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ABSTRACT

Super-resolution far-field fluorescence microscopy, which overcomes the
diffraction limit (~ A/2), has gotten much interest in the last decade due to its nanoscale
resolving ability of observing fine structures or protein distribution in cells. Among
super-resolution fluorescence techniques, we study stimulated emission depletion
(STED) microscopy because it can easily be combined with confocal laser scanning
microscope, then provides not only fast imaging and optical sectioning ability, but also
3D nanoscale in vivo observation. By using two laser beams and the mechanism of
STED to optically control the fluorescence of fluorophores, STED microscopy can
currently achieve resolution with only tens of nanometer, and become one of the best
tools in revealing the morphology of dendritic spines and synapse.

During the process of implementing STED microscopy, we need one laser beam
(called excitation beam) to excite the sample, and the other beam (called depletion beam)
with doughnut shaped intensity distribution to deplete the excited region except the
center. According to the theory of STED microscopy, with great depletion intensity,
comes great image resolution. However, in this condition, fluorescence markers should
be good in optical stability and be capable of sustaining high power laser illumination.
In addition, it would also lead to high resolution when fluorescence markers is easy to
be excited and depleted.

It is known that some metallic nanoclusters (NCs) have strong fluorescence and
less photobleach than organic dyes. However, there is no report discussing the
application potential of metallic NCs in STED microscopy. To facilitate applications to

biomedical studies, we chose insulin-gold nanoclusters (IGNCs) as our sample and



investigated the optical properties of IGNCs, such as its property of STED, optical
stability, and evaluating its application potential in STED microscopy.

We examine the optical stability of IGNCs in the process of continuous excitation
and depletion. It took about 120 seconds for IGNCs to reach 20 % photobleach with 10°
W/cm? excitation and 10° W/cm? depletion. Its stability is good and comparable to that
of Atto565 (about 210 seconds for 20 % photobleach with 10' W/cm? excitation) when
considering the excitation intensity.

We also found that under the illumination of depletion beam, an apparent
fluorescence depletion phenomenon occurred in the excited IGNCs film. However, the
fluorescence depletion efficiency can reach only 57 %, and the saturation intensity (ls)
of IGNCs is 2.75 GW/cm?, which is much larger than that of common fluorescence dyes
(~ 10° - 10" W/cm?).

After studying the reason in detail, we found that the low depletion efficiency and
high Is can be explained by the mechanism of intersystem crossing (ISC) and reverse
intersystem crossing (RISC) in the process of electron transition. In order to increase
depletion efficiency and decrease photobleach of IGNCs, we adopted time-gated
detection technique and used low laser pulse repetition rate. The results showed 14 %
improvement in depletion efficiency and less damage than previous one.

With large Is of IGNC, its fluorescence is not easy to be depleted, so we think that
IGNC is not suitable for STED microscopy except combining outstanding time-gated

detection technique and optimizing the used width, delayed time, wavelength of pulses.

Key words: Super-resolution far-field fluorescence microscopy, Stimulated emission

depletion microscopy, Metallic nanoclusters, Insulin-gold nanoclusters, Reversible
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fluorescence photoswitching, Photobleach, Intersystem crossing, Reverse intersystem

crossing, Time-gated detection, Laser pulse repetition rate
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Chapter 1  Introduction
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BESTRIL o F ISl ek B KR g R A 0 HIE T OB RAT R g £ T

4]0 o 4ErIT d Abbe 3t 1873 £ 4 4 chBEACALIR T B O Sk w
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B od FRcs k sienfiir R o 4 @ e k£ 0 NA F 3 iE 3¢ S (numerical

aperture).

