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Abstract; Compared with traditional optical imaging techniques, the fast-developing multiphoton microscopy
technologies possess multiple advantages, such as deep penetration, low tissue photo-damaging, high signal-
to-noise ratio, and excellent optical sectioning ability. Therefore, they have been widely applied in tissue-level
microscopy in vivo for brains, tumors and embryos. This article reviews the recent development of new mul-
tiphoton microscopy technologies, including miniaturized two-photon microscopy, two-photon endoscopy, and
three-photon microscopy. The review briefly illustrates their principles and characteristics, introduces the lat-
est progresses in these areas, summarizes their main applications in basic research and clinical diagnosis, and

discusses their potential application and development in the future. With the advances in laser devices and op-
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tical detectors, multiphoton microscopy will become an important tool for biomedical research with broad appli-

cations.

Key words: multiphoton microscopy ; miniature two-photon microscopy ; two-photon endoscopy ; three-photon

microscopy
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Fig. 1 Micrograph of a two-dimensional MEMS scanner (a)750 wm x 750 pum scanning mirror in a 3.2 mm x 3.0 mm

die; (b)inner axis; ( ¢) outer axis''*’
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Fig.2 Portable two-photon microscope. (a)overview; (b)the scanner die is wirebonded onto electrodes on the printed cir-

cuit board (PCB) ; (c¢)computer-aided-design model of the microscope, in a cut-away view; (d)laser illumination

(red arrows) and fluorescence collection( green arrows ) pathways[9

]



434

A ENE, S T 20T S AR i 299

MEMS £ R HLR, Hob 225 e 2 FF R .
RIS A B A B T2 MR . SE LR A
KB P, — , 1 T 0 7T LA 8 A B K 920
nm KFPEOGIK 0L T RE S B GET X LR
Ve MR AR AR TE T X T Y 28 % 5 & dn
GCaMP ZEHEAT MG, — 3 Lo OB AL DU T . 1
A SR TR R A R B A,k BB Stk A
B IS S T 45,
2.3 MEYNKFEMENSITR

BT, AU R AR A T 4 R T A
KU T S A5 ) B T P ——— 2 o 3 W A
ROEF (5 BE (FHIRM-TPM ) ) A0 0 i 5 A
ZERIN IR 3 TR . % TR RE SR AT Y J& MEMS
FR BT, AR G2 25 KA 200 T I iy 1 [7] 2

(@) | SFB

Collecting
lens

>
. Dichroic

Holder mirror

Y 4

10 mm

/ MEMS

Scan lens

7 A S AR AT T R B AR, [
FLAT W] A AT LA 8508 5 920nm  RAMEOE R =5
DIET A AOEET (HC-920) | A 1) MEMS Sz 52
AT E R M GET R SFB 25, il HOb L fE
AL AR 2 TARKAR T . X — i f T i
2.15 g, {H 8 [0] 53 B A& F Ml 1w 3 BE 3 53 00
0.64 pm 3.35 wm, 5 1 FTSCHRIR A ) 5 e 43 HE
FRA L IRTE T 2—Af . 1256 pixel x256 pixel 2%
PER, S8 7 DM 4 A5 R 40 Hz | £ 45 MR
10 kHz, % & 42 W] DL A %0 & Thyl-GFP Fi
GCaMP-6f &G (WA FH 26 HE s A, TE A fn Bt
PO A SR S0, HEA T/ RIE Rz
RS T KRR E TR RE

()

HC-920

Collimator

Objective

K3 FHIRM-TPM £544 XAMI. (a) BOR A R AMBE G2 RAPLIRA1%E ; (b) FHIRM-TPM SC4 I8 A (15 2R A

s/

Fig.3 Structure and appearance of FHIRM-TPM. (a)Optical components and mechanical assembly of the miniature micro-

scope; (b)photographs of a FHIRM-TPM on a fingertip and mounted to the head of a mouse
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Tab.1 Comparison of miniaturized two-photon microscope’s characteristics reported recently
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Fig.4 Schematic of fiber cross-section. (a) A standard fibre consisting of two bulk materials; (b)a high-index guiding

