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ABSTRACT

Quantum dots (QDs) are fluorescent semiconductor nanocrystals that possess a number
of superior fluorescent properties compared to more established organic dyes and
fluorescent proteins. As a result, QDs are being studied for use in a wide range of
biological applications. We have examined QDs for one such application, visualization
of blood vessels of the chick chorioallantoic membrane (CAM), a popular model for
studying various aspects of blood vessel development including angiogenesis.
Intravitally injected QDs were found to be biocompatible and were kept in circulation
over the course of four days without any observed deleterious effects. QD vascular
residence time was tunable through QD surface chemistry modification. We also found
that use of QDs with higher emission wavelengths (> 655 nm) virtually eliminated all
chick-derived autofluorescence and improved depth-of-field imaging. QDs were
compared to FITC-Dextrans, a fluorescent dye commonly used for imaging CAM
vessels. QDs were found to image vessels as well as or better than FITC-Dextrans at 2-3
orders of magnitude lower concentration. We also demonstrated that QDs are fixable
with low fluorescence loss and thus can be used in conjunction with histological
processing for further sample analysis.
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INTRODUCTION

Blood vessel development and formation is a widely researched area, due in part to
the realization that tumors recruit new blood vessels from the host for growth and
metastasis (Folkman, 1971; Folkman, 1990; Weidner et al., 1991). Intravital injection of
fluorescent molecules is a desirable method for studying blood vessels due to its
minimal-invasive nature. Using this method, numerous studies have investigated blood
vessel development and function under normal and pathological conditions. For
example, intravital injection of fluorescent molecules has been used to study properties of
microcirculation in rats (Minamitani et al., 2003), brain blood flow in live, awake mice
(Helmchen et al., 2001), vessel permeability and barrier function in the chick
chorioallantoic membrane (CAM) (Cruz et al., 2000; Cruz et al., 1997; DeFouw and
DeFouw, 2000a; DeFouw and DeFouw, 2000b; Rizzo and DeFouw, 1996; Rizzo et al.,
1995; Rizzo et al., 1993), small ovarian metastases in the abdominal cavity of human
subjects (Aalders et al., 2004), and 3D image reconstructions of tumor-associated
vasculature (Tozer et al., 2005).

Quantum dots (QDs), which are fluorescent semiconductor nanocrystals (Watson et
al., 2003), have exploded onto the biology scene, largely within the last few years
(Michalet et al., 2005). QDs have a number of advantages over most organic dyes: they
are highly resistant to photobleaching, possess broad excitation bands, have high molar
absorptivities, large Stokes shifts, narrow fluorescence emission bands, and they can emit

at a wide variety of wavelengths (Watson et al., 2003).



QDs have proven to be quite versatile as fluorescent probes, most notably due to
their ability to be functionalized. In vitro, functionalized QDs have been used for
protein/cell labeling and detection as well as for the investigation of cellular trafficking
and signal transduction (Bruchez et al., 1998; Chan and Nie, 1998; Colton et al., 2004;
Hasegawa et al., 2005; Hoshino et al., 2004; Howarth et al., 2005; Lidke et al., 2004;
Rosenthal et al., 2002; Tomlinson et al., 2005; Wu et al., 2003). In vivo, Rieger et al.
employed QDs as labeling agents for studying tissues in zebrafish embryos (Rieger et al.,
2005), and Akerman et al. showed that intravitally injected ligand-coated QDs could
specifically target organs and tumors in mice (Akerman et al., 2002). Non-invasive
imaging of mouse tumors and organs, including vasculature, has also been demonstrated
(Ballou et al., 2005; Ballou et al., 2004; Gao et al., 2004; Kim et al., 2004; Morgan et al.,
2005). Similarly, QDs were used to perform sentinel lymph node mapping by image
guidance alone in mice, rats, and pigs (Kim et al., 2004; Parungo et al., 2005; Soltesz et
al., 2006).

