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Abstract

Real-time optical imaging is a promising approach for visualizing /n vivo hemodynamics and
vascular structure in mice with experimentally induced peripheral arterial disease (PAD). We
report the application of a novel fluorescence-based all-optical imaging approach in the near-
infrared I1b (NIR-11b, 1500-1700 nm emission) window, for imaging hindlimb microvasculature
and blood perfusion in a mouse model of PAD. In phantom studies, lead sulfide/cadmium sulfide
(PbS/CdS) quantum dots showed better retention of image clarity, in comparison with single-
walled nanotube (SWNT) NIR-Ila (1000-1400nm) dye, at varying depths of penetration. When
systemically injected to mice, PbS/CdS demonstrated improved clarity of the vasculature,
compared to SWNTSs, as well as higher spatial resolution than /in vivo microscopic computed
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tomography. In a mouse model of PAD, NIR-1Ib imaging of the ischemic hindlimb vasculature
showed significant improvement in blood perfusion over the course of 10 days (P<0.05), as well as
a significant increase in microvascular density over the first 7 days after induction of PAD. In
conclusion, NIR-I1b imaging of PbS/CdS vascular contrast agent is a useful multi-functional
imaging approach for high spatial resolution imaging of the microvasculature and quantification of
blood perfusion recovery.

Graphical Abstract
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1. Introduction

Fluorescence imaging is a promising approach for real-time visualization of /n vivo
hemodynamics and vascular structure. Compared to fluorescence imaging in the visible and
near-infrared wavelengths (<900 nm), imaging in the second near-infrared window (NIR-II,
1000-1700 nm) allows for deep-tissue and high-resolution, owing to large fluorophore
Stokes shifts and reduced scattering of photons traversing biological tissues.!*=3] Various
kinds of NIR-I1 agents have been reported by us and others, including polymers,[4-71 small
molecular dyes, 811 quantum dots,[12-15] rare-earth nanocrystals,[16-1%] and single walled
nanotubes (SWNTs).[20-23] Within the NIR-11 window, agents in the long end of the NIR-II
window (hamed the NIR-I1b optical window, 1500-1700nm) are characterized by greater
spatial resolution and deeper penetration depth, than when compared to agents that fluoresce
in the NIR-Ila optical window (1100-1400 nm), along with nearly zero endogenous tissue
autofluorescence.

A clinically relevant application of NIR-11 imaging is for imaging of the vasculature in
ischemic tissue in which there is reduced blood flow. In particular, peripheral arterial disease
(PAD) is characterized by the narrowing of the arteries that supply blood flow to the limbs,
and affects over 10 million people in the United States.[24] Patients with a severe form of
PAD have critical limb ischemia and are at risk of limb amputation. Biological approaches to
treat PAD, including cell or protein therapies have shown only moderate benefit in late-
phase clinical trials.[25-27] Accordingly, there is a great demand for new biological or
pharmacological therapies that can improve vascular generation and restore blood perfusion
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to the site of limb ischemia. Experimental therapies to treat PAD are frequently tested in a
murine model of PAD.[28] Therefore, the ability to employ NIR-11 vascular contrast agents to
evaluate the efficacy of experimental therapies based on non-invasive hemodynamic and
anatomical information would be beneficial.

Previously, we reported the application of SWNTSs that are intrinsically fluorescent in the
NIR-11a optical window.[20: 211 \When injected intravenously into mice as a blood contrast
dye, coupled with real-time video acquisition, the SWNTSs served as a multi-functional dye
that achieved higher spatial resolution in vascular architecture when compared to
conventional microscopic computed tomography (UCT), while matching the temporal
resolution of blood flow quantification using ultrasonography.[20] NIR-Ila imaging of

SWNTSs in ischemic hindlimbs led to quantitative assessment of blood perfusion recovery.
[21]

We recently developed molecular imaging agents derived from the NIR-11b optical window
(1500-1700nm).[17. 291 Here, we apply the use of a NIR-I1b agent, lead sulfide/cadmium
sulfide (PbS/CdS)[30. 31 as a vascular contrast agent for imaging of the murine hindlimb
vasculature in normal and ischemic conditions. We show that the NIR-11b vascular contrast
dye shows superior fluorescence imaging clarity and resolution compared to the SWNT
NIR-1la contrast agent, along with improved image resolution compared to UCT. As a multi-
functional dye, PbS/CdS further provides dynamic quantification of blood flow and blood
perfusion over the course of recovery from hindlimb ischemia.

