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The diameter effect of TiO, nanotube on inflammatory response in Raw 2647 Macrophages
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ABSTRACT

The biological studies related to the diameter of TiO, nanotube have mainly focused on the
biocompatibility and functionality of cells. The purpose of this study was to evaluate the size effect of
various TiO, nanotube diameters on inflammatory responses such as the generation of iNOS, NO and
interleukin-18(IL-18), and tumor necrosis factor-¢(TNF-a) in LPS-stimulated Raw 264.7 macrophages, The
adhesion and proliferation of macrophages cultured on 100 nm TiO, nanotube were significantly higher
than those cultured on Ti(P{0.05). The results of nitric oxide(NO) generation from macrophage indicated
that the wvalue of 30 and 100 nm TiO, nanotube had the tendency of reduction and increment,
respectively, compared to Ti control group(P)0.05). The mRNA expression of iNOS, IL-18 and TNF-a
resulted that the IL-18 (the degree of inflammation response) values of 30 nm TiO, nanotube was
significantly lower than those of Ti(P(0.05). In additions, IL-18 values of 100 nm TiO, nanotube was
significantly higher than those of Ti(P{0.05) Thus, it was concluded that TiO, nanotube did not have
cytotoxicity effect on RAW 2647 macrophage, but 100 nm TiO, nanotube had the potential for
accelerating inflammation response in Raw 264.7 macrophages. Further investigation is required to resolve
detailed mechanisms relating to the morphology and nanostructure of TiO, nanotube and inflammation
response.,
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TEYHMor 5, 2006; Oh 5, 2008). HTol= YTt
7 AA BRS EXgta HuEIokShin T,
2010).

HeRr W ofgh A9 A 22 o
A}=4¢] Lipopolysaccharide (PS4} A4 W] tiAakE
ol arachidonic acid®} 72L& WHEA=o djst A Z3
o] "ho}7|H o Z(Trowbridge®} Emling, 1997) th2]Al|E
(macrophage)t} HXF F tiekst dSA27 f9el
Ho}, 3] )M E(macrophage)= AE W thksk
Zuf7e1AF=2] Interleukin - 18(IL-18)9} Tumor necrosis
factor - alpha(INF-a) 53 22 954 ARIETRSI, nitric
oxide(NO)E THkst wiZiE2S Aikste] HAx71e A
Wolol] T3k S o AEE geA SIthHiguchi
5, 1990).

Nitric oxide(NO)x= A3 WollA inducible NO synthase
(NOS)ER: Ee] Ei48S o) AYSE o)t 4
Fugo] sy 4 2ad o4 2o i 4
3}, amel Nos| S Holga) AFEe] 2
s AL $%e A7 e 5 ol A 5
8%k AE W 285 AN AFe] NO AL Eof
sy, MEAPE 9 v AS
Ak Asl T QA HAAAY oS YEhdtial 1
%, 2005; Hines®} Grisham, 2011;
Jiang &, 2011). B=SF Interleukin - 18(IL-18)9} £
/\}OIX]— ] Tumor Necrosis Factor-alpha (TNF-a)&= H
g fEsis 9% bl AelErkelos
7—}% 03%7‘&]?}-4 g7 Zge)] ek 93ks sk A
o2 By JuiBeutler?} Grau, 1993; Mathiak %,
2000). AZFA TIO, WeRBe] tieket ®d wHEw
A= b 9 o8AREA Y o] 87Fs Aol g
T7t s JPEHL YA TO, Hi=FHe}
Z7] A5l WA= FaFel gk A7 ofF
wgeitt, Wb TO, Wi=FEel tigk 7] o5 w¥hS
H7ksh7] Sls) LpS= EAdstE RAW 264.7 2|3
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EJelEs H(Thickness: 250 #m, purity: 99.5%; Alfa-