We now extend the use of QDs into chick CAM blood vessel imaging. First used
over 50 years ago, the CAM assay has become a mainstay of in vivo angiogenesis assays
(Auerbach et al., 2003) and a model test system for blood vessel formation and
development (Cruz et al., 2000; Cruz et al., 1997; DeFouw and DeFouw, 2000a; DeFouw
and DeFouw, 2000b; Djonov et al., 2000a; Djonov et al., 2000b; Rizzo and DeFouw,
1996; Rizzo et al., 1995; Rizzo et al., 1993). Additionally, the CAM assay has been used
to test the biocompatibility of biomaterials (Spanel-Borowski, 1989; Valdes et al., 2003;
Valdes et al., 2002) and the angiogenic nature of tissue engineered constructs (Borges et

al., 2003a; Borges et al., 2003b; Rickert et al., 2003).



In the present work we examine that QDs are an ideal fluorescence tool for imaging
CAM vessels both in situ and post-histological processing. We demonstrate that QDs are
biocompatible in the chick embryo and that they image CAM vasculature as well or
better than FITC-Dextrans, a fluorescent molecule commonly used for CAM vessel
imaging. QDs also demonstrated reduced interference from chick-derived
autofluorescence, allowed for improved depth-of-field imaging, and were fixable in both
glutaraldehyde and paraformaldehyde, thus making them valuable for fluorescence

visualization post-histological processing.

MATERIALS AND METHODS
Materials

White Leghorn eggs were purchased from a local farm and incubated at 38°C and 70%
humidity (G.Q.F. Manufacturing Co., Savannah, GA). On day three, eggs were cracked
into Petri dishes containing 4 mL Dulbecco’s Modified Eagles Medium (Gibco, Carlsbad,
CA) and incubated at 37°C. As is typically performed in the literature, FITC-Dextran
molecules (Sigma, St. Louis, MO) were prepared as 5% solutions: 98 uM 500 kD, 357
MM 150 kD, 850 uM 70 kD, 1200 uM 40 kD, and 2860 pM 20 kD FITC-Dextran.
Multiple types of QDs were generously provided by Quantum Dot Corporation
(Hayward, CA): 565 nm emission QDs conjugated with polyethylene glycol (PEG) and
streptavidin (565PEG-SAv); 585PEG-SAv; 605PEG-SAv; non-conjugated, amphiphilic
(AMP) polyacrylic acid-coated 655 nm emission QDs (655AMP); 705 nm emission QDs
conjugated with long-chain (2000 Da) amino-PEG (705PEGa); 705AMP; 755PEGa; and

long-chain (5000 Da) methoxy-PEG 800 nm emission QDs (800PEGm). QDs were



formulated in the range of 1-4 uM. Human fibrinogen (gift of ZLB Behring, King of
Prussia, PA), human thrombin (Enzyme Research Labs, South Bend, IN), and
recombinant human fibroblast growth factor-2 (FGF-2) (PeproTech Inc., Rocky Hill, NJ)
were buffered in 20 mM HEPES, 150 mM NaCl, pH 7.4. Glutaraldehyde and
paraformaldehyde, 25% and 16% in solution, respectively, were purchased from Electron

Microscopy Sciences (Hatfield, PA).

Fibrin Gel Formation

Human fibrinogen was mixed with recombinant bovine aprotinin (Sigma) and FGF-2 to a
final concentration of 13.6 mg/mL fibrinogen, 1 pg/mL aprotinin, and 10 ng/mL FGF-2.
The fibrinogen mixture (55 PL) was added to 4 pL of 100 U/mL human thrombin and 55
ML of the mixture was immediately transferred to an 8§ mm diameter X 1 mm tall mold
and allowed to gel. Fibrin disks were removed from the mold and placed on the CAM of
10-day old chick embryos. After 2 days on the CAM QD:FITC-Dextran mixtures were
injected and angiogenic responses imaged. For QD-labeled fibrinogen experiments, a
fibrinogen solution with the following final concentrations was prepared: 18 mg/mL
fibrinogen, 1 mg/mL biotinylated fibrinogen, 1 pg/mL aprotinin, 15 nM 605PEG-SAv
QDs conjugated with streptavidin, and 10 ng/mL FGF-2 in 20 mM HEPES, 100 mM

NaCl, pH 7.4. Gels were formed in the same manner as above.

Injections
QDs were sonicated for 10 minutes and mixed with an equal volume of FITC-Dextrans.

