A ZL] Caco-2 AEFE A =T3P (Korean Cell
Line Bank, Seoul, Korea)of|4] £ W0} minimum essential medium
(Welgene Inc., Gyeongsan, Korea)ol| 10% & £&AI5} AHjoldH
(heat inactivated fetal bovine serum), HU-AZ(100 units/mL) ¥ A
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EFE0o]A(100 pg/mL)y& H7810] 5% CO,, 37C Z749] Al 2u)
F7101A B,

MNE=Y

Caco-2 A|3o] tjst ZAIA| FEZA] water-soluble tetrazolium salt-1
(WST-1; Roche, Basel, SwitzerlandyS- 0]-8-510] A%} #s] a3}
£ BBl Caco-2 AE(1x10° A2/100 pLyoll SiOoE AEfsko]
AR St WoRIgIL. S0, S ERAZETA J3 Fch A
8% (< ALHIE (9 $3] (100 mL)Z Teslo] 21 5
EE 1,000 pg/mLE A7t Mudie et al., 2014; KHIDI, 2017;
Yu et al., 2020). WST-1 A|9F 10 L& 22 F7Folal 447t B9
HjJSE 3, 440 nmol|A] B8-S microplate reader (Infinite® M Plex,
Tecan, Minnedorf, Switzerland)E: ©1-8510] S5 . Aot &4
of 9Jgt AIEAPE-E CytoTox 96 Non-Radioactive Cytotoxicity assay
(Promega, Madison, WI, USA)E o|-85}o] A|3 wijcfliog G&5]
ZAbERA G Ax(lactate dehydrogenase, LDH)S £-41510] 71519
T} Caco2 AE(Q2x10° AlIEmL)e]| Si0;E 24413t A2fstaL A i
Pl 9 Refolol A5NS4l olB3Ilct, Al e
Zo|) ufet A5N 50 plo]l substrate mixture 50 pLS A7F51al 30
7+ HESAI7] H, stop solution 50 uL& 7151 490 nmof|A2] &5

£ 24519 HInfinite® M Plex, Tecan).

g
0Xx
r>

2

O

A|3E W EAJAAF(reactive oxygen species; ROS) AJAJ2 A5}
AEFH A AFA 07 AdEo] FA=HS UER 4 Q7190 Al
ut B34 2" 7-dichlorofluorescein diacetate (H,DCFDA; Mole-
cular Probes Inc., Eugene, OR, USA)E ©]-&5}o] ROS TAYZS
BA519E}. Caco-2 AIE(1x10° A2/100 pLyell SiOE Aot
24A17F vjoFst & 20 uM H,DCFDA 100 pLS #7}slo] 3037k
A40flA ¥ESAIFATE. Phosphate buffered saline (PBS)Z A% &,
A3 Y dichlorofluorescein (DCF) &332 excitation TH 485 nme}
emission I 535 nmol|A] 24519 tH(Infinite® M Plex, Tecan).

In vitro 3% 24(comet assay)

