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Single Molecule Studies of Fluorescent Nanodiamonds
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Fluorescent nanodiamond (FND) offers great potential for use as a novel diagnostic agent in biomedicine, because
it is biocompatible, non-toxic, and shows no sign of photobleaching. The negatively charged nitrogen-vacancy
defect center is an active component of FND. It absorbs light strongly at 560 nm and emits fluorescence efficiently
from red to the near infrared region, well suited for bioimaging applications. In this article, we summarize the
studies of FND by single molecule techniques and discuss its prospective applications in life sciences.

RERE - DIHEE - HETHE ARSI
B REYYEL (organic dye) FIEEEH (fluorescent
protein) &R A ~ MR F W EEHRME - &
BEtE/ N LB R BREEC R - BN TR ERY
{EF] - TR EMAEREUEH (photobleaching) &

— & Y& N IF i (Biological
Fluorescent Probe)

ERER R EREET  EHEMEEE (laser-
excited fluorescence) & —TEFM A AT - EE

frer=a AT BT R A IRFIE E‘WE%‘Z%@EEEHE@%EH
Jeshisk o LHBAEBR AV - R R Al
BB (0 Ea%z.«fsﬁi{%ﬁﬂﬁ¥jﬁﬁiﬁ—’iﬁ%) HE
AR RS, > R e sl R B R A AT HE AT
M B T B R T E B R R (R TR - (B2
(s FHAE TR > bR T OCER B R SR 2R R B
BN BEEVIR SRS R R B G I
ERFEAT L — KRS > Rl e HHErER -
— i RAFHVEROCIRET - AR GET LA » [F
RRR AR BB - EhEAEHE IS

SRR (photoblinking) HYHF4 - Al RS T M H
BRI e -

ITHEAR A E 8 & T B (quantum dot) HYBHEE >
se i TOEBUE AR ERIRREL - KL S R ZR AT
B WbnEEA - HEFERIEYSES - R
TEREE H R R F AR SERGE B E IR
{EEfi (surface modification) IWFE » 35 LB EFANEE
A ERYAEE - i gCB RS - R
EAEYEETTHER - RMENXEKE L
(fluorescent nanodiamond) 5474 E L ERIRTRE » 4§

MEME=—+—55—1 988 9



FZEEALBEDLERHE: - ORISR LERS iR
B rsEE -

ER— & RS - B F KO B i
M~ REASER - SR R T FE R
M o BARTRB ARG LR NYE O AR - R
LB LIRERRE » AR EENE - HERHERIE
HIpRER R - HFRIALE A &L (carboxyl group)
TR L R ERETT AN HREE K
BT E A SE G Sl A& PRI EGHREE (point defect) »
EREETE N 2 AORABEIZE - Fintk
EOREETRTE - RSN EB SO LSRR
TEUN—BATE S TR A LR FET R - Fr
DIRI DA E A IFF R ER R » WA EEER
JE - gt - BT AR &K B Ao T
RIFFEIER - BRILZAN » BRI ORERE TRl &
B IEFEATERS EYIBIE o IhEOER B R
s N ER T B AR ZE BT R A B R - 5
Ry TR — 228k ] 5 (N-V) o B BEHFEZ B E RO
(560 nm) FEEEF - GRS 700 nm HBEALE
wN o EIRIF R Y R E R H & &
(400—550 nm) > FHILOTEE B BRI TE H 3%t AT
R SRR - MG GRS L (SRS
HI5® o 18 T SCh RIS B A AT LR 437 05
IR FE KB B B R M e A AR Y B

1.35 nm ARk o AwAFRAMED
%o RSB LHREUFZELA2 £ 3 FE
25> 8& 5 400 £ 600 nm © @

10 REHAE=t—565%—1 988

2.5

E |
= e MWW
"
3 Wi
::: . Eo ‘}‘\C"“ W{M Il L‘”
2 B I {Md ]
- w

550 660 ' 650 ' 760 ' 750 ' 860
Wavelength (nm)
2.35 nm KB KL Z B KK o MASL K
% 576 nm ¥ 638 nm M EHEFHE > L
(N-V)' fo (N-V) #F52EFHREBRR 7

JITHEIRIRER o Hrh B TR e R b T
B35 RHETFTRTYU SO i L FEE R oERK -

— s BARKERZ IR

BB T — B e EmnY 5 5 Ui IR 2
#% (confocal scanning microscope) > ¥ BE—{[f E1LHY
Ry 35 nm HUEDEFRAE AR TETEE - BoiE
TEAOKRE ARSI o Dl—15 532
nm [EREEE FHEREEOEE - FOEY) 5 s
A AT - DIEATADLE MRS (avalanche
photodiode) BT FTEARYE Y » FA]HEEE Z5E
B aBERL - ISR L GE QB 1 Fr
) o FEET - FKEARERFE R TN
400—600 nm > #J2 [t 52 BA G 5 HY 5 5 A IR
(diffraction limit) » FERA T FfFrERIny2E &0
ZKSER TR -

BAMTHE—2 (1 FH #%# (monochromator) F1¥E
LAl (liquid-nitrogen-cooled CCD camera)
KRR I SE A A RS o B 2 s f={E1
AR OEFRE AR T HDERE - BEARI = (DA A
AIE] - AEHH W SR ZEE T-f% (zero-phonon
lines) ° HH 576 nm HYZ A TR IR A — %2
ERRES T(N-V)' ] BT THEEZK » [fifE 638 nm



9000
6000

.

