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Abstract
CD44 and CD24 are important cell surface glycoproteins whose relative expression levels are used
to identify so-called cancer stem cells (CSCs). While current diagnostic applications of CD44 and
CD24 focus primarily on their expression levels, we demonstrate here that noble metal
nanoparticle (NP) immunolabeling in combination with Plasmon Coupling Microscopy (PCM)
can reveal more subtle differences, such as the spatial organization of these surface species on sub-
diffraction limit length scales. We quantified both expression and spatial clustering of CD44 and
CD24 on MCF7 and SKBR3 breast cancer cells through analysis of the labeling intensity and the
electromagnetic coupling of the NP labels, respectively. The labeling intensity was well correlated
with the receptor expression, but the inspection of the labeled cell surface in the optical
microscope revealed that the NP immunolabels were not homogeneously distributed. Consistent
with a heterogeneous spatial distribution of the targeted CD24 and CD44 in the plasma membrane,
a significant fraction of the NPs were organized into clusters, which were easily detectable in the
optical microscope as discrete spots with colors ranging from green to orange. To further quantify
the spatial organization of the targeted proteins we characterized individual NP clusters through
spatially resolved elastic scattering spectroscopy. The statistical analysis of the single cluster
spectra revealed a higher clustering affinity for CD24 than for CD44 in the investigated cancer
models. This preferential clustering was removed upon lipid raft disruption through cholesterol
sequestration. Overall, these observations confirm a preferential enrichment of CD24 in lipid rafts
and a more random distribution of CD44 in the plasma membrane as cause for the observed
differences in protein clustering.
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The lateral organization of CD24 and CD44 plays an important role for their functionality.
While the glycosyl phosphatidylinositol (GPI) linked sialoprotein CD24 is believed to
preferentially localize in lipid rafts where it can affect the spatial distribution of other
membrane components,1 CD44 has been characterized as a temporary raft residing protein
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whose translocation into lipid rafts2 can induce the formation of local signalling “hot-
spots”.3–4 A direct experimental verification of the selective enrichment of CD24 in lipid
rafts is challenged by the small sizes of these domains, which are typically smaller than the
resolution limit of conventional light microscopy (~250 nm).5–6 We demonstrate in this
work that 40 nm diameter Au immunolabels targeted at CD24 and CD44 do not only
facilitate a rapid detection of CD44 and CD24 overexpression at the single cell level but also
enable a quantitative characterization of the self-organization (“clustering”) of the proteins
on the tens of nanometer length scale, resulting in a more complete characterization of
cellular phenotypes. Since the clustering of cellular surface proteins plays an important role
in the spatial regulation of signaling and cell-to-cell communication,7–8 the gain in
information about the spatial organization of disease relevant surface proteins, such as CD24
and CD44, has tangible diagnostic and therapeutic implications.

The optical response of Au nanoparticle (NP) immunolabels is dominated by coherent
collective electron oscillations, so called plasmons. Due to their large optical scattering
cross-sections, individual Au nanoparticles with diameters larger than 20 nm,9 can be
visualized in darkfield10–11 or differential interference contrast (DIC)12 microscopy.
Electromagnetic interactions between the NP labels can provide additional quantitative cues
about the spatial protein organization. Plasmon coupling between NPs separated by less than
about one NP diameter leads to a measurable spectral red-shift of the plasmon
resonance13–14 and, therefore, facilitates the detection of NP clusters in a cellular context
both through elastic15–21 or inelastic22–24 light scattering. The magnitude of the spectral
plasmon resonance shift upon NP clustering depends on the separation between the
NPs,13–14, 25–27 the number and geometric arrangement of interacting NPs,28–33 and the
ambient refractive index, nr

34–35. The cluster size and separation dependence of the
scattering spectra of NP immunolabels at constant nr forms the foundation for characterizing
the spatial organization of cell surface moieties on nanometer to tens of nanometer length
scales through spectral analysis of collective NP responses in Plasmon Coupling Microscopy
(PCM).19–20, 36 We apply this all-optical approach herein to characterize the spatial
distributions of CD24 and CD44 after immobilization in the plasma membranes of the in
vitro breast cancer cell lines MCF7 and SKBR3 using standard formalin fixation
procedures.37 Different from previous PCM studies,19–20 which relied on an averaging of
the spectral content over large surface areas to characterize the large-scale association of the
targeted proteins, the current work utilizes a statistical analysis of single cluster spectra. This
approach has the advantage that variations in the shape and total intensity of the recorded
scattering spectra provide quantitative measures for the variability of the size and average
interparticle separation of individual clusters. This variability ultimately depends on the
lateral heterogeneity of the targeted protein, whose spatial distribution in the membrane
determines the local NP clustering.

