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Fig. 1. Schematic diagram of fluorescence lifetime measurement and phasor analysis (PA): (a) Frequency domain method; (b) life-

time phasor of single-exponential decay; (c) lifetime phasor of bi-exponential decay; (d) time-correlated single photon counting (TC-

SPC) method.
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Fluorescence intensity image Lifetime phasor plot

! !
(d) (c)
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Phasor analysis

Phasor-mapped FLIM image
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o fE B ZOEER BEE]; (b) 28 PA L0 H1 45 B /Y 75 A A ik
P 5 (c) X 25 i AR ik B IEAT 20475 (d) E G AR i R 2R #
PRI LS s

Fig. 2. Schematic diagram of phasor-FLIM application:
(a) Fluorescence intensity image with untreated lifetime in-
formation; (b) lifetime phasor plot obtained by PA analysis;
(c) direct analysis of lifetime phasors; (d) phasor-mapped
FLIM image based on phasor clustering analysis and

pseudo-color assignment.

z& I+, H AT phasor-FLIM f4 i FH 7T L A 3
Kew. VLR KA 158 B phasor-FLIM #) R FH A
FEHRE.
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Phasor-FLIM l l

Metabolism FRET Microenvironment Pathology p-STED
Bound
NADH Low FRET Selected

(OXPHOS) Donor/ High FRET

Autofluoresence

Free /"
NADH pH 7.8 h
Clycolysi # Measured P
(Glycolysis) pH 5.4

Abandoned

ructure 1

4
Structure 2 - [*ﬁ
Structure 3 —— |

Kl 3 Phasor-FLIM f)i F 4 Fm B ]
Fig. 3. Application classification diagram of phasor-FLIM.

3 Phasor-FLIM #y 5z JF #F 2 3k &

3.1 E-F NADH BI4RAai5 5 AR

AR A HE I 2R B AT, 1R AR e I
BT B A LA S A5 1 SR PR I a1 7 A,
BEESRE T A AR AL A TG T v B RG AE
ML (s 20 MR T 40 A RP A AE S ST R I 45
P 2R E R 2 ey 20, X
ZREFR A “Warburg 5007 41,17 33 Fh 40 AR i 7
KA S BN A Fr s NADH ¥k B FUR S AEAE
25 A TR 2] A9 NADH &b TP A [A]
WEEAANFR 2 ar R, DL NADH 7E RN
PR E PR F FLIM AL % 9% H Tk 5
TEH AU TR | 5 40 AR LA R s i A s 2
AR 22 5, M4 & 7 PA 1% phasor-FLIM
A el S 20 2 v B A R AR O, e
YA AL I B | B LR ST A2 W 45 7 T 34
HATARGF A AT 5, HATWEAS 7 — L E 2 a0
FHAFFR I e

S 53 T R B sk R s A T A R AR A
FRAb 2 (B A~F-fi By AR A o] FH A8 40 e 4y
AL RN IR ZS . Stringari 45 18200 38 33 6 20 Jitg PN £,
i NADH 76 N 19 25 A oy I M 2O i & W i 17
FLIM %, JFFIH PA 2% FLIM B 7733,
A DA B R B L P LB, DA AT A
AL &80 NADH. A1/t i 5ot +
FLIM BUAZ X FIH PA 245 21 1 7 i 4H & 7% oF
TR, R e B34 58 1) /N T4t i, i
T AR /N T i M A Ak 0 J5 AR A T 43 2
34T, LA 5 QAR AR DG iy AR B (R ) 1 7R

Lee % 21 % 1 40 M A ML A0 M7 T FLIM %,
BRI Ay P4 L5 200 e PR, BT o5 32 kb,
A AR ) B A T I R 8, AU PA R b
H A MEEA NADH @ ry 484k, w7 M
PRH LR o0 25 R AL, SR T2
Wi AR A F, X A5 F phasor-FLIM ) 541 fitd 57
A 7 O A0 B A KT, LA I PR U 2 L I 248 L P
J1. MHEANERT (extracellular matrix, ECM) J&r
B HL AN]SR43, T o B LR
FEA G F ok LB AR A T8 . ECM B9 4k ]
DARRRZH 2L S8 F- 4, DT (e i 20 5 Ak
FIAIEE 19 %& 4= . Romero-Lopez 55 2208 1F 1 41 i 22
FOFEBE I F IE 5 25 W R A% 2 1 0k 0% 45 i e g
i ECM ', | phasor-FLIM AR E =54 T H
A MEE A NADH [ E ], 455 & IR 7E b
JeE ECM A4 LL RN R IE 5 ECM Hr i 4 e H
AT R A IE RS NADH /KT, WA iR, &/
B ECM 158 240 M S HAHSC KA R GE M A K i
B THEEAEH.

