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Multicolor Quantum dots multiplexing single cell analysis of membrane receptors for the development
of better patient therapies and the advance of personalized medicine.

The profiling of cellular heterogeneity has wide-reaching importance for our understanding of how cells
function and react to their environments in healthy and diseased states. Our ability to interpret and
model cell behavior has been limited by the difficulties of measuring cell differences, for example,
comparing tumor and non-tumor cells, particularly at the individual cell level. This demonstrates a clear
need for a generalizable approach to profile fluorophore sites on cells or molecular assemblies on beads.
Here, a multiplex immunoassay for simultaneous detection of five different angiogenic markers was
developed. We targeted angiogenic receptors in the vascular endothelial growth factor family (VEGFRz,
VEGFR2 and VEGFR3) and Neuropilin (NRP) family (NRP1 and NRP2), using multicolor quantum dots
(Qdots). Copper-free click based chemistry was used to conjugate the monoclonal antibodies with 525,
565, 605, 655 and 705 nm CdSe/ZnS Qdots. We tested and performed colocalization analysis of our
nanoprobes using the Pearson correlation coefficient statistical analysis. Human umbilical vein
endothelial cells (HUVEC) were tested. The ability to easily monitor the molecular indicators of
angiogenesis that are a precursor to cancer in a fast and cost effective system is an important step
towards personalized nanomedicine.

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1



Nanoscale

Introduction

Plasma membrane receptors are the initial transducers of
extracellular signaling towards an intracellular response, which
depends on the quantity and distribution of these receptors '. As
such, the regulation of plasma membrane receptors and
transporters has been extensively studied with focus on protein
clustering and assembly * 3, oligomerization *°, and protein-
protein interactions Here we examine the vascular
endothelial growth factor (VEGFR) family, which is critical to
angiogenesis. The accurate quantification of biological levels of
VEGFR is a limiting step in understanding the mechanisms of
blood vessel formation and in the development of disease
treatments related to angiogenesis. Indeed, VEGFRs serve as
angiogenic biomarkers *'' and gaining a quantitative
understanding  of biomarkers enhance
understanding of breast cancers and several other pathologies.
Towards these goals, we have recently established the optimal
conditions for quantitative flow (qFlow) cytometry profiling of
VEGFRs. This allowed for quantitative profiling of endothelial

plasma membrane VEGFR in vitro '* 3
14

these will our

normal mouse tissue ex
5 and breast cancer
xenografts, ex vivo ', The data obtained from these profiling
studies have advanced systems biology models of tumor
angiogenesis '"°. These studies also established a new method
for quantitative characterization of the tumor microenvironment
and how it changes with tumor development.

Fluorescence-based methods offer plentiful options
quantitative characterization of cells and tissue*'*. However,
many approaches have applied organic fluorophores, which
have broad emission spectra. The advancement of quantum dot
(Qdot)-based quantitative fluorescent technology could provide
multiplexing capabilities to simultaneously detect numerous
biomolecules, improving receptor-mapping technology. Qdots
are single nanocrystals that exhibiting several favorable
properties; most notably, when excited they emit within a
narrow, largely symmetric range, allowing multiple Qdots to be
monitored simultaneously ** 2°. Qdots are commercially
available with many surface modifications for a wide range of
applications. Qdots particles absorb photons at high energy and
emit at longer wavelength, with the emission being affected by
their size and shape as well as their chemical properties. Their
physical dimensions affect the brightness and color of Qdots,
with the peak emission wavelength being approximately
proportional to the square of size of the core of the nanocrystal
27 28 Additionally, Qdots are 100-times more resistant to
photobleaching than organic fluorophores, and they have a
much brighter signal, making them much more effective than
traditional fluorescent detection methods »°. For this study, we
employed five different commercially available Qdots
composed of cadmium-selenium (CdSe) core, zinc sulfide
(ZnS) shell and a surface coating of polyethylene glycol that
helps to prevent non-specific binding. The Qdots chosen were

525, 565, 605, 655 and 705 nm emission spectra.
Qdots are ideal tools for multiplexing, and recently, significant
strides have been made towards this goal. The unique optical

vivo '°, ischemic mouse tissue ex vivo

for
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properties of Qdots combined with their spatial resolution have
already lead to improvements in some existing diagnostic
assays. Qdots have allowed simultaneous imaging of eight
Qdot-coupled peptides and antibodies®®. In addition, Qdot-
immunolabeling of breast and lung cancer cell lines has enabled
more sensitive early cancer biomarkers®'. Yezhelyev et al’?
pioneered Qdot-enabled comparison of HER2, ER, and PR
expression, towards multiplexed Qdot quantification. To our
knowledge, Qdots have not been multiplexed to profile and
assess the colocalization of angiogenic receptors.