2. Results and Discussion

2.1. Comparison of NIR-Il Fluorescence imaging using SWNTs and PbS/CdS in Tissue

Phantoms

Compared to conventional NIR-I (700-900 nm) and NIR-II (1000-1700 nm) windows,
fluorescence imaging in the NIR-11b window (1500-1700 nm) benefits from significantly
reduced tissue scattering and autofluorescence, which could afford higher spatial resolution
and deeper tissue penetration. In this study, PbS/CdS was used as a NIR-11b contrast dye due
to its longer emission wavelength and higher quantum yield, compared to previously
reported values for SWNTs,[32 331 which makes it suitable for deep tissue imaging with
higher spatial and temporal resolution. PbS/CdS core/shell quantum dots were prepared
according to reported methods.[34 351 The surface was modified by a mixture of MPEG-NH?2
(M.W. =5 k) and 8-arm PEG-NH2 (M.W. = 40 k) to increase the biocompatibility (Figure
1A). As prepared, PbS/CdS quantum dots had a high quantum yield of ~2% - 20% (using
quantum yield of IR26 = 0.05% - 0.5% in DCE as a reference) with an emission peak at
~1600 nm (Figure 1B) and endogenous autofluorescence in the NIR-I11b window (Figure
1C). The mean size of the quantum dots was 6.8 + 0.3 nm (Figure S1), based on
transmission electron microscopy (TEM). Next, a tissue phantom study using Intralipid (1
wt% aqueous solution) that mimics the optical properties of biological tissues was
performed to compare the clarity and penetration depth of PbS/CdS and with NIR-lla
contrast agent, SWNTSs (Figure 1D). The reduced scattering coefficient of Intralipid is
inversely proportional to wavelength (15 = 1.64724 where 4 is the reduced scattering
coefficient (in mm=1) and A is the wavelength (in pm)). Capillary tubes filled with PbS/CdS
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or SWNTs were immersed at different depths. When the capillary tubes were close to the
surface (depth = 0 or 2 mm), a sharp image could be formed in both NIR-1la and NIR-I1b
windows (Figure 1D). However, the measured size of the capillary tube was significantly
broadened with the increase of depth in the NIR-11 window. In contrast, a sharp image could
be maintained in the NIR-I1b window at a penetration depth of 6 mm (Figure 1E) due to
largely reduced scattering. The phantom study indicated that using PbS/CdS as a NIR-II
contrast dye could afford better spatial resolution at deeper tissue penetration.

2.2 NIR-lla and NIR-lIb Fluorescence Imaging of Murine Hindlimb Vasculature

Since SWNT has been used previously as a NIR-Ila contrast dye for imaging of mouse
hindlimb vasculatures, we next compared the imaging clarity and spatial resolution of the
two contrast dyes, SWNTSs (200 L, 0.1 mg/mL) and PbS/CdS (200 pL, 5 mg/mL) by
sequential injection into the same mice. The image was recorded using a liquid nitrogen-
cooled 2D InGaAs camera with different emission filters, and an adjustable lens set was
used to afford different magnification. When SWNT was used as a contrast agent, there was
a high background signal due to tissue scattering and autofluorescence. In contrast, when the
same mouse was imaged in the NIR-11b window using PbS/CdS as a contrast agent, there
was a significantly improved spatial resolution and signal-to-background ratio at all
magnifications (Figure 2A-F). The vessel structure could be clearly identified at the whole-
body level (Figure 2B) or at the hindlimb level (Figure 2F). To confirm that the fluorescence
intensity was derived from PbS/CdS quantum dots and not from SWNTSs, we demonstrated
that SWNTSs had no fluorescent signal in the NIR-11b window (Figure S2).