We labeled CD24 and CD44 with Au NPs using previously established procedures.19

Briefly, 40 nm NPs were functionalized with 3.4 kDa thiolated polyethylene glycols (PEGs)
that contained a terminal azide residue to facilitate an uncomplicated introduction of anti-
biotin antibodies or Neutravidin (only for cholesterol extraction experiments) using the Cu+

catalyzed 1,3-dipolar cycloaddition (Figure S1).38 Then anti-CD24/CD44 IgG antibodies,
biotinylated secondary antibodies, and anti-biotin antibody (or Neutravidin) functionalized
NPs were applied onto cell membrane successively (see Figure S2 and Methods). The NP
stability was tested before and after their incubation with cells, and these tests confirmed
that the NPs were stable against spontaneous self-association under the chosen labeling
conditions (Figure S3-4).

The developed NP immunolabels efficiently bound to their protein targets and indicated
CD44 or CD24 overexpression by a vivid coloring of the labeled cells (Figure 1). The NP
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labeling experiments confirm the CD44+/CD24+ phenotype for MCF7 and CD44−/CD24+

for SKBR3, which is consistent with flow cytometry measurements (Figure S5) and recent
reports39.

A close inspection of the darkfield scattering images of SKBR3/CD24, MCF7/CD24, and
MCF7/CD44 (Figure 2a–c) shows that the NP labeling leads to a discrete spotting of the cell
surface, where each spot belongs to one or several NPs. Taking advantage of the strong
distance dependence of plasmon coupling on a length scale of up to approximately one NP
diameter, additional information about the number and spatial distribution of NPs within
individual diffraction limited spots can be obtained through analysis of their spectra. A color
that is significantly red-shifted relative to the vivid green of individual Au NPs indicates a
local clustering of the labels. The magnified views of NP labeled SKBR3/CD24, MCF7/
CD24, and MCF7/CD44 cell surfaces in Figure 2a–c show that - consistent with locally
varying degrees of NP clustering - all cell/protein combinations exhibit a heterogeneous
distribution of colors.

In Figure 2d&e we show a section of the NP labeled MCF7/CD24 sample at an even higher
magnification and a randomly chosen SEM image of the same sample. Both images confirm
the heterogeneous distribution of the NP labels and their organization into discrete clusters.
While the 40 nm NPs used in this work are too large to assume targeting of individual
surface proteins, the observed NP immunolabel clusters indicate membrane domains with
lateral dimensions of tens to hundreds of nanometers that are enriched in target proteins due
to the large-scale organization of the proteins in the membrane. To further characterize and
compare CD24 and CD44 clustering on MCF7 and SKBR3, we recorded elastic scattering
spectra of ~200 randomly chosen NP spots for each cell/protein concentration and
determined the peak wavelengths (λres) of the measured spectra (Figure 2f). The
experimental set-up and the spatially resolved data acquisition approach are illustrated in
Figure S6 and described in the Methods section of the Supporting Information. The resulting
λres distributions of MCF7/CD44, SKBR3/CD24, and MCF7/CD24 are all significantly (p <
0.001, 2-side Student’s t-test) red- shifted (Figure 3a) when compared with the λres
distribution of randomly distributed Au NP immunolabels immersed in a glycerol solution
with refractive index of nr = 1.40 (see Methods). This comparison indicates that the spatial
CD24 and CD44 distribution induces the NP clustering on the cell surface. We did not
include SKBR3/CD44 in this analysis, as the binding was too low (Figure 1a). The average
resonance wavelengths (λav ± standard deviation) for CD24 on SKBR3 and MCF7,
respectively, are λav = 555.4 nm ± 4.6 nm and 558.5 nm ± 7.8nm, and for MCF7/CD44, λav
= 553.6 ± 7.4 nm, which compares with λav = 547.4 ± 4.0 nm for the Au NPs control. The
observed shifts in the λres distributions in Figure 3a show that the CD24 labeled cells
contain more clusters with more strongly coupled NPs than observed for CD44 (p<0.001 for
MCF7/CD24 and MCF7/CD44). This finding is consistent with a stronger clustering of
CD24 in the plasma membrane. We emphasize that the clustering of CD24 and the spatial
separation between the clusters observed in Figure 2d&e is in good agreement with
previously observed distribution patterns of cholesterol enriched domains using
superresolution fluorescence microscopy.40

We validated the findings of our optical measurements by analyzing the clustering of NP
labels targeted at CD24 and CD44 on MCF7 cells through SEM in Figure 4a. We analyzed
the association of NPs into clusters for a total of 1500 – 2500 NPs on 13 cell surfaces
obtained in 2 independent labeling experiments for each cell/protein pair. We also included
the distribution obtained for anti-biotin functionalized NP immunolabels (recovered from
solution after incubating with the cells) randomly deposited on the substrate as control to
verify the stability of the NP immunolabels under the chosen experimental conditions. While
> 91% of the NP immunolabels are monomeric, for both MCF7/CD24 and MCF7/CD44 we
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found a significant degree of NP clustering. Furthermore, the SEM data confirms a higher
degree of clustering for CD24 than for CD44. In the case of MCF7/CD24 64% of the NPs
are organized into clusters, and 22% formed clusters larger than pentamers. In contrast, for
MCF7/CD44 57% of the NPs are still monomers, and only 5% form clusters larger than
pentamers. The quantitative SEM analysis reproduces the trends form our spectral analysis;
the cell surface induces a patterning of NP immunolabels through heterogeneous distribution
of both biomarkers, but CD24 is more strongly clustered than CD44.

