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Fig. 1. Basic principle of fluorescence lifetime and schematic diagrams of lifetime measurement methods [8:9]:; (a) Schematic

diagrams of fluorescence emission and fluorescence intensity decay curves (single component and multicomponent); (b) frequency

domain method; (c) gated image method (single component); (d) streak camera method; (e) TCSPC method.
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Fig. 2. Improvement in FLIM imaging speed: (a) Dynamic FLIM imaging of diffuse fluorescent beads in aqueous
solution (128 pixel X 128 pixel, 3 fps) with ultra-short dead time TCSPC hardware [!); (b) FLIM images of live

intracellular protein interactions using multi-focus multiphoton excitation SPAD array technology (256 pixel x 256 pixel,

15 s/frame) [21],
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Table 1. Comparison of several fluorescence lifetime fitting methods with low photon numbers
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JEL 240 PR 3247 A% DA 70 A0 DX R A e 2 1) A o,
I 5N B RO AR R/ R BR 51 115
72, [EINESEE 1 1) 5l v 1 RS R AR, HAR T R
Mk P B S, SEBIL T T AN M ) o3, 3 T R
XA 708 P B PR B 2 R IR e A 2 v,
X 0 ) 24 L P A AR L EA T VAN

BEAL, X AT T P2 2 1 58 3% FLIM %2 B E 5
S A ) 43 B 56 SRR P 38 8 22 1) 1) i, Hins-
dale 25 (2] 223004 | 74% FLIM 5 45 #)6 J8 B SR

(structured illumination microscopy, SIM) &% &,

Greger %5 3] 2535804 55 17 438 FLIM 5 521 B ) &2

A (single plane illumination microscopy, SPIM)
gh4, NS 55 3 FLIM 5 4 <% 22 2 4 R
SEHL T ERE AL FLIM AR,

FLIM 7 8] 73 ##3 H) R ME 2 T+ 32 22 i i
C A 1 FLIM BUAE 777 5 8 0 B R R & &2
SR, o B ATRT U2 2 M F 32 0k S AR
J& (stimulated emission depletion, STED) £ K %
SEPLHE 4> HF FLIM B A%, ) o, 0% [ 46 2500 [ 21
T %% Bt French % 44491 4% STED 5 TCSPC-FLIM
BOR G, 38 B 998 6 BE R /N I E 100 nm B
P3RS T BTSSR BR 1 FLIM B, 45 R4k 3 (a)
Fis. AEZ AR, AT 138 R A 2T 23 18] 0 1 i %
(spatial light modulator) ] 7 4 E AR X} STED
JE R HEAT AR AL A, SEEI FLRS R Y A5 2=
AMEE, FEAR THRE ) 23 HE AR A R, R WE R T T
7] 2 % (F 685 nm $EF+ 5 362 nm) 101 #riT K
X UR AR ALR 8206 {F 9 STED Jt, TCSPC
BRI &9 75 i, 256 40K € A G 0B i 34T
4, St T STED-FLIM f§if, A8 55 #5ik 3
T 70 nm (A1 3 (b) fia) BT ERIIK 2 i AR R
PR STED-FLIM R 5 H G RO H RS &,
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1 pm

4

5 pm ve b iy v 0 500 1000 1500 2000
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1.0 r
| = Confocal
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>
2
B
=]
<
Confocal
1.0 T
= Confocal
0.8 == CW-STED
>’ \
2
)
o
3 /
k] .-'. 70 nm 190 nm \/\/\
\/x_\/\,_____
CW-STED 0 - L L
0 100 200 300 400
Position/nm

3 4%y STED B EARIHL FLIM Z R AP KT () ATTO 647 N AR NK 4152 STED-FLIM 5 ##45¢
K IR (435 60 nm) 441 (b) B 20 nm #OEERK CW-STED 53R ETH ar R IIXT EL (435 70 nm) [47]

Fig. 3. Improvement in FLIM spatial resolution by combining with STED super resolution imaging: (a) STED-FLIM
super resolution fluorescence lifetime image of ATTO 647 N labeled NK cells (resolution 60 nm) [*4]; (b) CW-STED

vs. confocal fluorescence lifetime image of 20 nm diameter fluorescent beads (resolution 70 nm) 471,

# 2 FLIM Bfg M a3t 1 SOk 7ot i

Table 2. Recent progress on improving FLIM imaging performance.

