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Fig. 2. Schematic diagram of laser scanning multicolor two-photon fluorescence microscope system. The abbreviations in the figure
are as follows: HWP, half-wave plate; PCF, photonic crystal fiber; FL, fiber launcher; DM, dichroic mirror; PMT, photomultiplier

tube; Obj, objective.
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Fig. 3. Multicolor two-photon excited fluorescence  mi-

croimaging of tumor cells with NLS-LSS-mKatel labeled
nucleus (red) and GalT-ECFP labeled Golgi (blue)!'%l. Scale
bar: 10 pm.
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Fig. 4. Continuous three-dimensional multicolor imaging of mouse cortical tissuel
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Fig. 5. Schematic diagram of common fluorescence lifetime measurement methods and imaging systems: (a) Frequency domain
method; (b) TCSPC method; (c¢) schematic diagram of a two-photon FLIM imaging system based on TCSPC. The abbreviations in
the figure are as follows: BS, beam splitter; DM, dichroic mirror; Obj, objective; PMT, photomultiplier tube; PD, photodiode; TC-

SPC, time-correlated single photon counting.
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3 (AnskpEvEE BRI LT (reactive
oxide species, ROS) j= 4= Fl 4 i {5 5 1% F kA il
AP To PR HE T RIS R R PR T B, A e A
TR B ERIT AT AT e —. Fiit, Alam

234 FIF FLIM il NADH, FAD K@%z (Trp)
= KIS TS AR 10 T Aok S IR A8 R
S A L R P R SRz, I PPAL B 2B R R
X B8 R A P . AEYRY T 2 05, NADH 5

#£1 XUETF FLIM Y50 NADH #1 FAD B9 TAEJF3E 281

Table 1. Working principle of NADH and FAD monitoring by two-photon FLIM?®.
2 ENJ FE A TAERR HFLIMEE R A HIGE
| P ——— 1AL R N NAD 5 R L5 & 0, ORISR L
ADH A e kiR NADIfEDSURT  ifs, stk s sssin. Napmg GUIIERUICE,
& pukEmsgy  UEE WP NADMSRE B AR B AR, FLIML \E@;ttt %l -
o - HIHLF 22 4 ] AT SE) ST A X
%5 ) o . 3 ; .
AN B e PR MEPADG T AR A TR
FAD g, Jebbfbis  Zokifk P 4, I T4 & WFAD #B2, HT &M

LR GEH R 18 Y
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Fig. 6. Using two-photon FLIM technology to reveal cancer metastasis on liver slices3.
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SES R A TSN, 1 FAD S5B45 4 1Y 5 ot
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Py ROS (8 AR I L3 i, Bl 375 17 4 At
TG B R 5 DL IR A RE =2 —, FR T A e g
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FARAR APEZE 5, BB SCN  R BF2E l #AUs
Z —. Poulon %5 ] 38 52 b Ak e B i 1) P
PICHIEATHT, IESE T ROGT FLIM HA e
5 AR i 20 21 K MR % % 1 i J) . Kantelhardt
AL 136) P YO ROIG T FLIM 37 30 58 S5 1 40 92 114
FARBUZ N, A BAAETE AR S e 30T ik o J5
SRS A 2L AR RN T A A e 25 5, UEHH
TORET FLIM H A FH i g A i) v 1. 42 0
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A3 B R 9 B S A R B 9 o O 96 A8 1) g
Riick 45 B3 DNRE LA BEDF 58 N 1 B 260 R 4 e
S PR FCIE 3 A0, ARG O B I am i P 256k
F#ar 1, NADH % 5f#fiK. Bk NADH 1 FAD 4h,
WFFE N G AR 1 A 7 L Ath s 5 6 A B 5
U Shen 45 B9 3 1 XOEF FLIM £ A X P PP IR
LR MDOCH i BT O R AR 5T, A9
T O AN R R ARLT R PO HF K. 76 5
5T, Li 45 10 FHIOEF FLIM %t A 254
JEEFR) B AR AS A T LR, S5 SRR IE i D A ]
DAY BT 43 EAg 5 B 280 R S R X B W 254, A
TR AR EA R BRI SRR R i
JHL L FRAR 4 i 55 22 A B R | S A R T A5 R 1Y
g AAEmE R, BREX A B A BB
XUF FLIM $ AR A28 8 B8 A 28 ) 27 40035

