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1. 1.
oxygen species, ROS)=

1. Introduction
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1. 2. 1. Gold nanocluster (AuNC)

Gold nanocluster (AuNC)&= ¥€Hb4 o2 2 ~ 5 nm ©|ste] =7]
S A3 e, £~ U e fARz o] Fojx gt
AuNCE= E}%“F} 471 AbE, glutathione (GSH), bovine serum
albumin (BSA) ¥ 22 Aol &(-SH) 87|17} A+ ZEelA Au
o HAAAE F3f %“é%ﬂr.m’ls AuNC+= gold nanoparticle
(AuNP)9} th2 A g gety JAg vebdnh! AuNCE 2
717F vUF #7] wj &l surface plasmon resonance (SPR) &5

ez gtk 28y AuNCE 4x e &3 (quantum

o)

L=y

confinement effect)e] 7|¥FS &+ 3% 234 (photoluminescence, PL)
S =’ (g 2)

AuNCe] PL¥} 2 383 Ade dAe =27], git=, +%
Aat el oE3” Frr=e Eﬂr ANA AuNCe Htoi 3
610 nm FZolA YEtu=E o] F32 S dAelA Au T4 ¥
A2 2] A3} o]s (ligand to metal charge transfer, LMCT)o] 1}
T =-F45-3%5 A3l o]F (ligand to metal-metal charge
transfer, LMMCT)el 93] dojt} ' ma AuNCe Fa&z 4
S42 =AY A Fxo FAFe] wiimel F=viel TheAd S

7HAI AL Q)

T
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1. 2. 2. AuNCE &3 Ay d+=

o] o] AFEoA AuNCE AuNCZF 23 & Ti0, "o 93t
A 8lEF 2 (CO) 39 T 4 (H) AAY 2 Zu) A]x~do
239 g2 d7rse AUNC/F 4 A& (ROS)E XA

A dx dR7 (BSA) =+ Glutathione (GSH)¥ #Z& A
H AuNCE 89 oA <-4l

Aoz dEA Ak ® olye EHo AuNC
(@)

ojm g ¥ BA% 7 (PDT)*

stA| ¥k AuNC+= ol gt Aol &-staL
Aol At} Organic dyeBtt ¢F 3 ~ 6 % AEQ AHo=z b
<2 quantum yield (QY)E 7FA3 $17] wjTol]l M Eo|A #2357
of ol o] Qk® aelm Bt @Al AuNCel zt=E W
st e didetA g AA e wkge] Adm JFo] v -
3}



1. 2. 3. AuNC 7|8te] B3 Yyx=ZHhF

ol

ol AuNCeY w92 33 HAEE =537 98 B2 d72=
o] AuNCY F7r=E vl AY passivations A= ch® T= A
o

=34l B oA AuNCe| nbgrAstA] o

AA Aggst BEAE dEA Ade AYgItE AFESe] AuNC T4
A8 7} w2 (AuUNC@SIO)E WSl A AFE3lA Y (23 4)

& C g7k 2 FZ (AuNC@SIO) &=
Stober W o2 FAHALY o] FA - w FxE AuNCe )
HA s A ge wrgS wolFu, Agy o] gwe A A
g Utk 28y 4 - 9 72 dd2 Aggt e FA

mel 9t 2 g om AuNCZE 9] W FolA S o &3]
7F =S

MEgs Pz ddse] Yokt e B et
L

of A71E 4 W A

A9l AL st A SwEE 244 AAaE AL 2 ¢ Ao #

=
Az (PDD = AHE=E 4 9tk %, FLASHE AE84 87
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2. Experimental section

2. 1. Materials

[e)

Hydrogen tetrachloroaurate (III) hydrate < Kojima Chemicals
(Sayama, Saitama, Japan)olA TR L-Glutathione
reduced  (GSH), (3—aminopropyDtriethoxysilane  (APTES),
Tetraethyl Orthosilicate (TEOS), N-Hydroxysuccinimide (NHS)
= Sigma (St.  Louis, MO, US.A)A T3}
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC)E=  TCI Co., Ltd. (Tokyo, Japan)ellA 3t}
Ammonium hydroxide (25%), ethyl alcohol (95%), hydrochloric
acid (35%)<2 DAEJUNG chemical & metals (Siheung,
GyeongGi,  Republic  of  Korea)ol 4] Tujska e 10X
phosphate-buffered saline (PBS), Dulbecco’s modified eagle’s
medium (DMEM) 2|3l fetal bovine serum (FBS)&= WelGENE
(Seoul, Republic of Korea) Twstitt. LIVE/DEAD
Viability/Cytotoxicity Assay Kite Molecular Probes Invitrogen
(Carlshbad, CA, US.A)oIA  Fujstdtt. 156 mL #3¢ 10K
Amicon filter= Millipore(Billerica, MA, USA)| A -ull 3} 31t}

