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In vitro and in vivo toxicological studies of silica, silver,
and zinc oxide nano-suspensions

Atsuko Matsuoka®, Yukio Kodama, Midori Yoshida, Kazuo Isama *', Fujio Nakajima,
Kaoru Inoue, Tsuyoshi Kawakami, Yoshie Matsuda ** Yoshiaki Ikarashi

Nanomaterials (NMs) have useful industrial and medical applications; however, NMs are associated
with several toxicological concerns. The causes of NM toxicity are not clearly understood. We have
therefore been investigating a screening test battery for the safety evaluation of NMs.

In the present study, we investigated the possibility of using the following: an in vitro cytotoxicity
test, in vitro chromosome aberration test, and /in vivo 13-week repeated dose test (intratracheal
spraying administration, once a week) in rats, as a screening test battery for silica, silver, and zinc
oxide nano-suspensions.

The mean diameters of the silica, silver, and zinc oxide nanoparticles were 54.2, 159.2, and 183.8 nm,
respectively, and their 50% growth inhibitory concentrations were 153.5, less than 1.25, and 12.0 ug/mL,
respectively, in the cytotoxicity test. Zinc oxide induced structural chromosome aberrations, while
silica and silver did not. In addition, only zinc oxide inhibited the normal increase in mean body weight
in the 13-week repeated dose test. In the in vivo study, granulomatous inflammation, with foamy cells
in the alveoli or surrounding the bronchioles, as well as perivascular cell infiltration were the common
lesions detected in rats treated with any of the three test suspensions. The nano-suspensions caused
a dose-dependent increase in the incidence of the lesions, which were distributed throughout the
lobes. Microgranulomas and aggregations of foamy cells were found in the mediastinal lymph nodes at
higher doses of silica and silver. This indicated that macrophages that had phagocytosed NMs moved
to the lymph node through the lymphatic vessels. At two high doses of zinc oxide, proliferation and
fibrosis of both the alveolar/bronchial epithelium and the mucinous cells in the bronchi were markedly
induced. NOAEL of the silica, silver, and zinc oxide nano-suspensions were less than 0.06, 0.004, and
less than 0.0312 mg/kg, respectively.

The results obtained from the study suggest that the three proposed tests could form a suitable
battery of primary screening tests, which can be used for the safety evaluation of NMs. Further
confirmation studies are warranted.
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No. 200811) # AFL7z. RmfFsh T ®NLeT—
Yy —bOELRNER, ¥R (a4 7V b
KIETEATASA T4 ¥ ORRTES ) A VV), M Ok
78-80%, TENTZT 7 AV H 17-19%, TV I =K
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AHFZETIE, ¥ I DOREILSIO & LTORETRT.

In vitroi B TIL, BFEW AR CHREBBEML 72, In
vivo ikBRCId, & MK CTHERE, 7 v MIEH7:
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et mfiholcthh v ML, aryta—vitoa
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DH B2 RATEE L7z, BHEWHICHERY 5 > &
SR E A L 7otk ERAETHMEE (HAR
T-JEOL1400) THIZZL 7. S SICETH TRz EA
L7-BRICRAET 2 X MARIBL, Xrofionsd
IANE = D5 A0 S WRORER TCHE % 53 5 T &
V¥ — G HR X AT 2618 (Energy Dispersive X-ray
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Fig. 1. Appearance of nano-suspensions tested

A silica sol (amorphous SiO, 17.8 % , particle size 10-20 nm,
pH4.3, viscosity 3.9 mPa-s (25 C)) was diluted with water.
Silver powder (Sigma-Aldrich 576832, particle size
<100 nm, surface area 50 m?/g) was suspended in water
by ultrasonics, filtered through a 0.45-um PVDF filter,
and then the concentration of silver in the filtrate was
determined by capillary electrophoresis. 40% Zinc oxide
suspension in water (NanoTek"” ZH1121W, Lot No. B14T027,
colloidal dispersion, Alfa Aesar, Germany) was diluted with
water. The appearance of nano-suspensions of silica, silver
and zinc oxide is shown in a), b) and c), respectively. D.W.
indicates distilled water. The numbers in mg/kg indicate
doses for the 13-week repeated dose test. 0.2 mL of the
suspension was intratracheally administrated to a rat to
give the corresponding dose.
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21287, Fig la) ZE¥iid, YV 2 OHREHRTH 5. 2 131500 pg/mL TUE, HFmAREARICE Y =R
fx, FROMEDO T v MNEEWNEG RS E R LT WCHRALTWDIEETH - 7208, 48K £ TOMLHL T
Wh. YU, SR ORGSR 0 43 B A B Ok T S S MBI S Nk h o 7 BRLERSRIE,
Btk L, PR, FNFEN542 nm, 1592 30 ug/mL F THBE%Z FEHE L7228, i B CIE
nm & O183.8 nm T - 7. faoApELgE N, 2P HoOMIXIZE A L7 Gt