Aesar, MA, USA)E oMlE, olebe, Bl SR7T] £A=
A&sE & Perchloric acid, Butoxy ethylene glycol,
Methanol ©]43F A7|RsHog FuAzEs sl ¢
g et 5 nm olske] Fe=(flatness)E 7HAE
FHo| 73 EebE Alzskoiet. A7)Es ke
Eelg 25 0.5 wi% E4Hpurity: 48%, Sigma, USA)&
Asfd gdoz 3le] 30 nmE 5 V, 100 nmE 20 Ve
HefelA 60T B F=AE AIFTE d=AtE gs

1S SRl Ak, 60t LB 2447k
T, 500ColA 2A3FEeE dAEE sk (¥
g, g2 2 YAEE = 1 K/min), g4
1.27 x 1,27 & Adslal, S50 AlES 2
, et A a%sT] dEARl F AlEE o
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2. M|=ZHHt

Aol AR w20 iAAEFQ] RAW 2647
(monocyte) | ¥+ 10% FBS (Gibco BRL, Grand island,
N.Y., USA)®} 1% antibiotics (Gibco)?} 7}8+ DMEM
(Dulbecco's Modified Fagle Medium)HjA|S vl o2
37T, 5% CO, incubatorellA] ujjok3}$ict,

3. MTT assay

Axe] Bz g 288 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT) assayZ ©]-&3}
o 243ttt = Tio, Ux=5H $o] RAW 264.7 U
AMEE 12well plated] ZH2t 5x10° cells/wellS B33

3L 48A1ZF FRF wileF ¥ LPS (lug/ml)E A 2|8ke] 244]
ZF wfekabsdch vk F MTT(Sigma, USA)-EH 100 ug
/mlg 2 wellell Fd7Fsto] 37°ColM 4ARE < uleks)
ek, 4xzE B F MITel| o8 FAE formazang
DMSO(Sigma, USA)=
(Spectra MAX 250, USA)E ©]-&3}o] 540 nmojA 3%
=5 St

%0]3l microplate-ELISA  reader

4, Nitric oxide(NO) &H

RAW 2647 UIAHZEHE] A= NO9 ke A
¥ ol = == nitrite FEE Choi 59 =Y
(Choi &, 2008)°ll w2} Griess reagent ¥H-3H-< o]%s}
o Z7gataltt. Tio; UriTErE 9ol RAW 264.7 MEES
5x10° cells/mlz 223 F 12 well plaed] HE311

48A17F 3 LIPS (1 wg/ml)E Aeldte] 24A13F wFslSict.



=45 2|« TiO,

AAE NO %k GriessA|eF [1%(w/v)sulfanilamide in
2.5 %(v/v) phosphoric acid, 0.2%(w/v)naphylethylene-
diaminel& ©]83te] AEujF Fof] EAlFH= NO.9|
Jel2 A3t MEAfF S 15042} GriessA]
oF 50 ME &g ste] 96 well platedia] 108 E<F Whe-
AlZl 5 540 mollM FFFEE ST Sodium
nivites] FEW BEFUE olgalo] Merle] NO

=5 2Asl.