Using movies capturing NIR-11a and NIR-I1b fluorescence within the vasculature upon tail
vein injection, principal component analysis (PCA) was performed to differentiate arteries
and veins. When SWNTSs or PbS/CdS was injected intravenously into a mouse, the
fluorescence signal from the femoral artery was first observed, followed by the signal from
the femoral vein. By grouping pixels with similar time variance behavior into different
component, femoral artery could be differentiated from the venous vessels. The PCA for
SWNTSs and PbS/CdS showed similar assignment results for the same vessel, indicating
PbS/CdS could also be used to identify arteries and veins.

Fluorescence imaging at higher magnification was next performed to visualize smaller,
higher-order branches of blood vessels (Figure 2E,F). The diameter of the vessels was
measured by calculating the Gaussian-fitted full width at half maximum (FWHM) of the
cross-sectional fluorescence intensity profile (Figure 2G,H). Compared to PbS/CdS, SWNTSs
generally showed a ~1.5-2 fold broadening of the same vessel structure, which could be
attribute to stronger scattering of photons at lower wavelength. Consequently, the size of the
vessels could be more accurately determined by using PbS/CdS as a contrast agent.

2.3 Comparison of Murine Hindlimb Vascular Imaging between NIR-IIb and puCT

We next compared the quality of the murine hindlimb vasculature by NIR-I1b imaging of
PbS/CdS contrast dye to UCT imaging. The resulting uCT images reflect a 3D volume

rendering that display the contrast-enhanced regions of the animal (ie, the vasculature) as
well as the skeletal structures. By sequentially imaging the same mice using both imaging
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techniques at a similar voxel size, a side-by-side comparison could be made. As shown in
Figure 3A,B, NIR-I1b imaging showed superior visualization of microvasculature below the
knee, compared to puCT imaging. Furthermore, the number and width of vessels were
quantified by image analysis, in which the intensity values that intersect the line
perpendicular to the femoral vessels were measured (Figure 3C,D). The histograms showing
intensity versus physical location were used to identify vessels represented by individual
peaks based on either NIR-11b or uCT images. Based on image analysis, NIR-11b imaging
could detect 5 times greater number of hindlimb vessels, compared to uCT imaging (51+2
vessels NIR-11b vs 11+2 vessels pCT) (Figure 3E). Furthermore, NIR-11b could resolve more
small vessels (<100um diameter) than uCT imaging (Figure 3F). These data suggested that
NIR-11b was able to a greater number of small vessels, compared to uCT imaging.

A variety of imaging modalities, including laser Doppler spectroscopy, magnetic resonance
imaging, and uCT have been used for dynamic vascular perfusion measurement or vascular
structural imaging.[36-391 In comparison, NIR-11b fluorescence imaging has shown high
spatial and temporal resolution like uCT with dynamic perfusion measurements like laser
Doppler spectroscopy. Different kinds of NIR-11 fluorophores have been developed for /in
vivo imaging, including SWNTSs, quantum dots, rare-earth nanoparticles, conjugated
copolymers and organic small-molecule fluorophores.[8: 17. 21, 40, 41] These fluorophores
have been utilized for visualizing cerebral or hindlimb vasculatures, targeting tumors, and
mapping lymph nodes.[17: 20. 42-44] However, most NIR-11 fluorophores emit at the NIR-1la
(1000-1400 nm) window, which limits tissue penetration and spatial resolution. In
comparison to NIR-Ila fluorophores, PbS/CdS quantum dots have longer emission
wavelength and higher quantum yield in agueous solution, which makes it suitable for deep
tissue imaging with higher spatial and temporal resolution.

2.4 NIR-lIb Imaging of Blood perfusion Recovery in Ischemic hindlimb

To apply NIR-I1b imaging for vascular perfusion recovery in the setting of PAD, we induced
unilateral hindlimb ischemia by ligation and excision of the femoral artery. At time points
between 0-10 days after induction of ischemia, the mice were evaluated for tissue perfusion
based on NIR-I1b imaging, in comparison to conventional laser Doppler spectroscopy
(Figure 4A-D).