BT 250 19 & e L 5 20 B At
& %YM L BE, phasor-FLIM TE %555 19 AL B 7%
Koz Wi 5 T A AT AN 2D g FHSE . B, = AR
(Huntington’s disease, HD) J&—Fj i Y (A A ph 22
IRFTPEENS, fe s ACI RS2 HD 1) 2 &ML
. Sameni 5% 23 fifi H phasor-FLIM 3k & & i &
HD 1 4 A& 45545 NADH it As 4k, 15y
T A0 A G AR AL A ] 200 &, FH LAFSE HD Al
i, Z5 R HD A FCIR R AT A pi e, 53¢
AR ARBE T, X R o T i i AT T
i it HD HEUF I TIETERI 2505 18, XHZWrFR
J7 P B B . B 2% BRAE (Alzheimer’s
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Fluorescence intensity

Cell 1 Cell 2 Cell 1

4

10 pm

Untreated cells

Treated cells

NADH FLIM map

Phasor distribution

Bound NADH Free NADH

1.0

LDH-bound

0.5 \

Free NADH
in solution

P4 Phasor-FLIM FIF 47 40 10 22 5 00 Ak D o 2500 PRI NADH/NAD-+H 25 1, B9 IR 25 g% 25 27
Fig. 4. Phasor-FLIM was used to analyze the change of NADH/NAD+ ratio under the stimulation of hypoxia and mitochondrial

toxic drug potassium cyanide, for studying the change of metabolic state of cells?7.

disease, AD) J&— & 4E N2 & Bl 2 1R 419
i, 5 PSR AL DR R A R b AR D) RE BE AT A K.
Dong &5 P42 ffi ] X T 3 & FLIM 45 R 45 &
PAVEE T AT T 2 4F /N BUE 5 XM 2 on i
NADH 7K, 45 5 % BLHE & AF 0% 15, 1 25
) NADH ¥ & R AI%, AL B 4k 7 48 = = b7
AD #2084k, TR EPEIR YT TR AR/ MR M
AD /NEBIZITH B NADH 97K F-. Hato 45 20
W) SR FH 2ARL 1) 7 32 %68 3 AR /0N U IE a4 00O
FLIM %, i PA 3553 51 B JE o (i A 3 22 4k
Peft 7o B ERE Y U7 . Datta 55 27
B0 FLIM X A 755 2 68 T 4 Ml 40 iy .0
WL 4 Bl (human induced pluripotent stem cell-
derived cardiomyocytes, hiPS-CMs) #17Hif%, ¥
T St AR 2L A4 3 M 24 ) A A g IR 4
RSB, il 4 PR, SRS T A H 2595
PN hiPS-CMs 4 77 i Al & 73 A1 1] [ i 25 NADH
)75 7% 3, A7 XA . X R AR A
M BAR A AR A B T0F 520 I 1) & R HILER AR YT
Frik 27,

3.2 ET FLIM-FRET WEBEEMR

MBI F (HHE) P RSG5 5
— NPT (R MRS ES, HWE
) B B B A (— Bk 6—10 nm) B, R R &
R Kk 2Rk 96, TR H [ B 96 6 & A=
T, B FRET 808 . /T %800 & A (AR
(B) FRET %) 5 {8 1A 1 32 44 () 1 2 55 2 A O
TR R T T 5T B 1 R] A VR (fRTRR

