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Abstract

Rationale: Cerebrovascular diseases, together with malignancies, still pose a huge threat to human
health nowadays. With the advantages of its high spatial resolution and large penetration depth,
fluorescence bioimaging in the second near-infrared spectral region (NIR-Il, 900-1700 nm) and its
related imaging-guided therapy based on biocompatible fluorescence dyes have become a promising
theranostics method.

Methods: The biocompatibility of IR-820 we used in NIR-II fluorescence bioimaging was verified by
long-term observation. The model of the mouse with a cranial window, the mouse model of middle
cerebral artery occlusion (MCAO) and a subcutaneous xenograft mouse model of bladder tumor
were established. NIR-Il fluorescence cerebrovascular functional imaging was carried out by IR-820
assisted NIR-Il fluorescence microscopy. Bladder tumor was treated by NIR-Il fluorescence
imaging-guided photothermal therapy.

Results: We have found that IR-820 has considerable NIR-Il fluorescence intensity, and shows
increased brightness in serum than in water. Herein, we achieved real time and in vivo
cerebrovascular functional imaging of mice with high spatial resolution and large penetration depth,
based on IR-820 assisted NIR-Il fluorescence microscopy. In addition, IR-820 was successfully
employed for NIR-Il fluorescence imaging and photothermal therapy of tumor in vivo, and the
subcutaneous tumors were inhibited obviously or eradicated completely.

Conclusion: Due to the considerable fluorescence intensity in NIR-Il spectral region and the good

photothermal effect, biocompatible and excretable IR-820 holds great potentials for functional
angiography and cancer theranostics in clinical practice.
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Introduction

Second near-infrared spectral region (NIR-II) is
usually defined as the wavelength range from 900 to
1700 nm [1]. As an emerging and rapidly developing
imaging modality, NIR-II fluorescence bioimaging

has demonstrated much improvement compared to
conventional NIR-I (780-900 nm) fluorescence
imaging [2-11]. Benefitting from low tissue scattering
of emission signals, NIR-II fluorescence imaging
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exhibits the advantages of high spatial resolution and
deep penetration [12]. In addition, owing to weak
tissue autofluorescence in NIR-II region, the
signal-to-background ratio of NIR-II fluorescence
images can be very high [13, 14]. In order to obtain
good imaging performance, NIR-II emissive
fluorophores with certain brightness also play a vital
role. So far, many kinds of probes (e.g. quantum dots
(QDs) [2, 15-17], carbon nanotubes [1, 18-21] and
rare-earth-doped nanocrystals [4, 22-26]) have been
utilized for NIR-II fluorescence whole-body and
microscopic imaging. However, most of them meet
with the common problem of potential biological
toxicity [27-29]. Organic dyes are another type of
promising NIR-II contrast agents [30-38], some of
which have good biocompatibility [5, 39-41]. As a
kind of small-molecule organic dye with good
biocompatibility [42, 43], IR-820 holds potentials for
clinical applications. IR-820 has been known as a
commercially available NIR-I fluorescent material,
since its peak emission wavelength locates in 780-900
nm. So far, there have been some reports on the
surface-modification of IR-820, as well as its
applications in NIR-I fluorescence bioimaging [43, 44].

Cerebrovascular disease, especially brain stroke,
is one of the main leading causes of adult disability
and death if not timely detected [45, 46]. Currently,
the main imaging modalities for the diagnosis of brain
stroke in the clinical field are computerized
tomography (CT) and magnetic resonance imaging
(MRI), which can help identifying the location of
stroke effectively [47, 48]. However, both of them still
have certain shortcomings, like low spatial resolution
and time consuming, as well as high cost for MRI and
ionizing radiation in CT [49, 50], which means they
are not suitable for continuously monitoring the
evolution of stroke. Thus, high-resolution and
real-time optical imaging for cerebrovascular disease
diagnosis has attracted tremendous scientific interests
and is expected to be a low-cost and non-invasive
medical modality [15, 51-57].

Malignancies are also a huge threat to human
health [58-60]. Traditional cancer treatment ways,
including surgical removal, chemotherapy and
radiotherapy, are still widely used clinically [61].
However, all of them meet with several obvious side
effects, such as non-specific distribution to healthy
tissue, as well as drug resistance over time in
chemotherapy,  healthy tissue damage in
radiotherapy, and the chance of relapse in surgery.
Photothermal therapy (PTT), which exploits
photo-induced thermal energy to realize precise,
controllable and non-invasive treatment, has
experienced rapid development during past few years
[62-67].