Caco-2 AJZ(1x10° A3Z/2 mL)°] SiO, S Aefsto] 24A1%F 53¢
vjoFsl &, PBSO]| A|Z3t 5 mM ethylene-diamine-tetraacetic acid &
9 | mL2 402 < Helslo] ATojsE olga) AEE st
CF. TEQF HARGA] S9 mix (+S9 mix) P Bl A-617] #15H
Si0,2} 89 mixE | 44Xt A 7, oF A|ASIAL Az gHoA
20 h 3JB7|E Fof 4345} HLee et al., 2019; Kim et al., 2021).
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o, S9 mix:= S9 fraction (rat liver S9 homogenate in KCI, MP
Biomedicals, CA, USA)¥} cofactor (Cofactor III, Genogen Co. Ltd,
Cheongju, Korea)Z 2:4.79] H| &= dlo] HZ BT 1.5%= A5}
ARSI, = FdHETCE 100 pM IR H0.) S
o &5t3ict. Bl5gt AlEE U4l Elolo] A7k PBS -§9o] ThA]
Fel(1x10° A|3/1 mL)3t &, R&D Systems (Minneapolis, MN,
USA) kitE o]-8sto] A|RALe] L EZo] we} comet 4 43
SIS, Al FES AgA T 1010 (vv) Hle= Ejiet
T 75 uLE comet O]9 SA| 2Af510] 4C2] o7 EF00A
304 52t FA5to] Ak (gelation)AFITE 4T 2] A7RE lysis &4
AJZE 2Rt & lysis S AABIL, comet S2OI=E 2L
S (pH>13)0] A2, 3057F oM Asigict. gzl 8 A
AT T, comet ETO|=F 4T AN 20 V, 300 mACA 40
B A7 GBI SRlel=E 33 SRR AL 0% offg
2o 587 A3t & F7] ARAA 4T A4 100 pLe
Cygreen0 2 30& 3% GASIQth mefo®, &SEo|=s
Axioskop 2 plus FFH1]737} Cometscore 2.0 O]U|R] £4 ATEQ]
O{(Carl Zeiss, Oberkochen, Germany)E- ©o|-&3to] E45}%ict. T
g "PA 02 comet tail?] oS EA01 tail Wl DNAS] HIE-8(%)
< ASIYTE (tail Y DNA 9% DNA 9F) x 100.

O

In vitro BMH| O|&A|&(chromosomal aberration
assay)

Caco-2 AIE(1.5x10° cells’2 mL)°l| 89 mix §lo] SiO, (1,000 pg/mL)
£ Aslo] 24A7F 2t v, S HHEECE 02 pgml
mitomycin C (MMC)YE ARESISITE 3L SiOE thARMIA] S9 mixe}
A 4X7E 27| S(FIHELE 10 pg/mL cyclophosphamide, CPA), ©]
£ AAsIaL AlaikiollA 20 h 31715 Far thAHdA| 70 o
£ FFS v A3k A5HE AlASIAL PBSE 33] Al4gt 2,
AEEE wfieklolld 30415 Al 571) SRt 571 vidsisic 7t
Higto] B A, AWK EHO] F7|(metaphase) TACIA] AL £
Fo| dojubA] EE 247 52t colcemid &Kol A2f5}3ict PBS Al
2 gl HEE(365%g, SE)E Sl AL & (cell pelletys ¥
°F 3 mLY] 0.075 M KCI o] F-FAAA 37CoA 30271 iest
etk 1% 2 mLo] g o(HEkEoPEARS:1, 40) AL HEHo]
A7t AEE(365xg, 5ol A5 Al F- 5 mLo] 17gH
< F71olo] AARAAIK 5 ThA] LAlEE(730<g, 551w, of I}
74& 23] W=t AIE AHES | mLo] 1] ARFAIT F,
AR EEH 100 pLE Sl 9ol Hola] 371 xsigict &2jo]
T= 5% Giemsa 8N 02 2057+ QST F, JHSE Alslal Axo}
o] Eu]7(Axioskop 2 plus, Carl Zeiss) O &2 HASITE 7124 BAR
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7] AIEE 2 2007 oV BISKAOR, 5 ol Thif)
W 724 olg(ue 24, T, TP ojRS 7SSk

In vitro 284 A|&8(micronucleus assay)