PCF with a solid silica core; (c)double-clad fiber!' "’

BRXPICEF HEATIR AR TSN, BF 5T b 114 i
PR R R R AR R UG T A B ) LR
AR - AR B 1 9 DL L R Ge 45 (MEMS
B ) 0 I FEL L 9Dl e 2L ) R S B
LB T 4148 o 2 P 8 v R DB 2T Rl 5 1O, DA
PR B LR L SRR T ERUE
FOBLF BB AR ] (4 180 =0, 43331
SeAT I (& S (a) ) am 413 (B 5 (b))
A S 2 ) TR ) 41 4 (P 5 () ) oz i — 4541

MRS () EEDEEF L HH (K S (e)) | i
SCEF B (B S()) .

Bt SO T BB SS9 H 35 5835, SO T
N BB TERF 2258 TG R 343045 T 30K
(%% J& : M. T. Myaing %5 A\ 78 DU T i i B v
K H DCF {845 g b S0, S T LUigl:
T 10 77 X H 200 L 1) B 5 ST AH R R 2710 B AL
Flusherg 25 A1 4 MEMS 45 fit A U6 T 12 808k
PGB, NTITESE BT RG-S AR 5 B kAR R 2 1Y)



A1 T, 5 OO0 T R BOR DT R 301

. 1D
| scanner
/‘,Cylmdrlcal

‘, lens

Fiber bundle =4

0

< 4 Scanners

Fiber bundle

-~
Fiber bundle

d e

7 o Fiber

2D / <4  Objective
scanner lens

s iy

Fig.5 Scanning mechanisms'"

T. B. Norris 25 A" Fi) F WA J2 6 T R 6 25 52
BT X bR HABOE T B A G 3% ; Ling Fu 4§
PR AU Z G T R G LF Fil MEMS 8540 45
BN KR EEHLUN IS T N SRIZ
3.3 WHAFHIEARGHEASHERE

2017 4F,Liang W X 26 A" 5290 745 — A4
AW A2 R BRI N BT &, nT R R
Y BT TORRIE R SO PRI RS . 15

(@) GRIN Iens 1

GRIN

Scanning
fiber

Cover
glass

/Sample

Phase
diffractive
grating

Plano-convex lens

AEIEHE 70N B HIEASE TR mp g 2 52 B 9 A QB ISR
X GBI TR RAT 1 R R AR e
SHARICHRIC A 40 75 A2+ AN Bl s D REA QIR
Blo s 6] 3 B M G B R b 5 500
ERIACG

TEXCET I I, 128 B 2R ] T 2 B L 2T 1Y
PRI AT S I, HRAE N ALZ B AR LI/
WALZITAT R (SFRCT 1R mOELr S BT 855
T AHEL i O PRI 5 B2 o AR Bl oy, oy T
WA AT R B 5 (GRIN) 27 R AR K &
7, NI AR AR R A1) 3 7%, S BRSO 0k A
JeLfvmihn LR A I, A B A T RS
ZHTIMA— AT ST, 4 1 2%, W
55 THEAE . 6(b) Al ARG 4 &
BoJa AN LA B AT LA 2] 10 pm B
SE B A R B 6 (a) FiR. %3 Eib
SR T QI R bk b i 138 ) 5 vk B RO TR 3K
R T 245 45E 2.5 MICRACR IS AL
4 ~ 10 A5 S MR AU, TR IR R IR Le 4R T
20 ~50 1§,

(b) 101

8t 2

6 1 .

Front focal shift/pm
*

O - { + 1 .
1 1 1 1 1
500 600 700 800 900
Wavelength/nm

K6 BUNYE SINARERRE . (a) @ TR RE; (b) BEG UGk R 4R AL

Fig. 6 Miniature objective and longitudinal focal shift. (a)schematic of the customized miniature objective; (b) sample-

side longitudinal focal shift'’

AN B R I PP 5 A PR A 2R DAy -
SRR B /N B 22 S kR i K S R R I
(4 min) Jo , FEATFRHEN . HITCARICROL TN B
AR B /IVE ) B A R AR AT T 40
JEDE I 3 A A 5 O 1) Jli——NADH
FAD, E4bL iR Rt # 78 o FAD/(FAD + NADH)
BRI NADH e B2 330, S8 Ak i Jst L Bl 2 T %

