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Fig. 1 Typical scanning of two-photon endomicroscopy (TPEM) system™" .

1. (a) Fiber bundle based proximal scanning;

(b) MEMS-based distal scanning; (c) piezoelectric ceramic based fiber distal scanning
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Fig. 2 Schematic of PZT scanning TPEM™"
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Fig. 3 Raster scanning TPEM and its imaging™® . (a) System schematic; (b)—(d) two-photon fluorescence (TPF) images of

mouse lung; (e)—(g) TPF images of mouse colon
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Fig. 4 PZT spiral scanning TPEM™ .

(a) System schematic; (b) structure of DC-PCF inner core; (c) structure of DC-PCF

cladding; (d) TPF images of mouse kidney at different depths
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s[731(a) Structure of achromatic

micro-objective; (b) focal shift test results; (c¢) images of mouse liver; (d) image of mouse small intestine; (e) image of

mouse cervix tissue

BUE LR S5 L Y A AL AT 59 Y6 A 3G9 222 T
WNERS . LS (b) TR 19 9 A A IR 45 2R mT AT,
TE 480~ 900 nm i B, % ik B W) B ) £ B8 45 ) 7R
10 pm PAF . B 5 Co) i by 8 44 /N BRUIE IE (%) 1A% 45
KR E L R TPF RS9k HgEAER A, B 5D

JE 7 Sk /0N BRI e R 240 D 6 AR 5 2R L e R AE T R
PRARAANE . 18] 5Ce) BT 7 S B 7 /s SRR R 31 24 41

BRI AT A 25 H (1 SHG R &R 45 R . A B 52 N bR
FHZ SO RO T P4 BT 58 28 48 15 IS BL T A 1 A/ B
B B TN AR S B M T DG ik — 8 4 AR

1907003-5



£ 49% 519 H1/2022 £ 10 B/ E ¢

RFEHN AT SHAL 417,

2019 4F , i [ BL2 H AR B 5T BE Jeong IRAILL )
SERNEE- S AN R R o I E SR WA S Al Bk
i, ARG WM 3 HEER 0.7 pm, BUAR M T N
60 pm X 60 pum, WA 5 frame/s; B Rk AU INE A
2.6 mm, WP EH 30 mm, K 6(a)~ (b)fimnNiZx
TR Y B IR Sk I ZE R S AP, B 6 (o FTLLR .
2% FAL B S O 27 0 A 00 5 48 R U UL 2 D £ i A
=~ 0.5 mmX0.5 mmXO0.5 mm I)rEX:R &/

@

Lissajous
scanning

i

GRIN Lens

endomicroscopic probe

MTSO DCF PZT

Capillaries

Pl 6 2% B 414 XOE - 1 8058 R G0 94K A5 4 LA WL L R 1% 3R e 0 /N BUARS Tl 41 8L 0 TPF g 45 1.

(b)

— AN AT AT L S B R A A e AU R
AR 43 5 o DT I AR 198 Al ) L U, 2 v 430 i 2o
T BUSA BEYY L #E 2.5.10.20.50.100 ms N3
FIFaE 2R E I S I 6 (D FiR, K 6Ce) Bim b
Alexa Fluor 488 J& @ /N FU'H E ' /NE &5 4 Y1 i i) TPF
BAREE R B 6D~ (@) Jin by i ik e 58 57 B IR 6t
F (FITO JG /N /Mg K B 0 48 /9 TPE WU 25
SRV 2 M R ) Dk T o R R P G £ AR 0 1R
YIS R TE AR AR A A e R RN

Weight:0.3 g

(a) ~ (b) 3k &5 ¥ M

HRI 5 (o) ZE % =2 6 H B B G AR R BRI 45 4 5 () 2. 5.10.20.50.100 ms PN Z5 B2 W43 35 B0 5 Ce) /N BUEF IR B B 1 TPF A%
e (H/NEUNA R TPF AR 45 58 5 (@) /N BB TPE 5 45 1

Fig. 6 Structure and appearance of TPEM probe based on Lissajous scanning and TPF images of mouse tissues captured by

TPEM" . (a)—(b) Structure and appearance of probe; (c¢) structure of Lissajous PZT fiber scanner; (d) time-lapse

images for Lissajous scanning captured for 2.5, 10, 20, 50, and 100 ms; (e) TPF image of mouse liver slice; (f) TPF

image of mouse small intestine; (g) TPF image of mouse ear
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image of human epithelial tissue; (e) TPF image of human epithelial tissue
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Fig. 8 Probe structure and imaging of TPEM"®
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Fig. 9 PZT spiral scanning TPEM and its imaging

e

. (a) Appearance of miniature micro-objective; (b) structure of DC-

ARF; (c¢) schematic of PZT spiral scanning TPEM; (d) appearance of integrated TPEM probe; (e) inverted microscope

captured stomach wall slice image; (f)—(g) TPF images of stomach wall slice
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Fig. 10 Tissues imaging. (a)—(i) TPF redox images of mouse kidney ischemia-reperfusion model in vivo

intensity, lifetime and HE staining images for kidney, liver and tumor
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Fig. 11 Miniature two-photon microscopy for brain imaging in freely behaving mice. (a) Appearance of miniature two-photon

897

microscopy probe on a fingertip and mounted to mouse head™” ; (b) image of neuronal somata in GCaMP6{-expressing