5. Real time quantitave RT-PCR

TiO, U=EH 9o RAW 264.7 AJEE 5x10" cells/ml

2 ZH3 3 12 well plated] HEsaL 48A1F 3 LPS
(1 wy/m)E Hzlate] 24x7F wjkalodeh wjkst 3

TRI reagent(Invitrogen, Carsbad, CA, USA)Z AR&3}e]
AZALe] AA | wel Total RNAS E&skt). Tio,
UFH QoA wijdkd AEXE 22 12 well plated]
7 1x phosphate buffered saline(PBS, pH7.4)2
WA 5 A a3t ol A& 1.5
mL tubeo]] ©3L chloroform(Sigma, USA) < 100 4L 3
7Fske] 15%3} vortex 3lal %N%ﬂ—a](n 000 rpm, 15,
4 C)ste] A5 AE FHsH AR wbeol AT 7]
o] F%2| isopropanol(Sigma, USA)S H7}sle] A&
A 108 ZF skl Y AR (11,000 rpm, 104,
i) @ ¥ A% g Asdsn. A8Eel 79 o
25 #H7Fske] washingdt & 44122)(9,000 rpm, 5%,
4C) & diethyl pyrocarbonate (DEPC) #|2|¥ Zﬂ‘ﬁ—%\—‘jﬂ
A7vske] S8t AR A S8 uReAA AAE
=9t ®2l¥ Total RNA 1.5 g, 0.5 pg Oligo dT
Carsbad, CA, USA), 0.5 mM dNTP
(Invitrogen, USA)E Z7}sle] 65 TollA] 5EZF vHSAI7]
% 5x First strand buffer, 0.1 M DTT, RNase OUT™
(Invitrogen, USA)E Y& & 42ColA 287 w8 &
200 U Superscript II reverse transcriptase(Invitrogen,
USA)S F7Fste] 42T ellA 503 70T oA 158702
&E_A]zit} Total RNAE 97A} =31 HyHE<Ql <DNA
= Table 1 ¢ primersg $AE cDNAE templateZ
0}04 real-time PCR& 38F3Ieh. /3% cDNA 2 Lol
primer (forward, reverse) 1 p#L(10 pmol/#L), 2X SYBR

TRI reagent®

w %

(Invitrogen,

green master mix(Applied biosystem, USA) 10 #LE 9
T #H%F volumeg 20 4L 33T} DenaureE 95T
A 30%, annealingg 60C 9|41, extensione 72C 9|
A 3022 Bl 40 cycle®] PCRE 3. 23
BEL sla) 33 W A%e BT 717l Appled

Lis=o| |

4517} Raw 2647 CHAIM|ZO| oi=HiS0| Ojx|= A& 27

Biosystems= ARS8 StepOne Plus V.2.2.2 (App-
liedBiosystem, USA) softwareS AR&ale] E29319ic}

6. AIO|EFIQI AMMEE =X

RAW 2647 hAAZE 5x10° celly/mlz ZHsh
12 well plated] HE3}aL 48x7F & LIPS (1 ug/ml)
Aefate] 24A17F EF wgERGITt. 2441k - Al uie
aS FHsle] cytokine2 ZA3HITh 1L-18, TNF-a &k
< FIA kit (R&D Systems, Minneapolis, USA)E A28}
o] ZA3}olc}. IL-18, TNFao] ke FFEA| uhe
oRRE dojzl FFEHAE o]gste] hitelsitt.
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SPSS X &1 %J(SPSS 12.0; SPSS GmbH, Munich, Germany)
S o] 83} one-way analysis of variance(ANOVA)Z
A5l It alpha=0.05).

1, MTT assay

RAW 2647 A Eo] thgt TiO, Yi=fFrHo| HE
2 gl FAES SA8] Hgte] MIT assayg T35}
ot thzael Tigl 30 nm, 100 nm Y=FHE
RAW 2647 JAAEZE 1PS(1 wg/ml) 24A7F st 4
I iz T Bt 30 nm, 100 nm WeSHo A A
E 52 g S50 Fkhs 2l gRlekqlal(Figure
2), 100 nm WY=5H Qo] BFE RAW 264.7 THAIAE
of A 3 @ F2EL gzl Tidl Hlste] fofat

=0

UA =L Ao IAEHATHP(0.05).

2. Nitric Oxide (NO)

TiO, WefHe}l LPSE faE RAW 2647 thAA|E
9] nitric oxide(NO)e] AAlol] n|X= &g wjwst 2
FH(Figure 3), W72l Tiol BE} 30 nm Wi=F-H
A Fadhe A% JERIAL 100 nm WieFHA =
2=l Tiell Hlate] NOS| Aol F7F HAUARE F
2l frojak= AATHP)0.05).
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Figure 1, (@) SEM images of self-assembled layers of
vertically oriented TiO» nanotube of different diameters, (b)
vertically section of 100 nm TiO» nanotube (c) horizontal
section of  transmission electron microscope(TENM),
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Figure 2. The cytotoxicity of TiO» nanotube in LPS stimulated
Raw 264.7 cells, Significant of differences between Ti vs,
100nm: * P(0.05
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Figure 3, Effect of the nitric oxide production on TiO,
nanotube in LPS stimulated Raw 264.7 cell

