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Diffuse reflection characterization and visible light mediated
antibacterial effect of Pt—TiO> nanotubes

Kyung-Suk Moon, Ji-Myung Bae, Seunghan Oh’

Department of Dental Biomaterials and the Institute of Biomaterials and Implant,
Wonkwang University College of Dentistry, Iksan, Republic of Korea

The purpose of this study was to fabricate platinum (Pt), one of the plasmonic nanoparticles that induces localized surface

plasmon resonance (LSPR) effects caused by the pairing of plasmon with the electric field of visible-near infrared light, coated
100 nm titania (Pt-TiO2) nanotubes to evaluate the surface properties and laser mediated antibacterial effects. From the analysis
of UV-VIS-NIR spectrum, the light absorptions of Pt-TiO, nanotubes were detected at wavelengths 399-429 nm, 527-579 nm,
and 806906 nm, respectively, and one of the detected wavelengths was suitable for the laser used in this study (OCLA, Wavelength:
405). From the observation of FE-SEM, as the platinum coating time increased, the inner diameter of the Pt-TiO, nanotubes
decreased from 68.8 nm to 48.8 nm, and the shape of the platinum nanoparticles coated on the top layer of the titania nanotubes
changed from spherical to rod. From the results of contact angle measurement, the contact angle of water increased from
11.94° to 19.84° as the platinum coating time increased from 1 minute to 3 minutes, The Staphylococcus aureus antibacterial

test resulted that 98% or more bacterial reduction of all Pt-TiO, nanotube groups were observed after laser irradiation (P(0.05).

Live-dead assay and MTT assay indicated that laser irradiation did not affect cell death. Therefore, Pt-TiO, nanotube exhibiting
a local surface plasmon resonance effect is expected to have many potentials for semi-permanent antimicrobial implant surface

treatment without antibacterial drugs.

Key words : Platinum, Titania nanotube, Laser, Antibacterial effect

*Correspondence: Seunghan Oh (ORCID: 0000-0002-7250-721X)
460 Iksan-Daero, Iksan, Jeonbuk 54538, Republic of Korea
Department of Dental Biomaterials and the Institute of Biomaterials

and Implant, Wonkwang University College of Dentistry, Iksan, Republic

Kyung-Suk Moon (ORCID: 0000-0001-6534-3045)
(ORCID: 0000-0002-8607-8604)

Ji-Myung Bae

of Korea

Tel: +82-63-850-6982, Fax: +82-63-857-6982
E-mail: shoh@wku.ac kr

Received: Apr, 10, 2020; Revised: Jun. 05, 2020; Accepted: Jun, 08, 2020


https://crossmark.crossref.org/dialog/?doi=10.14815/kjdm.2020.47.2.93&domain=http://ksdm1966.com/&uri_scheme=http:&cm_version=v1.5

=

™

M

A M ES koL vkt aAA | gk Wl 71
2 8), Ao 78l ahax] A nAEds 540
= WA AEAPE 87-EAL glom, Hel ngEe] gk
Wiedzp 719k 2540 23S S WPy, 2(Ag), T
(Au) 5 54 HedAe] 3 82 8% 98-S
ghfal B EATH), 53], 94 S92 ey =
A7 BEH ZEE FY(ocalized Surface Plasmon
Resonance, LSPR) &3} ]38t g 2rgo] tfFE il 9=
g, B ZE2E(SP)S oF A=l o3 553 F-3A)
oA A AR e Azo] BARTHA)

ek 4] el F4 heslah ol Wo] 2AjE
4 20 ESmEE] 33 49 0 WA
o] ek}, olg T Buime
AL, FA e AR A= %%‘3}71]
AR 714 A5 oate] F2E Al
Ao B e z:saﬁ‘}sl SEA} 2 AEZ Al=H)

HiEPY S5, T 5

T:_‘

x4

ﬂl
OH

rlo

b

& EEoTiON ] FEn
TRssths Be 7

ol e 4 2l el
CHIEH AR JL Ege

S Agol ool 3

ir
S5,
)

ofy
1
al
=

K

CHl it SIS ool AHETke 10,
A2} F2Hdeposition)2 ©]2 F9 1(10n—implantation), o]
L Bz 23 ¥ H(ion-assisted sputtering), Z2}Z2n} FA}
(plasma irradiation), 38t 7] F2HChemical vapor

deposition, CVD) & Z-A(sol-gel) & B& W Eo| Aoty
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I dquk 2 F 29E Y (sputtering) 4 W3}z o)1
vl QFgF o 2 ezl EEd o 2 FAE, U
AR vl A 248 713t AR, 79 &5, 29HH
(sputtering) A|Zre]l oJ3l 2dE 4 dv o] Ut
(11-14).
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1, BH2—E|E}L|O} LI EE(Pt-TiO, Nanotubes)2|
AlE M=