Here we present the simultaneous nanosensing of the
angiogenic receptors VEGFR1, VEGFR2, VEGFR3, NRPI1,
and NRP2 using Qdots. We applied a copper-free antibody

conjugation approach using Site Click chemistry and
determined the labeling ratio of nanosensors. We also
quantified the cytotoxicity of the Qdot conjugates and

determined the optimal fixation and live cell conditions for
imaging of the Qdot-based nanosensors. The development of
these nanosensors provides new insight into key receptors
mediating angiogenesis, while advancing the use of Qdot
probes for multicolor imaging.

Results and Discussion

Our study shows how confocal fluorescence microscopy can be
used to quantitatively and qualitatively assess the distribution of
and interaction between a ligand and its receptor. The present
work involved tagging potential interacting partners with
distinct fluorophores, in this case five different Qdots to
achieve a multiplex staining of the cells. We analyzed the data
using ImageJ-F1JI to compare the fluorescence intensity of two
antibody-conjugated Qdots at each pixel in a two-channel
image combination, which helped to reveal regions of
colocalization.

Qdot-Ab conjugation SMCC

We conjugated Qdots to monoclonal antibodies using the
SMCC based antibody conjugation kit. This approach requires
reduction of the IgG, which fractionates the heavy and light
chains of the IgG. Next an amine-thiol bond is formed between
light chains (antibody region with antigen recognition sites) and
the Qdots (Supplemental Figure S1-A). After conjugation, we
quantified the Qdot-antibody conjugation ratio, using a
reducing gel (SDS-PAGE) to liberate the conjugated light
chains.

Qdot-Ab conjugation Siteclick

Since conjugation of Qdots to light chains may affect antigen
binding, we tested a second conjugation approach: Copper-free
click chemistry. This method relies on the cleavage of the
galactose carbohydrate groups using a glycoside hydrolyse
enzyme the Fc
(Supplemental figure S1-B), thus maintaining the integrity of

(galactosidase) on antibody domain

the antigen binding site. After its modification, an azide
containing sugar was added to the modified carbohydrate

This journal is © The Royal Society of Chemistry 2012
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domain of the antibody. Finally, the modified antibody was
conjugated to the Qdot via the dibenzocyclooctyne (DIBO)
molecule located on the surface of the Qdot. We similarly
quantified and calibrated antibody-Qdot conjugation with a
reducing gel. Prior to purification of Qdot-antibody product, a
ratio of 4:1 IgG antibodies to Qdots observed
(Supplemental Figure S2). Our calculation of only one Qdot per
four IgG is likely due to the lack of the purification step to
remove the unbound antibodies in the solution. In theory, this

was

conjugation chemistry uses the four carbohydrate chains, found
in the Fc domain of the monoclonal antibody. However, there is
a potential for steric hindrance in the antibodies as two of the
carbohydrate chains are close to each other on each side, which
may have reduced the available number of Qdots binding sites
to two.

Qdot sizing and geometry

Our functionalization can affect the overall avidity of the
nanosensor complex to target/cell receptors *>. Dynamic light
scattering was used to determine the size of the entire Qdot-
antibody conjugate. We observed average size variations
between 16-21 nm (Supplemental Figure S3). TEM images
(Supplemental figure S4) showed that the non-conjugated part
of the Qdots have a size difference of 5-11 nm due to the
polyethylene glycol (PEG layer), aqueous layer and IgG bound
to the Qdots not measured with the TEM technology ***°. We
observed that the QDS525-anti-VEGFR1 conjugate had the
smallest average size (~16 nm) and the QD705-anti-NRP2
conjugate had the largest average size (~21 nm). We also
observe an increased standard error when measuring the larger
particles (QD605, QD655, & QD705) possibly due to
differential light scattering about their non-spherical axes. The
similarity in size across antibodies indicates that the Qdot size-
emission wavelength scaling, QD525 < QD565 < QD605 <
QD655 < QD705 (Supplemental Figure S3), which we
previously reported *’, is preserved following Qdot-antibody
conjugation. Sizing and geometry remain important aspects of
nanosensor development. In particular, Qdot size can markedly

affect translocation of particles through gap junctions ** and
cause multivalent Qdot aggregation *°. Qdot surface
functionalization can also affect their lifetime in the

bloodstream and bioaccumulation in different organs .

Therefore, our quantification of Qdot-antibody size provides
insight necessary for their in vitro and in vivo application.