3. iINOS % TNF-a 2} IL-18 mRNA 25

LPse] o3 493 RAW 264.7 AAZ2RE A
AEE NO9| &Sl iINOse| izl W gt
30 nm, 100 nm Wi=FHoke] Jgks Al J5}e] real
time RT-PCRE F3y3}itt. 2 A¥H(Figure 4), iNOSE]
e ozl Tiofl Hlske] 30 nm WReFHEAA ST}
7S JeRIAL, 100 nm YR HAM= Fa
7ggFol At skARF vheRHele] BAH
B b EA] QIR 0.05). INOSS] W 2ol
S AbelEFRRIY] W mA&= JEs AR ¢
sto] thEAY 54 AlolEFIRICE YEZ]l TNFa ¢f
IL-18 mRNA & S 5743kl TNFax ¢l
Tiol H|3te] 30 nm WeFHoA Z4skdaL, 100 nm
WeRHAANE SVl A% veEldod FAIA
Frolxhs A=A FdhP)0.05). WHEd] 118+ thE
¢l Tioll Hl&ke] 30 nm Y=FHoM FoA e 7
25 YERHATHPL0.05).
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Figure 4, The effect of TiO- narnotube on LPS - induced
INOS and pro-inflammatory cytokine mRNAs expression,
Significant of differences between Ti vs, 30nm: ™ P(0.05

Table 1, Primer Sequences Used in Real-time RT-PCR

Target Sequences
beta-actin Forward 5'-CAATGACCCCTTCATTGACC-3'
Reverse 5'-GACAAGCTTCCCGTTCTCAG-3'
INOS Forward 5'-AATGGCAACATCAGGTCGGCCATCACT-3'
Reverse 5'-GCTGTGTGTCACAGAAGTCTCGAACTC-3'
L1 B Forward 5'-CAGGCAGGCAGTATCACTCA-3'
Reverse 5'-AGGCCACAGGTATTTTGTCG-3'
TNF-a Forward 5'-ACGGCATGGATCTCAAAGAC-3'

Reverse 5'-CGGACTCCGCAAAGTCTAAG-3'
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Figure 5, The effect of TiO, nanotube on the production of TNF-a (A) and IL-1/4 (B) in LPS - stimulated Raw 264.7
cell. Significant of differences between Ti vs, 100nm: *, P(0.05

4. HEY AO|EFIRI(TNF-a 2 IL-13) Ay

TIO, WefHel AFA APolEFFQIR] TNF-a9} IL-18
of Fulo] mxl= gFS AR 98 30 nm, 100
nm Y=FH $]o] RAW 264.7 M EE LPS ug/ml)
2 AL, 24A13to] AFgk & ufA]el] FH|E TNF-a
o} IL-189] F&=& ELSAo g =43ttt 1 A7,
LPSE EAJ3lE RAW 264.7 TH2JA|Ed|A 2] TNF-a:= of
Z79] Tioll H|3Fe] 30 nm, 100 nm WY=FHA Z7}
SR BAARD frolake HAEA] gkl (Figure 5
(A)(P)0.05), ¥k IL-18% izl Tioll H|gke] 100
nm WeFEAA  foab A KRS skt
(Figure 4 (B))(P(0.05).
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A TO, LheRnel cke Bl MR Juet
4 gk 2 elgAREAel ol87lsdl Hd
] WP QUARE TiO, WeFHet #Hd 27
FSERo WA= FEF] g A7= obF BEH
o & AFelMde TO, WieRE g 27 S
S H7¥slr] 9l LpsE BstE RAW 264.7 tHAAE
oAe] iNOSe] el F NOAAE B AFol #ofsh= dix
Aol Alo|EFIC] Interleukin - 18 (IL-18)¢}F Tumor necrosis
factor - a (INF-a)oll w|X|= <J&kol| disl Lolr iz} 3}
k.

