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Table 13 . Organ weights of male rats in the repeated dose toxicity study of by for 28 days
Grou) Corn oil (control 1) Distilled water (control 2) €60 PVPLC60 SW.CNT MW-CNT PVP-I30
Number of malcs s 3 H 5 s H s
Body weight @ 3184 £ D16 3301 = N9 W76 = 212 3266 = 338 332 = 320 3313 @ 23 BT« 220
Brain mg 19197 1 918 19198 = 322 19427 = 420 19069 = 994 18607 = 835 1901.7 6.7 19123 = 616
(mg/g)  6.058 & 0.567 5779 = 0298 s+ 0407 5884 060 5635 < 0706 5759 - 0468 578 ¢ 0475
Thymus (mg) 5019 886 5582 379 4839 = 1300 4741 1107 %25 = 539 5941+ 1140 4955 + 1133
(me'e) 1568 & 0155 1676 = 0047 1419 = 0291 1.446 0.276 1397+ 0197 1803 + 0390 1509 1+ 038
Liver (mg) 100543 = 9482 106319 + 14355 96069 = 4359 97108 = 17013 01069 = 13125 106361 + 3976 100370+ 8590
(mgig) 3155 = 1418 31850 = 3013 ®S5I8 £ 1347 * 29624 < 3% 30294 - 1488 32116+ 0585 10260 + 1668
Kidney (R) mg) 12910 = 537 1490 = 1349 12260 = 516 12407 = 1166 13133 = 519 1297 = 985 13095 = 763
(mgrg) 4071 £ 0313 4048 = 0284 3643 = 023 3806 0.188 391 0263 3916 ¢ 023 3951 = 0118
Kidney (L) (mg) 12715 + 646 13164 = 1428 12084 = 533 12405 - 1038 12886 ¢ 912 130601 1143 12895 = 949
(mg'g) 4009 ¢+ 0322 3953 £ 0355 3592 « 0270 1807 : 0142 3878 : 0189 3942+ 0234 38% = 0171
Spleen (mg) 6996 + 1201 920 1 2960 8183 : 1810 6747 ¢ 1529 918 = 1746 7226 = 649 7875 = 1590
(mg'g) 2203 = 0.404 2746 2 0782 2406 + 0383 2046 ¢ 0315 2390 = 0.550 2191 = 0269 2378 £ 0491
Testis (R} (mg) 15744 = 1093 15447 = 713 16056 : 704 15658 &+ 1350 16405 & 1602 15701 = 743 15407 = 1210
(mg'g) 4959 + 0414 4651 = 0329 4774+ 0373 4839 ¢ 0669 4943 1 0488 4748+ 0278 4676 = 0622
Testis (L) mg 15770 + 1171 15437 1 563 15968 ¢ 640 15723 = 1097 16606 & 1829 15050 £ 1196 15470 961
(mgig) 4968 & 0450 4647 £ 029 4749 . 0380 4861 ¢+ 064 5005 0580 4366 + 0547 4691 0547
Adrenal gland (R} {mg) 250 20 275 ¢+ 45 34 s 29 * 267 = 14 322+ 38 * %3 = 32 265 + 25
(mg'g) 0078+ 0.008 0.082 + 0011 0094 5 0012 0083 £ 0013 0097 = 0012 * 0.085 = 0005 0080 = 0.005
Adrenal gland (L) (mgy 6.5 =+ 23 270 - a7 329 38 * 92 & 29 42 = 35 294 37 270 = 27
(mg'g) 0.083 + 0007 0.081 + 0011 0.098 + 0011 0.090 & 0013 0.103 = 0009 * 0.089 0.008 0.082 = 0.004
Each value shows mean + S.D.