WA 1 THZ —. BR 25 BE e —F i & R
SR AT YRR, H R LI A S TE M RE R A
(AB) A1 5C. Tyurikova &5 U FIBULF FLIM R
S5 WS B R A B WD P 1) v RO M o A4
IR 2T Ca? VR EE, RIAEYI R rh i 49 W i
FEEJR I AR 225 | K AHAR B IE I B4 i v Ca2tifk
WEPEE, IRING  AB T ik 240 e AR R A
E—Es . Z 51 BB\ SCR BT FLIM £R
X 455 B 5 AE R OGB-1 % 42, JF & T —F
WEIU B 20 B N Ca 8 T ) ik, eV 5 5
PRGN UER] Tz B S A b 5 R
T . Feeks 45 U1 [ 35 I )62 5 W% F FLIM
GG, kN BRI IS v 1l [ 2 6 TR T RS
WE 7 fs. A/ BRUSEIR e fff FH 35 % G ) 11 5
FeR A, WIS [ & 56 Mo 7 dr i A2 1k,
A DA 2Ry R S0 XI5 34 Ry 40 1) Y
HE—25 N A g it R R F 9 4T 17 K0T,
I IR S 65 A ARk, AT LAk B A W o 1 4
PO B RS0 0 AR 1 A 9 B3 A R 5 1
JE. A4 AR A2 B AT R AR EZ —, Cha-
kraborty & " il i XOGF FLIM W52 #l 28 o 4 g
o NADH Hl FAD 2O 6Aarlsr, LUHE MPP+
(1-H -4 R FLnk e ) Ab B H A o284k, 1% 1 BA
KIL, E4 MPP+ALHE I AAE Ui s & HE E
) NADH J it 85 F45 & 811 1) FAD B9t
HATGi 0 B, XSS R 7E MPP+
Ao B 1) 290 i 7 A DN SRR R Ak T DR SRR 17
fif AR IXAT AV TE M VR A LA b, LATE
Aty A LK P 4 R R R L.

RAEREF FLIM HAR B2 BUS T — R 511
WFFE kR, (AAESCBRR H H AT I — 2Bk k. an:
1) BOEF FLIM R REBNE A, A G, XF

3600

()

3200

2800

Mean lifetime/ps

2400

2000

7 /NEU PR A A R Y (a) XOGTFIOLEREEE; (b) [ 7(a) )R ERINLE; (c) I 7(b) XFREAYZEE 75 fir 5. 1L Bl

R 25 pm

Fig. 7. Imaging of mouse retinal capillaries*’: (a) Two-photon fluorescence intensity image; (b) local blood vessel in Fig.7 (a); (c) flu-

orescence lifetime image corresponding to Fig.7 (b). Scale bar: 25 pm.
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HAG. JEaE X b R AU H 2L TR BE A BERO
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= (=
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PBF <> Fliter
< | PMT H‘iH
I . Endomicroscope
FL Mirror H probe
-
Y
r——

8 MHEFHANHRENERE. B 45354 4 : Femtosecond Laser, K FV i %% ; FL (fiber launcher), Yo £F ¥ & #%; PBF
(photonic band-gap fiber), 36 F 7 Bl J& £F ; Mirror, X %f %% ; DM (dichroic mirror), — [ & %% ; Lens, i %% ; Filter, ¥t H; PMT
(Photomultiplier tube), Y6 HL £ 3 & #2l #5 ; DAQ (data acquisition), Z(#% K % ; DCF (double-clad fiber), X 2 ¥ £F ; Endomic-

roscope Probe, PN 814 15k

Fig. 8. Schematic diagram of a two-photon fiber endoscopic system. The abbreviations in the figure are as follows: FL, fiber launch-
er; PBF, photonic band gap light; DM, dichroic mirror; PMT, Photomultiplier tube; DAQ, data acquisition; DCF, double-clad fiber.