FAG O FE SR T MOERECEERE AESEE TCSPC Bk + IRAT PMT /b i 2k
ZRRAY  SPAD 515515 TCSPC-FLIM %
Hfi A Reggt AOD-FLIM F-hEH 3
PR FHESR MRS HTE, NCPCA %

IE K FE AR T EREER SRR GA, BP, L-M%
RBEASOETREINSEE  MLE, M, BA, CS%
YERAGAEE/IRF W& LSD-LE, EKF 45

ARG HE AT RIEBESERGRE — AERBY

fEvE FLIM ErRe s 45 ARk 5 = (SIM, SPIM)
RGP f bl S5a 8PS (STED-FLIM, SIM-FLIM)
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T 53% STED Jt 1) BUAZ 5 & 182 1 B JE A il
SHERMEGE, bR T R o R 180 g
&N, French 2 PO i&% SIM 5 FLIM A4 &, FT-%F
5 B g A S COS 4l - DDR1 SZ AR R AL
FRET 2 AT 5T.

2% b, FLIM S8 1 Re s i e it e 2 45 T
x2.

4 FLIM# K& 4 41 B 2 4388 N A
R

UHT TR, FLIM B 1 B2 — ot B s
(e e e R R SR R IR B A B AR
AR W] g BN R SRR (AR 5, DR il — 4
K CAE S GURAF BN Z R, JTCHRAEAEY)
L2 22 AT 7E s TR 2 W SR TR 7E, PAKANKAS
R AW B2 = NI IE 7E 45 75 T, 34 5K FLIM F B
I CBUAG 2 B A% G K F 0 T B e AR B 4
A&, T g3 ATk 1) DR e By 7.

4.1 FLIM#ESEYEZEMARSINA

RAERJLHEREDE AT CE ] T E
KHTKFE, NTX T AAT h LB T 24
TR IR N GRS, (BAIIRAG VF 2 B 2E |n) R AR 24k 4k
TR R, Hln B FT 0T 20 M A AU I AR LB
T 5 IE AL | AE YA ' A R LB SR
BIE FEATS SR A2 4 B AR P 22 it T b B A iR /. FLIM
AL T e WA b R S AR A I AR A AR B
XKLL RO AR B 7 — ARG T B B, &
AT 5[5l Walsh %5 U i Fi — o 24 545 B 7Rk 3
T U D e RER (Oregon Green BAPTA-1) X7\
SRR Ly AR 22 JT AT FLIM A%, Sy U521 4
TOAE GO 5 45 B IR FE AR AL, IR R IR i
ZT AN K HR SR IS R 5] R 2 T 4 B P A
SER, WA 4 (a) TR, French B4 19 Njia
FH FLIM £ AR FT 1 LR 25 4 B WL 43+ 2548 )L
TP TG T WAL TR, N T T X R E RS
P73 M 5 HE B AR T8 FLIM £0R 5 iy A R 41
M A% 3 i £ K (high content analysis, HCA) 45
&, G 7 FLIM 4 B3 g, I T 6 LR
A & 7% # (fluorescence resonance energy transfer,
FRET) X £ [ )i 2 18] (15 4 B4 B 3EAT 29 A7 02590,
454 7 HCA I FLIM BUlg ¥ & 43 A TR BLAK

& [ FLIM B4 E 3k A i E 8o, X 17E
KI5 O SR A 7 7 A AR F Pl R
EHIEH.

TEM AR AV =R ST, 2016 4F 1 [E R4
B FH S B 2% 4 S T 9 F LSCM ) FLIM £ K, #F
TN AE RGN RS LBV, W IREL 7Ok
HERACEEATRERENERRELE. 2
Blilou 25 5% 78 % % T (Nature) 1 TAEF, FH
FRET-FLIM SR SEHL T ALY 1A A 8 F AR T AT
FHEIRTARAL A 7, TR AR S TR AR IR & 1
S FHLEE (WP 4 (b) Fiawn).  H A Kodama % ] H
FLIM £ AR 3R1% 1 7Ot AARIC I G &R (— A6z
T SRR A1 DGR 3 ) B AR, FLIM
TEAE W) 20 BRI 58 o 1 S HE R 2 — B2 FE A P
SR B R OG-, BUATEAL 48 FLIM B4 %A
TNAGE I SR FH A3 R SR S ORI K R AR A
T4 B SR AR 1) B AR O R Y. % R R ZE R
R348 B ARG A3 U (N ps B4R AL,
K FH 187 5 PR B TR) S 3B 7428 AR B A SR T BR e AT
S, Camborde 25 P71 % Fi B A 1 B 18] 49 9 2R (14
ZREUHEMLRI FLIM BHE, FH im0 #5403 4i
FHRAERTIE], NS5 & FRET HARK I T 0 F
%R S E A EAER.