A concentrated saline solution was added to the QD:FITC-Dextran solution to 154 mM



NaCl prior to injection. Superficial CAM veins were injected with 20-25 pL of the
QD:FITC-Dextran mixture using an aspirator tube assembly (Sigma) and borosilicate
capillaries (Sutter Instruments, Novato, CA), which were pulled into micro-needles using

a Model P-87 micropipette puller (Sutter Instruments).



Chick CAM Microscopy
For each embryo images were taken of a large CAM vein over time with a M2BIO
(Kramer Scientific, Valley Cottage, NY) stereomicroscope using a 1.6X objective (0.075
NA) at 1X zoom, a Star/O 1 Watt blue laser diode (Luxeon, San Jose, CA) excitation
source, and a Retiga Exi cooled CCD camera (QImaging, Burnaby, BC, Canada). FITC-
Dextran fluorescence was imaged using a 450 nm excitation-546/30 nm emission filter
set (Chroma, Rockingham, VT) and QD fluorescence was imaged with a 450 nm
excitation-500 nm long pass emission (Chroma) or 450 nm excitation-660 nm long pass
emission filter set (Chroma). Images involving 800 nm-emitting QDs were acquired
using an Orca II cooled CCD camera (Hamamatsu, Bridgewater, NJ) and 820/40 nm
filter (Chroma). Acquisition times for fluorescence half-life experiments for FITC-
Dextrans and QDs were 60 seconds and 20 seconds, respectively. Capillaries were
imaged on the M2BIO stereomicroscope using a 10X objective (0.45 NA) at 4X zoom.
Acquisition times for capillary imaging FITC-Dextrans and QDs were 3 seconds and 1
second, respectively. Angiogenic responses to fibrin-based tissue engineered constructs
were imaged using the M2BIO microscope with the above filter sets. Image acquisition
times were approximately 10 and 30 seconds for QDs and FITC-Dextrans, respectively.
Images for QD fixation studies were acquired using the M2BIO stereomicroscope
with a 1.6X objective at 0.8X zoom, a Star/O 1 Watt blue laser diode excitation source,
and a Retiga Exi cooled CCD camera. For 605PEG-SAv, 655PEG-SAv, and 705PEG-
SAv QDs the following filter sets were used: (Ex:Em) 450spuv:500LP; 450spuv:605/20;

and 450spuv:705/20, respectively (Chroma).



Image Analysis

[llumination across images was normalized by flatfield dividing a background image of
the light source. For time series experiments all images in a time series were scaled the
same. Vascular fluorescence intensities of the scaled images were measured using Image
J software v1.29 (NIH, Bethesda, MD). Multiple measurements were acquired for each
sample, and from these values an average intensity was calculated. For time course
experiments, average intensities over the course of the experiment were fitted to a least-
squares exponential decay curve and half-life values were derived from the fit. Reported
half-lives represent the average and SEM derived from at least three independent
experiments except for the 20kD, 40kD, and 70kD FITC-Dextran experiments, which
produced only 2, 1, and 2 data sets, respectively that could be fit with simple exponential

decay.

Paraffin Histology

Approximately 200 pL of paraformaldehyde (0.5% in calcium-magnesium free PBS
(CMF-PBY)) was pipetted directly onto the fibrin construct while on the CAM and
incubated at room temperature for 5-10 minutes. The fibrin and connected CAM were
excised and stored in 1% paraformaldehyde at 4°C overnight. The sample was then sent
to a local laboratory (Consultants in Veterinary Pathology, Inc., Murrysville, PA) where
it was processed for embedding in paraffin and sectioned at 5 Um on a rotary microtome.
QD fluorescence images of sections were obtained using a Zeiss Axioplan

epifluorescence microscope with a 10X objective (0.3 NA) and the Retiga Exi CCD



camera. Filter sets for 605 and 705 nm emitting QDs were (Ex:Em) 450spuv:610/40 and

450spuv:700LP, respectively (Chroma).