100 —— 100-nm FND
——35-nm FND
Alexa Fluor 546

250

200

150

Counts in 10 ms

50

ya
||||||

T T T 1
0 2 46 8101214 270 280 290 300
Time (s)

3.140 nm #EA RHEE 35 nm B A KMS
B R Ft Alexa Fluor 546 2 % 5,58 & FE B 48 B
ISR I

HIZ & R R e BRI & — 22 T(N-V)
HIEETHEMZR © &M L T T R A
Fff% (phonon sideband) » EfALAIFE T#J 50
nm ° HRE—EZAKEORTHRTEE (N-V)
(N-V)’ LEBIANE » st thE s -

[RIFF » PR e oK A B R iR E
T G ECER R R ERE R B LAY IE T - A& 3
Fis » SR AR EEIRE = - BIEE
FEHTER 10 kW/em® BISEEIRET T - HAE ETE (e
300 MINERZ AU - MERA TR EUE FRIE
% WAL - MG > fEAEE SR
N AREYURLEL ST Alexa Fluor 546 RIHIFRSERT
TS - AR ARIAEE - BEE 10 £
A S T -

IEAh » HIEE R AR AEAN [ ER
(anti-bunching) | & > JREHI & F-19 P
THEI LA #L (second-order correlation function °
g¥(0)  HERF - ENFRPGR T FFHE (N-
V) BEZHE - EAER T ELS KB TR
HZ B FE R —{E st #s (beamsplitter) > 53
BRTTE RIS - FHEDEF e E e —Re%
Bk M ENEH A — {8 5 A 20O E e (s
(avalanche photodiode) ° FFRAHEH B G F 58024
(time-corrected single photon counting system) & | &

T R (E R RO L2 (0 0 AR

TSRS 1% o EAILUEE] ¢® (0 - Eizh L -
g0 1F 7= 0 I » FETHREHERE (V) BEsr—
FEEMIBILR © §20) =1~ UN - §I41 > & g®0)=0
[ T E AR R R 5 A B — T R4
(single emitter) ; & ¢2(0) = 1/2 [F » FTLEHIERE
A E AR E BT AR SR - BRI (N-V) BRRE < B
H T LA F G B I PSR R B
WZS KSR NP -

B 4 BT B 10 nm ABNEKSE G 2 A
BRI > BEIEEARR 10 nm FUERE KA
TAEEZME (N-V) BT - Rl > (s
ZORSEAT  (EEE—E (N-V) B4 CIaTLUE
Rk R R B TR AR < BB E R BT
B (E R TR R A (A -

= BAFRKEBAZ=HEN

TR AEORPURENIRE = > BERETR
IRF A =B e - 8 E A A B RE T R
Ry TRERAAENE » JPIFH—B BRI & LM
(inverted microscope) > DA 532 nm [E|REEE G Ry liiag
HlE o BE—E BN T =HEOBHERH - BMILI—H
fraxaty) LabVIEW F22 » 5] A7 R B B i S &l
o5 (piezoelectric translational stage) EAYYI8E - HE)
o AR SOC R = Se - Rl —
B FARE AR TR S S BT ) = A E B 1T
Fy (B 5 FytbEedn o ZRMEE) o R — RIS AR

9?()

~40 20 ' 0 ' 20 ' 40
7(ns)

4.10 nm % kA KM Loy A H A SER - O

MEME=—+—55—1 988 11



1
532 nm ! Lens
laser !

Tracking
program

5.8 T Z4EH A K - Ak &3E OBl - 4%
(objective) ~ Ex : ## 8 & A (excitation
filter) ~ DM : # & 24 £ 4 h (dichroic
mirror) * Em : % %8 XA (emission filter) ~
TL : 325 £ %% (tube lens) ~ PZT : B E X %

EE %y 2% (piezoelectric translational stage) 4 ° @

REIARFERIRM - ATLAERZBEREZ 10 Hz ~ A 55
HERZE 100 nm BYTEDL N @ EEE RO A E A
fE= e iR R R B 2 A - [ 6 2
HIFH It R = A B R A T B S0y —(E ] -
FeAMpe D EHE—FEALATE HeLa fHAARY 35 nm
BN - SRR MRS - W EHE
FERIEE A BB AR ERS 3.1 x 107 um/s ©

B H = HE BRI R R A F RO
PRet - A LARIRF R A R P B = R [ R 22 B REEH
B FrhlE & M EREE AR A LSS - FIalgEs
WA AR EEE - KR ER Rl e e —
{lél/ NEFDA_ERIRF R » (HAEE S HEEY B2 R =
BRI R M AIAH AL IE - X Rl RE R =M Rl
Rk o BHETTERRAYEIE » MR E RO FHI A RS
BHIEEEN ~ SR g & ry-F i &Rk
o AER U FERRA A S IEIRY o EAIRA Y
FREOEREEST - BRI EHESA A AT DL
TEETER T e R R -