Similar to laser Doppler spectroscopy, NIR-I1b fluorescence—based dynamic perfusion
imaging revealed a steady and statistically significant (P<0.05) recovery of blood perfusion
to the ischemic hindlimb from day O to day 10 after surgery (Figure 4E), with both perfusion
quantification approaches reaching greater than 80% perfusion on day 10 post-surgery.
However, in comparison to laser Doppler images, those derived from NIR-I1b fluorescence
imaging afforded higher spatial resolution and discrimination of vascular structures in the
hindlimb, resembling that of angiograms (Figure 4A,B).

Based on real-time video acquisition of PbS/CdS movement within the vasculature of the
hindlimbs (Video 1 & Video 2), blood flow to the ischemic limb could be quantified as a
function of time (Figure 4F). The calculated absolute blood flow rate of the ischemic limb
exhibited a statistically significant increase (P < 0.05) as a function of time post hindlimb
ischemia from day 0 to day 10. Consistent with previous studies that have shown little
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toxicity of SWNTSs or PbS/CdS at such concentration i vivo, 45471 we detected no
evidence of acute toxicity based on histological analysis of spleen and liver samples within
24h after contrast agent injection (data not shown). These findings demonstrated the multi-
functional ability of NIR-I1b imaging to provide structural information of vascular structure
similar to uCT imaging, while providing blood perfusion quantification similar to that of
laser Doppler spectroscopy.

2.5 Structural Imaging of Vascular Regeneration in Ischemic Hindlimb

NIR-I1b imaging at higher magnification was then performed to analyze the change of
vasculature anatomy in response to hindlimb ischemia (Figure 5A). Compared to the
vasculature on day 0, large number of regenerated vessels could be visualized on the
ischemic hindlimb in response to the surgical excision of the femoral artery on day 7. In
contrast, the vasculature structure of the control (un-operated) limb remained unchanged.

Besides providing information about tissue perfusion, NIR-11b fluorescence imaging was
used to quantify the microvascular density in the ischemic hindlimb. The number of
microvessels of the control and ischemic limb was counted manually, and the relative
microvasculature density (ischemic/control) was plotted as a function of time (Figure 5B).
The results showed a statistically significant increase (P < 0.05) of microvascular density of
the ischemic limb at day 7 post hindlimb ischemia, followed by a return to normal vessel
numbers at day 10, consistent with previously reported results.[2X] The results were further
confirmed by using an automatic fast Fourier transform (FFT) method of counting vessel
numbers (Figure S3). The transient enhancement in microvascular density is likely attributed
to acute remodeling in response to tissue ischemia by the initial recruitment of collateral
vessels, followed by their gradual regression with tissue remodeling. Together, these data
demonstrate the ability of NIR-11b imaging to visualize vascular regeneration and quantify
blood perfusion recovery in a mouse model of PAD.

Although NIR-IIb imaging using PbS/CdS quantum dots as the contrast agent showed great
promise for imaging vessel regeneration, there are still some limitations of this method that
needs to be considered. First, although NIR-1Ib imaging is at least comparable to pCT with
respect to spatial resolution, it currently lacks sufficient depth of penetration that is required
for clinical translation. As new contrast dye agents evolve with time, the penetration depth
will likely become less of a concern. Another potential concern is the toxicity of the
quantum dots. Although PbS/CdS quantum dots did not show acute /n7 vivo toxicity in this
study, the long-term toxicity of the material needs to be assessed more carefully. Developing
NIR-I1b-emitting small-molecule fluorophores with low toxicity would facilitate clinical
translation of NIR-Ilb imaging. In addition, the spatial and temporal resolution of the
fluorescence images is limited by the pixel size and the frame rate of the InGaAs camera
used. With the development of new near infrared detection techniques, a diffraction-limited
spatial resolution (< 1 um) and an ultrafast frame rate (>60 frames per second) can be
achievable. Despite these limitations, the benefits of NIR-11b imaging will likely lead to
more widespread use of this technology for cardiovascular imaging.
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3. Conclusion