2. 2. AuNCY 34

Jinbin Liu S° 9&] i ¥ WUHS o] &3te] AuNCE A 3sH4

o7 7beke] WA, 3.6 mM L-Glutathione £ 50 mLE 95 C



o] 2 wizoA ZtEEATh 19 o, 2 AF St A44Es
HESH Al 0248 M HAuCl, €9 605 plLs 71 stdd. &4
AuNC+ HHS & aggregates #4371 938 17,000go1 4 LA
gt GA stk F7E A7 Y8 FEAS 20 mM ¢
FE&AS Ag3le] g9 pHE 3 ~ 42 @E F L0 ot
S Yo HAANAY. AAHES Y94 E7 7] 5810R (Eppendort,
Germany)°ll 93} 6500 rpmolA 10 & =<k 3 3] &S ALE
st A sAth HAES IF LEAA AFEA7IL 50 mLe]

1X PBS =90 2] FEARA| Z T},

ol
R

AL

o

2. 3. AuNC¢ APTES¢® A%

11 mge EDC¢ 8 mge NHS =% 20 mLe AuNC €95 15
I seh uRketH A FHrbete] 72547 (-CO0)E 24 A

A g4 8t & &olo] APTES 25 plLE H7bsha nwkshd A
4 A7F Fek vESAI AT A ES 15 mLe Amicon ZHE AFE
sto] 6500 rpmell A 10 & &<t 3 3] FFTF=E ZA skt vbx
o2 APTES W3 ® AuNCE 5 mLe T/l A ®2kA17
=3

o
~

A

2. 4. FLASHY 34

200 uLe] APTES®} 2% AuNCe 5 puLe TEOSE 1 mLe| o
ol &% et 1 % 1 mLe ole&# 300 ule FRFT
230 pLe] 25 % NH, OH & 73t & &5 gz 4

10 A 2r



2olA 3 A7 FQF WSAAL UG F, FF Ao AH oo
Ao owkg 2 WEsA 2e WA YRS

8000 rpmel Al 10 & &9 THT= 3 3 AA %
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@
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2. 5. % =v &4 (Photocatalytic activity)

Zyzte] 1 mL <t Y EZo] §l= 20 uM methylene blue
(MB), 100 ng / mLe] A&7k Y= 42 (SN)7F 23 € 20 uM
MB, ¢o|&% 22 FLASH® 543 s%< 187.7 nM AuNC7} *
stEl 20 pM MB, 100 ng / mL9 FLASH7} 2+ 20 uM MB 4
A Fwe AESE g & 90w Fd 4BW

UV-transilluminator (ATTO, Republic of Korea)E& A}-&3lo] Al

Zo ZAMSATE 1 AIZE ok wl 10 Ewidh A & wpxE 90
S SA4s9 o, MBe #FEd= UV-Vis #3Ho=w SHHSI

o

6. Yxe] EA ZAA (Characterization)

=

U Y4Ae] oln|AE A= © Energy-filtering transmission
electron microscope LIBRA 120 (Carl Zeiss, Germany),
high-resolution TEM (JEM-2100F, USA)7} AF&% 1ttt . Energy
dispersive spectroscopy elemental mapping< HADDF-STEM &
& oQlt}. UV-Vis absorption spectrags A+=d UV-Vis
spectrophotometer S-3100 (Scinco, Republic of Korea)E A}-&3}
At d#E spectrofluorometer FP-8300 (Jasco Inc., U.S.A.)<
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AFE3le] ZA4sdTE 3656 nm #lo]A  FAME 366-nm LED
(Shanghai Yulitech Co., Ltd, China, 0.2 W/cm)& AF&3+%]
%z &  (quantum vield, QY)& Quantum Efficiency
Measurement System QE-1200 &3] <2t} Photoluminescence
(PL)2 ACTON spectrometer (Acton, Massachusetts, U.S.A)E
Abg3te] ATt Fourier transform Infrared (FT-IR) spectrat™
VERTEX 70 (Bruker, USA) ¢} HYPERION microscopeE %3l
A3