In this work, we found that IR-820 showed high
brightness benefitting from its large absorbance. Since
IR-820 had a broad emission spectrum ranging from
700 nm to 1300 nm, it exhibited considerable NIR-II
fluorescence intensity, although the peak emission
wavelength fell in the NIR-I region. In addition,
IR-820 showed brighter fluorescence in serum
environment compared to that in water, which reveals
its potential for angiography. Intravenously injected
IR-820 could be excreted completely from the body of
mice by their liver and kidneys after about 5 weeks,
illustrating its good biocompatibility. IR-820 without
any surface-modification was then utilized directly
for in  wvivo NIR-II  fluorescence functional
cerebrovascular imaging of mice. Furthermore, with
good photothermal effect under NIR-I laser excitation
[42], excretable IR-820 was successfully employed for
NIR-II fluorescence imaging guided photothermal
therapy on subcutaneous tumor of mice. So far, few
reported NIR-II photothermal probes have been
proven to be excretable [68-75]. So we believe that
commercially available and traditional NIR-I
fluorescent probe IR-820 shows great potentials to
construct NIR-II fluorescence imaging based
theranostic platform for clinical applications.

Results and discussion

Optical characterization of IR-820

Figure 1A illustrates the chemical structure of
IR-820, which is a kind of typical cyanine dye. As
shown in Figure 1B, the absorption spectra of IR-820
in water and 10% fetal bovine serum (FBS) were quite
different. The peak absorption wavelength of IR-820
in serum red-shifted about 143 nm, and its optical
density (OD) at 793 nm was 2.505, much larger than
that of IR-820 in water (1.281) when the mass
concentration of IR-820 in serum and in water was the
same. IR-820 in serum had the fluorescence peak at ~
858 nm, which red-shifted about 29 nm compared to
that of IR-820 in water at ~ 829 nm (Figure 1C). It is
worth noting that the emission spectrum of IR-820 in
serum could even extend to longer than 1200 nm, and
its fluorescence intensity ratio in NIR-II (900-1700 nm)
region was 30.17%. In addition, the quantum yield
(QY) of IR-820 in serum was measured as 2.521%,
about seven times higher than that of IR-820 in water
(0.313%) (Figure 1D). It was also higher than those of
many reported NIR-II fluorescent probes [76]. The
unique optical feature of IR-820 in serum is attributed
to the fact that IR-820 molecules tend to adsorb on
serum  proteins and form = protein-sized
“nanoparticles”, which were revealed by the dynamic
light scattering (DLS), Z-potential and dialysis results
(Figure S1, Table S1, Figure S2). Binding with serum
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proteins could prevent IR-820 molecules form
aggregates in aqueous solution, and further reduce
the fluorescence self-quenching of IR-820 due to its
aggregation-caused quenching (ACQ) effect. In
addition, it could also promote a rigid conformation
of IR-820 molecules, which minimizes the torsional
rotations and result in more radiative decay (quantum
yield). In addition, IR-820 exhibited good
photostability when dissolved in serum (Figure S3),
and no noticeable decrease in emission intensity was
observed after continuous 793 nm laser irradiation (20
mW/cm?, same intensity used for the subsequent in
vivo imaging) for 60 min (Figure S4). Considering
IR-820 in serum had larger absorbance (at 793 nm)
and fluorescence quantum yields, as well as good
photostability, it is a good candidate for in vivo NIR-II
fluorescence imaging based angiography and related
applications (Figure 1E). IR-820 also possessed well
photothermal effect. Aqueous solution of IR-820 with
a fixed concentration of 500 pg/mL was irradiated
with a 793 nm laser with various intensities for 10
min. At the laser intensity of 0.5 W/cm? the
temperature of IR-820 solution could increase to 55 °C
within 4 min, which was already above the
photothermal lethal dose (~ 49 °C) (Figure 1F).
Furthermore, aqueous solution of IR-820 irradiated
with higher 785 nm intensity generated more
prominent temperature elevation. At the laser
intensity of 1.5 W/cm?, it even reached more than 90
°C. In contrast, water was irradiated by the 793 nm
laser with the same intensities, and the temperature
elevations were negligible. The photothermal
conversion efficiency of IR-820 was as high as 32.74%,
which might be attributed to its large absorptivity (~
30 L/(gxcm) ) at 793 nm, as well as the non-radiative

relaxation from the excitons in the excited IR-820
molecules. The strong photothermal effect of IR-820 in
vitro inspired us to employ them for in wvivo
photothermal therapy of tumors.