A 250 ume] EJERF 5% 5 cm’, 99.5%; Hyundai
OMIE, ek B Rl
T, Eleh 32 0.5 wiv E1Hpurity: 48%,
Sigma-Aldrich, St, Louis, MO, USA)& A& &qo 2
8kef 20 v, 307 B} FFAksE AZT d=aks) s
HAE Sl AHskaL, 60T L EellA 2447 3z
400 A 3AIZE F<F EA € ske] 100 nm TiO,
& AFthE 7] 5 EA4e, & % ¥Ee
= 1 K/min), GA2]¥ TiO, W=FE W] Wg =iz}
o B84 25 93} ion sputter (E-1045, Hitachi Ltd.

Tokyo, Japan)E ©|§3}%3L, Target 99.999% =&
7HA= W5-(Pt) Target (Hitachi Ltd,, Tokyo, Japan)S AR&-
Ao, sputter?] SRS IFE 6.0 Pa, AF 10
mA, A7 1~38 5¢F PLTiO, Yi=f-B A|H-S #2135}
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g theqiel §4 e 9] slskel B4 wal
AL A -7HA B -2 A A B33 A (Diffuse reflectance
Solidspec-3700, Shimadze
ekn glo] 23

UV-VIS-NIR spectrophotometer:
co,, Kyoto, Japan)E ARE-3}I1aL, TiO;



g egie] w2 R AL AR
317 (Field emission scanning electron microscope, FE-
SEM, JSM-6360, Jeol Ltd,, Tokyo, Japan) 2.2 #&&}9ial,
3Fst 248 oyR] BAFY XA 1337)(Bnergy dispersive
x-ray spectrometer (EDX); oxford instruments analytical
7582, high wycombe, UK)E 213}t

3. &l=d g7t

544 Hrhe 2F A1) HEZES Optical Tensiometer
(Attension-biolin scientific Co, Stockholm, Sweden)Z ©]
gato] 248, TiO, WefB 2y 1~38 S2+9
PE-TIO, WefE AfTS AJHO R o833, /T
(J. T. Baker Chemical Inc, Phillipsburg, NJ, USA)E A&
S0 2 gt HE7re] =Y (Measurement range

for contact)x= 0~180°, Z+ AJHG 47§ =A 39 ch

W thief Bl atss H7sh] 93l drop testE
AR TH15-16), Sraphylococcus aureus (ATCC 25923)
T Trypticase soy broth (TSB, Difco, NJ, USA) 2]
24A1ZE st & S aureus F-fr Ao Ml & 451
Optical density (ODgonm) %] 0.002% Aot B4
70 9, A7 8 229 peTio, eB B AJH 9]¢ 50 uLE
ojrwa]il 37C incubatore]| A 3A17F v oFatgch wj ok

=
o 1=

950 UL phosphate buffer saline (PBS; Gibco, Carlsbad,
CA, USA)E PtTIO, WieFB AJHE FAIEIAL, 405 nm
}2Fe] glo] A (OCLA, Passive cooled inGaAs diode laser,
LVI Technologies Inc, Korea)2 137+ ZAHPulse mode;
output power 120 mW, 1 m/sec, 300 Hz) $(Figure 1),
Phosphate buffer saline (PBS)E Y& & AlH Qo] Rate
T 100 pL FHdFe] Trypticase soy agar (TSA) HjX]o]|
=9 31%3L 37T incubatorol| A 24A17F vk 3 A E
ZEY F(CFUs)E AlSiTh 3 24} I TiO, WefE
2T AT HEE (%S 7SS E 405 nm #|o]A]
F ZALe] TiO, NTs/Laser i, Pt-TiO; NTs/Laser A& T2]

YA A5 At

5. LIVE/DEAD SAH

Live-dead Assay+= of|2~H]2}4] (esterase) W3} AL 2+
(membrane) AL 7|E Y8 E Calcein AME 2Holg)

HENA estearasedl] o8l Eefid B-F, =M IS
I, EthD-1& AlZ " membrane)0] £4H & A E
i) ek AN BeAlel Be ekt
2 olgalgit Al AR A F1
(Human Mesenchymal Stem Cells; hMSC, Lonza AG, Basel,
Switzerland)+ 10% FBS (Gibco BRL, Grand island, N.Y,
USA)9} 1% antibiotics (Gibco, USA)7} Z7}E alpha

modified Eagle’s minimum essential medium (Gibco, USA)