4.2 FLIMEERIZESRIT AN

I FLIM 43 A i PR — 26 gt R0 5 B 4T
LT BB TT BT T8 A2 U AR A — AN BT VR I AT A
s WEFE AT R 3 B AR O 75 i R AT
PR Am PR A ARIEPIR BE, AT 513 i R _E B 55 12
5897, Robert %5 P8 Xt B A7 B0 3098 /N LK B2
b R A AT 207 FLIM Rt 38 3 40 g o 69 Y
Y5 2 ' 0 Jo il O T i JBR M 18 — A% IR (micoti-
namide adenine dinucleotide, NADH) 7E i &5 &5 Al
G55 A0 HE AR ST RAR, AT I i R
AR AR, S5 R R, MR, %
Fb R4 B E WK, (H NADH B 5 K /56 7% i 415 1
ECAI ) B AR FFA AR % TAER W, FLIM £ AR 7]
PAEAR N2 e R B R e e 8 10 2 08 1) K 8
BERR, K AE1Z W AR IT R 3R ORI 2R .
AR, T NAD(P)H. 8 % RIS % H R (flavin
adenine dinucleotide, FAD). 4% & (tryptophan,
Trp) %5 IR LD P05 S« NAD(P)H 5 FAD [
380 5 LA E B Wi 40 i s 2 24 9 AR TR O, A
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FH FLIM $7 AR W 3% 26 25 4k 2 B i) A2 AL ik i T
S & BRI 25 W IR TT AR, Alam £ 9601 7
=818 £t T TCSPC-FLIM $ &R, 3KH T iz H
PUE 25036 77 10 J5 50 51 e 40 i P9 3 LA 5 [

(a)
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0 0.5 1.0
Time/s
(b) YFP RFP Lifetime heat map Lifetime heat map
channel channel donor-only co-expressed

WOX5 shr-2 WOX5

4 FLIM 75 A9 = 5 EE b AT 75 p i 5 A
MR % & HLER [55]

W FF A, S RRFIGIT S5 ENIH-F 1565 a
#4n, HNAD(P) H, FAD [ % {k 3% J& b 5] F B%,
MM S BT B Z5 0 67 AR (Wl 5 () Fis).
MR E A4 SGE ] FRET - FLIM H AW T

1.15
1.10
=
&1.05
<
1.00
0.95
0 0.5 1.0 1.5
Time/s
0.3
% 0.2
>~
+
o
@
S o1
0
0 0.5 1.0 1.5
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Cell-wise FRET-FLIM quantification
—16
250 JKD-SHR 107t
1 x10
200 WAt 1% 1012
o
2 150 © Pvalue 1x10°10 2
S 3 1x10° =
< 100 Ix106 =
IS S 1x 10
1 -1 o --9-t1x10?
0 T T T r T +1
QC CEI EN1 EN2 EN3 EN4 Vas
6 PWOXS5:LUC
5
4
3
2
1
0
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et ROX5 SHR - SHR - SHR - SHR

pWOXS5::JKD: YFP
shr-2

(a) FLIM JT452 TR A (L e 0 i D1 (b) FLIM 454 FRET T2 0l 7F

Fig. 4. Applications of FLIM in basic biomedical research: (a) FLIM applied for quantitative monitoring of calcium ion

concentration (511 (b) FLIM combined with FRET for analyzing the development mechanism of Arabidopsis root tip cells

(551
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K5 FLIM ARSI SEIT AR (a) 557 IRB 41 Trp, NAD(P)H, FAD 7£3677 1 J5 1734 % 4y 48 44 W ) 1601,
(b) ANIFIFRIE AR 5 1 1] T K18-Atto532 JERNIR 8 [ 7EMR M AR LIRS 621, () phasor-FLIM H T[X 4 AK, BD, BCC #T

I7] ) B ke (06

Fig. 5. Applications of FLIM in diagnosis and treatment of diseases: (a) Monitoring changes of the mean lifetime of Trp,
NAD(P)H, and FAD in prostate cancer cells before and after treatment (607, (b) aggregation of K18-Atto532 amyloid in
vivo at different labeling ratios and incubation times [62]; (c) phasor-FLIM applied for differentiating different skin diseases

such as AK, BD and BCC [66],

A 2 i e 40 B A Tep A4 36 32 A6 55 Trp-NADH A
HAEH Z E K% &, i Shirmanova 25 (11 11 1 F
FLIM AR F8 1 5 77 1) 98 40 i 5530 4 44 9 Jieb 98
72 B AR A KA 230 7 P AR B0 T I A e AR
W A B A4, B NADPH H 14 5% 6 75 i 1)
D ADL TR YT 5 e 4 ML ¥ 35 75 25 NADPH AH
8 GNENGYI B T N (= PN
% Kaminski 25 621 F) F 2% 6 Gk 1 B 28 K 308 A]
UM L B B 52675 A AT S W R IR B 5 A 1Y