1.1 Background
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optical reconstruction microscopy, STORM) | # 47 11 BS-C-1 mfe ¢ 2 jir ¢
(microtubules)feria @ 2_4¢ (5 % f§ (Synapse) 4 i 3] A6 [3, 4] & fAAR 247 ¥ & Bk
e o A0 A & E B X Fok & 42 2 B i i (Stimulated  emission  depletion
microscopy, STED microscopy) [S1k s % » F15 T 3 % 2 X = & F 64 L5
(confocal laser scanning system) .5 & [6, 7] » @ #c 3% ik P-id #7453 [8] 71 2 £ 5 2 7 &
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kg pic i (saturated structured-illumination microscopy); PALM: 3k &7 %_i> & jig jtv
(photoactivated localization microscopy); STORM: ®g #% -k & & 2= &g jigjiv(stochastic
optical reconstruction microscopy); NSOM: :iT #-#F $» ;% & & & i = (near-field
scanning optical microscopy); EM: & =+ & jic = (electron microscopy); ND: not

determined; NA: not applicable

1.2  Motivation
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Chapter 2 Theory

AR RN
1 X poebiie L MG & 32 B F firir AL > 2

2. B0 TR EE AT LT R

2.1 Theory of Stimulated Emission Depletion (STED)

Microscopy
0 T R pOR AL RO enfiR 47 R & 4L Z Sk (depletion light) 3 & 2 FF e
B %0 54 % fR[18, 20] > A ¥ A eje £ 5] (depletion factor, )i 67 5 — 4p
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I g be®)
Le G (2.1)

e
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L P ETR B L RRR DI AR RS FUNEF A RD I B0 T
B d kz kS PBEFSHES BIEF M o d Eq QDo sl =g ApH >
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2.2 Transition Model of Protein-Protected Metallic

Nanoclusters

£ IGNCs F 3=+ % % &4 7458 » BSA-Protected Auzs NCs, # H 45
RIS f € JE e i (3 £ 35, singlet state)# 18 = 2k i (ground state), @ 3z
F pF F % (prompt fluorescence, PF), ™ ¢ d i fs (8 £ )R 1 = £ & (triplet
state), ¢ BB A 5 & L Ak (intersystem crossing, ISC) o gt b 5 d > Eoc g o
ZE 2T T 8¢ RaE ik SLF AR (reverse intersystem crossing, RISC)a w 3|
H & i (singlet state) T %F 1) 2 ¥ ¥ -k (delayed fluorescence, DF) [21] » F]& i¢ =
BSA-Protected Auzs NCs 7 @ i 3 % 2x % 2 @ 3 (lifetime). o < jpr[16]5= ¢
IGNCs } & B & k4 &> £ 2 499515 % end B & % > 2 P 4R IGNCs 7 ¢ # ISC
2 RISC #E® « #77 % ¢ » IGNCs ik ek » 5 % 1“5 5 % 2 4 Fog o U 5 8
P BB A PREY S YR E AR MR g ks T3
ERE = E R B RN GG

BAETRY R 2T 3 AEF 0 e Fig. 23 477 o RIS E

BT REEESZ E R REE O AN R 0 R H L A

dfs,] _ K, [5,.] —ke[5.] + k[T,

d |sc [S ]t knsc [Tl]t - kp[Tl]t
mtO[]BL[]
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So

Fig. 2.3 #¥k#le 2.8 F L FF B> ¢ 7 2 fx(ground state) So, H £ i (singlet state)

S1 & = & jy(triplet state) T;.

U 1E 2 pe s AR ;ﬁ d 33 2k 3 (Laplace Transformation) @ 1 i# f2

iy

kISC S1 —Art
=Bl o)
;{1,2 :%|:(X +Y) {(x Y +4'k|sc rlscFi|
X = kf +kisc
Y = kp + krisc

B XY, A, Ao 5 FfRifae fra iz e XY RN 7 F

11



ﬂi = %|:(kf + kisc + kp + krisc )_ {(kf + kisc rlsc)2 + 4kISC risc F:|

2’2 = %{(kf + kisc + kp + krisc )+ {(kf + kisc rlsc)2 + 4kISC risc ?:I

2o =20 =k, +ky —k mf+4gcm}
1

ﬂz -X= _%(kf + kisc - kp - krisc)+§ {(kf + kisc - kp I’ISC)2 +4k|sc nscF
X _21 =%(kf + kisc - kp - krisc)+%{(kf + kisc rlsc)2 +4k|sc nsc}1

FERMFFEL R AE LEREr AR A LRRE Y AET > 3 c £518

ISCE RISC##|i+HEE B2 £tz B &4 1% 0 B
kISC krisc >> kf kp
F 4
kisc
ke

PI2 feN2 RS EHitiev @

=B&¥%_X%%ul§1ikﬁ} (2.7)