In conclusion, the salient finding of this study is that: 1) NIR-I1b fluorescence imaging using
PbS/CdS contrast agent enables dynamic tissue perfusion measurement and high-resolution
structural vascular imaging in a mouse model of PAD; 2) This multifunctional non-invasive
imaging approach; combines the function of laser Doppler spectroscopy and vessel imaging
quality of uCT imaging into a single modality; 3) Compared to our previously characterized
SWNT NIR-lla contrast agent, PbS/CdS showed superior imaging quality and clarity of
vascular structures; and 4) Using NIR-11b imaging of PbS/CdS, the recovery of limb
perfusion after the induction of hindlimb ischemia could be quantitatively assessed for tissue
perfusion and microvascular density simultaneously. Consequently, this approach is an
attractive non-invasive approach for obtaining multi-functional data using a single imaging
modality.

4. Experimental Section
Synthesis of PbS/CdS NIR-IIb Vascular Contrast Agent:

PbS/CdS was synthesized using a modified procedure described previously.[34:35] Briefly,
monodispersed PbS quantum dots were first synthesized by a hot-injection method. A CdS
layer was then coated on the surface of as-prepared PbS through cation exchange. To further
increase its water solubility and biocompatibility, the carboxylic acid groups on the surface
of the quantum dots were polyethylene glycol-modified (PEGylated) with mPEG-NH, (5
kDa, Laysan Bio) and 8-arm-PEG-NH> (40 kDa, Advanced BioChemicals).

Preparation of SWNT NIR-lla Vascular Contrast Agent:

Biocompatible SWNTs with NIR-11 emission of 1100-1400 nm were prepared using a
surfactant exchange method according to previous publications.[!: 20. 2148] Briefly, raw high
pressure carbon monoxide conversion SWNTs (Unidym) were suspended in a solution of 1
wt% sodium cholate by bath sonication for 1 hour. The solution was centrifuged at 300, 000
g for 1 hour to remove large bundles. The supernatant was mixed with DSPE-mPEG
(1,20distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)
5000]) at a concentration of 1 mg/mL, and dialyzed against PBS with a 3500 Da membrane
(Fisher) to remove sodium cholate. As-prepared SWNTSs were centrifuged again at 3x10%g
for 1 hour to remove aggregates. TEM imaging, as described previously,[35] was performed
to image the size of the quantum dots.

Measurement of PbS/CdS Fluorescence Emission Spectrum:

The NIR-I1b fluorescence emission spectrum of PbS/CdS was measured by a home-built
NIR-11 spectrometer. The excitation source was an 808 nm fiber-coupled diode laser (RMPC
lasers). The excitation light was filter by selected short-pass filters, and passed through a 1-
cm path quartz cuvette filled with PbS/CdS solution. The emission light was filtered by a
900-nm long-pass filter (Thorlabs) and directed into a spectrometer (Acton SP2300i)
equipped with an InGaAs linear array detector (Princeton OMA-V). The raw data was
corrected according to the sensitivity of the detector and the absorbance features of the
emission filter.
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Penetration Depth of PbS/CdS in Tissue Phantom:

The penetration depth of PbS/CdS was compared to SWNTSs using an absorbing and
scattering medium (Intralipid®), as described previously.[!] Glass capillary tubes were filled
with either SWNTSs (0.01 mg/mL) or PbS/CdS (0.5 mg/mL) and taped to the bottom of a
cylindrical dish. The dish was filled with different volumes of 1% Intralipid® (Fresenius
Kabi) that approximates the wavelength dependence of light scattering in biological tissues.
[49-51] The depth of the capillary tubes was calculated from the area of the dish. The
capillary tubes were excited by an 808 nm fiber-coupled diode laser (RMPC lasers) at a
power density of 140 mW/cm2. The excitation light was collimated and filtered by an 850-
nm short-pass (Thorlabs) and a 1000-nm short-pass (Thorlabs) filter. The emission light was
allowed to pass through emission filters (900-nm long-pass and 1100-nm long-pass for
SWNTSs, 1100-nm long-pass and 1500-nm long-pass for PbS/CdS) and was collected by a
two-dimensional, liquid-nitrogen-cooled InGaAs array with 319x256 pixels.