FHIETE 5 S R LUK A IE 3, e 2 B SR
BT B/ R 2RI NAD 4b T 5 AL AR
A5, B NAD + 58 LE NADH S 2 KR T
XOEF N BT AWOAR 1 75 3 B AR RS .
B R AHSCE AN 7 BRI )5 21 X
SEAGIE I LG T I, PRV S 2L (A XU ik (1, S
L HEAR S IE W



302 o DA

1%

i Ischemia2'30" | Reperfusion 3' 05"

Normal
a‘ .
H
d‘ : ' £ ‘
: i
i /A e i High
i{ y '
y ! : -
: ! = Low

Pl 7 Bl U R - - T A AL S 2R O T 516 P 8
g

Fig.7  Endomicroscopy two photon fluorescence redox

FAD NADH

Redox ratio

imaging of a mouse kidney ischemia-reperfusion

. . 725
model in vivo'™’

HAiT, SO T 6T A 8RB AR AE 224> J7 1
C BT T BRI, dnal 32 {4 sl o 3 5 i
PUERR B SRAE  , alad R  5 E SUI R
TR 7= R 20 AR B B B A RO T
18 B AT AL G BRI T 25 25 . AR, XU
TP PN B AR B AR 11 3 e — AR o AR
IR IR LR 7 1) A2 JE& , 1 I AR 552 ke 345 5 T
IRz

4 ZARFREELR

XOGF BUGHAR GBS BRI TN 5B TH B iU
AR L T IR Z 25 FEIRIG iR A 2
HA BT L S KRB LSR5 1 A
o SR, BT SR AEAR R R B IR 1 X067
JAR A SE PR IR PE AR o A8 S PR PRI U ™ 5 1Y)
WIZHA S b, AR AT A 2H 21 2 A Al Sk A
M A —E PR 5, HIREZOUE Sk
FAAY I R A B 25 BRI R, DT R AR
TIE 5 & & [ ( signal-to-background ratio,
SBR) "7 S AR R R SE PRy FE R . A TR
5 B AR R ASCR FIR B, B98N D3 A A 2 1)

T =TGR,
4.1 =XFHREHEARERHTE

R E AR BAEAS AR OISR 2] T =D
T K GBS . 1979 4F Catalano 55 A
B TEAR IR {8 ] PMT X} JCHLA K PbL, F1 CdS
(=6 TAER MO R S T T 5 B 20T o
1995 4F, Davey & N HIRTEAWLE TR EWH
W EEE] T = TR eI e B
AT T O IOSCRRIAT, H e TR R
VAT L1 AN S i Ak o] BB AR, B S, Hell
G 2,5-80(4-BK PR L) e (BBO) fy 4, il T 5K
BT X — B AEEY S RN, Al 1738 45 4 Gryczynski
SELEAS YR Indo-11" Fl— 26 3 (9 R A MK Y
FI=OETFHMOEIL 1B T/ =6 T ik i
FRMG X —FELZR N H 1, 1996 4, Xu
2 N1 {9 Ti-Sapphire SO %% 43 8 w4
PO PRI ROE T F =0T A5, % 3 R A A
BEARDAT T 8, Bl T = F g 5 308 F
AR —FE A B2 E AR O 61T 3D SRR
T (BIRETE NPT R LT 5 ~ 10
%) o [, Wokosin 25 A 1% 4 4l 31 3 75 7] —
ZHEVRE S Pt LA B & B KOS Rl B 28 B ek,
Mt [R] B =0 OB F AR 10k,
[R]—E PR SE B T XA A AN R 41 49 i A o