BOETIGEF N B R TE IR R 12 B 5077 Hh
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AR ARG EF (polarization maintaining single-
mode fiber, PM-SMF) #4533 He 45 1) Al 2 14 3%
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CRPIK PG ET AL i b i P REAS 2 RS T e A
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WA AT TS i, ] DRI BE 5 Y SHG
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X FNELSR, DTS AT TAS SRR AR P4
MY EHR AR R, A1t Ay BE RS AR BURE it i A= 4k
55, HILTE 2018 47, 3% F1BA SOR OGN EL
&5 FLIM R 454 B9, F ] DC-PCF #4517 XL
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BEARE FLIM BORES G, 852 P i e U P 95 5¢
DGR EE | SETE RN i R P S SR 5T R 2H 21,
HA R RWITETE E YO R 50T, BE
40 fs (I Tk o BV Bsf T BRUSRE 20 2t AN 23 X 40
UL A= PR P A AN RS ).

TEA A B WIERFFEZ WG T b, Al H]
27 PN B B R A 2 T RN R A ROK TN 4 K R, .
AEEE L. Gu P R ER T T BRI
ERININ K TR K 4 A KR ARG AR R N B B 1
(optical nonlinear endoscopic tweezers, ONETS).
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Inner
core

K9 MTIOETABER -8 DC-PCF Wit KRG R K B (a) SLLT L8R BIE, 8RR WK 0, 28
53R R (b) B R G A AN R BB () DC-PCF BB REM:; (d)— (k) AEEA R TIRICBOGF LA MELRUR, 260
TPEF {55, 41003 SHG 155 (d), (e) KEEBNUE; (f) BE. D: ELAz; B FHz; 1C: INERECE; () (8 HE AR Bl 3RE 5 (i IX 3R,
(h) /NERBIIK; (1) — (k) R A Bt ARE ol L 3 A7 B 4L A 5T . EB 9 R: 50 pm

Fig. 9. Design and system imaging diagram of an Air-silica DC-PCF for a two-photon endoscopel®): (a) Schematic diagram of the
optical fiber core, the silica part is gray, and the air part is black; (b) the cross-sectional schematic view of the double-clad fiber
core; (¢) DC-PCF is flexible; (d)—(k) Unlabeled two-photon fiber endoscopy imaging of tissue samples, red is TPEF signal, green is
SHG signal; (d), (e) rat tail tendon; (f) mouse ear. D: dermis; E: epidermis; IC: internal cartilage; (g) healthy human lung samples

(alveolar regions); (h) mouse arteries; (i)—(k) extracellular matrix at 3 locations in healthy human lung samples. Scale bar: 50 pm.
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Bl 10 #OLHEH =t T RE R B A, Bd 435 R: Fiber Laser, Ye4F-#G#%; HWP (half-wave plate), 2% H; PBS (polarization
beam splitter), i §iz 7 5 #% ; Mirror, X %% ; Lens, %53 ; PCF (photonic crystal fiber), Y& F M 6 4F; Scan Mirror, %% ; Scan
Lens, H#fii55%; Tube Lens, &% %:; DM (dichroic mirror), —[n (445 ; Filter, 3% A ; Obj (objective), ¥%%; PMT (photomultiplier

tube), O HLAE I R 2%

Fig. 10. Schematic diagram of a laser scanning three-photon microscope. The abbreviations in the figure are as follows: HWP, half-

wave plate; PBS, polarization beam splitter; PCF, photonic crystal fiber; DM, dichroic mirror; Obj, objective; PMT, photomultipli-

er tube.
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POt A By 1550 nm K # BT 9 1700 nm B
H, 58T —8 oot BRUSUR RS, AR

Tk SEBE N 65 fs, Kb SEBERSR T 6 1%, 4%
1 67 nJ IR fg it 2 it fe . 7E 1700 nm %
BT e /N BRI PR Rz BT T S5 A AR AR A
R PR B A A, TR /)N U T A P £ 10 A
SR AT O R FbRC IR 2 e T TR, S
RIE 2 ik 3] 1400 pm A1 1200 pm, AR SR
WnE 11(b) FE 11(c) .

