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The fluorescence in vivo wide-field microscopic imaging technology
and application in the second near-infrared region

QUE Bu-Jun', PENG Shi-Yi', GENG VVei—Hangl ,  CUI Jian®’, HU Sen-Hu’, FENG Zhe', QIAN Jun"”
(1. State Key Laboratory of Modern Optical Instrumentations , Centre for Optical and Electromagnetic Research ,
College of Optical Science and Engineering, International Research Center for Advanced Photonics, Zhejiang
University, Hangzhou 310058, China;
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Abstract: The wide-field fluorescence microscopic imaging in the second near-infrared region (NIR-II, 900-1880 nm)
is currently a hot spot for deep in vivo bioimaging, with great potential in both basic research and clinical applications.
Compared to the visible (Vis, 360-760 nm) and the first near-infrared (NIR-I, 760-900 nm) region, NIR-II fluores-
cence in vivo wide-field microscopic imaging provides higher spatial resolution and deeper tissue penetration. On the ba-
sis of NIR-II macroscopic imaging, the demand for deciphering of tissue microstructure forces the continuous develop-
ment of fluorescent agents and the imaging system. NIR-II wide-field microscopic imaging technology has achieved a
series of breakthroughs in biological applications such as accurate vascular microscopy, tumor analysis and accurate in-
flammation tracking. The research objects include rodents (such as mice and rats) and non-human primates (such as
marmosets and macaques). With the breakthrough of instrument commercialization and localization as well as the in-
creasing biocompatibility of fluorescent probes in the future, the application values of NIR-II fluorescence wide-field mi-
croscopic imaging will continue to upsurge. This article discusses the mechanism and advantages of NIR-II imaging
first, and then, reviews the characteristics and history of NIR-II fluorescence wide-field microscopic imaging, as well as
its latest exploration and prospects for in vivo imaging on different biological models. The purpose is to promote the fur-
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ther popularization of NIR-II fluorescence in vivo wide-field microscopic imaging.

Key words: fluorescence imaging, the second near-infrared region (NIR-1I) , wide-field microscopic imaging, large

depth in vivo imaging
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Fig. 1 The first NIR-II in vivo fluorescence imaging, (a) sche-
matic of the exchange process to form biocompatible nano-
tubes., cholate (red and white balls) on SWNTs (grey) is dia-
lyzed and eventually replaced by phospholipid - polyethylene
glycol (PL - PEG), (b) photoluminescence versus excitation
spectra and how peaks are redshifted after exchange, (c) the
picture (left) and the in vivo NIR-II photoluminescence (right)

imaging of mice"!
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Fig. 2 Perfecting and extending NIR-II window to 900~1
880 nm, (a) the light absorption spectrum of water within
700~2 500 nm, (b-g) the simulation results of NIR bio-tis-
sue imaging via the Monte Carlo method in 1 300~1 400 nm,
1 400~1 500 nm, 1 500~1 700 nm, 1 700~1 880 nm, 1 880~
2 080 nm, and 2 080~2 340 nm, (h) the schematic diagram
of light propagation in tissue, the propagation of excited bal-
listic and diffused emission photons in the bio-tissue with
small (left) and moderate (right) light absorption and the re-

sulting SBRs of fluorescence imaging'*"
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schematic of the NIR-Ila imaging system for brain vascular im-

NIR-II cerebrovascular mesoscopic imaging, (a) a

aging, (b) dynamic NIR-Ila fluorescence imaging of a control
healthy mouse and a mouse with MCAO, (c¢) average blood
perfusion measured by the NIR-II method (red) and laser Dop-
pler blood spectroscopy (blue)™*?
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Fig. 4 Comparison of NIR-II and NIR-I microscope imag-
ing, NIR-II imaging affords two times enhancement of SBR,
(a) ex vivo microscope imaging of mouse brains at 1-hour
post-injection of IR-783@BSA at both NIR-I and NIR-II win-
dows, scale bar: 50 um, (b) cross-sectional intensity profile
of NIR-I and NIR-II images at the same location”’
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Fig. 7 Real-time and high-resolution NIR-II microscopic imaging of brain vessels, (a) intravital imaging of cerebral vasculatures

using QD composite particles and the comparison with the two-photon microscopy (2PM) '’
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,scale bars: left up, 1 500 pm, left

down, 300 pm, right, 200 um, (b) in vivo NIR-II fluorescence microscopic cerebrovascular imaging of a mouse with a cranial

window at the magnifications of 5 x, 25 x and 70 x, scale bars: 5x, 25x imaging, 100 um, 70x imaging, 50 um "'
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Fig. 8 Study of hemodynamics utilizing NIR-II fluorescence microscopic imaging and monitoring of thrombotic ischemia in the
mouse brain in real-time, (a) upper: changing of locations of a randomly chosen point signal in a blood capillary in time (diame-
ter = 4. 4 um) with a curve of position as a function of time plotted on a graph, lower: on the left is a schematic diagram illustrating
the two-photon excitation induced PTI, on the right is the NIR-II fluorescence microscopic images of brain blood vessels before (i)
and after (ii) PTI induction, while (iii) and (iv) are just the heat maps of (i) and (ii) respectively, (b) NIR-II fluorescence micro-
scopic images of brain blood vessels from a mouse intravenously injected with IR-820, while images on the left are the normal