CEEAEAE”). BARM ML BRSO 57 sz
{0/ 2 w71 1 s LT R s = 18 e il WO B OB
it FRET 0% B i oA~ 8 (1 o 2 (B A R 8, DA
T 52 B R 75 A A AR I A SAH BAE FH AR L
Mo Fa AR, 24 FRET &0 &L/, BT
HEANE RR L FE AL 2 20K I IR 28 S A3 Ak A8
M. R H] FLIM I 5 A 52 S8 45 R 2 A 52,
FIH FLIM #E47 FRET 0% 0 eI 528 o
FEAS AR Y 5 e B A vfERf , I FLIM-FRET £
BN AT EABENR. KEMA KL
FRET (3% )i FRET {CRAR = AARAR) PR
AR A T A AN, A ST AR 5
TSy, AR PA SR HT, PIFIRIRZS R 15
FI) (1) 75 i A A T2 B T S AR & A
FRET B, B Y 5 56 R2 00 12 XU SOl e,
T R i AR T R P B4 0 55 A R
JEL b, HLB W B S PR A e
5%, ML A E TR FERT 0%, 2012 4E il
2013 4F , Hinde % P51 F] H phasor-FLIM Fl
FRET I 7/~ G &5 RBD & HFE# B A
iz (Iysophosphatidic acid, LPA) i3~ A H.AE H
MARA, S5 R, EDO LR EGE A U i 22
ST, FLIM EUZ A PA 2 858738 8 oR o/
G #E15 RBD HE [ FRZ 11 EPCF #1 Critine
7 LPA JI ¥ F FRET &% 8 & 38 (&l 5 fr
7~ ). Lou 4§ BOFE 3t 3% 3k H2B-eGFP fl H2B-
mCherryrry P F ¢ 5t 2 11 19 Hela 20 Mt F1 H
phasor-FLIM iMif3 4y FRET R0 4% /MA By 5% 5
FEMAT T Ak, T s 0 DNA 7515 L.
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P
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Fig. 5. Phasor-FLIM was used in quantitative FRET efficiency detection of a RhoA-kRas single chain biosensor, studying interac-

tion between proteins3.

ETHRRHNARRGRESENE
W T 9 FF 4 59051 B b i T AR 5% 2% 1)
FHOG, PRHER B — S5 40 A R A O 2 (W
WL . pH (H . B TR | R RESE) Rl BBURR 1 2l
PRED X ik SE YA 35 S i T AR R AT )
FLIM #9% #L% . Chen %5 B ¥ PA B TR
JE /) FLIM &, 3l i 2865 72 P B 19 754y
FHAHE E T HT S T Hela 4HI7E 8 FlAS [ 6L
T AR AR 9 4 A AR Ak Battisti 5% B2 R A
A pH K #i 1k /) ¢ 6 A E,GFP, | A phasor-
FLIM $ Jir A7 19 52 55 SR AE [R] — A AR i 8 B kAT
oA, MM 20 40 M e A IR 25 Al A= OIR S
pH {HAAELE (W& 6 FTR). YK 2 Zhou 45 B3
{ifi F phasor-FLIM 4387 Wi 1 pH S50 ) 241 ff ]
YR 25 REL. AT A BUER G 9K B0k PAH-
Cit/DOX, TR (DOX) e 40 H B4 5L
REHL, X R BT AR AT T M. Bk U, X

3.3

fl' PAH-Cit/DOX 44Kk AEA 38 pH FAE, (H
FE 55 PR YE S5 T Be A Uik DOX. [A]R, fihfi]
K H phasor-FLIM X 12 48 K k7 - 78 8 21 Bt A Rg il
DOX W% tAFami AT T WS, Mt 7 —FpF
Tl AR AR 2P R TSGR B J7 15 . Ferri 55 B U
% T —Fh 3 F BODIPY 4 3 J¥ UK % 62 T
BoMe, ¥ BoMe 5 phasor-FLIM 454 H F1EAk
HIEZEAAE (Hutchinson-Gilford progeria syndrome,
HGPS) il L.

BN RIE IS

dF 2 6 K Jf 7 K 98 (non-melanoma skin
cancers, NMSC) J& FI Rl v a5 i UL A Jh e 95
i, JEAEPE M (actinic keratosis, AK)., 18 3T
(Bowen disease, BD). %k iX 20 il #5 (basal cell
carcinoma, BCC) Fl1{ i M SR 4 Mg (invasive
squamous cell carcinoma, SCC) #RJ2& H % U i I
B %R B IR 1) i AR RARAS B 8, DRI R

3.4
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Mitochondrion-targeted EoGFP
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£
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Fig. 6. Phasor-FLIM was used to analyze the changes of pH value of cells in normal state (at rest) and under oxidative stressi2.

FHIE HAUSE T NMSC 12 W e R E, B Fi il
IR b 32 B2 3 i X IR AR A 21 (hematoxylin
and eosin, H&E) Y] 7 IIE A FRAE 53 B R it
TTieWr. AR R 73 5 5] 512 W LR AN [/ NMSC
IV P18 R 3 S B R b R | $ R

LU0 %, TTHe S FEON R G 512 W 1) 25

FETEE R 225, FMMER, AR, 25
ZHAYY. 2017 4F, BYIRA1) Luo 55 PIXF HEE 4t
I B R BRI Fr 64T T XOEF FLIM %, JE45
4 PALE RN T AK, BD, BCC iX = FliZ#l
%) Bz JEK: ok 928 XoF 1 1) 2 i A B R A A A 0, 25 R 3R