2015 4%, i A BB T —Fh B HARHE Y =
TR EIT BT RN BB, XA Ye iy /N U R A T
TR, UES% AR G0 T S E TG R T A
PR O1. 2014 4F, 2 A Al 58 D5 4 05 7 85 48 s 511
FH =567 WA AE 1300 nm P K 380& T KRR/
R GFP ARic B 2 el AT N miif%, s
TR 6 )2 (L6) TREE MM TG 8 92, 2015 4%,
2 BN TR % 1700 nm 30K 1Y =6 B
BRI AT AME (A5 ik i S8 BEWUIN T 1/2 DU
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I, BRI R T SOEIE AR, T SE B =T
T A ERRACR, I EUER TR/ BN 1 DA
T 900 wm AMZAF T MBS 3. 2017 4F, FIH
HETE AR 1Y GCaMP6 s ARICHIFI 2 T8, 1% A1 BA
fi =D B AUSUS R RFE 1300 nm P B T
TE5EH /N BN P 1 mm 1 DR )Z il
SKRZ IR 150 MATTH A R TE SN, 2 AT Hie

1 =
g 1600t () | S
> 1400 i P
e | I/ \
? 1200 | ! / \
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F11 /N B SO R Rl B i R AR O (a) R TR
UG TS5 A 7K A2 114 2 SO AR 90 k335 5 (b) FVB/N /D Ui
M4 =T BRI =4EEH4; (c) B6.Cg-Tg(Thyl-Brainbowl.0)
HLich/J /> Bl 3 28 50 =D F RHR Y = 4L Fi Y

Fig. 11. Attenuation spectrum and in vivo imaging of
mouse tissue model®: (a) Attenuation spectrum of tissue
model based on Mie scattering and water absorption; (b) thr-
ee-dimensional reconstruction of three-photon image of
FVB/N mouse cerebrovascular; (¢) B6.Cg-Tg (Thyl-Brain-
bowl.0) three-dimensional reconstruction of three-photon
images of neurons in the brain of HLich/J mice.

SR ZH ZTRAE 1) 1 I 25 43 PR I A 22 T TG B U7 TH
BAARE KA 764, 2018 45, ZHE BT & T —FF
F 3 CRMEOETR, RRAEHE/N BRI T 206+ %
PR 10 f5 LA E, 7E 700 pm VREE T B AT
IKF 30 Mt /sl [A] A% A BA SCSE B T a5 4 /)N BRI
BT 500 pm REEA KA R =T U, LA
Keid /N R K2 52 T GCaMP6 s 145 4% 69,
2019 4, %W A SO0 B 38 W RENSOR IR AT T ek
HE, AT DR BSERA DR, (A5 X603 1R/ B i
IR 22061 MUR P FR R BRI 30 A%, (75 &
DA P BGERCA T RTRE 97, 2020 48, i AT AT /N
U 1 1300 pm 2 ITRIZAZUHTT =S FE LA,
JEEEL T 4. ILAMA H =t BRI LA
L4 30 B B L £ S R /i AR A 22 T
HFRAL A TE5 A R D RE AR 169,