RESULTS

To demonstrate the utility of QDs in visualizing chick CAM vasculature, a series
of QDs were intravitally injected into individual 10-day old chick embryos and CAM
vessels were imaged (Figure 1). Vessels injected with short wavelength-emitting QDs (<
655 nm) appeared dim due to autofluorescence from the allantoic sac and absorbance of
QD fluorescence by hemoglobin (Figure 1A, B). Vessel visualization improved with the
use of 605 nm emitting QDs and became devoid of interference at wavelengths greater
than 655 nm (Figures 1D-F). Importantly, all QDs tested were found to be
biocompatible, and chick viability and development appeared unaffected during time-
course experiments involving multiple QD injections (data not shown).

Additional images of chick CAM vasculature are shown in Figure 2. The entire
chick embryo vasculature was imaged with intravitally injected 755PEGa QDs (Figure
2A). Because there was no autofluorescence with 755 nm emitting QDs, the CAM and
underlying yolk vessels (Figure 2B) could be co-imaged. However, QDs were lost from
the vessel lumen over time. Interestingly, low-level fluorescence was clearly retained
within vessel walls ranging from veins to capillaries (Figure 2C), although it was not of a
sufficient level to obtain high quality, low magnification images of the CAM vasculature.
QD retention was most likely due to QD endocytosis and storage within lysosomes rather

than the result of specific endothelial cell targeting (Hanaki et al., 2003).
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QDs were then compared to FITC-Dextrans, a dye commonly used for CAM
vessel imaging. 705 nm-emission QDs were chosen for these experiments because of the
low autofluorescence signal at this wavelength. 705PEGa QDs were co-injected with
FITC-Dextran molecules, and fluorescent images of CAM vessels were taken over time
(Figures 3, 4). Initial images post-injection demonstrate that 705SPEGa QDs and high
molecular weight FITC-Dextrans (150 kD or 500 kD) comparably imaged CAM
vasculature (Figure 3A, B; Figure 4A, B). However, QD concentrations used were
approximately 100 and 30 times less than the 150 kD and 500 kD FITC-Dextrans
concentrations, respectively. This is due in part to the QD’s approximately 10-fold
higher molar absorptivity compared to fluorescein (Watson et al., 2003). Lower
molecular weight FITC-Dextrans (20 and 40 kD) were difficult to directly compare to
705PEGa QDs because their vascular residence times were quite short. This led to low
vessel fluorescence and high background levels in the surrounding space (Figure 3F, H).

As a further comparison, half-lives of FITC-Dextrans and QDs in the CAM
vasculature were calculated (Table 1). Fluorescence data was fit to single exponential
decay curves from which the decay constants were used to calculate half-lives. FITC-
Dextran half-lives decreased with decreasing molecular weight, a function of the size-
dependence on extravasation from the capillaries. 705PEGa QDs had approximately
twice the half-life of 705AMP QDs, demonstrating that QD functionalization can
modulate vasculature retention times. Although their half-lives were similar, vessel
image quality from the 705PEGa QDs and 500 kD FITC-Dextran was strikingly different

(Table 1, Figure 4). Unlike the QDs tested, 500kD FITC-Dextran, as well as every other
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FITC-Dextran tested, accumulated over time in the allantoic sac, significantly increasing
background fluorescence (Figure 4D, also seen in Figure 3F).

Because FITC-Dextrans and QDs visualize larger CAM vasculature in a
comparable manner, we also wanted to examine their ability to visualize CAM capillary
structure. The capillaries and pre- and post-capillary vessels were imaged comparably
with both FITC-Dextrans and QDs (Figure 5). As was the case with the previous
imaging experiments (Figures 3, 4), injected QD levels were approximately two orders of
magnitude lower than the FITC-Dextrans.

For tissue engineering applications we compared the abilities of FITC-Dextrans
and QDs to image CAM blood vessel responses to fibrin-based tissue engineered
constructs containing FGF-2, a commonly used angiogenic factor (Bikfalvi et al., 1997;
Ribatti et al., 1997; Wong et al., 2003). Approximately 2 days post-placement of the gel
on the CAM, 150kD or 500kD FITC-Dextrans were co-injected with 705PEGa or
800PEGm QDs and the angiogenic responses were imaged (Figure 6). The blood vessel
response, hallmarked by the spoke-wheel vessel pattern around the fibrin matrix, was
comparably imaged with the FITC-Dextrans and 705PEGa QDs. However, the QDs had
higher emission wavelengths and thus improved the visualization of blood vessels
underlying the fibrin construct (comparison of Figure 6C, E, and G to Figure 6D, F, and
H).