HL AN [v) B TR i 968 5 s 1) 74 i R i 5 G Al B (L

FARER AR AR M BIAEAE 25 5, $27R phasor-
FLIM £ AR 1] g 555112 Wik £ R 5k Fifr e 5 9 18 1
— PR AT AT AT B L 28 B2 A ks, R A
FUEANT T 0137 HEE WA BB m. Ak,
TR R PA % HEE YL BCC 408 F
DG FF A B R HEA T T 2 4 i B9 O aE i 2R
53 B AN ] B4 AH B2 75 WK LAAS [R] 1 DA €2, DT
i FLIM EM& I BR2E AR SR 8, n] it —2F
03 B L2 R 2 2 40 L6 A8 B % R ML 1T 1Y
RAWEFE (WE 7 ).

4 PRAS A BH ZE S 18I/ IV () T, BRI /N

BRAVUE 2, JF3E i B RSV 2 A TS PR R
R R, FEEFYEL. &K % H Picrosirius £
g}, Masson Trichrome % {0121 21 /-, HCEE kg BR
2R RIS Z W 8] B 4T 481k Ranjit 55 B7
FHI phasor-FLIM BIF5E 1 /IN BB 8800 iy bk 4 A5
FH (unilateral ureteral obstruction, UUO) £ 4E{k
1 % et A%, AR AR L 20 A5 P S AL 8 OJRIR | A
FEFVECH , X o3 T (g R 48U A8 [ £F AL 41 4
[FE AT A FLIM BIGE i B e AL FE Rz, nTH
TR A R EIRTTRCR.

3.5 RABSYPRBGTHEER

STED $E A I AL AF 24 e JE2 b o 1) — Fof i 0
UGB, 1 T 73 B FRAAH SR F 7
TR AT T4 35 R 12 B ARl P e 5 PR
FEBR G AT S BR Y P B O s SR O 73
T RA AR M= A2 (B “BEBR”), i
AR/ RGN R AT o R S R
BROCIh AT e — AR R, (AR T
PR RN ST O A S 5, IR T
fEME G, JF™ R K T STED A 76 1% 4 it A%
FHEINI]. STED FREERERIME ], Al Tk
PR e R 2R U BRI [ RS, A T
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a3 fibrous connective tissue a4 basement membranes, etc. a5 epitheial cells, etc.
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B 7 Phasor-FLIM 2437 f O (AR ic H T 385k H&E Y 638 8 41U (BCC) Y1 A BEAFRAF A9 v LAk, A 4 Bl 2112 W (0]

Fig. 7. Phasor-FLIM clustering analysis and pseudo-color assignment was used to enhance visualization of pathological features of

basal cell carcinoma (BCC) sections stained with H&E, assisting pathological diagnosis

A: confocal

B: STED (10 mW)

[36],

C: STED with time-gated D: STED with phasor plot

+ Confocal
+ STED (10 mW)

E 8  Phasor-FLIM H 243 #71 F T U B 52 MU S #E /S (STED) Mg H I8 #8215

Normalized intensity

0 2l
0 0.15 0.30 0.45 0.60 0.75 ()90

Distance/pm

6 IR OE T, AT 4 4 T 2 B AR 23 P A )

Fig. 8. Phasor-FLIM cluster analysis was used to filter out the photons in the annular depletion region in stimulated radiation de-

pletion (STED) imaging, improving the resolution of super-resolution imaging/®.

i T XTI A, UL, 2 BERRE
NP P 1) e e B N4 §Ufﬁ?7‘ﬁ,‘\ﬁfl§ﬁx7’6/\?
Aﬁ*ﬁf*ﬁi@*ﬂﬁxmhﬁ X AR AR A TR

o, AR ACIRES T 9 F B 2015
4 LanzanoS§ P8 A 9% J5 B B phasor-FLIM
5 STED 254, TEBARIERR YR M55 T i@ it
UEBR P X ST SC 0 T 5 m R %
A B4 HE . 2018 4, IR K241 Wang 55 [

6 phasor-FLIM i H F STED, i i H k£
R IGCEE 0 A B A5 RO B A B AR AT 1A
AL, TITFEAS S N R O RE 2 A 42 T L)
¥ ot 7 17 4 B, 8 4 BE R A 150 nm #& T
FI80 nm (40 & 8 Fr7n). i, Tortarolo & 0
WA H PAESEH 76T 43 5, #2117 pSTED-
SPLIT J5 ik, FEAYE INAEBRIC TR R T vl A
R PR,
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4 RAEL5RERD