JE NATAE 1990 4F RPN E] T =61 %
HIE T, IR I R XA 50 B3 =T
FRAG BB 75 R A TR T e K A
TR, X AEAF =S F R F AR 2 R T 2B
PIPEIREARFNEAS . AMTT— B0 =6 F g ot
PEHATIRR BB SaE el PR EA]
S48 T U0 Cr-Fosterite OGRS B IR Y 4%
(OPO) ) PIF- [ 4 4% (SSFS) B 4575 ok 77
R AP R Yy, Hd, i 8 2 2
J& Horton 55 AT 2013 4F fr i 18 i — P fii F 2% T
SSFS SR Y =6 7 Wi K 8 FiR. %
SERHOCERDE IR 2 B OC A RO A Db TRk
FFRI 38 8 2 LA 76 TAERT, B 5Bl B 4ot
#5774 1 550 nm (1 3O6 (Bk T8 360 fs, il %
1 MHz) , fEiZ 6 HGH 8 7 AR A #2 v,
FIMFEBRBRN, ZERMERKRSABE R



434

A ENE, S T 20T S AR i 303

1700 nm, [A] i} 38 53 JE AR~ 38 4% 100 000 17 1
REFE SR = AT 6 A7 1) Bk 9 e 205 ( ik 5E 65 fs, Bk nhfiE
1 500 nJ) , 3 i K GE PR A IEBR RO A A

JEAE RGO CIRE T . i 9 Bz, vl KL 3%
“O6T RGBT NSy WA LA AR, AT
AT 3t B MK 5 2 1 1R B

Scan mirrors
PBS Scan
A/2 plate lens

— Soliton:

Mirror
drivers

————— === Fluorescence THG
—
Computer
with

LP filter

NI-PCI6110 =

Photonic
crystal rod

|_, 1550 nm 360 fs
1| MHz

Movable

Fiber laser

1675 nm 65 s Pre Amp 2 DAQ
I imHz e

objective I . | stage controller

Pre Amp 1

‘Qlters

PMTI

MP 285

K8 SSFS G & = b Tt A BB s Er

Fig.8 Schematic of SSFS and three-photon microscope setup

(a)

Depth/pm
Depth/pm

B9 =St BRa RE (a) M (b) #f £2

ﬁDT

Fig.9 Three-photon imaging results. (a) Brain vascu-

lature; (b)neurons'™”

BRECE IR S, 058 T oAl o H b Ty vk
Seiats 2/ S S BT 6 NN G e A s MID I B E ]
IR AR AT LUAR AT 9 70 R A SBR, H

[37]

REPH R I R s Tk 4% L =AY
VL FH 5 A S ) PR AR 20 L A Y 4
A, N A% 2% A s 3 i 15 . Rowlands 4§
N T ] 3R 45 (time focusing ) SO Bk ok, 52
B A X IR 4 [R] t BE B, S = T Se g 5
SRR T BAG A B, %07 1 B KR RUE
TREE , LT LUA B 42 il BE BRI FB] DA ] Bsf 38006 7
RE L ZVR B DX 38 A 1) S UG I, (A5 AR 4
PN T8 e 2 BF S BN FT R
4.2 ZHRFEWLFHREFEARILE

T UGS — T BA 2 A R R
F RIS E A . SR FRAGM L (£ 2), H
F =PRSS K A& TR, AT
TR E3RTH T GRS — X 5K Pk
TELH SN B A G, (HBE T B A R oy =
JEF AT LSRR 1 600 ~ 1 800 nm 344 G
B A% 3 2027 r K X1 S0 g W A 0 , DA T B 47
M ZEB L5 IR, & A = W 2 5 5 I
5 ik O S |- B TIOR8 =R=N 11 i Al
55, T AT LA 5 SBR, 3755 125 R At 1 18145



o4 o o
R2 BRFEZRFHREMIFERILE
Tab.2  Comparison of selected features of two-photon and three-photon microscopy
b BOET L% =HF g
e 400 pm Jfi-1 120 pm
R -
1% -600 um 1f13-1 300 um
Btk 100 fs/pulse, 100 MHz!*" 65 fs/pulse,1 MHz
RO K 700 ~ 1 000 nm 1 000 ~ 1 700 nm
1 2 PR (FWHM) ~1.6 pm™’ ~4 pum(P KK 1700 nm)