The fibrin constructs were initially clear but became more optically dense as they
were contracted, remodeled, and degraded by the responding CAM tissue (as seen in
Figure 6). Although the higher emission QDs allowed for improved depth of field, it was

not always possible to visualize vessels underlying the fibrin (Figure 6A, B). Given this,
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we also used histology-based techniques to examine the CAM response. Typically,
samples would be paraffin-embedded, sectioned, and individually stained for blood
vessel markers, a process that is time consuming, has inherent artifact problems, and
results in section-to-section variability. We set out to investigate whether QDs could be
applied pre-histological processing and still retain fluorescence post-processing.

We first investigated the ability of QDs to retain fluorescence post-fixation in
vitro. Streptavidin conjugated QDs pre-bound to biotinylated fibrinogen were used to
form fibrin gels that were then treated with fixatives. We tested 605, 655, and 705 nm
emitting QDs. Fibrin gels were incubated in either 1% paraformaldehyde or 1%
glutaraldehyde for 30 minutes followed by three 5 minute washes with PBS. Intensities
of initial and post-fixation fluorescence images were quantitated by densitometry:
fluorescence loss was not found to be statistically significant (Figure 7). Fibrin gels
containing 605PEG-SAv QDs gained fluorescence during glutaraldehyde fixation, but
this gain appeared to be due entirely to glutaraldehyde-induced fibrin autofluorescence
(Figure 7A). This was not seen with the other two QDs, because there is lower fixative-
induced autofluorescence at these wavelengths and because of the short bandpass of the
emission filters used.

We also examined the effects of longer-term glutaraldehyde and
paraformaldehyde fixation. 655PEG-SAv QD fluorescence in biotinylated fibrin gels
was followed over time in both 1% glutaraldehyde and 1% paraformaldehyde. After
approximately 48 hours, the fibrin-containing QDs in 1% glutaraldehyde lost 50% of
their fluorescence intensity while those in 1% paraformaldehyde essentially did not lose

their intensity (data not shown). Higher levels of fixatives (1% glutaraldehyde and 3%
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paraformaldehyde) were employed for samples that were further examined by electron
microscopy (submitted manuscript). QD fluorescence retention was not measured in
these cases but intense fluorescence still observed pre-histological processing.

QD fluorescence retention was then tested in an in vivo setting in the chick CAM
assay. Fibrin gels containing FGF-2 and biotinylated fibrinogen pre-bound with
605PEG-SAv QDs were placed on the CAM of 10-day old embryos. After 48 hours, the
CAM was intravitally injected with 705PEG QDs. The fibrin and connected CAM were
excised, fixed in 1% paraformaldehyde overnight, paraffin embedded, and sectioned to 5
Mm thickness. QD fluorescence was imaged in the area of the CAM/fibrin interface
(Figure 8). QD-labeled fibrin fluorescence at the interface appeared as streaks (Figure
8A). On either side of the interface, small spherical globules of QD-labeled fibrin
fluorescence were seen. These two fluorescence patterns (globules and streaks) most
likely represented fibrin remodeling and degradation products initiated by the invasive
CAM.

Intravitally injected QDs show blood vessels primarily in the plane of the image
and perpendicular to the fibrin/CAM interface (Figure 8B), probably due to the
chemotactic effect of FGF-2 released from the degrading fibrin. The few visible vessel
lumens were mostly devoid of QDs (Figure 8B, arrows). Loss of luminal QDs from
vessels was consistently seen during histological processing. Strong labeling of the
vessel lining most likely represented uptake within endothelial cells.

To investigate the use of QDs in electron microscopy applications, we also fixed
fibrin containing 655PEG-SAv QDs with osmium and examined fluorescence retention

after treatment. Incubation with a concentration of 0.5% osmium for as little as 30
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minutes completely destroyed all QD fluorescence (data not shown). However, samples
not fixed in osmium and prepared in LR White plastic still retained QD fluorescence

(data not shown).