Caco-2 AIZ(1.5%10° cells2 mL)el| S9 mix §1o] SiO, (1,000 pg/mL)
S Aefstel 20412 B9 VRIS, PHNELOR 25 gl
methyl methanesulfonate (MMS)E- 0]-8-5193t}. ESH SiO S thAREA
Al 89 mix@} oA 4ARE AF] H(FAFHEL 10 pg/mL CPA), O
AAsIAL AEEEiGAelA 20 h 15715 FaL VA 7l e
FFS vl AT AU AAT §, HEGL A6k Al
A 2ES TAP] #1545 ug/mLe] cytochalasin BE 30417t 53¢
AeltaL, PBSZ At T ARES: wioRlol] 1541 59t 3Bl
= 355199} AR HAE cell pelletyS 37C2] 0.075 M KCl 1 mLoj|
T 36407 287 v ARHESH S hypotonic shockyS S
ST, kS oMIEAG) OO 217k 52t 152 59 14
ok 5 YARE(135xg, 5ok S BT Al AHES
1 mLe] TOlo] ARGAI] TR, A Helo] 100 WLE ARA A
3l &etolt Qlof Hojd] 7] AXSigitt HAHo g SEjo|es
5% Giemsa S0 2 2057+ FAUSE & Hu]73(Axioskop 2 plus, Carl
Zeis) 02 2 2007] o] AT Pelglon, T, ofa 2 o
o o] 52 7=t

A
21

AME

=%
£ A9ET: HaghEaEdE Uehjglon, Sutstcal
Analysis System = T=H(Version 9.4, SAS Institute, Inc., Cary, NC,
USA)Z 0]-85}9] one-way ANOVA 4 & Tukey’s testS 0]-85
of A3} ] £23S p005 SO AL

HI

I
c RN T

Si0.2| Ea|setd EY

T 7] Az o 3aEg 2 JA3 Sio9] YR ¢
HQRE FE-SEMI} TEMS o|8sto] 247 BAlsiolrt. 1 A3, &
4 1% E57EAQl o] meFo g ATy, AdUAe] Bet
7)1 IHA 14.8+4.6 nm, IAF 16,1244 nmE HF 100 nm 1]
THo] 2R ARIRE ] Qg ERlslylom, & B4 gAY
ZF BARA fo4 Aol= LA 2ttHp>0.05)(Fig. 1). FA%
512 2|72 drdA] 178.842.8 nm, A A 361.3+14.4 nmZ ZAF
o] Wd/go] AP ] o 22 RAGTA AHS Bkl Y=
Aoz VERITHTable 1). FE-SEMT} TEMO] 9J8t 743904 719k
Hlwol BHH, fA98A 2Ho] IA F7tsle] 48 AdejolAl=
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B
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Fig. 1. (A, D) Field emission scanning electron microscopy (FE-SEM), (B,
E) transmission electron microscopy (TEM) images, and (C, F) size distri—
bution of (A-C) fumed SiO, and (D-F) precipitated SiO,. Size distribution
was evaluated by measuring randomly selected 100 particles from TEM
micrographs.

T 7HA] Si0, B S = SRl A & 4= Sltk AlEt
A= WA 235406 mV, AE 21.9+1.2 mVE B5F SHs1E
29511 QT Table 1). HJEWAL Wl 176.7+1.1 mYg, A
F 148.8£1.0 m/gO & ZHFo|(Table 1) 2 YRAZ7|E HA3t
/o] AP ETt H|EHAO] o & AZ & 5= Ith(Khan et al,
2017; Yoo et al., 2021). 2, 94 9 HAF Sio= YR 37
o loiAl= 1~100 nm Ale]e] WieEd F7]0] sfigsht =84
oAM= SHAR EAoh, ol Add o= AlFolut A HolA=
W 372 EA6HA] 52 onletEE tie F710] o3t 54 9
T2 tH[E Ao HQltk

HE=Y
T 7HA Aol mE Si00] ME=AL Al Asl, M=
o &4o] ofgt AlZAPE 9l ROS 8 IOl Asiitt AF
7tERA 7R Al =EFol B2 FVH AR AL aEst
o] TN EF Caco-2F OSHRT ME=GS At 2aL
e AR AR 23014 Bkt FEAIRELA Z1EE

B of

Table 1. Hydrodynamic diameters, zeta potentials, and specific surface
areas of fumed or precipitated SiO, particles

Sio Z-average diameter  Zeta potential BET
2 (nm) (mv) (m*/g)
Fumed 178.8+2.8° -23.5+0.6 176.7+1.1
Precipitated 361.3+14.4° -21.9+12 148.8+1.0