Table 1. Chromosome aberrations induced by silica,

30 silver, and zinc oxide nano-suspensions in CHL cells
25 - , — - Silica Treat-  Mass Poly- Frequency of cells with structural ab. (%)*
I —Silver ment conc. ploidy
ll_ Zinc Oxide Time (h) (ug/mL) (%) ctg ctb cte csb cse total
& 20 1 i Silica 24 0 1 1 2 0 1 0 4
~ . 500 0 1 0 0 0 0 1
& 15 - 0 0 0 2 0 0 1 3
S 1500 0 o 1 0 0 o0 1
= 10 - 48 0 0 10 0 0 O 1
o 500 0 0 0 0 0 0 0
[N 1000 0 1 0 0 0 0 1
5 - 1500 0 2 0 0 0 0 2
i 24 0 1 1 2 0 1 0 4
Sitver 12,5 0 1 1] 0 0 0 1
0 e e 25 2 0 0 0 0 0 0
10 100 1000 10000 50 Tox
i . 75 Tox
Particle size (nm)
48 0 0 1 0 0 1
: : f . : : f 12,5 2 1 0 0 0 0 1
Fig. 2. Distribution of particle size in nano- 25 4 o 0 o0 o0 o0 0
suspensions 50 Tox
75 Tox
Size distribution analysis was performed by the laser Zinc 24 35 ; g 1 8 g 8 1
diffraction/scattering method with a Horiba LA-950 for Oxide 5 1 i 0 0 0 0 1
silica and silver and by the dynamic light scattering ;8 } g e 32“ 8 8 o
method with a model Otsuka DLS-7000 for zinc oxide. Mean .
diameter of particles in each suspension of silica, silver and 8 8_5 ? 8 8 3 ? 8 ?
zinc oxide was 54.2, 159.2 and 183.8 nm, respectively. 18 g g 8 g ? 8 ?
20 5 4 9 7 0 0 17**
Cells were seeded on day 0, treated with the suspension on
. - - day 1, and then chromosome preparations were made after
3. 2 In vitro wVERUBRAG R 24- or 48h treatment. Structural and numerical aberrations
AR B o R R % Fig. 3ITRT. I1C, 1, YU 2 were observed on the Giemsa-stained preparations.

231535 ng/mL, 4825125 ng/mL & i K& OF e AL T &5 *The structural aberrations were classified as follows; ctg,

B chromatid and chromosome gaps; ctb, chromatid breaks;
S < S B s S 3 K
27120 ug/mLTH o 7z Rt fhREHBE T, U7 cte, chromatid exchanges; csb, chromosome breaks; cse,

131500 pg/mL ¥ C, $R1%75 ng/mL ¥ Tl % 90t L chromosome exchanges.

720, RO EREDBNAETLER Lo Tox indicates wh.ere. cells were .k.illed.
**The frequency indicates a positive response.

(Table 1).

125 = -
- Silica Silver Zinc Oxide
=2 100 ¢ « 4
@ 75
=
(% 50

25

0 1 - ! b i i
0 200 400 600 800 1000 O 5 10 15 20 0 5 10 15

Mass concentration (pg/mL)

Fig. 3. Cytotoxicity of nano-suspensions in CHL cells

The colony formation assay was performed. Cells were seeded at 50/well in 24-well plates. After 24-h incubation, a suspension
was added to the culture and incubated for further six days. The colonies formed were fixed with methanol and stained with
Giemsa solution. The number of colonies on each well was counted, and the survival (%) was calculated as the ratio of the
number of colonies in the test group to that in control (n=4). The cytotoxic potential was expressed as the concentration at
which the survival was 50% of control (ICs). The ICs, value was calculated by the probit method. IC;, of silica, silver and zinc
oxide was 1535, less than 1.25 and 12.0 ug/mL, respectively.
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ROMITIITE ol REARBIERIPTRRTH o 125
IR EE 20 ug/mL T3 24 IRy ) Sz OF 48 g v 7 oD AL B
R C b R OREE R E 2 BIR S 7z, BIRE IS
FEINGhoTz.

3. 3 In vivo #E i RS R

3.3 1 —ReRIE, AEFEROREELE L
WENOHELGHIZBWTH —IREOZILIZRD 5

Tirol. YU HD03KLS mg/kg B, SR HERE

K ON0.004 mg/kg BED 4 1B 25 He 532 X 0 Be 5 J0

HFIZFEC L7z 20305 ICH#E Lo bh

Lhrode, AREIE, PV ARG O W TR

500 -
460 | 2o%, Silica

=O— 0.06 mg/kg
420 —— 0.3 mglkg

380 -1 5mgﬂk_g—.x
340 %

300
260

< 500

= 460 |

S 420

g 380 . —8—D.W.