PR (A0 5 (b) BTow), K T —Ffa] s ¥y IR
HERERSH FLIM A% 38, 246 & 830 356 H
5, MR & A FUCREL A S AT, Hi
Il R E R R A RAOIRE. 7R
FER F A AT SR F STM-FLIM A X Bl /R 25 5 2R 75
(Alzheimer’s disease, AD) #H K H 7 1 K18 £ H
B 5 T IR (Huntington’s disease, HD)
FHOCHI R BB 3R H AT T WEIT, X2 WG I7
I PR L e 2 AR AL 0 B B X
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1B N A 2 AN PR 7E T 8 FLIM £ (1)
PRI IE. AR K B S5 A ) 1 — A
BA R e X0 - WSk A 2 1k 1 B
RS TG LE AR E, IR TG4 N B 1 1 1Y
FLIM 8, 4558 R IAH EE 5 /N, & AD /B
g T 20 2R (A s IR P R s 08, g T
KEE AR A S O 36 Lo b7 T 1E 8 B g A 21 21
H B RS A, JERTST T AR K S B Bl
SRR R 9 O A A U R PRI R R R 24 K
% 65038 F 2 9% 30K FLIM SR IR T K R B
R T HIE T 7 S 0 R ARBHE O, ol R b s
197 BRI 5 e 9T B RS2 5 L RIIR S
Luo 2% 196 % 75 A K f7 41 (hematoxylin and eosin)
e o (095 FLY) r #EAT X067 FLIM g, I d i
FIENAH &7 i ido0) 9 6 75 i #EAT 7> XA 8, K
J& 1 — AT X 43 2R 40 ff g (basal cell carcinoma,
BCCQ). Jetb P16 (actinic keratosis, AK) Al {#
IO (Bowen disease, BD) S5 AN [A] K ke 1 75 1%,
WERE T I2W R T, AU it
T MR R RAT BT T (WS (¢) B R).

4.3 FLIMZE 4% k4 9 [E 3 7 52 o
KL

BEAE DK BOR PRI A JE, N T A P s 27 B
B RGO RHBAE A WM. H AT L8R
RGP R R A B & 1 & (quantum dot,
QD) BT £ S 9K UL K 3 At 99 K SR (67
2R KA R ) 2% R0 L P S — AN R S R BT 7T 4
I, ER AN K AR — R B A BT D S v
B ELAR N ] A W = o AR AN AT 52 v U E A 1 2
e M R 5082 75 BRI FE AR 2R . B An 1 kU '
FEMELF, AGEA, Bl T RAMEE, HAEY
LM —HAZH U FET XYM B 1)
FEBT, FLIM Q9K B4R AR 4 B 2 o 1) 32 FH
Fupefit 7 — AR . G, S 52 T 8K Gi-
raud %5 (% | H FLIM £ AR B 78 7 QD ##ic/E DNA
AT A A I e fR 2 e B e D 0D 9% R R
QD BB H 75 iy G B B B e T 1.8 £, Ik
B CEE R B R ) R B, BORRIE B A 2% K% Lin
28 09] 55 45 [/ BH 2\ ) Becker & 1F, % H TCSPC-
FLIM F ARSI 1 48 A B 9K RO 1) 25 S B ik
BEAT T FLIM BUGIEAIT 78 HARBPIRAS, AT A% 40
KL AE R PR o R332 3% A AR SR TR e T —

ol 42 N 0 A% A0S DN - BE. 7 [ Chen 25 [70)
il & A 2 Y ) 5 B I 2R R -HS A (Pheo-HSA)
AR IORL, R A LSCM-FLIM &A1 116 4H i 1A (¥
YR TIOE REEAT W I, ATTAS HH X P gl KR AT
YE R8I 717697 (photodynamic therapy) 2548 /4
MIEEE. RYIK S Luo 25 T R F & T HE 5 HT
FLIM £ R X} A B 5 & ) 91 K KL F PAHCIt ) £
Z b /2 (doxorubicin, DOX) ) 24 9 B¢ iU #2347
FA, 3B 004 A [ 5 DOX 5% 6 2 i ) 2h s
B ST EUP S R INPSL /L0 & & S N
Zhang % 7273 ¥ W% T &% FRET-FLIM ${ R 5
R TR BAR S &, FIF R 302 1) Bt
BRI BT — ol LA I 4 48 K R 7E 5 41
P4 P A R B 9k, St TR A A A AR A1
PR AE I oy T IB R R IR KT B