Comparison of PbS/CdS and SWNT for Fluorescence Imaging of Mouse Hindlimb:

All animal procedures were approved by the Administrative Panel on Laboratory Animal
Care at Stanford University. To first compare the imaging clarity of SWNTs and PbS/CdS in
vivo by NIR-I1 fluorescence imaging, each healthy C57/BL6 mice (male, 8 weeks old,
Charles River) was mounted on a stage beneath an 808 nm diode laser (RMPC lasers). The
excitation light was collimated and filtered by an 850-nm short-pass (Thorlabs) and a 1000-
nm short-pass (Thorlabs) filter, and the power density was 140 mW/cm?2. The emission light
from the mouse was filtered through emission filters (900-nm long-pass and 1100-nm long-
pass for SWNTSs, 1100-nm long-pass and 1500-nm long-pass for PbS/CdS) and was
collected by a two-dimensional, liquid-nitrogen-cooled InGaAs array with 319%256 pixels.
Different lens sets were used to obtain tunable magnifications from 1x to 10x. An imaging
setup with 1x magnification was used for video-rate imaging. The two-dimensional InGaAs
array was set to expose continuously, and fluorescence images were obtained by Labview
software. The camera started recording immediately after a 200-pL solution of SWNTs (0.1
mg/mL) was injected into the mouse tail vein. The exposure time was 100 ms, and the frame
rate was 5.3 frames/second, due to the overhead time for the acquisition of each frame. To
perform hindlimb vascular imaging, the mouse was imaged ~ 60 minutes after injection
using a setup with 10x magnification. For direct comparison of vascular imaging clarity, the
same mouse was then allowed to recover before being injected with a 200-pL solution of
PbS/CdS (5 mg/mL). Video-rate imaging and vessel structural imaging were then performed
using a setup with 1x and 10x magnification, respectively (n = 5). The imaging method was
similar to the one used for SWNTSs, except that the exposure time of video-rate imaging was
20 ms.

Vessel Structural Imaging Using NIR-1I Fluorescence Imaging of PbS/CdS:

An imaging setup with 10x magnification was used for vessel structural imaging, and the
pixel size was 28 pm. The mice were imaged at ~60 minutes after injection. For vessel width
analysis, the NIR-1l image obtained by the camera was loaded into an array using MATLAB
software. A line was drawn perpendicular to the vessel of interest, and the intensity of each
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pixel on the line was extracted. The line profile was fitted using a Gaussian function, and the
full width at half maximum of the peak was the width of the vessel.

To analyze relative vessel density, vessels of the control or ischemic hindlimb was counted
one by one, as described previously.[?1] Duplication in vessels counted, such as branches of
a larger vessel, was subtracted from the total number of vessels. The total number of vessels
of the ischemic limb was normalized against that of the control limb to give relative
microvascular density (n=5). A second method using fast Fourier transformation (FFT), as
described in previous publications,[?1] was used to further validate the results. A Fourier
bandpass filter for vessel width between 28 um and 224 pm was applied to an image of the
mouse hindlimb. The filtered frequency domain plot of the ischemic limb was integrated and
normalized against the corresponding value of the control limb to obtain the relative vessel
density.

Comparison of Vessel Structures between NIR-1Ib and pCT Imaging:

For comparison to that of NIR-11b imaging, vessel structural imaging of normal mice was
performed using a PCT scanner (Skyscan 1276, Bruker). In the anesthetized state, the mice
were injected with AuroVist 15nm gold nanoparticles (Nanoprobes) contrast agent (12 mg
Au in 0.2ml PBS) into the tail vein. The contrast agent was injected slowly into the tail vein
of the mice during 30 to 60 s to prevent embolization. The UCT scans were acquired within
30 minutes after injection. The animals were placed in prone position in the scanner and
anesthetized with 2% isoflurane with a 1-L/min O2 flow rate. Each scan was acquired using
the settings of 70 kV, 200 uAmps with 0.5 mm aluminum filtration, 0.8° step size, detector
binning 4x4 and 450 views (2 frames average, 158msec/frame exposure) per animal (total
scan time ~7 minutes). After acquisition of contrast-enhanced uCT images, three-
dimensional reconstruction to a 32-um isotopic voxel size was performed using NRecon
software and the InstaRecon processing interface, and reconstructed data was imported into
Amira 5.6 for visualization. The images had no perspective applied to them such that the
depth dimension is the same as the x-y scales shown on the image. For vessel width analysis,
a line was drawn on each uCT image, perpendicular to the vessels of interest, while avoiding
the bone features. Then the contrast profile was analyzed in a manner similar to NIR-11
images to obtain vessel widths (n=3). Where specified, animals were euthanized within 24h
after PbS/CdS dye injection for cryosectioning and subsequent hematoxylin and eosin
staining of tissue sections for analysis of acute toxicity.