DISCUSSION

In this work we have demonstrated the utility of QDs to image chick CAM
vasculature. QDs with a range of emission wavelengths were injected and examined for
their ability to optimally image CAM vasculature. QDs were also compared to FITC-
Dextrans, fluorescent dyes commonly used in imaging chick CAM vasculature and
angiogenic responses to fibrin-based tissue engineered constructs. Additionally, we also
investigated the ability of QDs to be fixed and imaged post-processing.

Intravitally injected QDs imaged CAM vessels and capillaries with equal to
superior ability compared to FITC-Dextrans. QDs were brighter, showed more equal
illumination across vessel lumens, and had longer residence times, and could be used at
much lower concentrations (Figures 3-6, Table 1). FITC-Dextran fluorescence measured
in these experiments was not optimal. This is due to the fixed excitation wavelength
(blue LED at 450 nm) and non-optimal emission filter to reduce spectral overlap.
Therefore, actual FITC fluorescence intensity would more directly comparable to QD
intensities. However, FITC-Dextrans accumulated in the allantoic sac over time, which
increased background fluorescence levels (Figure 3, 4). This was not observed for
comparable QD experiments, but it has been witnessed for QDs to a lesser degree in four-

day CAM experiments involving multiple daily QD injections (data not shown).
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Half-lives were similar for the 500kD and 150kD FITC-Dextrans but began to
drop off dramatically around the 70kD FITC-Dextran down to the 40kD and 20kD FITC-
Dextrans (Table 1). This behavior is indicative of selectivity in extravasation of
molecules from the CAM capillaries. A cut-off around 70kD is a higher estimate than
that determined in previous experiments (Cruz et al., 1997; Rizzo et al., 1995). A
discrepancy is not unexpected, however, since our values are only inferred through
fluorescence decay in large vessels and not directly measured. Due to the low number of
usable samples, the 20, 40, and 70kD data should be taken with caution and primarily
serves to show that these molecules are not useful for imaging CAM vessels over longer
time periods.

QDs also demonstrated more uniform illumination across vessels, a property that
may improve vessel identification and quantitation in various quantitative applications.
Functionalization of QDs was also shown to tailor vascular residence time (Table 1).
This study demonstrated that QDs are ideal intravital fluorescent molecules for
noninvasive vessel imaging, especially for studies involving imaging over time.

Low emitting QDs (< 655 nm) were not effective for imaging CAM vessels
(Figure 1). Interestingly, QD emission wavelengths used in Figure 1A-C (565, 585, and
605 nm) were higher than the emission wavelength of FITC (520 nm) although the QDs
produced inferior images. This may be due to a sharp rise in hemoglobin adsorption from
approximately 500-580 nm (Takatani and Graham, 1979). Additionally, unlike the
546/30 nm filter used for FITC-Dextrans, images for 565, 585, and 605 nm emitting QDs
were acquired using a 500 nm long pass filter, which allowed more autofluorescence

wavelengths to be collected. This most likely resulted in increased background
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fluorescence levels and contributed to the poor vascular image quality for QD images.
High emitting QDs (> 655 nm) virtually eliminated all chick-derived autofluorescence.

In addition to decreasing chick autofluorescence, increased emission wavelength
also improved depth-of-field (Figure 1, Figure 6). Compared to FITC-Dextrans, higher
wavelength-emitting QDs better imaged blood vessels underneath and within the fibrin
(Figure 6). The development of near-IR QDs with higher emission wavelengths (800-
950 nm) should further improve depth-of-field and vessel visualization. This opens doors
for non-invasive imaging techniques involving the quantitation and/or 3D modeling of
blood vessels in optically dense biomaterials in the CAM assay. Three dimensional
image stacks could be obtained over time to create “angiogenic profiles” that could be
used to design better tissue engineered constructs.

We also found that QDs can retain fluorescence after treatment with certain
fixatives. Treatment of QDs with glutaraldehyde and paraformaldehyde over time
showed glutaraldehyde to be more deleterious than paraformaldehyde to QD fluorescence
(data not shown). Additionally, osmium treatment completely destroyed QD
fluorescence. The mechanism by which fixatives destroy QD fluorescence is not known,
but it probably involves their chemical effects on the amphiphilic molecular coating of
the QDs. This coating protects the QD nanocrystal core from fluorescence-quenching
water molecules. However, QDs prepared by other manufacturers utilizing different
surface chemistries were not tested. It is possible that these other chemistries may better
protect the core from penetration by water and thus improve QD fixability.