brain, images on the right are the brain with MCAO "**"/, scale bar: 100 um
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Fig. 10 In situ NIR-II fluorescence imaging of the enhanced permeability and retention (EPR) effect in tumor sites, (a) a photo-

graph of the tumor sites on a tumor mouse used for in vivo microscopic imaging, the left is an old tumor while the right is a new

one, (b) another photograph to show the microscopic imaging on tumor sites, (c) the schematic diagram to illustrate the EPR ef-

fect, (d) visualization of EPR effect in an old and new tumor at different time via NIR-II fluorescence microscopic imaging,

depth = 180 um, the scale bar indicates 100 pm"*’
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Fig. 11
by NIR-II wide-field fluorescence microscopy, (a) the sche-

Rapid unperturbed-tissue analysis for ex vivo tumor

matic diagram of rapid pathological examination of intraopera-
tive tissues, (b) NIR-II fluorescence microscopic images and
H&E staining of cancer tissues excised from tumor-bearing
mice, (c¢) NIR-II fluorescence and brightfield images, com-
paring the tumor nodules resected by patients treated without
or with MMP inhibitor GM6001, T = tumor tissue, N = nor-

mal tissue'*”’

FEN R TFA b, IR DI B > Y B UM S A1 iR
BRI R G R, R ET X NS i
2T LA A AR GE 53003 10 e A 2R (LA S5 403 Rl
WA BELAS T 3 — 25 i I R B o NIR-112¢ ¥ i
X LU R S s IR AR AR, B AT R0 A I i ) AR
SRR 300 (R AR, o AR IR P IR A, B ICG
55 IR o A B T o 4 A TR Tk R Y NIR -
b %NAF5 W9 R =R R RS 2 00 9 B S it
R0 Y BT A IR RO . B IR HGE T
ATE ZHK UK AE b IR B 85 5277 , 76 NIR-11b 74 [ 530

e T HL A ORS B2 B e ) i IR A 1 s B R
NIR-TI % )¢ 5 3 . 0 & 42 F T I AR A2 Wi i
WA,
3.2 KERB MM E R 5

— BB RIF 5 3 B, R BRI I 4 A R A =
28 % E/INER R 5 NS it B A AL 7
I, 75 A bR 1R K BRI I 2R A R S
A NIR-T1 5 UGAR > FH TR BB , EZ 2R T
PRI (R BB 8 & /N R 105 224 Lt
5, 2 OURBE R DA R BBk = Al OB . H—
TR R IR L R AS [ TR AR A 2, A
W ARG — IO R R EX R R RY T
s RN T 2 5 H R R A R R AR
SFFarBam , e R 1 2 4 e AR A A

e B EOR s = TR B vy, i A S Y T, ¢
D LA 23 5 , T AT S S R AT MR R Y
‘x5,

JEAC Bt ERIR HUR E T B R HRGE TR R K
LI I 45 2R 45 8% B NIR-T1 26 6 i %, 3K 7158 1
NIR-I1(>1 200 nm) K B 2% 5% 58 5 b 0k 15 i 1 58
, BEAS 70 ¥E 700 pum TR EE PN AT E 9. 1 wm Y B 40 IfiL
B 13) o IXIRLERAT I A5 I0 JR 78 3l 40 1) it 8
PIw o BEAL AR (i P NTR-TT S BB AR W 17k
BRI M XA T B, R R 2 B AR T O 28 K B
G LB o A G5 BRI, T B S P AOR FR A
() NIR-TT B A% v DA i I R it A8 12 g %) 512 B BR
B, A BT R L bl T i TR S S e 1 R
ML AL
3.3 WARAY RN I R AR

KIS CUEE ) B NIR-T1 26 % A% 5 A 1
HWRA M TIGIREE I o 38 e e —Fp N AT N
FPER A58 0 e AL, L — M 7E 24 BTG
BT AL A R S AR S A
By 1V K2 = o A e P2 N F 22 = W
TRAEAR RN AT /D 1 I 3K 551 B AT 5 Bl — 0 e
FEVTRI 5 = B e, BE AR R A 1 Sh i U
R LHEIFFE

A A0 2 156 B0 R0 I3 VR T AR AE  AT R T
TSR P I B AR T 20 . BR IR 4% e A L
PR REA BB AT IRAE I E AR R K sy
PEAT T 28 P R B i L S fo A% (] 14 e
TN e G RBE T B T AP . B,
TR [ E XCRIR Y il 1) TR PR S



13 VAL 2 A LT X O T8 . B (A AR AL ] 191

(a) (b) (d)

~~
—
~—'

()