Btk o R T E—PIREMIEAN BB R E =
AR o (B 7 BH BT (two-photon
fluorescence microscopy) ARIGNNFAZHIE L » DUE
SFEIEWRIR G o (AR 875 nm HIFRIDALIME
Rl R - A ATE HeLa AN EE
KTl G AR 7 FR) - EESEFR
FHELE - S G IR B A B (i =t 3]
EIFKEGY -

6. — 35nm FLA KM LE TFAE HelLa oo 92 4B 3 © (a) GL R IAM AL 312 & %4y Hela 4o
JEFEE A ERABRTRARKBLNLE - (b) RARKRME X Z BB RIT > HBTEHRIFH L

200s ° ¥

12 MERME=—+—55—1 988



TPE (875 nm)

OPE (532 nm)

z=5.6 um

6.4 um

7.2 um

7.140 nm %G k5 £ Hela g 2 %58
FAERTEH R L RELTSEE - B
FRERTHELE R —EE L o Y

M~ s RE

BN O REER RS - JEREAR
EYIRETTHE AT - WS REIECRIREETEE
AIThEE{L. (surface functionalization) @ #&EESKEEH
RHREE A EVIRRNHR Edn BEARE - IERRaZEE
FERAEALISEED - AN - B KA EAERE A
{RE@RIEEE R (saturated excitation intensity) FYFF
T e AT B M T IR AR B T (stimulated
emission depletion microscopy, STED microscopy) H
fae  RRNHEE R G R fRHEZenor
B at R g -

5

FERHMT R RRABEAEH RF RIS E
(NSC 96-2628-E-001-006-MY2 % NSC 96-2120-M-
001-008) #) % 4% - BIRF ALl HIEAFE > 1
BAARBER>TREAE > E5ATRERAR
BRAERGL G AMTHFE R LR RRER
B ABAR,

ZENR

1. S.-J. Yu, M.-W. Kang, H.-C. Chang, K.-M. Chen, and Y.-C. Yu,
J.Am. Chem. Soc., 127, 17604 (2005).

2. C.-C. Fu, H.-Y. Lee, K. Chen, T.-S. Lim, H.-Y. Wu, P-K. Lin,
P.-K. Wei, P.-H. Tsao, H.-C. Chang, and W. Fann, Proc. Natl.
Acad. Sci. USA, 104,727 (2007).

3. F. Neugart, A. Zappe, F. Jelezko, C. Tietz, J.-P. Boudou, A.
Kruger, and J. Wrachtrup, Nano Lett.,7, 3588 (2007).

4. Y.-R. Chang, H.-Y. Lee, K. Chen, C.-C. Chang, D.-S. Tsai, C.-
C. Fu, T-S. Lim, Y.-K. Tzeng, C.-Y. Fang, C.-C. Han, H.-C.
Chang, and W. Fann, Nature Nanotech., 3,28 (2008).

5. O. Faklaris, D. Garrot, V. Joshi, F. Druon, J.-P. Boudou, T.
Sauvage, P. Georges, P. A. Curmi, and F. Treussart, Small, 4,
2236 (2008).

6. Y. Y. Hui, Y.-R. Chang, T.-S. Lim, H.-Y. Lee, W. Fann, and H.-
C. Chang, Appl. Phys. Lett.,94,013104 (2009).

7. N. Mohan, Y-K. Tzeng, L. Yang, Y.-Y. Chen, Y. Y. Hui, C.-Y.
Fang, and H.-C. Chang, Adv. Mater. DOI: 10.1002/adma.
200901596.

8. V. Vaijayanthimala and H.-C. Chang, Nanomed., 4,47 (2009).

9. Y. Xing and L. Dai, Nanomed., 4,207 (2009).

10. E. Rittweger, K. Y. Han, S. E. Irvine, C. Eggeling, and S. W.
Hell, Nature Photonics, 3, 144 (2009).

CHERGALEAFTEFIRENERL > HEF IR
RETESFHEFLTELERALR
RECALEABRIRAREAECIREL > HEFR
R ERBER AP L EAEE -
CRBREEEBEATERZARENENERL > HE
FRFRIRE T RS FTHEREAFLR -

Yuen Yung Hui received his Ph.D. in physics from the

Chinese University of Hong Kong. He is currently a
postdoctoral fellow in the Institute of Atomic and
Molecular Sciences, Academia Sinica.

* Yi-Ren Chang received his Ph.D. in electro-optical
engineering from National Chiao Tung University. He is
currently a postdoctoral fellow in the Research Center for
Applied Sciences, Academia Sinica.

* Huan-Cheng Chang received his Ph.D. in physical
chemistry from Indiana University, Bloomington, USA.
He is currently a research fellow in the Institute of Atomic

and Molecular Sciences, Academia Sinica.

MEME=—+—55—1 988 13