Stabilizing Qdot cytotoxicity through buffers and supplements

Qdots are known to be cytotoxic * **. Modification of Qdot
surface functionalization and changes in Qdot core composition
43 4 have been employed to decrease Qdot toxicity. We
therefore determined Qdot concentrations and incubation times
that elicit significant cytotoxicity. Across three concentration
ranges tested (20 nM, 30 nM, and 40 nM) the Qdot (CdSe/ZnS)
toxicity generally scaled inversely with size (Figure 1A), and as
we have shown, size is proportional to emission wavelength
(Supplemental Figure S4-F). Therefore, the smaller, lower
wavelength Qdots (QD525) have the highest toxicity and the

This journal is © The Royal Society of Chemistry 2012
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larger, higher wavelength Qdots (QD705) have the lowest
toxicity (Figure 1A). This result is consistent with prior studies,
finding that smaller, round Qdots and gold nanoparticles are
internalized faster that bigger, rod shape Qdots, which results in
faster Cd degradation and faster release of Cd to the cells *** %6,
The fast toxicity may indicate that the Qdots are disrupting the
membrane and causing inflammation*” as the short exposure
time of the experiment may not be enough for significant
release of Cd from the core.

The ability of different cell culture buffers to reduce Qdot
toxicity was assessed. We tested stain buffer (SB) *¥, which is
often used to preserve cells in flow cytometry. It is buffered
with PBS and contains both BSA, which prevents non-specific
binding, and sodium azide, a preservative and metabolic
inhibitor *° that reduces endocytosis via ATP depletion "2, We
also tested Lebovitz media (L15), which contains glucose, free
base amino acids and is buffered by salts. Both buffers were
designed to be used with cells at atmospheric conditions
(outside an incubator). Both the SB and L15 buffers decreased
cell viability with increased Qdot concentration. However, L15
media preserved cell viability to a greater extent than SB

(Figure 1B).
20 "M
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Ctrl QD525 QD565 QD605 QD655 QD705
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Figure 1. MTT cytotoxicity assay to assess the toxicity of the
different Qdots to live cells. (A) Viability of HUVECs
incubated with three different concentrations of Qdots (20 nM,
30 nM and 40 nM) showing that Qdots cytotoxicity correlates
with lower hydrodynamic diameter Qdots. (B) A reduction in
cytotoxicity of Qdot 605 nm to HUVECs was observed when
cells were incubated in some cell culture mediums compared to
sample buffer, with L15-AZ being the most effective. Control

J. Name., 2012, 00, 1-3 | 3
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(Ctrl) samples contain PBS without Qdots and samples in
Figure A were analyzed using sample buffer.

As we have described, Qdot cytotoxicity can be attributed to
Qdot internalization >* % Once internalized, Qdots are
degraded, releasing the toxic Cd core. However, Cd toxicity is
not the only source of Qdot toxicity as there are other factors
such as intracellular distribution of Qdots that have associated
nanoscale effects *°. Therefore, we examined the effectiveness
of supplementing buffer with either the endocytosis inhibitor
D15 37 or the preservative and metabolic inhibitor sodium
azide *. We observed that sodium azide in the L15 media
maintained nearly 100% cell viability, and D15 resulted in a
similar viability as L15 alone. D15 added to SB resulted in
lower cell viability compared to the addition of SB alone. These
data indicate the need to strike a delicate balance between
glucose supplementation to sustain cells,
inhibition to negate Qdot toxicity.

and metabolic

Optimizing cellular fixation for Qdot-cell analysis

Although live cell imaging is the ideal approach for visualizing
cell processes, fixation offers the option of preserving cellular
state for later analysis. A previous study by Williams et al. *®
showed that labeling epithelial and monocyte cell lines with
similar (CdTe) Qdots prior to fixation with high
paraformaldehyde (PFA) concentrations (3-4%) caused
significant decreases in fluorescence intensity when compared
to non-fixed cells. While 1-2% PFA labeling may preserve
fluorescence, 1% PFA may decrease nuclear size 8 Therefore,
we extend an analysis of fixation to HUVECs. First, we
examined the effect of PFA concentration on HUVEC
structure. Using 1% or 2% formaldehyde for 15 minutes
resulted in cell rounding and decreased cell adherence to
substrate (Figure 2A-B). 1% PFA fixation also caused a notable
reduction in nuclear size, in contrast to 2% and 3% solutions,
which both equally maintained nuclear integrity (Figure 2B &
2C). The 1% PFA-induced decrease in HUVEC nuclear
diameter (Figure 2F) is consistent with prior studies on
epithelial cells and monocytes *%. 3-4% formaldehyde preserved
the cells more successfully (Figure 2C and 2D), so we applied
high (4%) PFA for HUVEC fixation
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Figure 2. Comparison of the cell monolayer structure of
HUVEGC: fixed with 1%, 2%, 3% and 4% formaldehyde for 15
min (A-D) and live condition (E). Images acquired using
transmission PMT. The effects of the use of 1% and 2%
formaldehyde in the nuclear structure are shown in (F) and
lifting of the cell monolayer over time can be seen in (A-C).
Scale bar represents 20 pm.