NIR-IIb Imaging of Blood Perfusion in the Ischemic Hindlimb Using PbS/CdS Contrast

Agent:

Male C57/BL6 mice were anesthetized and maintained under 2% isoflurane and oxygen
flow rate of 1 L/min. In the anesthetized state, unilateral hind limb ischemia was induced by
ligation and excision of the left femoral artery, as previously reported.[37:52] The right limb
served as the non-ischemic control. NIR-I1b imaging was performed on ischemic hind limbs
using PbS/CdS contrast dye using the same protocol for healthy hindlimbs described above.
The time points of NIR-11 imaging (days 0, 3, 7, and 10) referred to the number of days after
induction of hindlimb ischemia (n>4 per time point). NIR-I1b fluorescence-based blood
perfusion measurement was performed based on methods described in previous publications.
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[20. 21] An imaging setup with 1x magnification was used. For video-rate imaging, a mouse
was mounted on the stage in its supine position before injection. To calculate the relative
blood perfusion, imaging frames from t = 0 to t = 60 seconds post-injection were loaded into
an array using MATLAB software. The same regions of interest of both control and
ischemic limbs were selected from the imaging frames, and the average fluorescence
intensity was plotted as a function of time. The fluorescence intensity increased linearly
before reaching a plateau. The fluorescence signal was normalized against the saturation
level of the control hindlimb. A linear fit was performed on the rising edge of the normalized
curve, and the slop represented the blood perfusion level of the hindlimb. The slope of the
ischemic limb was then normalized against the slope of the control limb to obtain the
relative blood perfusion.

To calculate the absolute blood flow velocity of the hindlimb, the position of the front of the
fluorescence signal was extracted from each frame, and plotted as a function of time, as
described previously.[2%] In early frames, the distance travelled by blood front showed a
linear increase versus time, and the slope of the linear fit was the speed of the blood flow.

Blood Perfusion Measurement by Laser Doppler Spectroscopy:

To validate blood perfusion quantification of mouse hindlimb using PbS/CdS contrast dye,
we further quantified blood perfusion using conventional laser Doppler spectroscopy (PIM3,
Permed AB).[21: 28] The animals with induced hindlimb ischemia were anesthetized and
maintained under 2% isoflurane and oxygen flow rate of 1 L/min. Hair was removed from
both hindlimbs using a depilatory cream and then prewarmed to 37°C body temperature
using a heating plate. In the supine position, laser Doppler blood spectroscopy was
performed on both hindlimbs. Blood perfusion recovery over time was expressed as the
relative ratio of perfusion in the ischemic over the non-ischemic limb (n<4).

Statistical Analysis:

Data are expressed as mean + standard deviation. For comparison of blood perfusion at
multiple time points, a repeated measure analysis of variance (ANOVA) with Bonferroni
post-test was used. Statistical analysis was performed using Graphpad Prism 6.0. Statistical
significance was accepted at p < 0.05.
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Lead sulfide/cadmium sulfide (PbS/CdS) quantum dots emitting in the near-
infrared I1b (1500-1700 nm) window demonstrate improved image clarity and spatial
resolution compared to NIR-lla (1000-1400 nm) imaging and microscopic computed
tomography. PbS/CdS is used as a contrast agent for multi-functional imaging of
hemodynamics and vascular structure in a mouse model of peripheral arterial disease
(PAD).
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Figure 1.
Comparison of PbS/CdS as a novel blood contrast dye with improved clarity and penetration