Figure 1. Passive cooled InGaAs diode laser and Image of 405 nm laser irradiation on Pt-TiO, Nanotubes,
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A S v gM o 2 37T, 5% CO, incubatordl] A Bl %5131
ok PETiO, W=fRE AlE e 7 FHY 2714
(hMSC)E- 24 well plated] 30,000 cells/well?] FE=2 5
Sk 2442F 2 4847 HRFsHeITh ¥ F, 405 om e
#H o] A (OCLA, Passive cooled inGaAs diode laser, LVI
Technologies Inc. Korea)Z 133F ZAHPulse mode;
output power 120 mW, 1 m/sec, 300 Hz) $, 2 uM Calcein
AM (Invitrogen, USA)Z} 4 uM EthD-1 (Ethidium homo-
dimer-1, Invitrogen, USA)o] E3+e PBS 84S 500 pLA
F8itt. 37°C, 5% CO, incubator 2718}l 308 54t
HESAIZ] % 33 An)7d (Fluorescent & Inverted Microscope,
Olympus, Tokyo, Japan)& ©]-&3}e] A|Ho| Had Ax =
B A5,

6. M==dEot

Axe] 54 H7l= 3-(4, 5-dimethylthiazol-2-y1)-2,
5-diphenyl-tetrazolium bromide (MTT; Sigma-Aldrich, St
Louis, MO, USA) assayE ©]-&3to] S5kt S A9
9o 17+ 7+ E7)AE(MMSC)E 24well plated]] 2+2}
1x10" cell/well& BF3FIL 24A17F, 4817k vl Faict.
ok & 405 nm 39 #H o] A (OCLA, Passive cooled
inGaAs diode laser, LVI Technologies Inc, Korea)= 1837}
ZAHPulse mode; output power 120 mW, 1 m/sec, 300
Hz) & MTT (Sigma-Aldrich, USA) &< 100 pug/ml& 2zt
welloll Z7}ste] 37 oA 4417 F<t v FstATh 4412t
A3 & MTTY| ]3] FA¥ formazang DMSO (Sigma-
Aldrich, USA)Z =0]3l ELISA reader (Spectra MAX 250;
Molecular Devices, Sunnyvale, CA, USA)E o]-&3}] 570
nmoA FFEE ST F A gl A4 Tio,
U}=%H (Control), Pt-TiO, Y=51H tzF+P)d 3%
o gt AEE WEE (%S 7S-SR 405 nm Ho]A &
ZAF] TiO, NTs/Laser (Control/L)w3} Pt-TiO, NTs/Laser

(PYLART Y] A AE AE=E ARtsich
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1, Pt-TiO, LE-EHo| & U EHEMEN

W= Yi=qa2te] S22 A7t whE diffusive UV-Vis-NIR
spectras S4E A, TIO, W=FHE.9] 49, 400 nm o)F
o] 7R oA FF &L MY B Zle =R
YEREIL TIO, WieRE W 9o Wig vhegdrke] ARbE
F2Abo] STVRFE TP 499 F 55 8% ol
S7HEAL Sl 2E & ASlHh PTIO, WeRE e %
F5E 399~429 nm, 527~579 nm, 806~906 nm= 7FAJFA
FeA A YA FF FFe & 7 UATHFigure
2). FE-SEM A3}, Wi =iz i TiO, Wi=RiH.9]
5 (top surface)ol] TR EHIL, T2 AlTte] S71EHE
W ie9izke] YA (Inner diameter)S 68.8~48.8 nm &
ZFolA|aL, 217 103.1~110.3 nmZ #F o, FHP R}
BH(od) o2 FEBAA] W= ATHFigure 3). EDX 4
A, 2.03~9.36 wio WH (P TS AT
(Table 1),

w

g'l_l
EN]
olr

3} ZA} G50 W2 S aureus (ATCC 25923) HlSF 24A17F
3% 24} QIE TO, WeF B U233 PLTO, Wil
AT st B W ReA k] 1% S Al 15.0%,
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Figure 2, Uv-vis diffuse reflectance absorption spectra of Pt-TiO, NTs; Diffuse reflectance UV-Vis—-NIR spectrophotometry dotted
line indicated the light absorbance range of 1min coated Pt-TiO, NTs was only suitable for 405 nm laser irradiation.

surface elements of Pt-TiO, NTs by EDX,

Table 1, Chemical composition of Pt-TiO, NTs analyzed by EDX

Element (wt%)

Coating time k ° Pt
1 min 4556 + 023 5241 + 022 203 = 033
2 min 4282 + 037 5001 = 046 717 + 038
3 min 4111 + 056 4953 + 028 936 + 032
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Figure 4, Surface contact angles and water drop profiles of the TiO, NTs and Pt-TiO, NTs; Schematic of the water contact angle
for the four groups: TiO, (control), 1 min coated Pt-TiO, NTs, 2 min coated Pt-TiO, NTs, 3 min coated Pt-TiO, NTs, Different lowercase

letters are significantly different (P0.05).