2. 7. Cell culture

Lo
o

A ZAHEoF A|EF<¢ Hela celle 45 g/l D-glucoseE o
3t DMEMoll A culturedt ™  10%¢9] fetal bovine serum
(FBS), 100 wunits/mLe] penicillin =223 100 g/mL9Y
streptomycing F7FsFA k. Al 252 37C, 5% CO, Z=ddA &
=7} A5+ incubatorol A -4 3} At}

(o]

2. 8. MX 54 23 (CCK-8 assay)

AuNCe A=Al cell viability S FAFsH7] 91al HelLa AI¥E (1 x
10* 719 /‘ﬂ‘ / AE 96-4 =Y olE) seeding ¥ 24 A 7F E<t
wjFetal, ol2H o FLASHSH w93 o] vdd w9

Z A

AuNCE wj@shie. 24 Az Wl & & Aﬂfz% 1x PBS®
A7) AR CCK-8 B4 898 % 3

ﬁ
o A7t # F ovholAR FAolE @y



Inc., USA)E AH&3te] 450 2 670 nm oA o] F3=E ZA

sttt Ee A 3 o2 FRdHIH

FLASH®] #9%5 a3} #Add HFAQ cell viabilityS ZA}s}
7] $18l, HeLa A (1 x 10" 71 A / )5 96~ 4 ZHe ol

o seeding ¥ 24 Al &<t wiYgslal, g x99 FLASHE
ksl Wik 12 AlZF & 365 nm LED (Shanghai Yulitech
Co., Ltd,, China, 02 W / cm?)Z 10 £3+ A 5 248 34
g owfA 2 WA SFdvh 12 AZE g ¢ & AlXE Ix PBS®E X
AagdAl AAHsta CCK-8 4 €98 F &4 wixl= 1 Azt

s i
Sk A7h @ F ovlolam Beol=

rﬂ

filo

rﬁ,

=7] (Molecular Devices,
Inc., USA)E A}&38}o] 450 % 670 nm 3o A9 S3EE =4
SHATH BE AYS 3 o2 FYPHA.

AE Yol Fd5 252 g 3= Ldolrry] ¢&) vz 24
A ZF wj ek 3 HelLa AIE (1.2 x 10° 7He] AX / 12— & =g
o|EoA dAH o] gle wWiAE AMEste] 247 FLASH (200 ng /

2 B3 FEe AUNCE 12 A7F Bk Jelsksl
th, dHo] e xR wjx wd F AELE 365 nm LED
(02 W / em)& 10 ¥ 59 2AF ek 3712 12 A7 vk

& & A A Az Eiié’—oﬂ la‘s:} live / dead ¥4 Al
ofo @ g JIATh AEe Bre o} P oA 4X A
o2 9 gF dn 74, IX70 (Olympus, Japan)e A&l A9},

Ao oluA= Yol ATY 2ZEGIE Agdte] oA A

13 M =1



(pseudo-coloring), ¥4 Z%= % 64 AA FH& APsHA

2. 10. X W F3F oA

HeLa A (5.0 x 10" 749 AxX / DHE 84 F7 And
seedingdtal 24 A F<F Wi & 7 o] FLASH (200 npg/
mL)7F 23 - dH A 24 o= 4 AIZE F<F A skl vl
PBS=Z XA 2~HA A1 wiAE A o] Tt

=

E o wa} Hoechst

He
~

A}

14 ._, ‘_]l



3. Results and Discussion

3. 1. AuNCY =33 54

AuNCe i+ =7]|+= high-resolution transmission electron
microscopy (HR-TEM)CS. 2 =A 3 A3} 2 3 ~ 5 nmA . (2
g 1b) AuNCZF =717} Y& 27] wiol SPR peak”} §1ar, 200
nmoll A g F3e HeElorh 500 nm 3 o] el A Fet &
s UEUA @i VletEsA R dagn vk
photoluminescence (PL)+= LMCT¢} 72 7t= g 3ol 9o FE351d]
461 nmol A Hd excitationS ®.o]li 605 nmolA H emission
ol Uttt (¥ la). HAFSHA, AuNCe 3D 3 =¥ EYL A
/ Aex = 445 / 613 nm=E YWEFETE 365 nm AL A S AMSHH F
g ggo] WEHEY. (28 1c). AuNCe ¥A F8L A -