5 RESRE

PN R B A m R v R U S Ry
M TR S S RA 5T 2 R, A
WA T 1 75 i AT B I FLIM R B & T
B A 80T 8 R WA 5 2 8000 A AR A6 ) URR AR
M N — P BB TR, FLIM £R 75 4
SR AN L PR, A B ek SO 1198 SRS
FMLIZEA TCSPC %4, TCSPC-FLIM X [FiN B A5
IR IA] 2 R TS MR b TR SIS VO AR 32 Bk
5 i 38 By 45 DR 2% 5 e S5 T R H RIS P A
JZ I FLIM 43R, 345K FLIM R 1) & & 32 %
0 28 - R A% P B A B2 T AN S S BBl AG) 9 IX R
[fil. TCSPC #EELF PMT 4 REHI3E— 25 3 . AOD
S NN — e R E L3R T T FLIM 1)
BAGH B, T SPAD BB ) ke e Fo 5 TCSPC 45
AR RS 1 98 3 TCSPC-FLIM N 5 2 K2 T+
FRAG T 5 77 i OB SV AR R VR 1 ot R
TAEPE FLIM S5 117 58 Tk — 20 52 7 25wl
BRE B BT & MO R E AR B R AR 1S
FLIM [ A8 i &t — 04 T4, 1t 25 P B4R
FR 5 FLIM 456 0K R $& T+ 7 BUAZ i 25 0] 4y
P RS TP FLIM EM%. 3T FLIM %
AR Efx gt H i FLIM £ A9 % —
U TR} ) BRI T I PR S 2 b — S EE KR
2 W 5RO, DR AR R4 I 2 )80
WSS TYA) 2N, A T 2R LS
(IR LT BV 3R s . (B2 55— 71w, H Al
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PRI FLIM BAR AT SR AN RE S IR 194 2 A2 08

T 25 A B, TR FLIM () A% 4 R A5 15 30—
DIETE. MG RREEEBOCEA I BHA B 7>
PR AR BRI RIE R, [R5 & B
FEIREN B R I3, FLIM BEARTE AG05# E  ll
BN RE AR 18] 73 W 2R S5 7 T 1A RE S K A9 21k
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Abstract

In the past decade, fluorescence lifetime imaging microscopy (FLIM) has been widely used in biomedical research and
other fields. As the fluorescence lifetime is unaffected by probe concentration, excitation intensity and photobleaching, the
FLIM has the advantages of high specificity, high sensitivity and capability of quantitative measurement in monitoring
microenvironment changes and reflecting the intermolecular interactions. Despite decades of technical development,
the FLIM technology still faces some challenges in practical applications. For example, its resolution is still difficult
to overcome the diffraction limit and the trade-off among imaging speed, image quality and lifetime accuracy needs
to be considered. In recent years, a great advance in FLIM and its application has been made due to the rapid
development of hardware and software and their integration with other optical technologies. In this review, we first
introduce the principle and characteristics of FLIM technology based on time domain and frequency domain. We then
summarize the latest progress of FLIM technology: 1) imaging speed enhancement based on hardware improvement such
as optimized time-correlated single photon counting module, single photon avalanche diode array detector, and acousto-
optic deflector scanner; 2) lifetime measurement accuracy improvement by the proposed algorithms such as maximum
likelihood estimate, Bayesian analysis and compressed sensing; 3) imaging quality enhancement and spatial resolution
improvement by integrating FLIM with other optical technologies such as adaptive optics for correcting the aberration
generated in the optical path, special illumination for equipping wide-field FLIM with optical sectioning ability, and
super-resolution techniques for exceeding the resolution limit. We then highlight some recent applications in biomedical
studies such as signal transduction or plant cell growth, disease diagnosis and treatment in cancers, Alzheimer’s disease
and skin diseases, assessment for toxicity and treatment efficiency of nanomaterials developed in the past few years.
Finally, we present a short discussion on the current challenges and provide an outlook of the future development of
enhanced imaging performance for FLIM technology. We hope that our summary on the state-of-the-art FLIM, our
commentary on future challenges, and some proposed avenues for further advances will contribute to the development

of FLIM technology and its applications in relevant fields.

Keywords: fluorescence lifetime imaging microscopy, fast imaging, super-resolution imaging, biomedical

application
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