We also examined how fixation affects fluorescence, observing
that HUVEC Qdot labeling followed by fixation resulted in
lower Qdot fluorescence intensities (Figure 3) compared to
fixing first then labeling (Figure 4). Quantification of the
fluorescence intensity change between the two protocols
showed a ~90% reduction in fluorescence levels (Figure 5),
which is consistent with prior studies for CdTe Qdots on
epithelial cells and monocytes **. Therefore, HUVEC fixation
should occur prior to Qdot labeling.

Figure 3. Confocal image of HUVECs labeled with (A) Qdot

525-VEGFRI1, (B) Qdot 565-VEGFR2, (C) Qdot 605-
VEGFR3, (D) Qdot 655-NRP1 and (E) Qdot 705-NRP2 and (F)
Merged image (A-E). Cell monolayers were Qdot-labeled for
45 min then fixed with 4% paraformaldehyde for 15 min at
room temperature. Scale bar represents 20 um.

Figure 4. Confocal image of a single HUVEC previously fixed
with 4% paraformaldehyde and simultaneously stained with

This journal is © The Royal Society of Chemistry 2012
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five different antibody conjugated Qdots. (A) Qdot 525-
VEGFRI1 (B) Qdot 565-VEGFR2, (C) Qdot 565-VEGFR2, (D)
Qdot 605-VEGFR3, Qdot 655-NRP1 and (E) Qdot 705-NRP2.
(F) Merged channels. VEGFR1 had the lower fluorescence
level and the strongest fluorescence signal was for NRPI1,
which correlates with the higher number of receptors. Scale
bars represent 5 um and the resolution used with the confocal
microscope was 100 nm.

500000
400000 4
300000
200000

100000

0

T v
HUVEC Label-4% Fixed

Corrected total fluorescence

HUVEC 4% Fixed-Label

Figure 5. Corrected total cell fluorescence (CTCF) intensity
measurements of HUVECs labeled with NRP-1-Qdot655 then
fixed with 4% PFA and HUVECs fixed with 4% PFA and then
labeled. The fluorescence intensity change between these two
protocols was 89.5 %. Fixing the cells first resulted in higher
fluorescence intensity than labeling first then fixing.

Analysis of VEGFR cellular localization and co-localization

As observed in Figures 3 and 4, the three membrane-localized
VEGFRs: VEGFR1, VEGFR2, & VEGFR3 along with their co-
receptors, NRP1 and NRP2, were successfully labeled and
visualized in HUVEC and HDFa cell lines (Supplemental
figure S5) using Qdot-nanosensors. We next mapped their
spatial organization and relative levels of surface presentation.
VEGFR1 displayed very low plasma membrane fluorescence,
while VEGFR2, VEGFR3, and NRP1 showed much stronger
membrane labeling. This is consistent with our prior
quantitative analysis, showing less than 2,000
VEGFRI/HUVEC '*. We also observed significant intracellular
VEGFR1 localization, which is consistent with studies
identifying ~80% of total VEGFRI localization >,

VEGFR2 displayed somewhat uniform partitioning across the
membrane, cytoplasmic and nuclear compartments, which is
consistent with prior studies reporting 40% of total VEGFR2
61-66  with constant VEGFR2
trafficking to the plasma membrane ® and to the nucleus *°. We
VEGFR3

compartments: plasma membrane, cytoplasm, and nucleus.

residing  intracellularly”

observed  significant localization in three
We primarily observed NRP1 labeling on the plasma membrane
and we observed low, NRP2 labeling, primarily localized to the
nucleus. Neuropilins are transmembrane proteins and serve as

co-receptors of the VEGFRs %’. Our prior studies showed NRP1

This journal is © The Royal Society of Chemistry 2012
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presence in vitro on human macrovascular blood endothelial
cells, human dermal microvascular endothelial cells, and
human dermal lymphatic microvascular endothelial cells at
surface levels >30,000/endothelial cell. Therefore, the strong
membrane labeling observed with NRP1 is consistent with our
prior data '> and consistent with several studies describing its
localization on endothelium %,

Although NRP2 is expressed in HUVECs "°, the low-NRP2
staining observed may seem inconsistent with its role in both
VEGF 7' and class 3 semaphorin 7> signal transduction;
however, there are studies describing lower presence on blood-
endothelium. Post-embryonically, NRP2 shows low venous
staining * and high lymphatic staining * 7. NRP2 is also
found on osteoclasts ’®, and given the role of NRP2 in CNS
development, it is also highly localized to midbrain
dopaminergic neurons ' and several cell types throughout the
brain, including: microglia, meningeal fibroblasts, and
astrocytes . Therefore, the low-NRP2 staining we observed
may suggest a decreased role in post-embryonic blood
endothelium.