394nm ©°lA 3 %°] At}

1 ™ }
15 -":lx_i 'I'l-".l_.!l L



MNormalized intensity
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Ex : 4561 nm Em : 605 nm

200

600
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Glutathione (GSH) o= <¢tA43} € AuNCe =2 T84S 7HA
H, 71254 A87]1(-CO0)E 7M. & &5 ¥ = AuNCel
Ae7h ws A7 fel AuNCe 2t=<l

EDC/NHS #b&S &3] AdstA #rvh. PL 2~ ERCA 4
excitation ¥} emissiondll & zto]lE Holx] ARt 3D FF
HAEPo A APTESS ZAg3s AuNCE= HU] excitation 3}73o]
458 nmoll 4] 405 nmZ blue shiftE Alestars Fs 5o W}

A gk (2" 2)

405/614

Ex: 466 nm Em:8&07nm

/ \.\
'l

-
i
=1
=

0.5

Normalizedintensity

Il 4.

-100

200 400 600 800 1000
wavelength{nm)

Em Wavelength [rm]

a) UV-Vis % photoluminescence

a9 2. APTESS} Z3¥ AuNCe 54
(FH 2 ZeA oA Aol ARzl A}

(PL) =¥ E7. b) 3D-8% =9y

).
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3. 2. FLASH? &3 3% EXA

FLASH= TEOS¢ APTES®} 233 AuNCE A8t & &5
Rbgo = A HAT. FLASHO| Bt 27|+ TEM ARzl (n = 30)
A T4 H el dis] 1039 % 286 nm ©|3 DLS FA oA
Al &8 271 164 nmel Atk (2" 3b) FLASH®| TEM ARzl
o4 AuNC7} Ae]7h viE= 2o x5 gs B Fu =
sk, FLASH®] energy dispersive spectrometer (EDS) elemental
mapping< 34 AuNCe F4-7 25 g & 5 . (1
7 4).

Tt

FLASH: & YxZd~E9 72 2 SPR peak® 2HA] &9k
J

2

o 23y FLASHS] 4% 800 nm IF7MA &47F AxHoz
Fhasto] Fst 540 FgE Stk FLASHY AuNCe= Az7h v

g2 Qe A7) wfEel Ae7ke] WAL A9 (reflex index)
7} ©t27] wj&Eeo] APTES® 233 AuNCETH Hd excitation
ko]l 405 nmoll Al 370 nm= blue shift 38+, FLASH+ 394 nm
excitation sFoll Al 467 nmoll A Fid oz ksl W= peak’t YL
i 610 nmell A A3 BE v2E YEhlglon, 4 ¥ =2 QY
128 %5 B (29 3a, o)PF7HA 2, FLASHE= Nex ¢ 394 nm
o /] U3 F% (100 nM)<] AuNCEUr 43 v %3 PL =&
et o] A& PL A= &2 5 QY)Y FgH= 23
= & F AUtk (29 5.

oo,

18 "':l‘h_-i _k:_':_.l.
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Ebeciron image 3 Au Llal

Y 4. FLASHS| STEM o] %€ EDS elemental mapping (Au La, O Ka,
Si Ka).

AuMC

409

g

4.3 fold

g

PL intensity {a.u)
g

3

450 500 550 600 650 TJo0 750

wavelength({nm)

a9 5. 394 nmoll A9 excitationoll A ZL FE(100 nM)e] FLASH®} AuNC

9] PL intensity H|L.
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3. 3. FT-IR &4