Different lowercase letters (*°) indicate significant differences between fumed SiO,
and precipitated SiO; (£X0.05).
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o AR 2%, THIE ARG Al dYHFHE € &% o
(100 mLy& Jfsto] A|ZafFA] 20 FHIRE 1,000 pg/mLe
F31 2 A5t Mudie et al., 2014; KHIDI, 2017; Yu et al.,
2020). 71 A}, HAY W A Siol Offt Al Alsle
EA] kAL, Al 40 = LER = LDH R&% A&EA Yot
A|ZAPES SHls}A] Igkom, ROS E3 -9ulslA] Q= o= 1}
ERTHFig. 2). &, AXHHo] o2 F 7H] Si0,0] 9Jgh A 2=
P v 2o Bl

>
2
=

@ Fumed O Precipitated

c 120 - I
23 w05 L 1 1T I AR
=
g § 80 -
EE 60 -
T = 40 +
© 20 |

0 T T T T T T T T T

0 4 8 16 31 63 125 250 500 1000
5i0, concentration (pg/mL)

(v e

140

120 BFumed DPrecipitated
85 1001 & =L _
ot
g8 =801

(.
g o g0
—
S 40 4
20 1
0 T T T T
0 5 50 250 1000
5i0; concentration (pug/mlL)

C 140
> @ Fumed @O Precipitated
= 120
c
§_100-H I A A = g
é g 80
c | =
S 0 60 -
o (5]
2% 40 -
o=
ST 20
=
Lé u T T T T T T T T T
a 0 4 8 16 31 62 125 250 5001000

5i0; concentration (pg/mlL)

Fig. 2. (A) Cell proliferation inhibition, (B) lactate dehydrogenase (LDH)
release, and (C) reactive oxygen species (ROS) generation in Caco-2 cells
following exposure to fumed or precipitated SiO, particles for 24 h. No
significant differences were found between non-treated control cells and
SiO,—treated cells (£)0.05). DCF, dichlorofluorescein.
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In vitro DNA &4t

Si0°] 23t DNA &/4Joj5-5 1B715}7] f15to] comet #4492 &
3| DNA tailo] F/==A] ERIsI=t], ol= THE A A7|F5
H(single cell gel electrophoresis)© & 7§ A|E ] DNA THHO
ol S HA5l0] DNA &4 F=E HFgslshs 7ol &,
comet 42 7|95 A] £A41%F DNAZ| HAF DNARCH #2 A
o5t Ye]o) 7|8kt Cordelli et al., 2021). ¥4 9 Akl
DNA ZZF=2 714 QoA Al 8ho 2 o]gslo] comet tail &
HE FAohe W, S4FEA &2 DNAE & 72 o EH
headE F/Jok= A4 545 HIH: Fig 304 Hzo] Iy
¥} AY Si0, 2+ DNA tailg FA5HA] Bz A2 LB
o= F4%@ Ui Z7] SiO7} comet #A40] ofsf F-H=/dS HEt
A = A3 23l Y2]5H= Aufo]th(Barnes et al., 2008). &
5] 7F FEE21 S9 mixof| oJ5k thARRHISlof| OfsfiAlk DNA tailo]
THE|A] Qhol, 7oflA ARl sl =/ AMEE AB/d5HA]
U= AoF wEHTh FHWRFOE ARSSH H,0,9] H9- A
23} ofsl DNA &4 ATt Hadhs 208 U=t ol

ofl o

. Ol

Ao
@ Control w/e 59 mix B Control w 59 mix
90 1 H,0, w/o 59 mix B H,0, w 59 mix
80 - OFumed Si0; w/o 59 mix BFumed Si0; w 59 mix
= 70 OPrecipitated Si0; w/o 59 mix O Precipitated Si0; w 59 mix
= g
=
= 60
g 50
D° 40
s 30
I_A'I FA'I
20 a4 3 a a
10
0 Z [zl
w/o w wfo w wfo w wfo w
59 S9 59 59 59 S9 59 59
Control H,0, Fumed Precipitated
Sio, Sio,
B Control H,0, Fumed SiO, Precipitated SiO,
[=2]
7]
+=
=
o
<
=1
[=2]
v
=
=