Eq. @QNATHE2 t a8 €2 T35 80 2 [S]ed @yt moric Dl

i

KkIdo E4 AW E B B AW ANAR S F - o aff 1

i

B APRE R S HT RS LR 2 %

12



Chapter 3 Sample

PR ARE ATERELEE 25K RF(CGNCS) AT A R FE
Flag vprdpdi o B9 TREEZHRI A BFRAH - 5RO DRES
T Fkd AW E > FP 495 Eq. (L3)F FER] IGNCs 3% € F $ | chdefose &

ls. %F A1 L8 H 4 ZIGNCs e ~ 2 F 250 2 H & 22 o

3.1 Introduction to Insulin-Gold Nanoclusters (IGNCs)
IGNCs fh & + £ - fBATH % dien g H keh 00 coprs £- B4 9 1nm
Lk B kRS A R R L E A S 0 F IGNC AR A ] 4 g 5 2-3 nm,

4o Fig. 3.1 #7577

Insulin-AuNCs

Fig.3.1 ZW*® €5 ¥k 5 IGNCs. ikt § %22
(insulin-degrading enzyme)r; H-%% 5 % » B IGNCs #-% 2 # ¥ kit 4 - LBl 5 B 2
17 7 1% 5% § 3 & iies(high-resolution transmission electron microscopy, HRTEM) #+ B~

CES -2

@ d IGNCs sy k3 2 itk 2% (Fig. 3.2) 7 #v» H Stokes shift %+ (= fc k34 4%
Bk kg EREARIR) 0 FIPE R v R IF L F RRME R T > & B

13



KA FLAGLSE B FE o

1.0
.
=

=

0.6 9
c )]
s 2
2 0.4- £
:o.. 11}
2
< 0.2

0.0L— A

300 400 500 600 700
Wavelength (nm)

Fig. 3.2 IGNCs st fc 3 % 4k & 3§

preb s P e g Ay Ap o e = e IGNCs, 3t Wistar -] Bl (rats)#8 p #7 5 § e
2P Fa o B YL E F HumulinR 4p ke » %R E 5 " o fE e 4 [16] o @ d 3094
5%;—}:» fi)i%.u,ufﬁfﬁ‘?’v' Jf%ff\}ﬁ‘l* Q;;gggﬁ\aws};\%fb\...gﬁ,ﬂ
2 IGNCs ioff § 4 %% § & o T34 Al apipMd FFF& 7 o
peek o B fE E MAz B eny k4R 2 4 0 b)4e 1 nitrogen vacancies in diamond [15],

e d v X EmE S g(quantum dots)iprt > IGNCs FIE #84F | ¥ £ &% g 2 4
SpEA s TG LRBR L R B §RPRIE S R AR
45 E[16] - 4 g7 IGNCs ez § £ 2 H 4 Hdp 5> AP an s # IGNCs 3%
FeAQ iR 4T b B3 6 RO+ % et BHIE L BT 0 -6 LB 2 fehin £ 0 IF

Wit 2 FEE LREL IR BT AL

14



[ g 2424p

LTENESB

FHT R

3 (IGNCs) (Semiconductor Bk HkFa
quantum dots, (Reversibly
QDs) switchable
enhanced green
fluorescent
protein, rsEGFP)
eER ¥ezj34d4
(161 B[22]
BLPAEE ¥ 4% HE(3-100
[16] nm) [22]

4 Stoke’s shift

B MR kg

%20 B A 3[16]

T EEY L

(photobleach)

§ %03 R

R 217]

PR SR Y
VKRR G E K

sk g4 L g i

[15]

Z, $r oz W]
VKRR gk

FEEE LT

[7]

Table 3.1 IGNCs &7 # & F kL T 4 2 +b 2
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3.2  Specimen Preparation

#-%% 5 % (insulin)22 HAUCI, 4v » 3 NagPO, & 75 i T 45 F#4E > ¢ & % k2

IGNCs ¥ & ik o bR %P & ZHT AL > FIPL R JEEEH I o piiR 4

AL A AT RE TS URBEH T o AT RS AP OB I

AAGED B IGNCs B R i F o s I ¢ B R FRY

% ! . % IGNCs #%

%@ gl & 4o Fig. 3.3 #777 o

Pre2id B TR
T drying 4
_— ——»