PR — TR % M AR B, =6 T IR 594
FAAE—E MIBRIE o FR =6 T UGN i £
FAET = F IO BEXT i BRI G/ R M
B MBI R T, 7= A BELLANBOE T 2%
FIFARR#EO R, XE—ERIE B E T =061
PRV 14 A TN ANE B 5 AL W) 2H 21
FEITHPRA , 1 =567 UG R ARMCE A5 T
JE RO TS RS AT IS T E A ik
RO (IR -2 D AR ) 5 4R Al EXS 441
&R o PRI =00 AR BRI A H R L
PEVERE , T DL T A RSO UORE T4 A
HIROEC IR LRI A8 55 T3k Rt — P e =
T IRGIREE o BRI 98 )%

FUR, =067 R i 32 20 VS -5 806 1
AR EARNR , G T A B B R Dtistfe
SFWTFEAF I ATRERH T I R a6 7 ik

5 BHEH5EZ

UTAER, B B 20t 1 B OB EORBUR TR
RIEIE . AL ZAT7 T 2067 g4
RGBT HE AT T A28 45 — R AL
T HAREA B ARG O T IR R B A
SR B RE , S R 0 B, LA 3 /N
PR T, DT AT LATE S W0 I I s 1S 00
X RGAT RS ; AT MBI R, H51%
S8 A BEEAH FLATA 1 i ARG R B S B R

Sk

I HLBES AR SR TC bR i i 7 40 G R 254 A 8l 250
REACI(E B, DA £ AG I | 2 ik 173 10 D g O —
P S 4l il DB RGN 5 2 7 5 — R =D 1
B EHA XU AR EAR R B %
JEREARHIE 5 5L

S X BT R 2261 S HAR A L AL LY
BB FA 1 2 H, (HHE T 3K — s I W1 2%
A, UR R E X e R A A Py S 2 B e R
FLIEARAG AN 32 B A, FA TSR 18 e 1 22 [+)
A X REAESOE T BRI R, Bl 1 B n] LA
AL BEAR R ARG 5C R, 7R PR UE 2> B 1) 2%
PF R 2Rl AR, I 7 Bl LUK L T BR
RSN Z R Z A 3T ROET N BTEOAR , B8
EEAMRERN PR REE, BB —E R
PR T B AR L s =D TSR EAR
W) = 552 BR Tl I A HLRERS A 280 A i 2 o
WLLANEOE RO G o B AR PR X 26 TR, AN
ZEA T S EA (I RAMBOG AR | i R BB BRI
for HT LR ) B AR S O, L BT
AW AR GE S TR R E A

B 201 W OR EA SUS H A AR TR
SR Y], T LA, B A B TR AR
PRop e o BT S E T S PR S IR L
A THRH SE A 58T 55 8GR, 2061 IR HOR 2
REARAT BRI K T, I A W LA 5 AR SR I PR 12
W S R — 58 A T 1R o

[1] DENK W,STRICKLER J H, WEBB W W. Two-photon laser scanning fluorescence microscopy[ J]. Science,1990,248

(4951) :73-76.

[2] DOMBECK D A,HARVEY C D,TIAN L, et al.. Functional imaging of hippocampal place cells at cellular resolution dur-
ing virtual navigation[ J ]. Nature Neuroscience,2010,13(11) ;1433-1440.



53 PSRRI Y RIS e 1A 5% N wiid S 305

(3]

(4]

(5]

[6]

(7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]

(22]

[23]

[24]

[25]

[26]