Significantly different from the control group (*: P-0.02: control 1),
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Table 14 . Organ weights of female rats in the repeated dose toxicity study of by for 28 days
Group Corn ail (control 1) Distilled water (control 2) Co0 PVP-C60 SW-CNT MW-CNT PYP-K30
Number of femalkes 5 5 5 5 5 s 3
Dody weight @ 1972 = 248 1998 ¢+ 65 2019 ¢ 186 1893 & 156 1944 = 98 2082 - 52 2048 © 214
Brain (mg) 17287 + 355 17529 = 536 17433 = 913 17697 + 516 17528 &+ 688 17567 = 500 17714 1+ 552
(mg/g) 8868 + 1.032 8779 & 02% 8256 = 0501 9413 + 0972 9028 + 0399 8456 0.543 8721+ 0895
Thymus (mg) 4038 &+ 821 4222 = 480 453 = 173 350 = 630 457 = 648 4494 = 642 4076 + 1471
(mg/'g) 2034 £ 0173 212 0.297 2088 = 0422 1764 + 0233 2137+ 0247 2159 = 0291 1969 + 0637
Liver (mg) 60213 = 9651 60661 * 606.5 6346.5 = 4347 55646 + 666.5 60949 + 2049 62009 & 389.1 62158 1 8552
(ng'g) 30426 = 1192 30332 =+ 2431 0018 = 1465 2032 + 1384 31391+ 119 29816 - 0946 30306 ¢ 1.854
Kidney (R) (mg) 8427 + 1153 8615 409 8885 - 94l TI06 + 328 4 8153 + 251 8171 = 721 8483 ¢ 1074
(mg'g) 4275+ 0.3 4312 = 0In 4239+ 077 4084 + 0218 4206+ 0.304 3927 0329 4143 : 0288
Kidney (L) (me) 8387 & 1223 8448 = 369 8751 ¢ 680 7459 +  STR # RI96 475 7978 599 8449 + 1187
(mg'g) 4255 + 0333 4230 = 0J64 4160 = 0563 3545 1 0175 # 4218 L 0162 3832 ¢ 0240 4121 & 0295
Splezn {mg) 4556 = 78.1 5087 =+ 538 5352 ¢ 98.0 4292 = 427 SR = 79.5 5004 = 342 5154 1 1081
(mg'g) 2300 = 0138 2548 + 0278 2520 = 0358 2273« 0214 2662 ¢ 0364 24n 0239 2493 & 032
Onary (R) (mg) 494 = 64 391 = 69 557 + 85 36.5 + 5.0 85 = 102 461+ Sl 463 133
{mg‘g) 0252 = 0032 019 = 0030 0264 + 0038 0194+ 0029 0250 : 0.054 0222 = 0028 0223 = 0043
Ovary (L) (mg) 94 = 29 386 1 A5 537 ¢ 75 * 405 108 40 » 96 496 + 45 400 + 101
(mg/g) 0201 = 0025 0194 : 0023 0.255 0.037 0216 + 0064 026+ 0.049 0238+ 0023 0194 + 0033
Adrenal gland (R) (mg) 365 + 75 331+ 39 137 24 74 0+ 72 46 + 47 333+ 54 357 &+ 54
(mg'g) 0.138 : 0046 0165 + 00IS 0160 4 0022 0144+ 0031 0178+ 0.02 0160+ 0025 0175 + 0027
Adrens] gland (L) (mg) 379 s 42 332 ¢ 32 350 1 22 097 & 57 N3 =+ 48 s 63 371 = 62
(mg'g) 0.193 + 0011 o166 = 0017 0167 + 0022 015 + 0022 0171 & 0.022 061 = 0030 0182 = 0030