Biodistribution and excretion of IR-820

Biocompatible and excretable fluorescent probes
are significant for biological studies and clinical
applications. According to the results of histology
study (Figure S5) and blood test analysis (Table
$2-S3), IR-820 showed negligible toxicity in vivo. To
assess the in vivo kinetics of IR-820 in mice, NIR-II
fluorescence imaging was conducted. Whole-body
fluorescence images of mice were taken 48 h post the
intravenous injection of IR-820 (0.5 mg/mL, 200 pL),
and the NIR-II fluorescence intensities at the liver,
kidney and gut were distinct (Figure 2A), indicating
IR-820 localized more on these organs. The mice were
then sacrificed and their organs were harvested for ex
vivo imaging. Very strong NIR-II fluorescence signals
were observed from the liver, kidney, and filled
bladder (Figure 2B-D) compared to those from the
control group of mice (without the treatment of
IR-820). In addition, the feces and urine collected
before the treated mice were sacrificed also showed
brighter NIR-II fluorescence than those from the
control group (Figure 2E-F). The ex vivo imaging
results illustrates that IR-820 could be excreted from
the body through hepatobiliary and renal system. As
aforementeiond, IR-820 molecules adsorbed on serum
proteins and exhibited the nanoparticle feature in vivo.
Thus, they were excreted from body mainly through
hepatobiliary system. However, the adsorption of
IR-820 and serum protein should be dynamic and
reversible in the mouse body. That’s why small (~0.71
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Figure 1. Characterization of IR-820 molecule. (A) Molecular structure of IR-820. (B) Absorption spectra of IR-820 in water and 10% FBS. The mass concentration is 0.01
mg/mL. (C) Normalized PL spectra of IR-820 in water and 10% FBS. The inset shows the PL spectral region beyond 1100 nm. (D) NIR-Il quantum yields (QYs) of IR-820 in water
and IR-820 in 10% FBS. (E) Bright-field and pseudo-color NIR-II fluorescence images of IR-820 in 10% FBS. (F) Heat curve of IR-820 irradiated with 793 nm laser at various

power density for 10 min.
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nm) IR-820 molecules with weak negative charge
(-0.694+0.015 mV) can also be excreted via the renal
system of mouse. Long-term excretion effect of IR-820
in mice body was investigated by conducting ex vivo
NIR-II fluorescence imaging of major organs (crushed
into the thin homogenate to avoid the influence
caused by the thickness and optical scattering of
organs) collected from the IR-820 administrated mice,
at different time points (1, 3, 5 and 7 weeks) post
treatment. After five weeks, almost no NIR-II
fluorescence signals could be observed from all the
organs (Figure 2G), which can help us eliminate the
long-term accumulation of IR-820 in the mice body.
Biocompatible and excretable IR-820 is acceptable for
wide-ranging biomedical studies and applications.
Especially, considering IR-820 could be excreted from
mouse body through the renal system besides the
hepatobiliary system, it holds the potentials for
functional imaging of urinary system (e.g.
urethrography and cystography).

In vivo NIR-Il fluorescence cerebrovascular
functional imaging

Considering the good NIR-II fluorescence
performance of IR-820 in serum, we utilized it (0.5
mg/mL, 200 pL) for in vivo angiography of mice. As
shown in Figure S6, the whole-body NIR-II
fluorescence image of a nude mouse gave high spatial
resolution and good clarity. The capillary with a small
diameter of about 0.318 mm could be unambiguously
detected and the signal to background ratio (SBR)
reached 21.196. Due to low tissue scattering of NIR-II
emission signals and weak tissue autofluorescence in
NIR-II region, the SBR in the NIR-II fluorescence
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image (1200-1700 nm) was much higher than that in
the NIR-I fluorescence image (800-900 nm) (Figure
§7), though the fluorescence intensity ratio of IR-820
in 1200-1700 nm is only 0.20% while that in 800-900
nm is as high as 63.08%. However, due to the quick
capture of IR-820 by the hepatobiliary and renal
system, the blood vessels of mouse could hardly be
seen after 10 min (Figure S8). To further visualize
brain blood vessels, an ICR mouse with a cranial
window was placed under the lab-built wide-field
NIR-II fluorescence microscope for observation after
intravenously injected with IR-820 (0.5 mg/mL, 200
uL). The images of the mouse brain vessels below
skull were recorded (using a 25x% objective, imaging
speed: 9.09 frame/s) at various vertical depths,
ranging from 0 pm to 800 pm. As shown in Figure 3A,
the cerebrovascular structure was rich and could be
discriminated easily. Interestingly, a capillary vessel
with a small diameter of 6.061 pm was still
distinguishable, even at the depth of 800 pm. Besides,
an image with a large field of view was acquired by a
scan lens (LSMO03, Thorlabs) (Figure 3B), where the
major blood vessels and small capillaries (diameters
from 9.524 pm to 171.428 pm) could be observed
clearly. It is worth mentioning that the lens is more
suitable for intraoperative observation and operation
when a microsurgery is performed due to its long
working distance (WD = 25.1 mm). Furthermore, in
order to track smaller capillaries, a 70x endoscope
objective was used. As shown in Figure 3C and Video
S1, a higher spatial resolution of 2.496 pm at the depth
of around 300 pm was obtained, and the blood
flowing in the capillary was also vividly revealed.
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Figure 2. Biodistribution and excretation of IR-820 molecule. (A) In vivo NIR-II fluorescence whole-body images of mice, 48 h post the intravenous injection of IR-820 (0.5
mg/mL, 200 pL). Scale bar: 10 mm. Ex vivo NIR-Il fluorescence images of (B) liver, (C) kidneys and (D) bladder harvested from the mouse 48 h post the intravenous injection of
IR-820 (0.5 mg/mL, 200 pL) and PBS (1 %, 200 uL). NIR-II fluorescence imaging of (E) feces and (F) urine collected from the IR-820 treated mouse and the PBS treated mouse
before they were sacrificed. (G) Ex vivo NIR-II fluorescence images of major organs (crushed into the thin homogenate) harvested from the mice at different time points (1, 3,
5 and 7 weeks) post the intravenous injection of IR-820 (0.5 mg/mL, 200 pL). All images were taken under 793 nm laser excitation (20 mW/cm?2). Exposure time: 50 ms.
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Figure 3. Real-time and in vivo NIR-Il fluorescence microscopic cerebrovascular imaging of a mouse with a cranial window. (A) Images of blood vessels in the mouse brain at
various vertical depths (0-800 pym). The mouse was intravenously injected with IR-820 (0.5 mg/mL, 200 pL). A 793 nm laser was used as the excitation and a 25x% objective
(XLPLN25XWMP2, 25%, NA = 1.05, Olympus) was adopted to collect the images. The red arrows show the tiny blood capillary observed at the depth of 800 um (diameter =
6.061 ym). The frame size is 633 ym x 506 um. Scale bar: 100 ym. (B) A wide-field image of brain blood vessels in the same mouse. A scan lens (LSMO03, Thorlabs) was used. The
frame size is 2949 um x 2359 pm. Scale bar: 100 ym. (C) High-resolution images of brain blood vessels in the same mouse, at depth of 150 ym and 300 ym. A 70x endoscope
objective was used. The frame size is 226 ym % 181 pym. Scale bar: 50 ym. Exposure time: 100 ms. (D-F) Cross-sectional fluorescence intensity profiles (gray) along the yellow
lines of the cerebral blood vessels (inset of Figure 3A-C). The Gaussian fit to the profile is shown in red line in Figure 3D-F.