Overall, the general fixability of QDs allows for labeling pre-histological

processing, which should shorten analysis time and reduce section-to-section variability
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compared to labeling each section post-histological processing. Because osmium
treatment destroys QD fluorescence, their use as fluorescent reporters in samples
prepared for electron microscopy analysis is limited. However, QDs can still be
identified by electron microscopy because they are electron-dense materials (Figure 9).
In Figure 9 QDs are endocytosed and seen as electron-dense particles within endothelial
cell vesicles.

During histological processing we did observe significant lumenal QD loss due to
poor fixation of the blood, specifically in the graded ethanol dehydration steps. We tried
two methods to retain higher QD levels. For better fixation of luminal contents and thus
improved QD retention we experimented with co-intravital injection of warm 10%
gelatin solution containing QDs. As the gelatin cooled and formed a gel a more “fixable”
matrix formed. This process demonstrated improved QD retention upon fixation but was
technically challenging to perform (data not shown). We also labeled streptavidin QDs
with biotinylated Lens culinaris agglutinin, a lectin shown to label chick CAM
vasculature, and injected them. Due to the high valency of biotin binding sites on the
QD, it was difficult to control the number of lectins per QD. Experiments often resulted
in aggregation of the QDs and localization primarily in capillary structures (data not
shown).

Overall, QDs have shown to be excellent intravital fluorescent probes for imaging
CAM blood vessels. They are extremely bright, are photostable, have low background
interference, and shown an improved depth-of-imaging over FITC-Dextrans. By

functionalizing QDs one can tailor vascular residence time and allow for target-based
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detection. We have shown QDs retain fluorescence in paraffin-based histological

analysis.
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List of Figures

Figure 1: CAM vessel imaging using a range of emitting QDs. Individual QDs were
injected into a CAM vein of 11-day old chicks and fluorescent images of CAM
vasculature were obtained. A: QS65PEG-SAv, B: Q585PEG-SAv, C: Q605PEG-SAv, D:
Q655AMP, E: Q705PEGa, F: Q755PEGa. Approximately 20 uL of a 2pUM solution was
injected for each QD. Image A was acquired with a Foveon HV-5M camera (MVIA,
Inc.) with an AF Nikkor 50mm macro-lens (Nikon). Images B and C were taken using
the Retiga EXia camera and M2BIO stereoscope (see Materials and Methods). Scale bars
in all panels represent 1 mm.

Figure 2: Demonstration of QD versatility. QDs were injected into a CAM vein of
10-11-day old chick embryos. A: Whole-embryo fluorescence image using Q705PEGa.
B: CAM vasculature and underlying yolk vessels imaged using Q755PEGa. C:
Q705PEGa QDs were injected into an 11 day-old embryo. The following day a CAM
vein and capillary structure were fluorescently imaged. QDs were no longer in vessel
lumens but were endocytosed into the endothelial cells. A Fovean camera was used in A
while a Retiga EXi camera was used in B and C. Magnifications: A, 1X; B, 1.6X
Obj./1X zoom; C, 1.6X Obj./4X zoom. Scale bars in panels A, B, and C represent 25
mm, 1 mm, and 100 pm, respectively.

Figure 3: CAM vasculature imaged with QDs and FITC-Dextrans. A, B: Co-injected
Q705PEGa (A) and 150kD FITC-Dextran (B) imaged just after injection. C, D: Co-
injected Q705PEGa (C) and 40kD FITC-Dextran (D) imaged 1 hr post-injection. E, F:
Co-injected Q705PEGa (E) and 40kD FITC-Dextran (F) imaged 3 hrs post-injection. G,
H: Co-injected Q705PEGa (G) and 20kD FITC-Dextran imaged 15 minutes post-
injection. Images were taken with a 1.6X objective and 1X zoom. Image acquisition
times were 20 seconds for QD images and 60 seconds for FITC-Dextrans. Scale bars in
all panels represent 1 mm.