28 F2 Al 19.4% YERIAL, 3% 53 Alole 23]8 TO,
WeFH gizatlo) 13.3% 27 43S YRl AT
Pt-TiO, Yi=FB 9] S&A7ke] #S4S TiO, Y=FE
iz} SAAY FoAE BATHP(0.05). 405 nm #]o]
] 3% 2AF8F TiO, NTs/Laser 3} PETIiO, NTs/Laser A&

L TiO, We%H g7 BT} TiO, NTs/Laser -2 59.66%,
Pt- TiO, NTs/Laser A&+ E5F 98% o|Ae] S+adr}
eSS & 4 AJATHP(0.05, Figure 5).

4, ME=Y Fot

sk 3% i}\} gl TiO, ]’]'L‘EH
TS} PETIO, AT ME 54 on)A] A,
24X)7F 3 TiO, 1/}LE H EH FHT} PETIO, V5 A1E
o] FAeo] Wolx= AgFo] ATt 405 nm #o]A]
% ZA}3F TiO, NTs /Laserst, P-TiO, NTs/Laser 2 o] 4]
9] 24A7F MTT ZAIE, P-TIO, YeBE txdHtt
Pt-TiO, NTs/Laser A &o|A AE7} S7Fsh= ko] A

Live-dead A@Say— 0]

A9 FAARI 992 gIAaL(P)0.05), 484K MTT A}
TiO, NTs/Laser 3} Pt-TiO, NTs/Laser A&+ BF LF2AF

S 2] Uz B AlEe] S0 S7sHIAITE B
A Fo4L §IATHP)0.05, Figure 6, 7).
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Figure 5, Effect of irradiation with a 405 nm laser on the growth of bacteria adhered to the surface of TiO, NTs/ Pt-TiO, NTs (A)

analyzed by counting the numbers of colonies formed on trypticase soy agar plates (B); Schematic of the Bacterial survival for the

two groups: TiO, NT (control) & Pt coated TiO, NTs Without laser irradiation; TiO, (control/L) & Pt coated TiO, NTs (Pt/L) With

laser irradiation (different lowercase letters indicate significantly different groups at p<0.05).

(A) qu-i'tr(.;al % Control/L\ - -
/ - o)

(B)

- e - #

Figure 6. Fluorescence microscopy images of hMSC stained by Calcein-AM/EthD-1 dyes on Pt-TiO, NTs for 24 hours (A) and 48
hours (B); Fluorescence images of live (green) and dead (red) stained hMSC on control (TiO, NTs/ Pt-TiO, NTs) vs, laser irradiation
group [TiO; NTs (control/L) & Pt coated TiO, NTs (Pt/L)].
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Figure 7. Cytotoxicity test of control (TiO, NTs/ Pt-TiO, NTs) vs, laser irradiation group [TiO, NTs (control/L) & Pt coated TiO,

NTs (Pt/L) after 24 hours (A) and 48 hours (B).
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AR F4 e 24 @ 4 9lvke Russehel, 22)
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ShgolA] ek Bigll FC3o] Waslsl) ol wF
Qi Ake] UV-Vis-NIR spectrum @zﬁéﬂrf— o]} frAlet
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Z O 2~
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519t o] A% FESEMS] ATl %, AlzhE Wik
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Zho] 7t whet v kel YAke] 7h4 o]
A&kt A x|5ke] UV-Vis-NIR spectrumof| 4] %3}
o)]FslE AL & 4 9tk W A=
ARro] S7Fgtel| wet TiO, WheFB 9] i-(inner
surface) B th= #3(top surface)dl] TR E UL, F2HA|
ko] Z7V S TiO, Y=F-H. 9] W7 (inner diameter)S
68.8 nmol|A] 48.8 nm=E ZFo}A|1L, ¢J7L 103.1 nmol|A]
110.3 nm& 7ok =3 eg)zte] S27te] ek
5 THEY ¥ (od)o] FESHA AEH I TO, e
FH FH W WRegate] 7 GooA et St
S E0]aLA} 405 nm oA F ZARE o83t
Shtse] b 23 % &-ILoll W& S aureus (ATCC
25923) Wi 244 T, B ZA} §lE TIO, WeRH i
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B AAT SERARE] #ETS TO, WWeRH tizayt
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W0) S5 M RegARE 2P 3 om v e
2t v glo} 545 Bl BhH L9 Rte] 57-7]7} 3 nm
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25 Konieczny 5(27)& 5.8 nme} 57 nme] “go3 =7]¢]
WE We2s ARete] aat 23S B7tet 239 ies)
A7} 2 5.8 nm UeAol| 4] uhg|elo} Z2)o] o] Ech
A Baskgle o Ad, Wi UeQ)ate] 3% S