Fluorescence confocal microscopy based on
point-by-point excitation and single-point detection
possesses the advantage of high spatial resolution,
due to the existence of pinhole. Combining NIR-II
fluorescence imaging with confocal microscopy is a
good approach to achieve high-spatial resolution
visualization of deep-tissue biosamples, as well as

high-quality 3D reconstructed image. IR-820 was then
utilized for NIR-II fluorescence confocal scanning
microscopic cerebrovascular imaging (scanning speed:
20 ps/pixel) of mice. Figure 4 shows the
unambiguous structure of cerebral vessels at various
depths below the skull. Owing to low tissue scattering
of NIR-II fluorescence and weak tissue NIR-II
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autofluorescence, the imaging depth could reach
more than 400 pm. On this basis, a 3D cerebrovascular
network was acquired by reconstructing the recorded
NIR-II fluorescence images at various depths.

Next we assessed hemodynamic characteristic
in the mouse brain. The blood flowing manner in the
same region (at the depth of about 150 pm below
skull) was monitored at different time points with the
wide-field NIR-II fluorescence microscopy. A NIR-II
fluorescence video was acquired (Video S2), showing

A Y
khc

Intensity
2504 —— Gauss Fit
©®=31.841 ym
2004 SBR[~ 7581.278 @ =17.330 pm
@ =13.927 pm
150 & ® =18.363 pm
100- SBR = 2349.534
SBR =1244.702
50 BR = 617.23
oL

both the structure of the blood vessels and the
real-time blood flowing (Figure 5). By tracking the
location of a small fluorescent spot in a blood
capillary (diameter ~ 53.57 pm) in each frame (60
ms/frame) of the video, the average blood flowing
velocity in the capillary was calculated about 725.98
pm/s, which met well with the normal vascular
flowing speed velocity in the mouse brain (0.2-20 x
108 pm/s) [1, 77, 78]. It also helps us obtain the
volume blood flow of 0.098 pL/min.
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Figure 4. (A) In vivo NIR-II fluorescence confocal scanning microscopic images of brain vasculature of a mouse (with a cranial window) at various depths (793 nm excitation,
emission >900 nm, laser power ~70 mW, PMT voltage ~600 V). (B) 3D reconstructed image of brain vasculatures with 400 pm depth. Scale bar: 100 um. (C) A cross-sectional
fluorescence intensity profile (gray) along the yellow line of the cerebral blood vessels at depth of 200 um. The Gaussian fit to the profile is shown in red line.
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Figure 5. NIR-Il fluorescence microscopic cerebrovascular imaging of a mouse (with a cranial window) for hemodynamics study. (A) A microscopic image of mouse brain
vasculature at the depth of ~ 150 um. The mouse was intravenously injected with IR-820 (0.5 mg/mL, 200 pL), and its brain was under the 793 nm laser irradiation. (B) The point
signal at different time points was tracked in a blood capillary (diameter = 53.57 pym) in the red-dashed rectangle in (A) and the plot of position of the point signal as a function