Each value shows mean + §.D.

Significantly different from the control group (#: P<0.03; control 2, *: P<0.02; control 1).
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Table 15. Macroscopic findings of male rats in the repeated dose toxicity study of nanomaterials by transcutaneous administration for 28 days

Group Comoil ~ lied C60  PVPC6D  SW-CNT  MW-CNT  PVP-K30
(control 1) (control 2)

Findings Grade - P - P - P - P - P - P - P
Kidney
Enlargement 50 4 1 50 50 50 50 50
Liver
Whitish area 50 50 50 4 1 50 50 50
Lymph node, submandibular
Enlargement 50 4 1 50 50 4 1 50 41
Skin
Crust ¥ 50 4 1 50 5 0 50 50 5 0
Spleen
Enlargement 50 4 1 5 0 5 0 5 0 5 0 5 0

Notes) -: No abnormal changes P : Non-graded change
a) By taping (except exposure area)
Numerals represent the number of animals.

*16 RERIFRR (M)
Table 16. Macroscopic findings of female rats in the repeated dose toxicity study of nanomaterials by transcutaneous administration for 28 days

Group Corn oil 3;2:]“ C60 PVP-C60 SW-CNT MW-CNT  PVP-K30
(control 1) (control 2)
Findings Grade - P - P - P - P - P - P - P
Kidney
Pale colored area
bilateral 50 50 50 50 41 50 50

Lymph node, submandibular
Enlargement 5 0 4 1 5 0 50 4 1 5 0 5 0

Notes) -: No abnormal changes P : Non-graded change
Numerals represent the number of animals.

99



%17 HEARPFHR ()

Table 17-1. Histopathological findings of male rais in the repeated dose toxicity study of ials by d for 28 days [H.E. staining}

Group Tom ol Distilled water To0 PVP-C60 SWCNT MW-CNT VP30

(control 1) (control 2)
Findings Grade - : v 2+ 3+ PPos - = - 2 3- PPos. - & - 2-3 PPos - + - 2-3r PPos. - x + 2-3+ PPos - = + 2+3> P Pos - & + J-3+ P Pos
Tymph node, submandibutar H B H B 5 5 5
Thymus
Tingible body macrophage.cotex 4 1 0 0 0 1 32000 2 32000 2 23000 3 23000 3 32000 2 32000 2
Lung
Accumulation, foam coll, aiveolus 3 2 0 0 0 2 32000 2 32000 2 500 00 0 50000 0 50000 [ 23000 3
Cellular infiltration, eosinophil,
periarterial 32000 2 32000 2 23000 3 22100 3 23000 3 23000 3 3100 2
Cellular infiltration. neutrophil. focal 4 1 0 0 0 1 41000 1 50000 0 50000 0 50000 0 50000 0 50000 [
Hemorrhage, focal 41000 1 41000 1 50000 [ S 00 00 [ 50000 [ 50000 [ 50000 0
Metaplasia, osseous, focal 41000 i 32000 2 41000 1 S 0000 4 50000 0 50000 [ 50000 °
Mineralization, artery wall 41000 t 50000 ) $ 0000 o S0 0 00 0 50000 [ 50000 [ 50000 0
Bronchus H H 5 5 5 5 5
Lymph node, mesenteric 5 H ] s s 5 s
Hearl
41000 1 s 0000 0 50000 0 41000 1 50000 [ 32000 2 32000 2

Liver
Fatty change, hepatocyte. periportal 4 1 0 0 0 1 50000 0 41000 1 50000 0 41000 1 41000 1 41000 1
Microgranuloma 34000 4 23000 3 05000 5 14000 4 14000 4 14000 4 23000 3
Necrosis. focal 50000 0 41000 [ 50000 0 311 00 F3 41000 1 50000 0 32000 2
Splen
Hematopoiesis, extramedullary 0.2 3 00 5 0 2300 5 023 00 3 0.3 200 s 01 400 5 03200 s 01 400 5
Notes) - : No abnormal changes &; very slight + : Sighl 2+ Moderate 3+ Marked
P; Non-graded change NE: Nol examined Pos.: Total of positive grade
Numerals represent the number of nimals,
Table 17-2 Histopathalogical findings of male rats in the repeated dose toxicity study of ials by inistration for 28 days [H.E. staining]