s b‘/\g
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239 TO, eFH vz Bu} Z7lsh= A4S e
o] Wi Wp=girte] gt &9 v giake] F7e} e
FEFE vAE Ao g Bty 7 9] =44 &2
28 I 532 o83 405 nm # oA F ZAVE TiO,
NTs/Laser 72} PtTiO, NTs/ Laser AL TiO, YxFHH
yZ+ B} TiO; NTs/Laser & 59.66%, Pt-TiO;

NTs/Laser &L B 98% oAt et vehysl
THP(0.05). o]AL TiO, NTs/Laser T TiO, WeHH o]
FEu) ¥kgo] 405 nm 7HARA FYgME FrEE F
U= YERARIAL, T Yolr} PETIO, NTs/Laser A2
AR ool A ZEkRE §5 58S B S U8
A2 Aok

=Y E4S WA A7, KLY, 2, S

g4 Ast 2 slekd 249 e oy

™(28), T}oF3k Fejo} NEZ Sort= H o &3t}
o]of| Live-dead AssayE ©]-&3F TiO, Y=fFH Zz7

PETIO, WeH A3lte] A2 54 o|u|x] Ax}, 244]7F
T TiO, YWefH & Bt} PrTio, YiefFB A3
Fatelo] Hojz)= Aol Ut o A= WA At
¢} v 501w Yanagisawa 5(29)2 7o) 2kom AlE

o ¥ Axrh B3, f570] =W ALY

Srial BAskelal, Rupp 53002 9 44 2
oUze] ojEstaL Ao} JSTHE FH Al]e] FE2g
S XA 2714 = 2R freElel skl Bal she,
ojo} FAFEHAl oW A3}, Mg vmYgrte] FHo| s
HEZo] AR AE 2719 B JFE v o=
BAX AR AZ] AL B4 9 s AR F F7H

Ao] Wast Aoz ALgEth 405 nm o] &7} A|E)
A= S B 405 nm #o]A ] F AN PLTIO,
NTs/Laser AETol 42 24417k MTT 23}, PHTiO,
B & B} PETIO, NTs/Laser Aol A] ME7F 7}
sh= Aol Slo] #olA F ZANE AEY SAHET=
S IS A= e E BAAR FAA

ATHP)Y0.05).
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1. TiO, We=fE 9o Wig Weizks T3
NIR spectra A3}, TiO, W=F-H2] 74 400
7HIABA GellN FF &L T
WA TiO, Yi=FB FH 9o
W F3o] Z71E 7R

2ol

o

7kt e AE &
2. TIiO, Y=FH 9o wig
A, B egzks ARte] 718t wt TIo, e
FH o] WH(inner surface) Rt= 2= (top surface)
o 28 HlaL, F2F ARte] SIS TiO, WieFE.
9] WA (inner diameter)& 68.8 nmo|A] 48.8 nm=
ZFolA| L, 9172 103.1~110.3 nmE AF T T3k Lie
YAke] 2 ARbo] ST SE TR E T B(rod)¢]
Fe7t FEHAA AEE AT
3. 405 nm glo]# F FZAFSF TiO, NTs/Laser T2} Pr-TiO,
NTs/Laser A&~ 242ke] 3 A} ¢ksH TiO;
ZT Bt} TiO, NTs/Laser < 59.66%, Pt-TiO;
NTs/Laser AETL 25 98% o)de] dtays el
W ATHP(0.05).
405 nm o)A F ZA}3F PETIO, NTs/Laser 2§l 4]
9] 24A17F MTT A3}, Pt-TiO, Yi=FH tZx+ B}
PETiO, NTs/Laser Aol AE7} S7FsHe o]

AAARE FAAL 2442 AATHP)0.05).
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