Fig.33 HAlg - 2
F1IGNCs #e+ 27k J 133k 25 Fo agpiFREA2? - i@ ¢ 1) oreeid Bl I 22 (coffee
ring effect), 4 Fig 3.4 #77= » =% ¢ 4 3% 5 IGNCs B B teiffsf - Flpt a9 % ¥ &35

HAPE o APHES T IGNCs s ~ ¥ L RP B aulg Kie 79 5% o

16



eeezid [ Ik o (coffee ring effect) [23]

Fig. 3.4

17



Chapter 4 Introduction to the Experiments

AR ARG FHRAAINL 0 L E Rk LR % 2 4o Fig. 41 457 o F
Sl o sk G AT6 Nk F S0 425k G 592 nm i L F b o Tk mA
1395 IGNCs F %32k k¥ » 4 w[E 7 500-570 nm 2 2 615-700 nm &5 i 4 F &
PR BB FRIP ¥R AT gL RNIT A 3 TREE R R 27 0 57
AR R R A E ke i 480-500 nm Pk @R B 0 4L 4 ke E
690-720 nm #% =5 % » 7k #1995 IGNCs %3k k2¥ » ¥ % 605-655 nm, B
B FEFIP FCEET L kT A g R Hepm G Ry F 41 &z

4.2 k- Hmp o

Experiment 01

detection: 500-570 detection: 615-700

4’— + — )\ (nm)

476 (exc, CW) 592 (dep, CW)

Experiment 02

detection: 605-655

I % » A (nm)

480-500 (exc, pulse) 690-720 (dep, pulse)

Fig. 41 R RE - #5404 » A ulfEed bl &2 e %002 L5 % o

PBACIEE R LR ek PR 2 R

18



4.1

500-570 nm or 615-700 nm)

4.1.1 Setup (exc: 476 nm, dep: 592 nm, detection: 615-700 nm)

Experiment 01 (exc: 476 nm, dep: 592 nm, detection:

AR B 2K Ao Fig. 4.2 #7510 57

2w T & Ak k¥ o

H#cF % (excitation) 2

3‘* f,'ﬂﬁ i7 /;gj)’—? & %i)-e 3 “i—y‘ ’ ’}q% IGNCS

AE AP E 476 nm (continuous wave,

CW), @ 4= 7 sk (depletion)z_ ;& & B % 2z *U4]> 2 & 5 592 nm (continuous wave,

cW).

Spectrum of Insulin-Gold NCs

= e -
2 @® @ o

Absorption (0.D.)

=
m

500

600
Wavelength (nm)

700

Dep. 592 nm,|CW

Z-axis

Emission

Sample, x-y plane

Objective Lens
100x, oil, NA=1.4

: /,}_] Scan Mirror

. \ / Dichroic Mirror
Exc. 476 nm, CW C] I |Confoc | Aperture
PMT [«
,I-L | / Only allow
Detection Range | Fllter ___________ spontaneous
615-700 nm Mo _ .7 emission

Fig. 4.2 Experiment 01 § 2% %

T ETE Y

BBl (exc: 476 nm, dep: 592 nm, detection: 615-700

nm)

W s IGNCs, 1% 424 % chse » 223 %3741 IGNCs,

19



BEEAFEFRLT ERELANRGE - APRY P45 100x (HCX PL APO
100.0x1.40 OIL, LEICA). I **H##5 % 202 yok3ma » A @ % 2 g & B3 ek 4 4
(LEICATCS SP5 STED)- # 4 jue & 41 * % = £.4* j(confocal aperture)#-3% A & -
B2 LI AP R PR T g g RIEL A Mt o gt b
kv wr i Jp] % (photomultiplier tube, PMT)wh & * fE 4t 4 % » ok ] 5 615-700

Pz p KM ELA Bk~ 4274 R E R gk gl > LR IGNCs o

FERF g T L ket AL -

4.1.2 Results (exc: 476 nm, dep: 592 nm, detection: 615-700 nm)

Fig. 4.3 &7 > & (Rl BIK 5 615-700 nm, # ¥ * 4c 476 nm jc3 % pF > IGNCs
F Aol IR o EAREE o F P F4r 592 nm 422 kpE > R A A 4345 IGNCs
IF RS TR A TSR E TR SIURE ] 0 R EEE Y R EAPE
B IGNCs 2 Fkim g4 Ik o B F R o jd LBl £F > ¢FR