The cellular localization of Neuropilins is an area of interest,
given their expression by a variety of tumors and metastases ’°,
and their role in mediating tumor growth and invasion 58" with
a recent study showing that NRP1 can suppress angiogenesis by
presenting VEGF to VEGFR2 in trans-conformation (across-
cells) while promoting angiogenesis via its role as a co-receptor
of VEGFR2 on the same cell ®. Our multilabeling also
provides insight receptor colocalization (Figure 6).

VEGFR3 NRP1 NRP2

VEGFR1

VEGFR2

VEGFR1

VEGFR2

VEGFR3

NRP1

NRP2

Figure 6. Multiplexed one-step staining of fixed HUVEC cells
with Qdot-antibody probes. Colocalization analysis of the
different receptors combinations was performed using the FI1JI
software package. Each image square shows the cells labeled
with Qdots in two fluorescent channels binding to the receptor
combination listed in the row and column names (left and top).’
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The co-localization analysis reported in Table 1 measured the
fraction of overlapping signals in images of two distinct
fluorescent probes bound to two different cell surface receptors.
A significant overlap in the intensity of signal from the two
channels in a given pixel indicates colocalization of the
receptors. The linear correlation between the intensity of
signals from the two channels at every pixel was measured
using the Pearson’s Coefficient (PC) *2. PC values range from -
1 to 1, with 0 indicating random overlap, 1 perfect co-
localization and -1 mutually exclusive localization. A PC
greater than 0.5 indicates colocalization and PC less than or
equal to 0 indicates random overlap. These intensity measures
have the advantage of being independent of brightness and not
influenced by constant background, but can be less accurate or
difficult to interpret for signals that are not highly correlated or
have high noise. In some images with different distribution of
binding partners it can be difficult to distinguish overlapping
pixels from background noise, therefore, a threshold level is
used. Costes et al. % developed a statistical evaluation of PC
significance, whereby the pixels are scrambled and 100
randomized images assessed to give a 95% confidence
threshold for each image, in addition to calculations of relative
objective intensity thresholds for each image. The Costes
approach has the advantages of automatic threshold and
statistical significance calculations, which minimize the
influence of noise but require more computational power.

VEGFR1-R2, VEGFR2-R3, and VEGFR2-N1 receptor pairs
showed >60% colocalization. The VEGFR1-R2 colocalization
is  consistent with prior studies reporting  their
heterodimerization: with a functional role of modulating VEGF
activity. Such VEGFR1-R2 heterodimerization may negatively
regulate angiogenesis, endothelial cell growth and homeostasis
8486 and tumor growth ¥’ by reducing the numbers of pro-
angiogenic VEGFR2 homodimers *¥. Additionally, VEGFRI-
R2 heterodimers increase the migration of porcine aortic
endothelial cells (PAEs) towards VEGF-A ¢, compared to
PAEs expressing VEGFR2 alone % %92 On the endothelial cell
surface in vitro, VEGFRI can be up to ten-fold less abundant
than VEGFR-2 %" %, so it is has been predicted to primarily
in a heterodimeric state with VEGFR-2 *%. The
heterodimerization between VEGFR2-R3 has a functional role
of modulating angiogenic sprouting °**®,  while the
heterodimerization between VEGFR2-N1 can result in a 4 to 6-
fold enhancement in cellular chemotaxis and binding of VEGF-
Ass to VEGFR2, thereby mediating the proliferation and

exist

migration progression within angiogenesis %
Percent of images positive for colocalizati C
Receptor (of 5 images per receptor bination) Col i6i = Yis
bination Pearson Coefficient | Pearson Coefficient No colocalization =
>0.5 (no threshold) [ >0.5 (Costes threshold) No
RIR2 100% 80% Yes
RIR3 60% 20% Yes
RIN1 20% 0% No
RIN2 0% 0% No
R2R3 100% 100% Yes
R2N1 60% 60% Yes
R2N2 0% 0% No
R3N1 40% 40% Yes
R3N2 20% 0% No
NIN2 20% 0% No

Table 1. Colocalization analysis of confocal images. Five
random images were analyzed for each receptor combination .
The values show the percentage of the five cell slices that were
positive for colocalization using the Pearson Coefficient (PC).