W R R AR — HEU T =k F
o A% 2 CERET B K. 2015 4F, 1B BANK 449K
BB R, 76 1000 nm R BEE T, SLH T/
BRI A 760 pm B AR TR EE 109, 2 1 iR 00 R
S TOCIRE LA, X BIBE AT —FhE
HREFE T AY (aggregation-induced emission,
ATE) FERDURERAO G TPE-TPP, 7% 1020 nm
PASTR T B =D UG R R A N g 4 ),
2016 4, Z AL & ) AIE % 684 TTF 7218 58
1Y) pH (B Bl N A PR AR L BcRe e, 45 Gzt
TN =06 720 B ACEE W 1 B bRl e
Jitr AN ) A B B, 3B R B ) AT KGR 120 T
2017 4, M BATF & 1 1550 nm 3% K0k 1 B A
R =TI 1Y ATE R 0T S2 802858 /i
M =FPOUR, BUGRERTIAZI TS T 77 300 pm,
TEZIREE R AT LIR AN 2.4 pm /LA (72, R4,
ZATBA ATE ZOEHEH B T 875 pm B/
R i A5 AR, 2 IR T ALE 2OGIRE I =00
T AR B ORIRE 73], 2018 4%, B NI T 36T
PNCIHYRRE R L4 (fluorescence resonance energy
transfer, FRET) BU49KK -, H AIE J4kF NIR
JORLZH I, 2R A R =Dt I 2L I RE
Iy MR =007 BAUSR FOR BB RIS R E 44
RO E B, (BAERZ A ZURIRRT, =62t
B AR, MELAERIN, T FLIM AR 1) 75
wfa B EH LA G, T2, %A BT 2019 4
SR O BAMUSUR RS FLIM FiARZE S, L
SEEL/IN U B9 =061 FLIM B8, R IR E 18
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#] 600 pm, JFHAT3HEE 1.9 pm 1Y 41 1 A8
BARRCR N 12 Fis. 2020 4F, A XS T
TR EIA 42.6 % B9 AIE 99614, B —K
=06 F AR H AR SEEL T X 56 3% Sk i B i XUk
T v 2R I R B I X EU R I AR 25 5, o R
Mo SN T I AR AR AR A SO AG 1 & e 170

YK 22 TR R B T =6 F
BRI ZEBUREE. 2017 4F, %K BA 22t H — 4K
fEIR (DL0) FREIKAVEINR AN, LSS 1700 nm
7 1A R85 R 7). 2 J5 SORERE TR A DLO 1R
R, D0/ NRATEZEN Db FE o #&E T
177%™ 2019 4F, % A BAF H 2+ 48 Qtracker655
FEE AN BRI HEA T AR, G B 18 1) ki 2R 18T LA
T 2100 pm, HALGHERE L2 BT T 10 7%, 0T
PIXHIR TN 1600 wm A= i 4 (4 1 97 B 1 A0
i, X H AT A iR B 7R/ R 22 0T ik A%
TREE, VSR A2 6 UG AR A T 0t 3 2 0
() e KRR BE 9, i AG 45 R an &l 13 Fios . 2020 4,
T2 AT BN SCHRE 8 AT DA S 7 S AR R Y SSTS 25U

[ = 0—20000 ps

50 pm

PR S Z IR REAIN T, TR/ BB B2 v R S B AL
ITFIR =D O UE S et fbms i 3.7 £ B,

5 2PEF 250, =Dt F WSS TE I RE 8 Iy
T A A 1 2Pk, BHIFA ST TF G 24320 =0k
T RHBUR S ARG G, R =Dt Buiifg
B9 FH. Weisenburger 25 B =67 B8R 5
UL AR S, JF & T HyMS (hybrid multipl-
exed sculpted light microscopy) K, ATLITE 17 Hz
PARTR X 12000 A1 2T 85 15 -5 HEA T RN A 4 B
WA, BAGAARIAT A% 1 mm x 1 mm x 1.22 mm,
IR 2 ZR Ge B/ BT 3 Je 22 | 5 T
JZHNE S R4 . Klioutchnikov 45 B2 %11 17—
K=o BB, AT LIz s KR 1320 pm
TR Bz T 28 TG0 AT BUS , B2 IR B[]
i 1 he A B2 DO P BRI EER (holl-
ow-core photonic bandgap crystal fiber, HC-PBGF')
A DASRE G )G 2F 25 i | A Ik o A8 ARk 43 B i 2800
TE S IYSEN, SR FH 080G 183U 52 17 51 A AT A8 JE B2
PR R 2355 3 Rl /i 1 W 722 R = 5L