Group Conwol-1 Control-2 Te0 FOP-Co0 SWCNT MWNT PVP-R30

Dose(mLkg) 2 2 2 2 2 2 2
Findings Grade - : - 2-3: PPos. - - - 2:3 PPos - % + 273 PPor . : + 2+3 P Pos. - = - 2-3- PPos - = - 2:3r PPas . = - 2r3- P Pos
Kidney
Basophilic tubule, cortex 14000 4 32000 2 05000 5 14000 4 4000 4 14000 1 21000 3
Cellular infiltration, iymphocyte,
intorstitial 23000 3 23000 3 32000 2 32000 2 32000 2 32000 2 23000 3
Cyst, medulla s 00 4 1 4 [ s 00 4 11 5 00 s 00
Fibrosis, focal, subserosa 50000 0 50000 0 5000 0 0 50000 [ 41000 1 50000 ? 50000 0
Hyperplasia. transitional cell,
with cellular infiliration 50000 0 50000 0 41000 1 50000 0 50000 0 S0 000 ? S 0000 0
Mineralization, medulla 50000 0 50000 0 50000 0 41000 1 41000 ! 5000 0 0 50000 0
Adrenal gland 5 s s s 5 5 5
Testis
Afrophy. seminiferous tubule, focal 5 0 0 0 0 0 50000 0 S 0000 [ 50000 0 50000 0 41000 1 54000 0
Multinucleated giant ccll,
seminiferous tubule 506000 0 50000 0 S 0000 1 50000 0 50000 0 41000 1 sa 000 @
Epididymis
Cell debris, lumen 5000 0 ) 50000 3 $ 0000 [ 50000 0 50000 ¢ 41000 1 50000 0
Cellular infiltration, lymphacyte,
interstifial 5 0000 3 500 00 0 5006 00 0o s 0 000 0 5000 0 o 41 0 0 ¢ 1 s 009000 O
Skin
Attachment, crust, focal, epidermis ~ § 00 4 (I} s 00 H ¢ 0 5 00 5 00 5 00
Cell debris, hair follicle 50000 0 50000 6 41000 1 50000 0 50000 0 50000 [ 50000 @
Cellular infiltration, lvmphocyte.
dermis/muscular layer 50000 0 41000 1 41000 1 50000 0 50000 0 50000 [ 50000 0
Cellular infiltration, macrophage,
dermis/muscular layer 5000 0 [ 41000 1 41000 1 50000 0 50000 0 50000 0 s 0000 0
Edema, dermis 50000 [ 41000 1 50000 0 50000 0 50000 0 50000 0 s0000 0
Hiperplasia, squamous cell, focal 5 0 0 0 0 0 41000 1 S 0000 [ 5006060 0 50000 0 50000 0 50000 0

Notes) - No abnormal changes - very slight - : Shgt 2+: Moderate 3+: Marked
P : Non-graded change NE: Nof examined Pos.: Total of positive grade
Numerals represen the number of animels.
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Table 18. Histopathological findings of fcmale rats in the repeated dose toxicity study of ials by inistration for 28 days [H.E. staining]

Group Com ol Distiliod water TE0 FVP-Co0 SWCNT, MW-CNT PVP-K30

(control 1) _ (control 2)

Findings Grade - = + 33+ PPos - = v 2 3+ PPos - 3 i 2,3 PPos -+ + 233 PPos - : + 3-3+ F Pos. - % = 3-3: F Pos. - % o+ 2v 3: P Pos
Lymph node, submandibular 3 5 3 s B 3 H
Thymus
Tingiblc body macrophage.corex 3 2 0 0 0 2 4 1 0 0 0 1 41000 1 32000 2 32000 2 41000 1 12000 2
Lung

Accumulation. foam cell alveolus 5 0 ¢ 0 © o 32000 2 50000 0 23000 3 32000 2 32000 2 32000 2
Cellular infiltration, eosinophil,

periarterial 05 060 s 32000 2 4000 4 ¢ 5000 5 1 4000 4 I 4000 4 14000 4
Metaplasia, osseous, focat 4 1 000 1 50000 0 s 0000 0 50000 0 50000 0 $0 000 0 41000 1
Mincralization. artery wall 50000 [ 50000 0 50000 0 4 1 000 1 50000 0 41000 1 50000 0

Bronchus 5 5 5 5 5 5 H
Lymph node, mesenteric s 5 s 5 5 s s

myocardial, focal 41000 1 50000 0 500 00 o 50000 o 50000 0 §$ 0000 0 50000 [
Liver
Fatty change, hepatocyte, periporal 4 1 0 0 0 1 32000 2 410 00 1 4 1 0 00 1 5 00 00 o 32000 2 50 000 o
Microgranuloma 1 4 000 4 1 4000 4 14000 4 140200 4 1 4000 4 41 000 1 14 000 4

Splesn

Deposit, pigment, brown 05000 5 05 000 5 05000 5 05000 5 05000 s 05000 s 05 000 s
Hematopoiesis, extramedullary 05000 5 05 000 5 05000 5 056490 5 05000 5 65000 5 05000 5
Kidney

Basophilic tubule, cortex 04100 5 13100 4 z22100 3 23000 3 13100 4 14000 4 04 100 5
Cellular infiltration, lymphocyte,

interstitial 1000 1 41 000 1 41000 1 50000 0 50000 0 41 000 1 50000 0
Mineralization,

cortico-medullary junction 13100 4 23000 3 22010 3 23000 3 221 00 3 05 600 5 13100 4
Adrenal gland 5 5 s 5 5 5 5