OLIVIER N,LUENGO-OROZ M A,DULOQUIN L,et al.. Cell lineage reconstruction of early zebrafish embryos using la-
bel-free nonlinear microscopy[ J]. Science,2010,329(5994) :967-971.
MIZRAHI A,CROWLEY J C,SHTOYERMAN E, et al. . High-resolution in vivo imaging of hippocampal dendrites and
spines[ J]. Journal of Neuroscience,2004,24(13) :3147-3151.
SVOBODA K,YASUDA R. Principles of two-photon excitation microscopy and its applications to neuroscience[ J]. Neu-
ron,2006,50 (6) :823-839.
NIELL C M,SMITH S J. Live optical imaging of nervous system development[J]. Annual Review of Physiology,2004 ,66
(1):771-798.
KERR J N,DENKW. Imaging in vivo: watching the brain in action[ J]. Nature Reviews Neuroscience ,2008,9(3) :195-
205.
CHEN C C,LU J,ZUO Y. Spatiotemporal dynamics of dendritic spines in the living brain[ J]. Frontires in Neuroanatomy,
2014,8:28.
PIYAWATTANAMETHA W,COCKER ED,BURNS L D,et al.. In vivo brain imaging using a portable 2.9 g two-photon
microscope based on a microelectromechanical systems scanning mirror[ J]. Optics Letters 2009 ,34(15) :2309-2311.
HELMCHEN F,FEE M S,TANK D W,et al.. A miniature head-mounted two-photon microscope ; high-resolution brain
imaging in freely moving animals[ J]. Neuron,2001,31:903-912.
MYAING M T,MACDONALD D J,LI X. Fiber-optic scanning two-photon fluorescence endoscope[ J]. Optics Letters,
2006,31(8) :1076-1078.
PIYAWATTANAMETHA W,BARRETTO R P J,KO T H,et al.. Fast-scanning two-photon fluorescence imaging based
on a microelectromechanical systems two-dimensional scanning mirror[ J]. Optics Letters ,2006,31(13) :2018-2020.
ZONG W,WU R,LI M,et al.. Fast high-resolution miniature two-photon microscopy for brain imaging in freely behaving
mice[ J|. Nature Methods 2017 ,14(7) :713-719.
ATTARDO A,FITZGERALD J E,SCHNITZER M J. Impermanence of dendritic spines in live adult CA1 hippocampus
[J]. Nature,2015,523(7562) :592-596.
BOCARSLY M E,JIANG W C,WANG C,et al. . Minimally invasive microendoscopy system for in vivo functional imaging
of deep nuclei in the mouse brain[ J]. Biomedical Optics Express,2015,6(11) :4546-4556.
CODA S,SIERSEMA P D,STAMP G W et al. . Biophotonic endoscopy: a review of clinical research techniques for opti-
cal imaging and sensing of early gastrointestinal cancer[ J]. Endoscopy International Open,2015,3(5) :E380-392.
GU M,BAO H,KANG H. Fibre-optical microendoscopy[ J]. Journal of Microscopy,2014,254(1) :13-18.
BIRD D,GU M. Fibre-optic two-photon scanning fluorescence microscopy[ J]. Journal of Microscopy,2002,208 :35-48.
BAO H C,ALLEN J,PATTIE R, et al. . Fast handheld two-photon fluorescence microendoscope with a 475 pm x475 pm
field of view for in vivo imaging[ J]. Optics Letters,2008 ,33(12) :1333-1335.
FU L,GU M. Fibre-optic nonlinear optical microscopy and endoscopy[ J]. Journal of Microscopy,2007 ,226 :195-206.
FLUSBERG B A,COCKER E D,PIYAWATTANAMETHA W ,et al. . Fiber-optic fluorescence imaging[ J]. Nature Meth-
ods ,2005,2(12) :941-950.
FLUSBERG B A,JUNG J C,COCKER E D,et al.. In vivo brain imaging using a portable 3.9 gram two-photon fluores-
cence microendoscope[ J]. Optics Letters ,2005,30(17) :2272-2274.
MYAING M T,YE J Y,NORRIS T B,et al.. Enhanced two-photon biosensing with double-clad photonic crystal fibers
[J]. Optics Letters 2003 ,28(14) :1224-1226.
FU L,JAIN A,XIE H,et al.. Nonlinear optical endoscopy based on a double-clad photonic crystal fiber and a MEMS
mirror[ J]. Optics Express,2006,14(3) :1027-1032.
LIANG W X,HALL G,MESSERSCHMIDT B, et al.. Nonlinear optical endomicroscopy for label-free functional histology
in vivo[ J]. Light:Science & Applications 2017 ,6(7) ;e17082.
AKINS M L, LUBY-PHELPS K, MAHENDROO M. Second harmonic generation imaging as a potential tool for staging
pregnancy and predicting preterm birth[ J]. Journal of Biomedical Optics,2010,15(2) :026020.



s o .