= 340 —A— 0.004 mg/kg

3 300 2ot

@ 260 3 05 ma
igg R Zinc Oxide

—/— 0.0312 mg/kg
420 —&— 0.125 mg/kg

—{} 0.5 mg/kg
380 —- 2 mgikg
340

300
260 . . . . . .

12 3 4 5 6 7 8 9 10111213 14
Weeks

Fig. 4. The mean body weight curve of rats
administered with silica, silver or zinc oxide nano-
suspensions in the 13-week repeated dose test

Seven or six male rats per group were intratracheally
sprayed in a 0.2 mL/rat portion of nano-suspensions once
a week for 13 weeks. Body weight was measured once a
week. Normal increase of the body weight was not inhibited
during the experiment, except for at the highest dose of
zinc oxide (**P<0.01, n=6).

T L FRROMECTHER L72As, B LHEshP 5D 2 mg/kg
HECITH R0 B 2 IR E B s A3, 0.125 %
0M0.5 mg/kg B TIIIPHNETTAZED 517z (Fig. 4).

MW RA T, V) 7 R OEREEE L i
DORNCHEITRD LN h o 72h, BALHisi 55 ClE2
mg/kg # T FIMLER B O /IR ELASHE R 22 19 12 A B3
ML7z. ZOREIHEHERIRE L KL, HIMERETH
50%, I/IMIELCTHI 30% DB TdH - 7=

g A o Tk, BRI SR 5- 1 T3 0125 mg/kg
DL ¢ AR A T S L 72 (Table 2).
F 72 BEBEORAEICE W CERLHE S 58Tl 05
mg/kg #E Ll 1 THili © 22 M AHLEE T 48 th 0 28 {0 38 A8l
gIhi.

3. 3. 2 JRIEHKRE MM

BigE S N7z E R PHLREAT R (Fig. 5 X U°Fig. 6) &
12, IR A TBIS S N E DA D&
DEEAEBW O W TERIYIC Fig. 718§

U, ), BLIESR T O R BREE (AR N OV
WUEREZ ) I2BWTh, BEL OB 2235 ik
Mg 23 s~z 07 7 — Y OifaNERER,
MAF PRI 2 7 SERRL AP ERASBEHR 3 5 155 & PR 99
MR s 7z (Fig 5A).

DUTF BP0 5-BE RIS S N7 L & BBl & L 1SRk
5.

) AEGETIE, KRR~ 2 v 7 7 — Y O R
HISETRD 2 \IZ OB IED 56, 14 PR S PR a4
AT HREE X ) BEAL L 227513 T4 L (Fig. 5B), %
DHERE D % IZRIE D FFFE AN BIEE S 5 WEFIEME %
FE DS BARTEVE (B R OREE & ISR L TR0 5
N7z FRAZAIIE B L/ /A5 B oM
B (BE) ZiEoTwi TASORRLIFKIEICITITY
—IZHALTED, 03 mg/kgh LOBTHETH 72
(Fig. 7). 72, ) U REBEOFHLE LT, MoxEX
KT oV v 8%@E (BALT) OB 2 /NAFEA0.3
mg/kg L ERETHBIZE S, #MithY Y B ORI E I 4
BNZREO N7z 1BITIEH 525, BEZRBALT NO/M

Table 2. The final body weight and lung weight in rats treated with zinc oxide

Control Zinc Oxide (mg/kg)
intact D.W. 0.0312 0.125 05 2
No. of rats
examined g B e = 2 e
Body weight (g) 4211 +£264 413.9 £284 4165 £29.0 3919 =180  390.6 £31.3  356.7 = 13.9**
Lungs weight (g) 134 + 0117 1.45 = 0.189 1.49 + 0166  2.14 #+ 0.280** 2.87 = 0.392** 3.11 = 0.366**
9% of body weight 0.32 & 0.037 0.35 =+ 0.028 0.36 = 0.028  0.54 = 0.064  0.73 = 0.058*  0.87 = 0.106"*

Figures indicate the mean value £ SD. *, **: Statistically significant difference from control (D.W.) at 5% or 1% , respectively.



38 S VAR VSR T SO T #1347 (2016)

Fig. 5. Typical histopathological findings observed in the silica (A, B) or silver (C, D) study

A: The control (distilled water) group. Localized foamy cells in alveoli. x 20. B: 1.5 mg/kg group of silica. Granulomatous
inflammation with foamy cells. x 20. C: The 0.5 mg/kg group of silver. Silver treatment also induced granulomatous
inflammation with foamy cells; however, the intensity was more serious compared to that in the silica group. x 20. D: The
0.5 mg/kg group of silver. Silver particles were morphologically identified as black particles in the cytoplasm of foamy cells
(arrowheads). x 80. A-D, HE staining.