of time. Scale bars indicate 100 um. Objective: 25%. Exposure time: 50 ms.
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Cerebrovascular functional imaging was further
conducted with the IR-820 assisted NIR-II
fluorescence microscopy. First, fluorescence imaging
of an IR-820 treated ICR mouse with the cranial
window was conducted, and the vascular network
with a large field of view was recorded, providing
rich structure information (Figure 6A). Several hours
later, NIR-II fluorescence signals in the brain blood
vessels of the mouse could not be observed, due to the
hepatobiliary and renal excretion towards IR-820.
Then, a microsurgery was performed on the same
mouse to establish a model of middle cerebral artery
occlusion (MCAO), and the mouse was imaged again
with NIR-II fluorescence microscopy. According to
Figure 6B, we found that several blood vessels in a
region of right cerebral hemispherer were invisible
compared with the case before the MCAO model was
set up. Even in the same location, the structure and
shape of blood vessels became quite different. The
above results both arose from the existence of cerebral
thrombosis induced by the MCAO. IR-820 with great
biocompatibility =~ can  achieve  diagnosis  of
cerebrovascular disease via high-contrast and
deep-tissue NIR-II fluorescence brain angiography,
holding potentials for future clinical applications.

In vivo photothermal therapy of bladder tumor

Detecting tumor at an early stage is very critical
for further treatment. As shown in Figure S9, in vitro
NIR-II fluorescence imaging results demonstrated
IR-820 could effectively stain UMUCS3 cells (human
bladder cancer cell line). The potential of NIR-II
fluorescent IR-820 for tumor targeting in vivo was then
studied. A subcutaneous tumor-bearing nude mouse
was injected intramuscularly (from buttocks muscles)
with 100 pL 1 x PBS solution of IR-820 (2 mg/mL),
and imaged with the aforementioned whole-body
NIR-II fluorescence imaging system. As shown in
Figure 7, NIR fluorescence signals appeared on the
site of the tumor 24 h post the treatment of IR-820.
However, the SBR was not high (only 6.59). The
fluorescence intensity and SBR gradually increased,
and reached the maximum (14.766) at the 48th hour,
indicating many IR-820 molecules have accumulated
in the tumor. Thus, the time point of 48 h post
treatment was selected for the follow-up in wvivo
photothermal therapy. The tumor targeting capacity
of intramuscularly injected IR-820 might be attributed
to its sustained release and long circulation in blood
vessels, as well as related enhanced permeability and
retention (EPR) effect.

High

Low

Figure 6. NIR-Il fluorescence microscopic imaging of brain blood vessels of a mouse (with a cranial window) intravenously injected with IR-820 (0.5 mg/mL, 200 L), before (A)
and after (B) the brain thrombotic model was established. Excitation: 793 nm. Scale bar : 100 um. Objective: scan lens (LSM03, Thorlabs). Exposure time: 100 ms.
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Figure 7. Bright field (A) and NIR-Il fluorescence (B) images of a subcutaneous tumor-bearing mouse after intramuscularly injected with IR-820 (2 mg/mL, 100 pL). Intensity of
793 nm laser excitation: 20 mW/cm2. Exposure time: 50 ms. Scale bar: 10 mm. At (C) 0 h, (D) 24 h, and (E) 48 h post the injection of IR-820, a cross-sectional fluorescence
intensity profiles along a red-dashed line on the mice. Gaussian fits to the profiles are shown in red lines, indicating the signal to background ratios (SBRs) defined as the ratio of

NIR-II fluorescence intensity on tumor to that on the background.

Before using IR-820 for photothermal therapy of
bladder tumor, its photothermal effect was first
evaluated in vivo. Subcutaneous tumor-bearing mice
were injected intramuscularly with PBS (100 pL) and
IR-820 (2 mg/mL, 100 pL) respectively, and the
tumors were then irradiated with 793 nm laser (2
W/ cm?) 48 h post the injection. It is worth mentioning
that the power density of laser irradiation would
attenuate when the laser beam penetrated the skin to
reach the tumor. So the actual power density for
photothermal therapy of tumor should below 2
W/cm?2. As shown in Figure 8A-B , after 600 s
irradiation, the temperature on the tumor site of the
IR-820 treated mouse rose to 55.4 °C (beyond the
threshold cancer cells could tolerate) while that of the
control mouse was only 43.4 °C (below the required
temperature of hyperthermia). Next, twenty
subcutaneous tumor-bearing mice were randomly
divided into four groups, and treated with (1) PBS
alone, (2) PBS and 793 nm laser irradiation, (3) IR-820
alone, and (4) IR-820 and 793 nm laser irradiation,
respectively. Herein, the 793 nm laser irradiation (2
W/cm?, 10 min, below the maximum permissible
exposure for skin in the NIR region, Figure S10) was
performed 48 h after the treatment of PBS/IR-820 on
the mice. During the next 16 days after laser
irradiation, the tumor size and the body weight of the
mice were monitored every other day. It could be

found that only the tumors on the mice administrated
with both IR-820 and 793 nm laser irradiation could be
obviously inhibited (n = 2) and even cured without
tumor relapse (n = 3), whereas the growth of the
tumors in other three groups exhibited a similar speed
instead (Figure 8C-D and Figure S11A). Besides,
there were no significant differences in the average
body weights of mice in all the four groups (Figure
S$11B), indicating that the IR-820 based photothermal
therapy did not produced distinct side-effects on the
tumor-bearing mice.