Figure 4: CAM vessel fluorescence followed over time for Q705PEGa and 500kD
FITC-Dextran. 500kD FITC-Dextran (A-D) and Q705PEGa (E-H) were co-injected

and images were taken at the designated times. Imaging details were the same as in
Figure 1. Scale bars in all panels represent 1 mm.

Figure S: Capillaries imaged by QDs and FITC-Dextrans. Q705PEGa (A) and 150kD
FITC-Dextran (B) were co-injected in a chick CAM and capillary images were taken just
after injection. Q705PEGa (C) and 500kD FITC-Dextran (D) were co-injected in a chick
CAM and capillary images were taken just after injection. Images were acquired using a
10X objective and 4X zoom. Image acquisition times were 1 second for QDs and 3
seconds for FITC-Dextrans. Scale bars in all panels represent 250 pm.

Figure 6. CAM angiogenic responses to fibrin-based constructs containing FGF-2
imaged using QDs and FITC-Dextrans. After bFGF containing fibrin-based constructs
were on the chick CAM for 2 days QDs and FITC-Dextrans were co-injected and
fluorescence images were taken just after injection. A-D: Angiogenic responses
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comparing 150kD FITC-Dextran (A, C) to Q705PEGa (B, D). E-H: Angiogenic
responses comparing S00kD FITC-Dextran (E, G) to Q705PEGa (F) and Q800PEGm
(H). Images were taken with a 1.6X objective and a 1X zoom. Image acquisition times
were 10 seconds for QDs and 30 seconds for FITC-Dextrans. Scale bars represent 2 mm.

Figure 7. QDs retain fluorescence after exposure to fixatives. Fibrin gels containing
605PEG-SAv (A), 655PEG-SAv (B), or 705PEG-SAv QDs (C) were fixed with 1%
paraformaldehyde or 1% glutaraldehyde for 30 minutes followed by three 5 min washes
with PBS. Initial (I) and glutaraldehyde (G) or paraformaldehyde (P) treated control and
QD-containing gel fluorescence intensities were measured using Image J software.
Fluorescence intensities for 605SPEG-SAv glutaraldehyde treated gels were corrected for
the autofluorescence induced by glutaraldehyde treatment of the control (G*). Data is
reported as the average of 3 samples +/- the standard deviation.

Figure 8. QDs survive paraffin histological processing. Fibrin gels containing bFGF
and fibrin-bound 605PEG-SAv QDs were placed on the CAM of 10-day old chick
embryos. Approximately 48 hours later 705PEGa QDs were injected into a CAM vein
and the fibrin and surrounding CAM were excised and fixed in 1% paraformaldehyde
overnight at 4°C. Samples were processed for embedding in paraffin and sectioned at 5
Mm thickness. The interfacial area between the invading CAM and fibrin construct is
shown. A: Fibrin-bound 605PEG-SAv QD fluorescence demonstrates fibrin degradation
and remodeling by the invading CAM. B: Blood vessel-labeled 705SPEGa QD
fluorescence shows blood vessels primarily oriented perpendicular to the CAM/fibrin
interface. Arrows indicate vessel lumens oriented perpendicular to the image plane.

Figure 9. QDs identified within transmission electron micrographs. Three days post-
placement of fibrin gels containing bFGF on the CAM, 705PEGa QDs were injected into
CAM veins followed by excision, fixation, and TEM processing as described in the
Materials and Methods. Endothelial cells (EC) lining a vessel lumen are shown: the
insert shows a vesicle containing endocytosed QDs.
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Table 1

Table 1

FITC-Dextran and QD vascular half-life measurements.'

Molecule Half-life (hours) Sample Size (n) | Concentration Tested
Q705PEGa 11.0+0.7 10 3.5 M
Q705AMP 49+0.1 5 3.5 uM

500 kD FITC- 103+1.3 5 98 UM
Dextran
150 kD FITC- 8.9+0.7 5 357 uM
Dextran
70 kD FITC-Dextran 6.0+0.3 2 850 pyM
40 kD FITC-Dextran 0.25 1 1200 pM
20 kD FITC-Dextran 0.08 £0.0 2 2860 uM

'Half-lives are reported as the mean +/- SEM
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