Fig. 6. Typical histopathological findings observed in the zinc oxide study

A: The control (distilled water) group. No abnormality was detected in both alveolar and bronchiolar areas. x 10. B: The 2 mg/
kg group. Severe granulomatous inflammation with hyperplasia of bronchiolar/alveolar epithelium (arrowheads). x 40. C:
Increased mucus secretion in the bronchus was surrounded by inflammatory cells. x 20. D: The 2 mg/kg group. An increase
in fibrous tissues in alveolar and/or bronchiolar area, which was found as thickened blue area (arrowheads). x 20. A-C, HE
staining; D, Masson trichrome staining.
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Silica
o

4 0.06 mg/kg

E.
0.3 mg/kg

-

anggyde

HHH
!u EEQ;

0.125 mg/kg 0.5 mg/kg

Sﬁ@r ..

0.004 mg/kg 0. 02 mg/kg

i""i’"

0.1 mg/kg 0.5 mg/kg

Main histopathological changes

1~3~5~ (Incidence of lesion)
Granulomatous inflammation with
macrophage aggregation (alveoli)

Y . Granulomatous inflammation with
macrophage aggregation (Bronchus)

[ ] . Perivascular inflammation

Foamy macrophage (Localized)
0.. Foamy macrophage (Diffuse)
... Granuloma in lymph node
... Hyperplasia of bronchus
[ ] . . Hyperplasia of alveoli/bronchus
® . Fibrosis/Inflammation with hyperplasia

Fig. 7. Distribution of pulmonary lesions induced by silica, silver or zinc oxide nano-suspensions in each lobe

LL, left lobe; A&M RL, anterior and middle right lobes; PL, posterior right lobe; AL, accessory lobe; Med. LN, mediastinal
lymph node. D.W. indicates distilled water. One week after the last administration of the 13-week repeated dose test, rats

were subjected to the autopsy.

A ST 23 ZE KRR LSRR H 7z,
YORBRDIEMAFRD BTz,
RILGBETIE, TV AB L AEOMBRELRD 5
101 mg/kgB UL ETHHETHH-72. UMM ERL S
& U TR G SCh Bt < il 2 PR LS l/‘“(ﬂﬁfﬂ’@
RGBT A A S IEFIEME 2450.1 mg/kgBEDL LTI
EHNCED LN, TORED ) G LY §§7b‘o 7’_
(Fig. 5C). F 72k~ w7 7 — VoMM
Bt ORF250.1 mg/kgBELL E T 57z (Fig 5D).
@%ﬂ:ﬁf"f’“%ﬁf F R 00312 mg/kgfE L D
BHICE BN, /Uﬁ&Uﬁﬁ?%ﬁf
o) f‘oh?’:PfrEﬁ‘ﬂiaﬁiﬁﬁ IHOE L L TBIgEE s, 0
U2 mg/kg Bt TIIIHEDEE/LITMNZ, I’EJ;FHE‘TE%
FETOXE IR (GUE S FRAL) KOl bR T
S 5 AT (Fig. 6B), S HICKEEANLIREX L
BB b o S (Fig 6C). it _&TR & L
T05 mg/kg ®—# K U2 mg/kg Bt D4H] TR NEN: 5%
SEFS L ORI ML (v v v MY 70— A5
THERR, Fig. 6D) 2SHEARSETEICRRD iz 2 & 3%
Fohs.
BHMESEENRA T, WRN~Z2a7 7—-YHO
AV =D=M TEFEEDORH ISP SN

Y UREITIEE 512

(Fig. 8, insert). 2o~z a7 7— I4KIZOWTEDS
T2 FEE L7 25, HAgORAEEZRTE— 7 MR
5Nz (Fig 8). ZOfRgE Tl LzTE (F 2
I AO0s, $Pb, HH5WVIET T YU) LYVEWETH -
2. VUMDV TIIHRTE o7z, EHisHizo
WTEHEIRZ R T~ 07 7 —VIkRH 5N, EDS
RFTICBWTHEH Zn D ¥ — 7 13380 SN h o7z,

iti D5 BEAL R HOMRAE X0, RSGE R TR X DR D
NOAELE ) 428006 mg/kg K, #4%0.004 mg/kg,
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Fig. 8. EDS analysis in a foamy macrophage in the silver group at 0.5 mg/kg

Ag (red circles) was increased in captured areas in lysosomes 1, 2 and 3, and black particle (005). Insert: Electron microscopic
image of the foamy macrophage. This finding suggests that phagocytosis of silver particles in lysosome of macrophage.
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