Lesion 1
Lesion 1

H&E Sections

Lesion 2

NIR-ll Fluorescence Imaging
Lesion 2

Serosa

K12 R B NIR-IZOE 55 B MR, () @5l BE T r b, (DR A T HCE— D &R, (o) 4515 Bt NIR-I 2t 9
RS R IR, (d) 251 BE AR 2540 7R B2, (o) ANRITRBE IR BRI 1R (L BIR - 200 um) , () DUZTEAR RIEREZ I IR, (g) AN
TREE RIS BRI T 2 A, (h) P8 78 05 KL ) NIR-TT 2k 56 3 B L () WS kLA H&E He gl 1 e

Fig. 12 Diseased intestinal segment NIR-II fluorescence wide-field microscopy, NIR-II fluorescence wide-filed microscopy on

diseased intestinal segment with high spatial resolution, (a) the colonic segment was placed on a coverslip, (b) a metal annulus

was placed under the coverslip, (c¢) a photograph of the NIR-II fluorescence wide-field microscopic imaging on the colonic seg-

ment, (d) the schematic diagram to illustrate the anatomical structure of colon wall, (e) images of the serosa taken at different

depths (scale bar: 200 um), (f) images of the muscularis at different depths, (g) images of mucosa and submucosa at different

depths, (h)NIR-II fluorescence wide-field microscopic images of two selected lesions, (i) the two lesions with H&E staining'
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Fig. 13 NIR-II rat cerebral angiography, (a) in vivo NIR-II (>1 200 nm) fluorescence microscopic imaging of brain vasculature
of a rat intravenously injected with AIE dots at different depths, the red arrows demonstrate a blood capillary (diameter =9. 1 um)
at the depth of 700 um, the cross-sectional intensity profiles and full width at half maximum (FWHM) of the blood vessels which
correspond to the dotted yellow lines in (a) are plotted in (b) and (c¢), (d) NIR-II fluorescence image of brain vasculature of rats
treated with AIE dots at the depth of 150 um in wide field of view and (e) the cross-sectional intensity profiles of the blood vessels
in different sizes corresponding to the dotted yellow line in (d)"™
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Fig. 14 High-spatial-resolution through-thin-skull cerebrovascular microscopic imaging in marmosets, (a) the schematic diagram
of the microscopic imaging system of the thinned-skull marmoset, (b) 5 x NIR-II fluorescence microscopic cerebrovascular image,
scale bar: 300 um, (c) the plot of cortical vessel position time function, (d) the fast Fourier transformation of time-domain signals
in Fig. (¢), (e) the power spectral density of Fig. (c¢), (f) the normalized PL intensity of the feces and urine from the marmosets,
(g-m) microscopic images of different depths (100-600 um) of cerebral blood vessels of the thinned-skull marmoset, scale bar:
100 um, (n) the analysis of the vessel at the depth of 200 pm'™"
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Fig. 15

ing and observation of the PTI induced thrombosis in marmo-

= | Endotheial coll

Through-thinned-skull cortical blood flow monitor-

sets, (a) 25 x microscopic images of the cerebrovascular sys-
tem and six sample blood vessels, scale bar: 100 um, (b) the
plot of the time, position and distance of the fluorescent point
signal in the blood vessel, (c) the average blood flow of the 6
vessels in Fig. (a), (d) the schematic of PTI induction by
532 nm laser excitation, (e) NIR-II fluorescence microscopic
image of cerebral blood vessels before PTI induction, scale
bar: 100 pm, (f) NIR-II fluorescence microscopic image of
cerebral blood vessels after PTI induction, scale bar: 100 pm,
(g) 3D NIR-II fluorescence intensity distribution in the illumi-
nated area before PTI induction, (h) the 3D NIR-II fluores-
cence intensity distribution of the illuminated area after PTI in-
duction, the white arrows represent the flow direction before
and after PTI induction, PTI causes a change in the direction
of blood flow """’
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Fig. 16 NIR-II fluorescence wide-field microscopic imaging of cerebral vessels in rhesus monkeys, (a) NIR-II fluorescence wide-

field microscopy system suitable for large animals, (b) 3 x cerebrovascular microscopic image, (¢) 25 x cerebrovascular micro-

scopic image, (d) blood flow velocity of the 3 sampling vessels, (e) the tracking frame display of the fluorescent signal in the cap-

illary, picture on the right marks the tracking position, (f) the plot of fluorescent position as a function of time, scale bars in (b),

(c¢) and (d): 100 pm, scale bars in (e): 50 pm'™
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Fig. 17 Rhesus arteriovenous measurement and heart pulse
calculation, (a) NIR-II fluorescence wide-field cerebrovascu-
lar microscopic image of blood flow direction and arteriove-
nous measurement, depth = 180 pm, scale bar: 100 um, (b)
NIR-II fluorescence wide-field microscopic images of cerebral
blood vessels of the rhesus macaque and Gaussian fitting graph

of heart pulse period, depth =130 pm, scale bars: 100 pum"™*’
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