Orary

Decrease, corpus luteum, hilateral 5 0 0 0 0 0 50000 [ 50000 0 50000 9 4 01 0 9D | s 0000 0 50000 0
Uterus s s 5 5 b 5 5

Vagina 5 s 5 5 5 5 5

Skin

Cell debris. hair follicle 5 00 00 0 5 0 0 0 0 0 5 0 0 0 0 0 5 0 0 0 0 ¢ 5 0 0 0 0 0 4.1 00 0 i 5 0 0 0 0 0
Notes) - : No abnormal changes very slight ¢+ : Slight 2+: Moderate 3+ Marked

P : Non-graded change NE: Not examined Pos.: Total of positive grade
Numerals represent the number of animals.
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"}‘ Schematic diagram of Nanotox study
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. Hydrophobicit_y - Distribution -Immuno-response
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Protein interaction 4 47
+Serum protein (e.g. 1gG, complement) ~Live imaging “OMICS” approach
-Cellular protein (e.g. receptors) -Electron microscopy (proteomics/genomics)
1] L
@ Elucidating the mechanism of nanomaterial-induced biological influence.
® Identification of potential biomarkers for the prediction of nanomaterial-induced toxicity.
@ Providing the direction for engineering safety-insured nanomaterial for practical use.
7
Accelerating social reception of nanomaterials world wide ,V
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Twab,
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Although titanium dioxide (TiO,) is widely used, its inhalation can induce inflammatory diseases accom-
panied by interleukin-1f (IL-1p) production. The particle characteristics of TiO, are important factors in
its biological effects. It is urgently necessary to investigate the relationship between the particle charac-
teristics and biological responses for the development of safe forms of TiO,. Here, we systematically com-
pared the production of IL-1f in response to various forms of TiO, by macrophage-like human THP-1 cells
using various sizes (nano to micro), crystal structures (anatase or rutile), and shapes (spherical or spicu-
lar) of TiO,. The production of IL-1p depended dramatically on the characteristics of the TiO,. Notably,
smaller anatase and larger rutile particles provoked higher IL-1p production. In addition, IL-18 production
depended on active cathepsin B and reactive oxygen species production independent of the characteris-
tics of TiO,. Our results provide basic information for the creation of safe and effective novel forms of
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Introduction

Titanium dioxide (TiO;) is a natural mineral that occurs in three
different crystallographic structures: rutile, anatase, and brookite.
Because of its physicochemical properties of good fatigue strength,
machinability, biocompatibility, and whitening and photocatalytic
effects, TiO, is widely used in paints, wastewater treatment, sterili-
zation, cosmetics, foods, biomedical ceramics, and implanted bio-
materials. Rutile is used in pigments and sunscreens. Anatase is
used as an efficient photocatalyst and in printing ink. TiO; is com-
mercially manufactured in large quantities around the world
because it is considered to be of low toxicity [1,2]. However, the
increasing use of TiO, has raised public concern about the potential
risks to human health. For instance, TiO, can induce lung inflamma-
tion and brain damage [3-9]. It has become evident that particle
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characteristics, including particle size, surface properties, crystal
structure, and physical attributes, are important factors in cellular
responses. Therefore, it is necessary to evaluate the association
between the particle characteristics of TiO, and its biological effects.

Inflammation has been suggested as a key factor in the develop-
ment of fibrosis and cancers [10]. Studies have shown that TiO,
induces substantial, albeit transient, inflammation accompanied
by significant interleukin-1p (IL-1B) production [6,8]. Macrophages
and the IL-1pB produced by them have been suggested to play a cru-
cial role during the early inflammatory response after exposure to
TiO; [6,8]. The pro-inflammatory cytokine IL-1p is involved in the
initiation of inflammatory processes and thus contributes to
inflammatory diseases [11]. In fact, the IL-1B receptor antagonist
anakinra has been successfully used to treat patients suffering
from inflammatory diseases, indicating underlying increased IL-
1B production [12,13]. Therefore, for the development of safe novel
forms of TiO,, systematic analysis of the association between par-
ticle characteristics of TiO, and IL-1f production levels and the elu-
cidation of the mechanisms of TiO,-induced IL-1p production are
urgently needed.

Mature IL-1B is produced through the cleavage of inactive pro-
IL-1B precursor by caspase-1, which is activated within a large