80]

mouse" - ; (c¢) appearance of enlarged field-of-view, three-dimensional miniature two-photon microscopy probe mounted

to mouse head™' ; (d) three-dimensional image of neurons in GCaMP6s-expressing mouse

[90]
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Fig. 12 Probe and imaging of PZT-scanning two-photon microscopy™ . (a) Appearance of probe attached to the head of a freely

behaving mouse; (b)—(d) images of GCaMP6m-expressing mouse dendritic spines
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Abstract

Significance  The incidence and mortality rates of digestive tract cancers are rising quickly globally, greatly
endangering human life and health. Most digestive tract tumors come from precancerous lesions, and the development of
early cancer detection and diagnosis technology is crucial to improving people’s health. To date, histopathological
examination is still the “gold standard” for the clinical diagnosis of cancer, but this method has limitations, such as time-
consuming and in vitro detection. Additionally, while biopsy sampling can examine the pathological characteristics of the
suspected lesion area at the cellular scale, it cannot achieve full coverage of the suspected lesion area, so there is a certain
risk of missed detection and false detection. Therefore, there is an urgent need to develop real-time, in vivo, in situ
histological diagnostic techniques at the cellular scale to achieve early diagnosis of GI (gastrointestinal) cancers.

Two-photon endomicroscopy is a new type of endomicroscopic imaging technology based on the principle of two-
photon excitation, with the technical advantages of optical-sectioning capability, deep penetration, low phototoxicity, and
label-free imaging. This technique can realize structural imaging and functional imaging, which has great potential for
applications in life science and clinical medicine.

Piezoelectric ceramic scanning two-photon endomicroscopy is the current preferred solution for two-photon
endomicroscopy imaging technology. In recent years, this technique has achieved technological breakthroughs and new
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applications. This paper summarizes piezoelectric ceramic scanning two-photon endomicroscopic imaging technology and
the research progress and introduces its application in the field of biomedical imaging.

Process Section 2 introduces three typical two-photon endomicroscopy systems: fiber bundle proximal scanning scheme,
MEMS distal scanning scheme, and piezoelectric ceramic-driven fiber distal scanning scheme (Fig. 1). Subsequently, the
system structure and breakthroughs in core device technology of piezoelectric ceramic scanning two-photon
endomicroscopy in recent years are summarized (Fig. 2). It mainly includes low-dispersion low-loss transmission double-
cladding fiber, high-imaging resolution miniature objective, and high resonant frequency piezoelectric ceramic fiber
scanner.

On this basis, we introduce in Section 3 the recent research progress of the representative piezoelectric ceramic
scanning two-photon endomicroscopy in this field. In the abroad research progress, the works from the following research
groups are summarized, including Chris Xu’s group from Cornell University (Fig. 3), Frédéric Louradour’s group from
Université de Limoges (Fig. 4), Xingde Li’s group from Johns Hopkins University (Fig. 5), Ki-Hun Jeong’s group from
the KAIST (Fig. 6), and a joint team of Bernhard Messerschmidt’s and Juergen Popp’s groups from the GRINTECH and
the Leibniz Institute of Photonic Technology, respectively (Fig. 7). In the domestic research progress, the work from
the following research groups is summarized, including Ling Fu’s group from the Huazhong University of Science and
Technology (Fig. 8), and a joint team of Lishuang Feng’s and Aimin Wang’s groups from the Beihang University and the
Peking University, respectively (Fig. 9). It can be concluded that the capability of this technology for in situ, real-
time, noninvasive, and high-resolution structural and functional imaging of biological tissues and organs has been fully
verified. A part of the research units continues to focus on the research of a two-photon endomicroscopy integrated probe.
The capability of the piezoelectric ceramic scanning two-photon endomicroscopy technology can be improved further by
optimizing the core device and introducing new principles and methods; parts of the research units have conducted the
development of a miniaturized endomicroscopy system to meet the clinical biosafety and compatibility requirements and
develop its application in the biomedical imaging field.

In Section 4, we summarize two-photon endomicroscopy applications in structural and functional imaging of tissues
and brain imaging of freely-moving animals. The following research groups’ work, including Xingde Li’s group from the
Johns Hopkins University [Fig. 10 (a)—(i) and Fig. 12], a joint team of Liwei Liu and Junle Qu’s group from Shenzhen
University [Fig. 10 (j)—(r)], and Heping Cheng’s group from the Peking University (Fig. 11), is summarized.

Conclusions and Prospects As a subcellular-scale optical biopsy technology, two-photon endomicroscopy can achieve
real-time structural and functional imaging of biological tissues in situ, which has important scientific research value and
broad clinical application prospects. The following recommendations are considered for the future development of two-
photon endomicroscopy: 1) further breakthroughs in core device performance to improve the imaging capability and
throughput of piezoelectric ceramic scanning two-photon endomicroscopy; 2) research on two-photon endomicroscopy
technology based on MEMS scanning mirrors; 3) research on disposable endomicroscopy technology; 4) exploration of
two-photon imaging technology-based multimodal imaging technology. It is foreseeable that piezoelectric ceramic scanning
two-photon endoscopic imaging technology, as one of the important research directions of two-photon imaging technology,
is expected to open a new paradigm of optical biopsy imaging applications for life science research and clinical medicine
applications.

Key words medical optics; two-photon imaging; endomicroscopy; double-cladding fiber; miniature micro-objective;
piezoelectric ceramic scanner
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