200 5400 . pm

Fm=0—20000 ps |

12 A UK I3 B9 =D T FLIM & )

Fig. 12. Three-photon FLIM imaging of cerebral blood vessels in living micel™!.
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Fig. 13. Three-photon cerebrovascular imaging of living mice. The imaging depth of 2100 pm is currently the deepest(™.

M TR 57 5 R, 2PEF $ORTEINRZ
W REIR B SR IR BE HA —E BRI, mifi Y
=T WAAR B T AT S B g ) AR IR
MTERIFSE A A0 PN TR 2 L 2 ey 3 % A BT R
Jr AR BORIPE. HAT =Dt T Rl B s
A 2 232 BRTOL IR AR B S PR ET 9 =Dt 1
MR 25 [ 3R AR BEAE YT ORI A, LR
FRBI TR, D CHREHEAR B2 K55 (5 S54RI
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6 REH5REZ

ARk, 26T BURHR LI & 23 ] 43 5
EEBIRE KRR AN, K EA BCFENRE S
SRS, FEAE B G O 2 S T 4 A H AR
F. LB 2PEF & R CECON SR, N T B it —
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HA AR B, X EAH S RE RS 261 T
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Abstract

In contrast to single photon excitation fluorescence imaging, laser scanning confocal imaging, and wide-field
imaging, the multi-photon imaging has advantages of minimal invasion and deeper penetration by using near-
infrared (NIR) laser source. Moreover, it can carry out three-dimensional high-spatial-resolution imaging of
biological tissues due to its natural optical tomography capability. Since its advent, multi-photon imaging has
become a powerful tool in biomedicine and achieved a series of significant discoveries in cancer pathology,
neurological diseases and brain functional imaging. In the past decade, as a major form of multi-photon imaging
techonoogy, two-photon excited fluorescence microscopy imaging has a great potential in biomedical
applications. In order to satisfy the practical biomedical applications, multi-photon imaging technologies have
made significant breakthroughs in improving the deficiencies of traditional 2PEF in multi-color imaging,
functional imaging, live imaging and imaging depth, such as multicolor two-photon excitation fluorescence
microscopy, two-photon fluorescence lifetime imaging microscopy, two-photon fiber endoscopic imaging, and
three-photon microscopy imaging technology. For example, multicolor two-photon excitation fluorescence
microscopy is demonstrated to achieve simultaneous imaging of multiple fluorophores with multiple wavelenth
excitation lasers or continuous spectrum. In addition, the two-photon fluorescence lifetime microscopic imaging
provides a method to achieve high-resolution three-dimensional imaging of biological tissue with multi-
dimensional information including fluorescence intensity and lifetime. In addition, two-photon optical fiber
endoscopic imaging with small system size and mimal invasion is developed and used to image the tissue inside
the deep organ. Finally, two-photon excitation fluorescence microscopy technique still has relatively strong
scattering for brain functional imaging in vivo. Therefore, the imaging depth is limited by the signal-to-
background ratio. Three-photon microscopic imaging technique can achieve higher imaging depth and a desired
signal-to-noise ratio by extending the wavelength from 1600 nm to 1820 nm because the attenuation of the
excitation light in this wavelenth range is much smaller. In this article, we briefly introduce the principles and
applications of these multi-photon imaging technologies, and finally provide our view for their future

development.

Keywords: multicolor two-photon excitation fluorescence microscopy, two-photon fluorescence lifetime
imaging microscopy, two-photon fiber endoscopic imaging, three-photon microscopy imaging
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