After 16 days, all the mice were sacrificed. The
tumors were separated for weighing and then sent for
H&E staining and TUNEL staining. We found that
IR-820 & 793 nm laser treated groups showed a
significant reduction in the tumor weight compared
with the mice in other three groups (P < 0.01) (Figure
8E-F), indicating the fact again that only IR-820
injection with laser irradiation could be beneficial to
tumor inhibition and even elimination. The
H&E-stained tumor section from the IR-820-treated
and laser-irradiated group showed a scarlike
structure containing numerous collagen fibers,
compared with the three other groups. Meanwhile,
the TUNEL assay result indicated the proportion of
representative apoptosis-positive cells on the tumor of
IR-820 & 793 nm laser treated group was obviously
higher than those of other three groups (Figure 9).
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Conclusion

As a kind of typical NIR-I fluorescent organic
small-molecule dye, IR-820 actually has broad
emission ranging from 700 nm to 1300 nm, showing
considerable fluorescence intensity in NIR-II spectral
region. Interestingly, the fluorescence brightness of
IR-820 in 10% FBS is much higher than that in water,
enabling it qualified in in vivo NIR-II fluorescence
imaging based angiography and related applications.
By virtue of the bright IR-820 and NIR-II fluorescence
microscopy, we conduct in vivo cerebrovascular
imaging of mice, obtaining rich architecture of blood
capillaries and achieving high spatial resolution (6.061
pm) even at the depth of ~ 800 pm. When a 70x
endoscopic objective is utilized, the spatial resolution
can even be improved to ~ 2496 pm. Real-time
microscopic imaging further help us get the blood
flowing velocity (725.98 pm/s) in a capillary at the
depth of ~ 150 pm, as well as verify the cerebral
thrombosis model. IR-820 is further employed for
NIR-II fluorescence imaging guided photothermal
therapy. Under 793 nm laser irradiation, the
subcutaneous tumors on mice can be obviously
inhibited or even completely eradicated without
regrowth or recurrence. Biocompatible and excretable
IR-820 is promising for NIR-II fluorescence
biomedical functional imaging and related clinical
translation in the future.

Methods

Materials: IR-820 was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd.. Fetal
bovine serum (FBS) was purchased from Gibco.
Phosphate-buffered saline (PBS) was obtained from
Sinopharm Chemical Reagent Co., Ltd., China.
Deionized (DI) water prepared through an Eco-Q15

deionized  water system  (Shanghai Hitech
Instruments Co., Ltd.)) was wused in all the
experimental ~ procedures  unless  specifically
mentioned.

General methods: The absorption spectra were
measured by a Shimadzu 2550 UV-vis scanning
spectrophotometer. The photoluminescence spectra
were recorded with a lab-built system based on a
PG2000 spectrometer (Ideaoptics Instruments) and a
2000C spectrometer (Everuping optics Co., Ltd.)
(Figure S12).

Quantum yield (QY) measurements: In order to
measure the quantum yields (QYs) of IR-820 in water
and IR-820 in serum, a reference of ICG with a
nominal QY of 5.995% (beyond 900 nm) in DMSO was
chosen [79]. The absorption spectra were measured
using the Shimadzu 2550 UV-vis scanning
spectrophotometer and the photoluminescence (PL)

measurement was carried out on a FLS980
fluorescence spectrometer (Edinburgh Instruments
Ltd.). In Figure S13, the slopes of the straight lines
describing the dependence of NIR-II fluorescence
intensity upon OD (one from the reference of ICG in
DMSO and the others from IR-820 in water and IR-820
in serum) were obtained. The NIR-II QY (Q:) of the
sample was calculated as follows: [80]

2
Fslopez . n;

Qz Ql Fslopel n12

Where Q) is the QY of ICG in DMSO (5.995%, in
NIR-II region), Foper is the slope value for ICG in
DMSO. Figpe2 is the slope value for IR-820 in water or
IR-820 in serum. n; is the refractive index of water or
serum, n; is the refractive index of DMSO (solvent of
ICG).

Photothermal property of IR-820: IR-820 in aqueous
solution (0.5 mg/mL, 50 pL) was irradiated by a 793
nm CW laser (Suzhou Rugkuta Optoelectronics Co.,
Ltd., China) with various intensities (0.5, 1.0 and 1.5
W/cm?) for 10 min, respectively. The temperatures
were recorded every 10 s by an infrared thermal
imaging camera (Ti25, Fluke IR Fusion Technology
Inc., USA).