Colocalization of VEGFR1-R3 was observed in 60% of images
analyzed with PC examination alone and 20% of images when
thresholded. VEGFR3-N1 colocalization occurs in 40% of both
thresholded and unthresholded images, however, this does not
preclude the possibility of complexes containing VEGFR1-R3
or VEGFR3-N1. Indeed, given that VEGFR2-R3
heterodimerize and N1 is a co-receptor of VEGFR2, it is
possible that a VEGFR2-R3-N1 complex may exist. Similarly,
several receptors are known to cluster on the plasma membrane
% 7 and colocalize with caveolae/lipid rafts *. VEGFR2 has
been shown to colocalize with caveolin ' and disruption of
lipid rafts inhibits VEGF-A mediated p38 signaling '*'. Given
the presence of VEGFR1-R2 heterodimerization, it is likely that
some VEGFR1 may be present on a VEGFR2-R3 raft. Example
HUVEC images show how the levels of JACOB thresholded
(Figure 7) and Costes automatic threshold (Figure 8) affect the
colocalization analysis of the angiogenic receptor pairs. Images
show pixels in green for channel 1 and red for channel 2, while
white pixels represent the colocalization of the two channels.

R1R2

R1R3

RIN1 R1N2

JACOB
Thresholded
Images

R3N1

R3N2

White pixels (colocalized)
Red pixels (Channel 1)
Green pixels (Channel 2)

N1N2

Figure 7. HUVEC showing colocalized pixels using JACOB
software to analyze the different colocalization values of the
QD525-VEGFRI, QD565-VEGFR2, QD605-VEGFR3,
QD655-NRP1 and QD705-NRP2.

This journal is © The Royal Society of Chemistry 2012
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Costes
Automatic
Threshold
Images

White pixels (colocalized)
Red pixels (Channel 1)
Green pixels (Channel 2)

FKigure 8. HUVEC showing colocalized pixels usm OS
Automatic threshold to analyze the different colocalization
values of the QD525-VEGFRI1, QD565-VEGFR2, QD605-
VEGFR3, QD655-NRP1 and QD705-NRP2.

Although the co-localization suggests receptor interactions, it is
important to consider method limitations, including resolution
noise, and the use of fixed cells. The numerical aperture (NA)
limits resolution, here to an estimated maximal resolution of 0.1
pm for the x and y axes and 0.2 um for the z axis, giving a
minimum voxel volume of > 0.002 um®. These resolution limits
may explain the ambiguous results obtained for some receptor
interactions in the analysis of the z-stack image (Table S7). It is
unlikely that these ambiguities are due to interference among
the fluorescence of the five different Qdots, as experiments
using fewer numbers of Qdots obtained the same results (data
not shown). Automated thresholding and variable stoichiometry
of red to green channels can also add noise to data.

The distance required for interactions to occur between two
receptors is 40-50 nm '° The microscope we used has a
resolution of 100nm in the X and Y axes and therefore cannot
resolve monomers or dimers due to the diffraction limit. While
we cannot see individual receptors, we are likely to see
microdomains/lipid  rafts/caveolin-rich domains. = VEGF
receptors can have a highly heterogeneous distribution with
small areas of high density ' '% For T-cell receptors, these
protein islands are 70—-140 nm in diameter '®. . While the
colocalization of receptors observed in fixed cells could
indicate dimerization, live cells would need to be used to
explore these dynamics. These interactions could be better
resolved using methods such as Forster Resonance Energy
Transfer (F RET)4, yeast two-hybrid, or
immunoprecipitation. Furthermore, it is unlikely given the

Co-

This journal is © The Royal Society of Chemistry 2012
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small Qdot-antibody probes (~20nm, that they are causing the
colocalization by recruiting receptors, as occurs for larger
particles (>50nm) ' 1%,

Experimental

Cell Culture. Human umbilical vein endothelial cells
(HUVEC) were acquired from (Life
technologies, Carlsbad, CA and Stem Cell Technologies,
Vancouver, Canada). Endothelial cells were maintained in
Endothelial Cell Growth Medium-2 (EGM-2), supplemented by
the EGM-2 SingleQuot Kit for HUVECs (Lonza, Walkersville,
MD), and were used only until passage number 6. Cells were
grown at 37°C in 95% air, 5% CO,. For routine cell culture,
cells were detached from flasks using 0.25% TrypLe (Life
technologies).