IGNCs 2. & LU 5L { % > W F 7 FIX poiadtm 24 2 F e jed 2k -

exc+dep

onlyexc

20



4.1.3 Discussion (exc: 476 nm, dep: 592 nm, detection: 615-700 nm)

B2 224295 IGNCs 2w fT £ 3 3E ) IGNCs #1592 nm 42 £ K 2 ST g%+ & o
]G4S kT a5 R E (~ 10 MW/em?) > F]pt E B o 4e 502nm 424 kpE (5w
WBIFIIGNCs 2. % £ E-EFPFig. 337 2. =2 ¢ P ER BB T TIENER R A 17
FAARE R F 592 nm4s L kEFIEF pF o MELR R S 45§ F F 476 nm gk
T PR MBS R S 27, G pF ki s LR ITR PR BN A L 62, 3 £

W 2 gL e o Flpt A ipdp i B ¢ v i Rg IGNCs F k3 ELenfe £ o

$ £ % 6 5 [(45+27)-62]/27=37%.

4.1.4 Results (exc: 476 nm, dep: 592 nm, detection: 500-570 nm)

7 A F)d 592 nm 4L £ kAt 2 ko A Tk E R G
500-570nm, @ H v F kXK P Fig. 3248k » FaIF F o A g I IGNCs 2.
Fh o R NIRAE L BRI L 2 Ml o REF AL RS R MR S 0 L LK
5B 0 Ao Fig. 4.4 ot 0 5 IGNCs 2 % k42 £ & 4[] (depletion curve) o e & #-
2 K B BERE T2 0 B IGNCs fk A #4088 » R 712 F L § 5orig & ep

2

i

\F‘b

kXid

21



120 . T g T /
— 100 n
X !:Z'Kﬁ\'\
= Y e,
g 80 i
=) decay
(V)]
o 60
O
% 40
§ —s—data 1l |
S 2 —ns—data 2
=
0 r T T
0.0 5.0x10° 1.0x10’ 1.5x10’

592-nm intensity [W/cm®]

Fig. 4.4 IGNCs 2 4= £ & % [](depletion curve).  ip4 &l 5 500-570 nm. = 33 & -
i%i%ﬁﬁ’%%—%@’j%@ﬂ#—Tﬂﬁﬁﬁiéﬁ%ﬁﬁﬁﬁ’?@
~ BB WP H B S il o TR N R AL KSR T 0 IGNCs ¥ kA2 4L

£ enfiA;

4.1.5 Discussion (exc: 476 nm, dep: 592 nm, detection: 500-570 nm)

d Fig. 4.4 ¥ % 2> IGNCs 2_ % %> 442 £ k35 & (lgep) ~ 1.15 x 10" W/em? = >
BRIV R L RO AR T5%, WAL T &Y 0§ kAL xS EF 5 (100-75) % =
250%. E #4425 ki R ERE T 1.3 x 10" Wiem?, B] IGNCs #-& % -k £ & 4%
o IGNCs % k4L L s 2 & (~25%) 4B H R > Bz AAri * erge £ kg £
7 43437 IGNCs sk k32 % & » Flplf2 2 K A ch 3 5% R pRTER

F T EZ A EPFL M e IGNCS AR EE R F o a2 B Ed A G it

22



7 i 4§ (continuous wave, CW) 3 &3k ik > Flm % 2 @ R E R0 A 25
R R i & P g LR AFF AT BRI -
d 3 F s AdET R sk 2 ¢ o AR Y ORRET SRR 2 AR

Fdz R ooz (i ki i > NED [ Hehd ks sk o

“~

4.2  Experiment 02 (exc: 480-500 nm, dep: 690-720 nm,

detection: 605-655 nm)

421 Setup

R B2 % Ao Fig. 4.5 P17 o RIRINA @ * Az § % B F S (Supercontinuum
pulse laser source, SC400-PP-HE, Fianium, UK), "% =€ 4F 5 5 2 MHz. % » & 2
Tk A 5 A iE 0 - i A gcd Sk (excitation), ¥ - i 3 424 sk (depletion). i jEF
Jag v o B R o PR IGNCs 2 wofzie & sk kg o i i 2
AR FVPE G 480-500 nm, @ 422 R BR2 k& R 5 690-720 nm. @ A2 A7 2