[27] OHEIM M,BEAUREPAIRE E,CHAIGNEAU E, et al.. Two-photon microscopy in brain tissue: parameters influencing
the imaging depth [ J]. Journal of Neuroscience Methods,2001,111(1) :29-37.

[28] CATALANO I M,CINGOLANI A. Three-photon absorption coefficient determination by means of nonlinear luminescence
experiments [ J]. Journal of Applied Physics,1979,50(9) :5638-5641.

[29] DAVEY A P,BOURDIN E,HENARI F,et al. . Three photon induced fluorescence from a conjugated organic polymer for
infrared frequency upconversion[ J]. Applied Physics Letters 1995 ,67(7) :884-885.

[30] HELL S F,BAHLMANN K,SCHRADER M, et al.. Three-photon excitation in fluorescence microscopy[J]. Journal of
Biomedical Optics ,1996,1(1) :71-74.

[31] GRYCZYNSKI I,SZMACINSKI H,LAKOWICZ J R. On the possibility of calcium imaging using indo-1 with three-photon
excitation[ J]. Photochemistry and Photobiology ,1995 ,62(4) :804-808.

[32] GRYCZYNSKI I,MALAK H,LAKOWICZ J R,et al.. Fluorescence spectral properties of troponin ¢ mutant 22w with
one-, two-, and three-photon excitation| J |. Biophysics Journal ,1996,71(6) ;3448-3453.

[33] XU C,ZIPFEL W,SHEAR ] B,et al.. Multiphoton fluorescence excitation; New spectral windows for biological nonlinear
microscopy[ J]. Proceedings of the National Academy of Sciences,1996,93 :10763-10768.

[34] WOKOSIN D L, CENTONZE V E, CRITTENDEN S, et al.. Three-photon excitation fluorescence imaging of biological
specimens using an all-solid-state laser[ J]. Bioimaging,1996,4.:208-214.

[35] MATSUDA H,FUJIMOTO Y,ITO S,et al.. Development of near-infrared 35 fs laser microscope and its application to the
detection of three- and four-photon fluorescence of organic microcrystals[ J]. The Journal of Physical Chemistry,2006,
110:1091-1094.

[36] NORRIS G,AMOR R,DEMPSTER J,et al.. A promising new wavelength region for three-photon fluorescence microscopy
of live cells[J]. Journal of Microscopy,2012,246(3) :266-273.

[37] HORTON N G,WANG K,KOBAT D, et al.. In vivo three-photon microscopy of subcortical structures within an intact
mouse brain[ J]. Nature Photonics,2013,7(3) :205-209.

[38] ORON D,TAL E,SILBERBERG Y. Scanningless depth-resolved microscopy[J]. Optics Express,2005,13(5) ;1468-
1476.

[39] ROWLANDS C J,PARK D,BRUNS O T,et al. . Wide-field three-photon excitation in hiological samples[ J]. Light :Sci-
ence & Applications ,2016,5:e16255.

[40] HELMCHEN F,DENK W. Deep tissue two-photon microscopy[ J]. Nature Methods,2005,2(12) :932-940.

[41] CHOI H,YEW E Y,HALLACOGLU B, et al.. Improvement of axial resolution and contrast in temporally focused wide-
field two-photon microscopy with structured light illumination[ J]. Biomed Opt Express,2013,4(7) :995-1005.

EZEIT:

SRITAR(1994—) 2, R BN, 1L
F5EAE 2017 A F ALt Aol K22 3145 4
A, BUORAE RUR S T g B Ay R 2
TR LT A, 2N F )

‘ &6 A R 5 T BF5E. E-mail;
“ i jiezgm@ 126. com

A ENE (1996—) , 2, N 5E Tl 5 22 5 A
NGAERUR 2 AR, 2014 4R 2 4 gl 12
FALR KRR A BB S R L, £
SN AL 2 A W 22 T TR BE S, E-
mail ; shiyujie21 @ pku. edu. cn

J& s (1978—), 55, i PN N, 1
o AERUR AR IS B, A 0,
2003 4E7EH [ BEA7 B G AL BT 3R
RS VRS Y il 3T § L ]
AUMF5E . E-mail : xipeng@ pku. edu. cn