Quantum Dots. We used five different Qdots CdSe/ZnS
nanocrystals with 525, 565, 605, 655 and 705 nm emission
(Invitrogen, Carlsbad, CA). We tested two different Qdot-
antibody conjugation kits which both have the SSMC chemistry
catalog number: Q22041MP, Q22031MP, Q22001MP,
Q22021MP, Q22061MP and copper free click chemistry
catalog numbers: S10449, S10450, S10469, S10453, S10454.
Quantifying Qdot Cytotoxicity via MTT. Newly confluent
cell monolayers were trypsinized, resuspended in EGM-2
medium, seeded at 18,000-20,000 cells per well into NUNC
delta treated 96-well plates (Thermo, Waltham, MA), and
covered with 200 pL of media per well. Cells are incubated for
24 h to allow cell attachment and growth then exposed to
increasing concentrations of Qdots for 1 h. Cellular metabolism
is evaluated using an MTT (3(4,5-dimethylthiazol-2-yl) 2,5-
diphenyltetrazolium bromide) assay (Invitrogen, Carlsbad, CA).
A 5 mg/mL MTT solution is dissolved PBS via sonication. A
10% MTT-cell media solution (100 pL) is added to each well
of a 96-well plate and incubated at 37 °C for 4 h. The solution is
aspirated, and 100 pL of DFD-HCL solution is added to
dissolve the crystalline formazan product. Absorbance is
measured at 570 nm on a Synergy HT multiwell plate reader
(Biotek, Winooski, VT).

Qdots-Antibody conjugation. Qdots are conjugated to
monoclonal antibodies for VEGFR1, VEGFR2, VEGFR3,
NRP1 and NRP2 antibodies (R&D Systems, Minneapolis, MN)
with Cadmium selenide/Zinc sulphide Qdots 525, 565, 605, 655
and 705 nm, respectively using two different conjugation
chemistries: SMCC and Copper-free Click.

SMCC Qdots-Antibody Conjugation kit. SMCC Qdot
Antibody Conjugation Kits contain amine-derivatized, PEG-
coated nanocrystals and the amine-thiol crosslinker, SMCC.
The polymer shell (PEG) of the Qdots contains amine groups,
which allow the materials to be conjugated to biological
molecules and to retain their optical properties. Qdots are
activated with SMCC, yielding a maleimide-nanocrystal
surface. Antibodies are reduced and fragmented with DTT to
expose free sulthydryls, and excess SMCC and DTT are

individual donors
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removed by size exclusion chromatography. Activated Qdots
are covalently coupled with reduced antibody and the reaction
is quenched with B-mercaptoethanol. The 1:1 molar ratio of
antibody fragments to the Qdots at mixing is achieved by
modifying the amount of antibody added to the Qdots.
Conjugates are concentrated by ultrafiltration and purified by
size exclusion chromatography.

Copper-free click Antibody conjugation kit. The Copper-free
click conjugation consists of three steps: antibody carbohydrate
domain modification, azide attachment to the antibody, and
conjugation with the DIBO-modified label. It relies on copper-
free click chemistry to covalently link the label containing the
dibenzocyclooxtyne (DIBO) moiety with the azide-modified
antibody without reducing the protein. The molar ratio of
antibody fragments to the Qdots at mixing is ~3:1. Conjugates
are concentrated by ultrafiltration. In both conjugation
chemistries, antibody-Qdot complex SDS-PAGE is performed
to quantify the light chain band.

Confocal Tmaging. 8 x 10* cells/well are seeded on 8-well
coverglass (Thermo Biotek I, Biotek II) and incubated for 24 h
at 37 °C to allow for cell attachment. Cells are then fixed with
1%, 2%, 3% or 4% paraformaldehyde (PFA) for 15 min. Cells
are incubated with 40 nM antibody conjugated Qdots for 45
min. Cells are imaged on an inverted Zeiss LSM 710 Confocal
Microscope at 8 bits using 5 channels and 512 x 512 pixel
resolution. Stack slices are at 200 nm intervals. Cells are
excited with a 405 nm laser at 17%-22% laser power using a
63x apochromat 1.4 NA oil-immersion objective. Fluorescence
is collected with the 32-channel Quasar multichannel
photomultiplier tube. We used 525/30 nm, 565/30 nm, 605/30
nm, 655/30 nm and 705/30 nm emission filters with a
maximum channel signal bleed of 6.4%. (Supplemental figure
S8 and Table S9)