@7 42 480 nm 2. % (% 4 s k£ SR F1E_F) 5 SCA00-PP-HE #r#% 22 @k £ 7

Stwh FopE 14 F] gt iE 4% 480-500 nm i (7 F B o

23



Spectrum of Insulin-Gold NCs

1.0
~ 0.84
Q
=
= 0.64 o
£ | n
£ k 'E Z-axis
E 0"‘ 'l‘\ Abs w .
- & Sample, x-y plane
2 0 2- T:-:ﬂ . .
e Tt PP Objective Lens
0.0 o S 60x, water,
300 400 500 600 700 NA=1.2

Wavelength (nm)

Exc.

:/}} Scan Mirror

Dep. 690-720 nm

. AN

Dep.
Exc. 480-500 nm |-| |Confoc | Aperture
| PMT I"‘ |

1 7

/\ / Dichroic Mirror

Cnly allow
Detection Range 1 Fllter ___________ spontaneous
605-655 nm ‘. _ .7 emission

Fig. 4.5 Experiment 02 7 5 2t 2k ®](exc pulse: 480-500 nm, dep pulse: 690-720 nm,

detection: 605-655 nm)

BLeh o S g g R R E R L > AP T g k2 JL 7k
LR hiR - F %Y 0 B irE Lg% IGNCs » @ 4 IGNCs At s i 5 2 o
FPp BT > I L2 iprR IGNCS wk e sy > 24 B p gk o prid bk
IR vk o g R R LS KA A ER P 2 IR 0 2] %t IGNCs 2 ¥

KA G LTk ONPRS A RELFET 2 BIEDE S 210 ps, 4 Fig. 4.6 ()

Ty
4
=

o
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1.0 = —i— 22X L__-'; ______ [ [
ﬁ ﬂ —s—dep 1.0 l."i'“ I =11 )
0.8 i — D 8 L3 ]
MR R NN
@ 0.6 & 06 - s
MERN AR RN
S @ 04 :
- 0.4 u
SN AR RN
0.2 c 02 5 s
1 angv we Fau, e, e
0o 0 LT
l43.D 432 434 436 438 440 442 444 101520253035404550

time [ns] z position [um]

Fig. 4.6 (A iirer jo 7 miibr2 PR IR - (D) kB L1 kb B R L

B ki BTG FIEY S 0.2 um.

e o AP * 60x # 4L(NA=1.2, water immersion, UPlanSApo, Olympus,
Japan). T 3R AR R ek o A H g BT SR s Rk 3 (FV300,
Fluoview, Olympus, Japan). g ¢ - 2% i & % & sk 5 (dichroic beamsplitter):
FF505/606-Di01 (Semrock, US), g% % (filter): 629/53 nm BrightLine (Semrock, US)
oz e k5 (filter): 565 nm longpass (BAS65IF, Olympus, Japan) =% i ip| %
(photomultiplier tube, PMT, FV300 p 22 )0 » & 4 & §= [ 5 >+ 605-655 nm, 7= % £z

PR km BppoEd kL4 R R R EEL > P AR IGNCs 2 ¥k E_

FEL S0 R RFTERY O FFREEI RGP ERELEZ LT N

ST AL EEM o d LA o P F BN AT R A b AR H BT

2 %
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Rz s LB L % £ T 6 B EER]4e Fig. 4.6 (b)#17
AF Y o APOEJIERERT] A L dren i T 5 IGNCs § O kA L gk
BoE A deFig AT 95T o Bt 2 o TR F Y R I G FTH R £ Rk

LY PPN D - % A sk R

-i}?}

3 e

Fig. 4.7 IGNCs 2. % %425 o (Q)F * jsf ks » i R4e » J24 5k o T3oy sksg

B =2225 (a.u.). (D)4e » 425 k15, Tioy %55 B=003 (au). FH 4| % 8x8 um?