Measurement of photothermal conversion efficiency:
To measure the photothermal conversion efficiency,
IR-820 (0.1 mg/mL, 60 uL in water) in centrifuge tube
was irradiated by the 793 nm laser (0.5 W/cm?). When
the temperature of the solution raised to the
maximum, the laser was switched off to cool off the
solution until the room temperature. During the
process, the temperature of the solution was
monitored every 10 s. Finally, the photothermal
conversion efficiency (1)) was calculated by equation:
[81]

_ hS(Tmax - Tsurr) - Qdis
7 I(1 — 10-4753)

Where h represents the heat transfer coefficient,
S is the container’s surface area, T is the maximum
laser-triggered temperature, Tsurr is the indoor
temperature, Qu;s is the heat dissipation caused by the
light absorbing of centrifuge tube, I is the power of
laser (0.21 W), and A7gs is the absorbance of IR-820 at
793 nm. The value of /S can be calculated by equation:

hs = Molo
TS

Where mp is the mass (0.06 g), Cp the heat
capacity of solvent (water, 4.2 J/g), and 7, is the time
constant of sample system.

Optical system for NIR-II fluorescence whole-body
imaging: As shown in Figure S14A, an
electronic-cooling 2D (640 pixels x 512 pixels) InGaAs
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camera (TEKWIN SYSTEM, China) was equipped by
a prime lens (focal length: 50 mm, Edmund Optics)
with antireflection (AR) coating at 800-2000 nm. 793
nm laser beam was coupled to a collimator and
expanded by a lens to provide uniform illumination
on the irradiation area (intensity: ~ 20 mW/cm?),
which was around 40 cm away under the camera.
During the imaging, one filter (1200 nm long-pass,
Edmund Optics) were utilized to extract the NIR-II
fluorescence signals, as well as filter away 793 nm
excitation. Owing to the good sensitivity of the
camera at the spectral range of 900-1700 nm, the
NIR-II fluorescence images of samples placed in the
illumination area could be well recorded.

Optical system for NIR-II fluorescence microscopic
imaging: NIR-II fluorescence microscopic imaging
system was based on a commercial upright
microscope (RX50, Sunny) and a 793 nm excitation
laser (Figure S14B). After passing through a 980 nm
long-pass dichroic mirror and an air objective lens
(LSM03, WD = 251 mm, Thorlabs), an infrared
transmission water-immersed object
(XLPLN25XWMP2, 25%, NA = 1.05, Olympus) or a
pryer endoscopic objective (70%, WD = 240 pm, NA =
0.7, Micro Control Instruments), the 793 nm laser
beam illuminated onto the observed sample. NIR-II
fluorescence images of the sample were collected by
the same objective, and recorded with the
aforementioned InGaAs camera after passing through
the long-pass dichroic mirror and a 1200 nm long-pass
filter (Thorlabs).

NIR-II fluorescence confocal scanning microscope: As
shown in Figure S15, a 793 nm laser beam utilized as
the excitation source was introduced to the confocal
scanning unit and then reflected by a 900 nm
long-pass dichroic mirror. Passing through a scan lens
and a tube lens, the laser beam was finally focused
into the sample (e.g. mouse brain) through a
water-immersed object (XLPLN25XWMP2, 25%, NA =
1.05, Olympus). NIR-II fluorescence was collected
with the same objective in the opposite direction, and
passed through the 900 nm long-pass dichroic mirror
and an optical filter (900 nm long-pass, Thorlabs).
After focused into a multimode fiber, NIR-II
fluorescence signals were eventually detected by an
NIR (950-1700 nm) sensitive PMT (H12397-75,
Hamamatsu) and amplified by an amplifier (12319,
Hamamatsu). The size of the recorded image is 512
pixels x 512 pixels (scan speed is 20 ps/ pixel).

Animal preparation: All in vivo experiments were
performed strictly following “The National
Regulation of China for Care and Use of Laboratory
Animals” and approved by the Institutional Ethical
Committee of Animal Experimentation of Zhejiang
University. Institute of Cancer Research (ICR) mice

(6-7 weeks old, female) and BALB/c nude mice (6-7
weeks old, male) were provided from the SLAC
laboratory Animal Co. Ltd. (Shanghai, China) and
housed in the Laboratory Animal Center of Zhejiang
University (Hangzhou, China). The animal housing
area was maintained at 24 °C with a 12 h light/dark
cycle, and animals were fed with water and standard
laboratory chow.

In vitro NIR-II fluorescence cell imaging: When
UMUCS cells were cultured in 35 mm cultivation
dishes at a confluence of around 70%. 1 mL DMEM
complete medium with IR-820 (10 pg/mL) was added
to a UMUCS3 cell plate and 1 mL DMEM complete
medium without IR-820 was added to another
UMUCS cell plate as a control experiment. The cell
incubation process lasted for 2 h at 37 °C and 5% CO»
condition. Then the cells were imaged using a
wide-filed NIR-II fluorescence microscope when
washed thrice with 1 x PBS.

In vivo whole-body NIR-II fluorescence imaging:
NIR-II fluorescence images of mice were recorded,
using the aforementioned NIR-II fluorescence
whole-body imaging system. The anaesthetized mice
were put on the platform, and intravenously injected
with IR-820 (0.5 mg/mL, 200 pL). They were then
immediately irradiated with the 793 nm laser (20
mW/cm?), and images were taken at various time
points post injection.