2= Fourier transform A¢A #+337] (FT-IR)Z AuNCe ®
Fd& #AFZYY. ~HEH (a7 2)dA4 & F Adxol AuNCe
1600 ~ 1700 cm ‘el GSH (C = O W% ~E#A)¢ otn= [ 3}
1533 em ol GSH (C-N 2A1%)¢] olm= NE 7pAa glvh £33
1403 cm ‘el A FE2E27] (COO) hd ~EHIY W=g 1

el AR 2§ (C00) WA AEAR WEE ofn=

~EA = FAX7] wiEe 7 = £ A (¥ 6a)
APTES®} A3t 3 APTES9 Silane ~Ed 3 dl=o sfgsl=

i
o
L
o
o,

919 cm '¢F 1090 cm 'olA MES o u A~
A= APTES7E GSHSF 3 2% ¥ 2& waj#rh(19 6b)

FLASHel disl A=7k = I <52 APTES7E Ashed
AuNC7} 9= A8 7 Y AA (SN)9F v 2ste] FT-IRZE =74
sttt ofn= [ & IO W=E APTESZF Z2%® AuNCel &4
2 Q18] FLASHolAM R #3351 9lew, SNoj| vla] o 1,250 cm 9]
743 shoulder M=+ Si-O-Si 2E# A Si-O-M ~2E#%

- 2= 3 45-46
g FHYS F5 & 5 AT (2 H 6¢,d)

22 A =1



a) b)
100 100
90 co, el 919 cm!
80 80
70 g7 1090 et
£ 2941 em! g OH cm
g% ) 1304 cm* i co,
250 3068 cm EED
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E 30 OH amide . “30 amide I
I&O d
20 20 &I
10 1637 cm? 10
0 AuNC 4 AuNC-APTES
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" .y @ o,
80 8 OH
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- OH £
£ 60 amide g60 . .
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i £
T 0
2
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& w
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3. 4. F=v] & A (Photocatalytic activity) =73

_

FLASH®] #Zv] A4S 2A87] 9&f, UV d99 go
ool A1 FLASHl <Js A" 24 Adix= 3 vdwda 55
(MB)9] #islE T3l SAHAAJTE 90 + < 100 pg/mL
FALSH®| #Zu] w30z MBe9 8 %7} a5 Ath. AuNCE]
A5, olEX o2 FALSH® 543 5%(187.6 nM)elA MB<] 41
%7F 2 FEAT dz2HoR2, Y S0 gl MBe AEdt

= dAE e ASE UV 999 #olA ZAF 90 F st
MB¢] 4 %% 8 % ¥ EaH AT (27 7). o] A= FLASHZ}

]_

FaE A5 PDD) AHEE & &S HolEth

A ZAF

M

:l'l
24 A =



a)

11

Absorbance

05

Absorbance

a9 7. &AM ZAF dlol A1 Methylene Blue (MB)2] #a&fo] w2 UV-Vis

—MB
——— 10 min
- 20 min

b)

Absorbance

—— MB + FLASH

—— 10 min

200 400 600 BOO 1000
200 600 1000
wavelength{nm) d} wavelength{nm)
15
SN+ MB —— M AalCs
——— 10 min ——— 10 min
20 min - 20 min
30 min 30 min
——40 min 1 —— 40 min
——50 m:m g —— 50 min
50 man =2 —— 60 min
A min 5 /\ —— 90 min
o
£ |
<95 f |
o
200 400 1000 200 600 1000
wavelength{nm)

600
wavelength{nm)

HEY W3l a) U Bdo] glo] MBu
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4. Conclusion
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Abstract

Tae Shik Kim
Department of chemistry
The Graduated school

Seoul National University

This paper reports a covalently linked hybrid nanocomposites
composed of fluorescent gold nanoclusters (AuNCs) core and
Silica shell (FLASH). Glutathione (GSH), the ligand of AuNCs,
was conjugated with APTES and then co-condensed with
TEOS to make a shell. This newly developed method made it
possible for AuNCs to be distributed in the silica matrix
structure. The novel hybrid nanocomposites (FLASH) exhibited
enhanced quantum yield and about 4 times higher fluorescence
intensity than AuNCs. They showed good water solubility and
low cell cytotoxicity. Also, FLASH generated enough amounts
of reactive oxygen species (ROS) under UV-irradiation for
photodynamic therapy (PDT). FLASH are the promising

nanocomposite as bio—imaging and photosensitizer for PDT.

Keywords : gold nanoclusters, silica hybrid nanocomposite,
Bio-imaging, photodynamic therapy, photosensitizer.
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