BF O APLLRY A BBz ELL LB FTH > 0 T IGNCs 2 ¥ kL4
W AR o 4o Fig. 4.8 #17m o e L ks B % 0 IGNCs 2 3 kMt f £ g

o B k2 AREF B A B 3.8 GW/IemipF > ¥ kg y Fl R ken43% > =
MOPEY KL S sk d P4 & 0 % (100-43) % = 57 %.

ek S I g gk £ (exponential fitting) ¥t IGNCs 2. & k42 7 & S 7
A 45 0 @ JE 17 IGNCs 2 4 4r35 /& (saturation intensity) = 2.75 GW/cm?, % R+ B
30% =4 F e (background) 5 o @ 2o AT R PR B 42 L s F R R B o %
TEAFZEHERAS AR TR EZ T > L BFREE-HRES 0 T Ak

5> IGNCs pfr 307 F BB 2 A Bl 4o T 4] #7505 pL IR A 2 422 § G m oo
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100 . exc. + dep.
801

60 -

40

20+

depletion ratio [%]

230,11+ 70.0¢ 225

2
o, [GW/Cm’]

Fig. 4.8 IGNCs 2 & %44 o Mo% B F R4 a3 AL %5 R T p Fig. 4.7
PRI AT EOF REA o Jid dplile 0 AT I IGNCs 2 & fesi &

2.75 GW/cm?

Foobo ARt F ] 422k # IGNCs ¥ % Gl Bk (T eniB AR
PR FF LI PEFRRZRH 0 B4 Fig 49477 - ¥ L% & § 77
PEg befl sk~ G P em JAREBZ R o gt b o d Fig 49 7 2 R E 4 MET
BRI EFLL ERIPEFAEA 0 IGNCs 2 8 % g B4R EE R 2V ~ F

%2 ¥ (photobleach)z. 31 % 3 4
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1.0

—

{ -
i depletion :‘g‘ T +|' T ~
: on = 0.8 AN T‘lb-l H‘. |‘ pr { \l
______ ’ g || I T : bleaching :
| 1

S D 067

[ &

off 138

—_— ey
o
(1]
°
0
5
=
Py
1
]
1
1
]
/__I
ff”T
\::I——A_
[]
]
]
]
]
]
]
1
\

0.4

C
(0]
o
[72]
O 024 ]
@]
=
L —

0.0

0 15 30 45 60 75 90 105 120 135
time [s]

Fig. 4.9 1% 425 %4 IGNCSs 3 % p B M4 (7o 2 & R AL Lo pr T 2 W 4] o

G R PR EL S AP BT - e Fig 4.7 2 BT T N ks R Ao A B

LWL LR 2 2 R - FER O @E 4 5 100 slimage, § Sk B F 0

fht & B ok (PiXel)IPER S 5 43 ps. FBE - RPGE 0 F LR L ER

B BT - ER oot~ R A PG B AR LR o BB LR

4.2.2 Discussion about Saturation Intensity and Lifetime

%gd & 17 IGNCs 2. 4 k4= 2 # s (Fig. 4.8), # * ¢ JE ¥ IGNCs e frip A& (lg),
2.75 GWI/Cm? #X @ b &b — & 5 ot it 2 BEACHTST @ % chd LR T g 2
® (4 10°- 10" Wiem? [7, 24]):B & + 2-3 B #ic® & o b 5 IGNCs e [g i+ 1t 24 fpo
1995 EQ. (L3)3- B 2 B k@< o

LA HY R F] s PP F Y ot 0 IGNCs fh A (R E) 24 A

o (lifetime) 2 &7 fe2b 2 e o sigefieni (4 2 £ ¢ > # @ % IGNCs kg ik &
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[16]) » &7 ac .71 5 & B F okik M TRLTBELRIRE F B AT R o Tt » A B E
FTE B IGNCs 2z 4 épfp o Mg * 7 R 4p i H Sk 5 2 %k % (time-correlated
single photon counting system, TCSPC) % i ;¢ % (SPC-150, Polychromator MS 125,
and PML-16-1-C, Becker & Hickl GmbH, Germany):& 7 € ip| - ¥+ 8cdpi& (75 & 11 %
15 (Fig. 410@)2 & > FRA P72 * I IGNCs A > HA pfhF s B> & w5
43 s (94.6 %) 27 0.42ns (5.4 %), H ¥ & At G ik ik gt B o