2=

|

l:\:l

ol ofgh ke Aldzels 22 9

2 2= ¢lLipopolysaccharide (LPSY A W] thARF
9] arachidonic acid®} Z-& WEA=d| st A %
o] Ho]7]A o Z(Trowbridge®} Emling, 1997) th2JA]
3 (macrophage)t} HZT 5 vkt AFAES} 9ol
Hoh 53] M E(macrophage)= AE W tiksk o
ZupIAS 118, TNFe 53} 28 954 AE
7o, nitric oxide(NO)YS tfoFst w7Eze Arlslo]
Aaz7ol A Hold F83%F 9T sk AER I
24 Slek(Higuchi 5, 1990).

RAW 204.7 UIAAZEE A U] ZE 244 2315
HEEo] glon M WYS Eishs WA|Eoln
HAA Tog ldt gF whe Ao FFuksol F5
ol &S 3}H(lontcheva %, 2004), & BH=
71 o) dErda Wol o]&¥tH(Bungom 5, 2009
Min %, 2012). o]#|dt RAW 2647 ti2A|Zd] thst
TiO, W=frHete] A F3 9 SAES SA57] 9

Bte] MTT assayS F33dch thz7<l Tigk 30n m,
100 nmU=F-E 9ol RAW 264.7 t2IMEE LPS(1ug/
ml) 24X7F Aejgt A3} izl Tiol Hlske] 30 nm,
100 nm UxEHoA HE Bzt g2 =250 Zylsl=
A& FRIEHSIAL, 100 nm W=FEE fof 2 QA &
< Zlo| #EHJTHP(0.05). ©l9} #> AFE Burns
53} Popat 5o] Bt AZAHE, SIHEA Tiol H]
sto] TIO, We=fE7} Al H2ES 3 f‘lﬂﬂ* A
o} fARE B3-S JERISIAE, TIO; FHol A7
o] 255 93] AR FAE| 7}0} At oA
AlEo] Folddt ek T AF RFd wE Ze=R
AlE EH3, TiO, YieRHE Raw 264.7 A2 =
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A& YeRlA &2 Zlo= g2l 3t

Nitric oxide(NO)= AYA| WollA] inducible NO synthase
(NOS)Eh= &4 Ewirg-& B A=, o
dsHkge] s 7MY Fad A Fo s
zZhgeitt, dwhbARl NO9| A wholgit AlTES]
SAE AFEATIAY TS AA s T oy 7HA
=93 AX U 28-S AT ARk NO A =0t
Axel A5, 22, R, AxAPE 2 WA
Agk A3} 5 oA WIAAY ol s Yepdtn B
F3l It (Chen &, 2005; Hines®} Grisham, 2011; Jiang
%, 2011), NOE larginine© ¥ nitric oxide synthase
(NOS)©l| 2J3l] wHEo{A|H, endothelial NOS(eNOS), neuronal
NOS(nNOS), inducible NOSGNOS)5 A 714 &ei7} gl
E=d|(Stuehr, 1999) £3] iNOSE AT EAjatA] &
Ou} Py Allt9] lipopeptides Ak=5ell of3f ok A4
o] FEHoRN HFUES FXIsHAl HrhLowenstein,
1992). 5uFsT #dHE 224 £4olA NOgt iNOS
o] F7bEo] o] Hirxo] SlthMcCartney &,
1993). H3k 1L-189F FFFA}IAkQl Tumor Necrosis
Factor-alpha (TNF-a)= WM} ASHHe2 fiedlhe
5 WA AtelETIRIC R Z4E AT S| WA X8
of F23 9&S = Ao HiEHI QJthBeutlers}
Grau, 1993; Mathiak %, 2000). 9% AR Agw=
LPSE o]&ste] TiO, WefHr/l dF fdd] mxe
FE vl A, izl Tiol Wgte] 30 nm =
FHOA NO9| AJdo] Fradhe AdFS eI 100
nm We=FEAAE NOS| Aol 71 HAAN 514
ol frofxk= gllTk(P)0.05). &g LpSell o3 2/dstd
RAW204,7 AEZHE AYEe= NOS Fda A<l iINOS
of A el tist TIO, Wie=fFHoA e 95
o M= o3-S zAkel7] Yste] real-time RT-PCRS:
Feateitt. iINOse] WS oz}l Tiol HIste] 30
nm WeFEAA S7eE B3-S JERRIAL, 100 nm
R E FHashe Aol At AW v
Bofo] FAAS fFofxkes AR F}THP)0.05). ©l
et A5 A5 W Al TiO, Yi=FH oA 2] RAW
264.7 th2A|E0l gk iINOS frziake] Wl NogJ A3
of IHe S vAA FE FoE AlFHET iINOSe
Y oex thEAR]D A ARlETZIRI 18+ pro-
inflammatory A}o]E7}¢lo 2] ofg] wojshz 2Ly}
d&Eo] QAL TNF-ave WHYWHEH SRS s
= Al|E7IRIO R 53] 27] AFHhgol zlo] #ofstal
= A0 Z(Tizard, 1986), TheFe] TNF-
AL o] E3s fideke AR dEA UrkEigler