SDS-PAGE Antibody Quantification. MINI PROTEAN TGX
4-12% Bis-Tris gels (Biorad, Hercules, CA) and Laemmli
buffer CA) with 5% B-
mercaptoethanol were used for the reduction of quantum dot-
1X
sulfate running buffer, -

sample (Biorad, Hercules,
antibody conjugates. Briefly, Laemmli sample buffer,
Tris/Glycine/sodium dodecyl
mercaptoethanol (in reduced samples only) and each Qdot-
antibody sample were mixed, according to standard SDS-PAGE

protocols %7

Samples were heated to 95°C for 15 min,
centrifuged for 30 s and vortexed gently, and loaded into the
gels using 10 pL per well. Gels wer run for 30 min at 200 V in
1X running buffer (900 mL of DI water and 100 mL SDS
running buffer). Proteins separated by gel electrophoresis were
visualized via overnight Commassie blue staining. The protein
bands were visualized in gels using a standard gel doc XR
system (Biorad, Hercules, CA) and analyzed using FIJI
software, ImageJ (NIH, Bethesda, MD).

Dynamic Light Scattering. The Qdots-Ab size distribution
was measured by dynamic light scattering (DLS, Zetasizer
Nano ZS, Malvern Instruments, UK) equipped with a
All
measurements were performed triplicate in disposable cuvettes.

monochromatic coherent 4 mW 633 nm He-Ne laser.

Samples were vortex at 25 °C, 30 min prior to imaging.

8 | J. Name., 2012, 00, 1-3

Colocalization analysis. Images were deconvoluted using

Autoquant X blind deconvolution algorithm. The co-
localization analysis was performed using the plugin, Just
Another Colocalization Plugin (JaCoP), which is available
ImageJ (NIH, Bethesda, MD)

distribution package, FIJT !9, Colocalization was estimated

through the open source,

using Pearson’s correlation coefficient (PC) ® and thresholded
Manders’ coefficients '%. PC checks for a linear correlation
between localization and pixel intensity *2. Costes thresholding
evaluates the significance of the predicted PC via image
scrambling, randomization, and PC calculation 8, Thresholding
is a common technique in colocalization analysis and is used to
determine excluded pixels. We also present the non-thresholded
data to evaluate the efficacy of the Costes approach. For each
analysis we examined five images and reported colocalization if
60% (3/5) or more images give colocalization values (Table 1
x- and y-axes). Adding the z-axis of the images gives higher
levels of colocalization due to the lower resolution available
using this axis (Table S7).

Conclusions

Angiogenesis is critical to over 70 diseases''’; therefore, these
multiplexed Qdot probes could be used to insight into the roles
of receptors in angiogenesis.
can

More specifically, these probes
improve our understanding of angiogenic receptor
distribution and dimerization by labeling cells and tissues, in
vitro'? 13; cells isolated from blood or tissue, ex vivo > !%; and
fixed tumor biopsy tissue, indeed, we showed that multiplexed
Qdot imaging can directly map angiogenic receptor
distribution. We observed that VEGFRI1 was primarily
localized intracellularly; VEGFR2 & VEGFR3 were distributed
plasma membrane,

compartments; NRP1 was primarily on plasma membrane, and

evenly across cytosol, and nuclear
NRP2 was primarily in the nucleus. Translocation between
cellular compartments is a known regulatory mechanism for
receptor signaling,
signaling''" ''%; however, the functional consequences are not
fully delineated ''*''®. Therefore, these multiplexed Qdots can
be applied to image and functionally map angiogenic receptor
partitioning. Additionally, receptor dimerization and complex
formation regulates signal transduction®® "% 7. Our co-
localization analysis showed strong VEGFR1-R2, R2-R3, and
N1-R2 co-localization, and possible RI1-R3 and R3-NlI
complexes. So these multiplexed Qdots can be further extended
to further delineate how angiogenic receptor complexes
regulate signaling.

in particular tyrosine kinase receptor

Altogether, this work demonstrated the use of five different
Qdot probes to simultaneously label and measure colocalization
of five different angiogenic receptors on the cell surface. We
measured the toxicity of the Qdots, observing that toxicity was
correlated with Qdot size. We then tested different buffers to
decrease toxicity. These experiments help move towards a

This journal is © The Royal Society of Chemistry 2012
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consensus on a standardized, robust protocol for antibody
receptor labeling. Future studies should combine these probes
with our previously developed Qdot calibration beads''® to
achieve multiplexed receptor profiling, quantitatively. The
continuous development of novel labeling methods''"®, and of
more biocompatible materials such as silicon-based Qdots'*’
will enhance the use of Qdots in basic science research and

medical applications.
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