Fig. 3. (A) DNA damage induced by fumed or precipitated SiO, particles
in Caco-2 cells, as assessed by comet assay with (w) or without (w/0)
an S9 mix. (B) Representative images obtained at a magnification of 20x.
Different uppercase letters (A-C) indicate significant differences among
non-treated control, H,O,~treated, and 1,000 ug/mL SiO,—treated groups
(p(0.05). Different lowercase letters (a, b) indicate significant differences
between groups with (w) and without (w/o) the S9 mix ({0.05).
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r\l

tollA A S ARHA H0,2] F54d0] Wobd & Q3
u]gtH(Hochstein & Utley, 1968; Soares et al., 2006). <, A&
SiO= AZA Fof 43T 1,000 pg/mL 504 DNA
1) g Ao Begct

o o rr
1o

7

a

}-

o

&
tlo

¢

In vitro BMF| 0|4

G OIS G DNAS) T S0 7] WE sk
opelste A0, olse(BAA 47t Bl el ol
WA A ooz EAhe A S EYSKs 4 of
Aba}, T (break), Z24)(deletion), THHISK fragment), 1 EH(exchange)
58 RSl 724 otoR BRHTk YolH St comet 2
A3} ¥l SHE, comet w42 7HE Al o] DNA 3HHLE 57
Sh= Z0& DNA ©d 71 2 olF 7ie dd A 34519
IARE 0] S A ERISks 2ol Hhd, A ol Al
A2 AA QA e FMEAQ] it 4 9 224 HIlE
Hote o=, 24, Al 5 AAA HelE FAIst] DNA
4] A Uehts 7HARelaL AX Al A3kE AE5ke A
ofct. T B HAY Si0 ] ofet FAA| o S9 mix -
Jagle] 2, W 3 9 7HA(gap)o] LR AlEoA FEEH
O 2~2.5% FE2R HR2T2%)T FARE SER UET
(Fig. 4, Table 2). 9P, QFAITRZ MMC A2]o] AL 15~16%
of 22 G| o4 M5 BRERE, ok 7] Hud Bl
UX|5k= 40|t Kim & Park, 2023; Kim et al., 2023). OECD
7hol=etl 4730 wieh 74 JAA o ROl ZEFFelA| 9kl
7§45t HTHOECD, 2016). &, HE/d 2 JHF SiOx= FAAY

1Y

¢

¢

(e]

) B T 0PI S G A0 B3
/A 89 mix A F7ol T FREG JFol sle

Ehde). WA Ess1o] el AERe AgEAe] thel 3
W 2 QA olikg ek g0l WE vl ATkERSA
Panel on FAF et al,, 2024). & A2 oA+ F 71| AlZ2"0|
o2 Hd4d 9 JHF Si0,7} DNA &4 fdosiA] gkor, ozt

A G PEANE A5 FFE IAA =2 AASHIH

o, Ak

l

T

|

In vitro A8 N

A Al FAIYNA GNAY 11 ohE0] B9 (daughter
nucle) O 2 FHER] £ o] B A2 9 LRAE, o= &
Ax/dol ofgt 443 AAA E98/dE HEgeith Comet 40
A TEE]= DNA tilo] THEE DNA 71EE0] oJal 3A4E 553t
T2 A A 02, 3 upgof| EXfoks AT GAA| ool

Control Positive control Fumed SiO, Precipitated SiO,

Chromosome
excliange (Ring)

without S9
-l

with S9
l.\z_
.1%

Fraémm;ta@_im‘x -

Fig. 4. Representative images of chromosomal aberrations in Caco-2 cells
following exposure to fumed or precipitated SiO, particles (1,000 ug/mL).
The images were obtained at 100X magnification.