o
rr
i)
O
g
=
ol
-
2

5, 1997). old| TiO, WiFrel 2A3lE Raw 264.7
AN oA e AFHHS Al IL-189F TNF-a 9] mRNA
W} Ao E7R] Al wIRE s A B A,
TiO, Y=RBe} 11-18 mRNA 23 thzel Tid H]
sto] 30 nm WeREAA foA e AAaE UERIS
3(P€0.05), ¥HAd A5 Ato|ETIRD IL-189] A el
n)2e e thxael Tiol ¥lgke] 100 nm YeRFE
A Freak QA F7FRE ER1sITHP(0.05).

o] AWEL2 TiO, Y=fFre] 2ol 575 d5
1 A e 7FsAdo]l AT o Yot
A AESH 2Ago] iR A 71l st
ol 77 dQsithal AlsErt

o
%l

[ mE‘
B
N

o
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s

otz o
of
ol
22 o o
o]

4 £

£ AFoME TO, WeREZE dsuhgel delA 1ps
2 SAslE RAW 2064.7 A Z A 2] iNOSS] e
NO A4 4 ol #ofah= tiEZ Q] Abo]E719IS]
Interleukin - 18 (IL-18)¢} Tumor necrosis factor - a
(TNF-a)oll P]A|= @aFol el dotrazt sfof ot
T A3E A3

1. TO, WeRHEL thxrdl Ti Boh =2 AX 52
2 Fago] F7khE As s
Wi oX= fofat QA =2 Aol dEEt
(P<0.03).

2, TIO, e=HHE NO AL =<l Tid] v}
o] 30 nm WeFHAM ashE A YERS
3100 nm WeRHoAE NOg| Aol 71
AAE SAARJ] frefxb= $ATHP)0.05).

3. iNOS, IL-18 @ TNF-a mRNA WHele tjz¢l Tidl|
vt IL-18914 30 nm WefFE] o4 e

Fg YR ATHP(0.05).

74 ALOlEFRQISQI IL-189} TNF-a9] A2 tiz=

Tio| H|3te] IL-18914 100 nm Ye=FH]

3 e F7HE FRI8HITHP0.05).

o

A
P Al o2

1o ro

ool AI}EL TIO, WefFHE RAW 20647 Th2]
NEol AEEAE G614 9431 30 nm eHHlA <]
IL-18 mRNAE t)z79] Tiol H)3le] {204 e 7Ha
2 yeha, d954 AtlEFRl 1-18 A4S 100 nm

wRHN Fkske Ao JehSlct
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