of depth, compared to SWNTSs. A. Schematic diagram showing PbS quantum dot core (red),
CdS outer coating (orange), and PMA (blue) with PEG chains on the surface. B. Emission
spectrum of PbS/CdS dye showing 1500-1700 nm. C. Fluorescence of PbS/CdS within an
eppendorf at 1500-1700 nm emission wavelength. D. Phantom studies comparing the
penetration depth of SWNTSs (NIR-11) and PbS/CdS (NIR-11Ib) at depths of 0, 2, and 6mm in
Intralipid® excited at 808 nm. The PbS/CdS sample shows less feature spread than that of
the SWNT sample. Scale bar: 5 mm. E. Full width half max (FWHM) measurements depict
the feature width of SWNT and PbS/CdS capillary images at varying depths in Intralipid®,
showing increased loss of feature integrity for the NIR-11-emitting SWNTSs, compared to the
NIR-11b-emitting PbS/CdS.
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Figure 2.
Comparison of vascular imaging in normal mice using PbS/CdS and SWNT vascular

contrast dyes. A,B. Whole body fluorescence imaging of mouse hindlimb vasculature after
systemic injection of SWNTSs by NIR-1I imaging (A), in comparison to NIR-11b imaging of
systemically injected PbS/CdS contrast agent (B). C,D. Principal component analysis of
femoral artery and vein after intravenous injection of SWNT (C) or PbS/CdS (D). E,F. High
magnification NIR-I1b fluorescence images of the hindlimb vasculature after systemic
injection of PbS/CdS (F), in comparison to NIR-1l imaging of SWNTSs (E). G,H.
Representative cross-sectional fluorescence intensity profiles of high magnification images
(E,F) along white-dashed bars of a mouse injected with either SWNTSs (G) or PbS/CdS (H).
Gaussian fits to the profiles are shown in red dashed curves. Scale bar: 2 cm (A,B); 5 mm
(C,D), 2 mm (E,F).
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Figure 3.

Comparison of NIR-I1b fluorescence imaging and microscopic computed tomographic
(UCT) images of normal mouse hindlimb vasculature. A,B. Comparison of hindlimb
vasculature between NIR-1Ib (A) and uCT (B). C,D. Representative cross-sectional
fluorescence intensity profiles of high magnification images along red bars of a mouse by
NIR-11b imaging (C) or uCT imaging (D). Gaussian fits to the profiles are shown in the
histograms (n=3). E,F. Average total vessels (E) and distribution of vessel sizes (F) detected
by NIR-1Ib and pCT (n=3). Scale bar: 2 mm (A); 5 mm (B).
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Figure 4.
Quantification of blood perfusion recovery in the ischemic limb by NIR-I1b fluorescence

imaging. A-B. NIR-IIb imaging of ischemic hindlimbs mice on days 3 and days 7 using
PbS/CdS. Fluorescence images both correspond to the time point of 10 s post-injection (p.i.).
C-D. Representative laser Doppler spectroscopy images of ischemic limbs on days 3 and 7,
respectively. E. Comparison of relative mean blood perfusion recovery in the ischemic limb
by laser Doppler spectroscopy and NIR-11b fluorescence imaging (n>4). F. NIR-11b-based
quantification of blood flow rate. Dotted line denotes mean flow rate of control non-
ischemic limb (n>4). F. Scale bar: 2 cm. Arrow points to ischemic limb. Scale bar: 2 cm
(A,B). * P<0.05, compared to day 0.
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Figure 5.
High-magnification NIR-11b fluorescence imaging of vascular regeneration in the ischemic

hindlimb. A, B, C. Fluorescence images of mouse hindlimb vasculature on days 0, 7 and 10
after induction of hindlimb ischemia. Shown are the vasculature in the ischemic limb and
control (unoperated) limb. D. Quantification of microvessel formation in the ischemic limb
during revascularization (n>4). Scale bar: 2 mm. Statistically significant difference in
comparison with day 0 is shown as */<0.05
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