F AP £ L =490 nm, 2 & Titetime = 0.42 ns (& 2 AT BN
AP EE RFIELFLAPE kR v p[21]F R e s i B2 % i
b Ae £ BRI ¢ 4 L chp B § k4 3 M), =dc® g (cross section) (194
IGNCs p £ 4%+ ], r=0.5nm, ™ Mietheory iz & 2 &) =3.77 x 10" cm?, & »
Eq. (1.3)@ & #73- 5 41 IGNCs 2 443 & |39 % 2.56 x 10°W/em?. % & > ot & 37
P Eenik & > IGNCs 20 I T2 (8 (53| >0 Bk B o F] A P o Eq. (L3)47 1 £

e e P B 2B 503 (two-level transition model)» 2 & 72 = & 2 # IGNCs 2. ¥ L B8 »

“J

REESE VR kL ER
L }I%i;-?g P AR - T B2 Y F-9 - & 2 58 f+ (Bovine Serum
Albumin, BSA-Protected Auzs NCs) st o % H & F Ak 18 0 #-¢ fa i S s

(intersystem crossing, ISC)iF 1% 3 = & i (triplet state), ¥ ¥ o > #se g at = £ i

2 R+ v € sk AL Ak (reverse intersystem crossing, RISC) & w 3| ¥ & i
(singlet state) & ¥ & & £[21] -

¥] = BSA-Protected Aus NCs 2 IGNCs #g 17 > » £330 F¥ L &2 4k
St FR A4 IGNCs 33 B4 A 0 - BiE- BRE DT HRLES K

Faip)> % 2P e IGNCs 15 0 IGNCs » ¢ fsg 02 g 8 48 4] 4o Fig. 4.10 (b)#77 ©
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Q)

1.04 . = IGNCs fluorescence signal |-
IR fitting curve

081 | :

S 1 ¢ 1042 _x1042 ] Al -=a teip’s
‘ 4 , ~ 43.27 042 g I 1

@ 06 1. ¥ :p.]ze« ‘+p.7le‘ (PP} ) PF)
2] 1 ' ' 1
ME e
S 1 long short ground
[e) ] “l ] v v
O ‘ |

0249 : \ s

0.0 . . . e

10 15 20 25 30 35 40 45
time [ns]
Fig. 410 IGNCs # k3 R 22 M (2K - ()7 gt & w5 (% )75 7
IGNCs 2 2 &8 3 & B> & W 5 0.42ns £ 43 ns. (D) % % SL/F EA%(ISC)frid & it
B A% (RISC)2 2 4 B o & p T pF & (prompt fluorescenc, PF)2_ 21552 3 &d ISC
e RISC B 1% 18 2_ 28 & ¥ % 31 55 (delayed fluorescence, DF) 4 & ¥t & 3| ‘&4 & #f fr&

IR

©

A

Ajprdap > FHEIGEFRERALE I IGNCs FESEE R NT IR A

(m

[¢

FF-SRRF O BE ISC BHEEIZ L4 BRI F- § THIRBHR

oy
i

Bt 2 i B B g MRISCHET N e et g a i Apafpsd
S(Fig. 4.8) + #r % Fler TR 42 L R BEH o A ET 30%DTRE-
Al A B § AL R R A L e Bt E 2 bty kA
2 F IGNCS § 0 - 45§ kR A A L B o
PR EIPR 22 & T P ehE-d Tk & 2 KRS L Ew o2 T BRHA]

d EQ. (2.7)% Fig. 410 e K x kg & o S RN p ot 2 B 7R >
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k ,[m} t
risc bKe ) 0.12283¢ 4326585
kisc + krisc
t
kiSC e_(kisc+krisc )t oc 0.71448e_0.42321
kisc + krisc

K, ~0.71448

Isc _

=K, =
Ki; 1 0.12283

risc

79 IGNCS £ s 16 > g ¥ L5 s 2 23 NEE Rz £ L 9t b
A w] % 5 [0.71448/(0.71448+0.12283)]% = 85% £ [0.12283/(0.71448+0.12283)]% =
1506, £ Bk 42 2 v | E pE T % 2424 IGNCs Aot £ fichT 3 - B Fig.
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