FLIM £ A i RAE D CIRE 70 F 1 w5
BT g, BA R rkos . RAEE & . nl
EAEH W TR S 800 A6 | g
TRIBHRZS, FEAEMPRE PR R EE 4G R M B 25 )5 1, IR i
A B 2E  MPR2E SRR 2GS T IZ N .
T MR B 14 R Tt 7 i 50 DR EORS M b SR
FEA NI 25 5 IRe(E ., & e —Fh iy B s i
H 52 A 75 i B8 43 B 5 I AE S B AR ) = 2 1o
T A B R . AR PA IRESE T
A, THE, AP, SR G %l
HRTS SRR, DR & R AR 2 AR e
ARG NL-LS $04, % AU e,
FHIRI 7R B R 2R RN TEUL, MR T
B R L], A F & BALE FLIM SR A,
17 L BERF HL A AH DL DR AR (AR 2R A D A R
PR, HoA s R n 5 nT b T Re, T
X BRI AT IR IS/ AE, M AE LT NADH 941
MOACHEIR 2SI | 22 F FLIM-FRET /% H H.AF
FE . ST SRR 11 41 I S A5 S 0 i il B
SEIZWT  BETHE 2 BRI o HE R S5y AT T
R B R FHBFFE R . LTk, ARk T
PA A B K HGE vk, JFAE S 3emt Ay
7 T iz PA /9 phasor-FLIM 7£ iR LA 7
IR S, F BT T PA BE7EX 48 FLIM )
S LI R, AR A I S B A 25 Y
2%,

SR, R4S I 4F K phasor-FLIM 7E 55 Br v
HE RS TFLEEMFRIEE, H5 L EFHE
TEE— SR BRYE. BN, Bk PA AbBRRT X R AR
TR R B SIE R IRRR 2, (HRER
H FLIM AR 24 SR AR 16 T 50 /D ol 5 M b
ZERT, FLAHTERE 1) 20 A 2 LU AR, Hla bk o i s
N ZE R FEE R ARG 5. T P — ),
I HTE A FRAECHS P EE D | /Nl 4 A5 G A 3
T XA AR M L Y 4 a5 A T oA M Ak 3
DI B O FF A o BT RS BE . Ak, S T AR EOAT S
M FF A AE J ) PA VR4 P T A
Z GRS R PR BN AR HE, M TC TR R R G
WML BT A A E 2 — B8R, XMHEHER LA
BT A B R g R (B EME L, MEREE

A A bR R A AR T R B H R 3 L &
PA iyt —2 &k 583, phasor-FLIM —E &
R B RS, TR P B8 2 A U A 4k
K E L IEH.
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Abstract

Fluorescence lifetime imaging microscopy (FLIM) is widely used in biomedical, materials and other fields.
It not only has strong specificity and high sensitivity, but also has the capability of quantitative measurement
because the fluorescence lifetime is not affected by the intensity of excitation, the concentration of fluorophores
and photobleaching, and consequently is able to monitor the changes of microenvironment and reflecting the
interaction between molecules. However, its application is limited to some extent by the complexity of data
analysis. In order to make FLIM technology more suitable for fast analysis of high-throughput data, a variety of
new algorithms for fluorescence lifetime analysis have emerged in recent years, such as phasor analysis,
maximum likelihood estimation, first-order moment, Bayesian analysis, and compressed sensing. Among them,
the phasor analysis (PA) method obtains the fluorescence lifetime by converting the fitting in the time domain
to the direct calculation in the frequency domain. Compared with traditional least-square fitting method, it is
not only simpler and faster, but also more suitable for the case of low photon counts. In addition, in the PA
approach to FLIM, the fluorescence decay is directly converted into a phasor diagram by simple mathematics,
where the phasor points originating from different pixels in the image are represented by the positions in the
phasor plot, and thus the graphical representation obtained by PA method is convenient for data visualization
and cluster analysis. Therefore, it has become a simple and powerful analysis method for FLIM, and is
increasingly favored by researchers. In this paper, the basic principle of PA method and how we can use it are
described in detail. And on this basis, the latest application research progress of the method in cell metabolism
state measurement, protein interaction study, cell microenvironment measurement, auxiliary pathological
diagnosis, and resolution improvement in super-resolution imaging are introduced and summarized. The
advantages of PA method in these FLIM applications are focused on, providing useful reference for the research
in related fields. Finally, the phasor analysis method for FLIM data analysis and the development trend of its

application are prospected.
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