In vivo NIR-II fluorescence cerebrovascular imaging:
The skulls of mice were opened up through
microsurgery after mice were anesthetized, and then a
round thin cover glass slide was mounted onto the
mouse brain and directly adhered to it through dental
cement. The cover glass slide could ensure the
microscopic imaging quality by flattening the mouse
brain, as well as protecting it [82]. The head of mouse
was immobilized prior to brain angiography, and the
anesthetized mouse was then intravenously injected
with 200 pL 1 x PBS solution of IR-820 (0.5 mg/mL)
and imaged with the aforementioned NIR-II
fluorescence microscopic imaging system. Imaging
was quickly conducted within a short time window
(usually less than 10 min), before IR-820 was
completely captured by the hepatobiliary and renal
system.

Preparation of permanent MCAQO model: Mice were
anesthetized for surgery via inhalation of isoflurane.
Cerebral blood flow (CBF) was determined in the area
of the middle cerebral artery (MCA) by laser Doppler
flowmetry. Permanent middle cerebral artery
occlusion (pMCAO) model was performed in the
mouse as described previously [83]. Briefly, a 6-0
nylon monofilament suture, blunted at the tip and
coated with 1% poly-l-lysine, was inserted 10 mm
from external carotid artery into internal carotid to
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occlude the origin of the MCA. Animals those had less
than 80% reduction in CBF in the core of the MCA
area were excluded from the study. Body temperature
was maintained at 37 °C by a heat lamp during
surgery.

Tumor models: The UMUCS3 cells (human bladder
cancer cell line) were obtained from the Cell Culture
Center of the Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences (Shanghai,
China) and cultured in the standard media
recommended by American type culture collection
(ATCC), and corresponding tumor models were
established via the subcutaneous injection of UMUC3
cells (1x107 cells in 100 pL serum-free DMEM
medium) into the foreleg armpit of the male BALB/c
nude mice.

In vivo photothermal therapy: Twenty mice were
separated into 4 groups when the tumor volume
reached approximately 120 mm? (n = 5 per group):
Mice in two groups were intramuscularly injected
with PBS (100 pL), while the mice in the other two
groups were intramuscularly injected with PBS
dispersion of IR-820 (2 mg/mL, 100 pL). One group of
PBS treated mice and one group of IR-820 treated
mice were anesthetized 48 h post injection, and then
irradiated by the 793 nm laser on the tumour site for
10 min, with the power density of 2 W/cm?. The other
group of PBS treated mice and the other IR-820
treated mice were not irradiated. Infrared
thermographic images and temperature changes on
tumor sites were monitored by an infrared thermal
imaging camera. During treatment, mice body weight
and tumor sizes were measured every other day while
the tumor morphologies were recorded with a
cellphone every week. To measure the tumor sizes,
the largest length and width of the tumors were
recorded by using a vernier caliper. The tumor
volume was calculated according the following
formula: volume = length x width? x 0.5. The tumor
volume was regarded as “0” at its disappearance. In
order to investigate the effect of in vivo photothermal
therapy with IR-820, after PTT the tumors were sliced
and stained with hematoxylin and eosin (H&E) and
terminal  deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL). The tissues samples
were then analyzed under an inverted optical
microscope and an inverted fluorescence microscope,
respectively.

Histological examinations: Healthy female ICR
mice were intravenously injected with IR-820 (0.5
mg/mL, 200 pL) and sacrificed 1 day and 28 days post
the treatment. Major organs from the treated mice
were collected and fixed in 10% formalin, processed
routinely into paraffin sectioned, stained with

hematoxylin and eosin, and imaged under an inverted
optical microscope.

Toxicological — analysis: Twelve mice were
randomly divided into two groups. Each mouse in the
experiment group was intravenously injected with
200 pL IR-820 solution (0.5 mg/mL in 1 x PBS) and
each mouse in the control group was intravenously
injected with 200 uL PBS (1 %) solution. 1 d and 28 d
post treatment, blood samples (n=3) collected from
mice in the two groups were utilized for blood routine
examination and hepatic & renal functions test. For
each mouse, 0.3 mL blood sample was added into
evacuated tubes with EDTA for blood routine
examination, while another 0.6 mL blood sample was
added into evacuated tubes without EDTA and then
separated by centrifugation (2,000 rpm/min) for
hepatic & renal functions test. Blood routine
examination and hepatic & renal functions test were
further conducted on a BC-2800 Vet Animal Auto
Biochemistry  Analyzer (MINDRAY) and an
ARCHITECT C16000 (ABBOTT) Clinical Chemistry
Analyzer system, respectively.

Statistical analysis: All results presented are mean
* standard deviation (SD). Statistical analysis was
performed using Student’s t-test. * denotes a statistical
significance (* P < 0.05, ** P < 0.01, and *** P < 0.001)
between the experience data of two groups.
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