Table 2. Chromosomal aberration frequency in Caco-2 cells following exposure to fumed or precipitated SiO, particles

Number of structural aberrations

Total aberration Total

Treatment (ucg(}rr":l._) rii( Chromatid type Chromosome type Fra ) Gap cells aberration
Break Exchange Break Exchange gmentation Brlers) e €9
Control 0 0 0 0 1 3 0 4 2.0
o e 02 0 0 4 2 2 30 150
Fumed SiO, 1,000 0 0 0 1 3 1 4 2.0
Precipitated SiO; 1,000 0 0 0 1 4 2 5 25
Control 0 0 0 0 1 3 1 4 2.0
Positive control (CPA) 10 2 0 0 2 28 2 32 16.0
Fumed SiO, 1,000 i 0 0 0 3 2 0 5 25
Precipitated SiO; 1,000 1 0 0 2 2 0 5 2.5
Conc, concentration; Excl, excluding: MMC, mitomycin C; CPA, cyclophosphamide; —, without; +, with.
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L DNA &40 = lsf TR JAA 228 T A4 ANAE
Z3Fo1al Q= A2 ZiAloloh AA|E comet EAJ0A T2 DNA
S AAA o FAof 710 & 9l 2 AolA ARGE
SIO7F AAA| o2 ZSHA] ke AERlst ] s 4% §
A AlRE F7H o= a¥sigit. 1 A, T 9 A Sio,
of o3l THARZIA S9 mix EA] et Agle] 1.0-2.5% =2
28 o] TAEU=T, ol HRTH(1.5-2.0%) FARE =
o, FAtETC] 6.5~7.0%2] 4TS FAI5H= Aol HlwstH &
AJ5] S o th(Fig. 5, Table 3). 5, 215387 He 2284 3 YA
@ SiO= AFIET oA GAA| oVdE oA ko, WA
in vitro =S FUSHA] O A& W In vitro A|ES
= 9 in vivo JJAFONA] Si00] OJ3t 43 G/ Aik= ARER
T AR 9 Fof A2 wet A 23S Ee F)E0l
HaEw Qlof, AEH7EE SiOE vt xS 2 25504
9] A& st A7t " Q3K Tarantini et al., 2015; Zhou et al.,
2019; Zijno et al., 2020; Villani et al., 2022).

Control Positive control Fumed SiO,  Precipitated SiO,

@ ! . *

n 7 ’

i %9 & ® ®s

3 Micronucleus

2l e9 o @& e

g N ;
Micronucleus

Fig. 5. Representative images of micronucleus formation in Caco-2 cells
following exposure to fumed or precipitated SiO, particles (1,000 ug/mL).
The images were obtained at 40x magnification.

Table 3. Micronucleated binucleated cells (MNBNs) frequency in Caco-2
cells following exposure to fumed or precipitated SiO, particles

Treatment Corz;o:;:r:'i';ion S9 mix M&%N
Control 0 2.0
Positive control (MMS) 25 6.5
Fumed SiO, 1,000 ) 20
Precipitated SiO» 1,000 2.5
Control 0 15
Positive control (CPA) 10 7.0
Fumed SiO; 1,000 " 1.5
Precipitated SiO, 1,000 1.0

MMS, methyl methanesulfonate; CPA, cyclophosphamide; -, without; +, with.
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ot
2 AFore AFAVRE LEAAR ARSI Sl Sio.°l

§ % FrA=ge AXTHESA, D)l w3
WA oM FaL ARG B A HFHTF 7o A5t
Aot 1 2k, Alze] W F 71 Sio, B M R E
U= 37](1~100 nm)of| 3fgatt, Ak 242 SHAE 9
3L e AL® YT 7 71| Sioe AR A, AlE
o 24o] ofgt AlZANE 9 ROS A SO NS T
SHA| lolth. ERE, DNA &4, 9AA| ol o 234 295
TUoHH F 7HA Sio= AEH HFeEol wiEdE wEst
Al ghe Zlos YERt ojof 2 A AERE a8
AA| 8i0,9] el digt FE= &gE 5 9 Aol
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