One possible explanation for the observed differences in clustering between CD24 and
CD44 is the preferential enrichment of CD24 in confined membrane domains, such as lipid
rafts. We hypothesized that if lipid rafts play an essential role in structuring cell surface
CD24, then a lipid raft disruption, for instance, through methyl-β-cyclodextrin (m-β-
CD),41–42 should remove the preferential NP clustering. To test this hypothesis, we
compared the spectral distributions of NP labels targeted at MCF7/CD24 before and after m-
β-CD treatment. Different from the previous experiments we used Neutravidin instead of
anti-Biotin antibody functionalized NPs for labeling CD24 under otherwise identical
conditions. We changed to Neutravidin in these experiments since it provided comparable
labeling results at much lower cost than the antibodies. We recorded spectra of ~400
individual scatterers for each condition (with/without m-β-CD) from randomly chosen flat
peripheral membrane areas in 2 independent experiments. The distribution of the peak
wavelength λres is shown in Figure 3b. The λres distribution for the cholesterol depleted
cells is significantly (p < 0.001) blue-shifted when compared with the untreated cells. The
average resonance wavelengths for CD24 on MCF7 and cholesterol depleted MCF7 cells are
557.8±7.0 and 551.2±5.8, respectively.

While the cell surface expression levels remained unchanged before and after m-β-CD
treatment through flow cytometry (data not show), the cluster size distributions obtained
from SEM analysis (Figure 4b), confirmed that cholesterol extraction through m-β-CD leads
to a decrease in NP clustering. The observed differences in the clustering of CD24 bound
NPs (at constant CD24 cell surface concentration) prove a substantial spatial reorganization
of CD24 due to cholesterol sequestration. Our findings confirm the hypothesis that the
observed clustering arises from a preferential enrichment of CD24 in lipid rafts.

In conclusion, we demonstrated that Au NP immunolabels facilitate an optical quantification
of the relative expression and large scale association levels of CD24 and CD44. A
systematic analysis of the spectral responses of NP immunolabels selectively targeted at
CD24 and CD44 in MCF7 cells revealed a higher degree of clustering for CD24 than for
CD44. After cholesterol sequestration the CD24 spectral response was comparable to that of
CD44, confirming that CD24 clustering is caused by a preferential recruitment of CD24 into
cholesterol enriched membrane domains. Since the recruitment of CD24 in lipid rafts is
anticipated to impact its biological function in cell adhesion and cell signaling through a
local concentration effect, the ability to quantify both concentration and lateral spatial
heterogeneity provides a more complete description of its surface presentation than is
available through conventional (i.e. expression-level based) phenotyping approaches. The
plasmon coupling based characterization of individual NP immunolabel clusters introduced
herein facilitates the correlation of cell behavior and protein spatial organization and
provides, therefore, opportunities for improving the reliability of CD24 and CD44 as
biomarkers for cancer stem cell detection and other applications.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
40 nm Au NP immunolabeling facilitates surface expression profiling of CD44 and CD24 on
SKBR3 and MCF7 cells. Darkfield scattering images of SKBR3 cells labeled for a) CD44
and b) CD24, and MCF7 cells labeled for c) CD 44 and d) CD24. Scale bars are 5μm
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Figure 2.
Au NP immunolabels form discrete spots on the cell membrane for different cell/protein
targets: a) SKBR3/CD24, b) MCF7/CD24, c) MCF7/CD44. The magnified view in d)
further emphasizes the “spotting” after labeling with NPs. e) SEM imaging confirms the
organization of the cell-bound NPs into clusters of varying sizes (here for MCF7/CD24). f)
Exemplary spectra of individual spots on the cell surface. Size bars are 5μm for a–c), 1μm
for d–e).
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Figure 3.
Characterization of NP clustering through spectral analysis. a) Cumulative distribution plots
of the fitted peak resonance wavelength (λres) of 40 nm Au NPs in an ambient refractive
index of nr = 1.40 and targeted at CD24 and CD44 on MCF7 and SKBR3 cells in HBSS. b)
Cumulative distribution plots of λres for NPs targeted at MCF7/CD24 before (red) and after
(blue) treatment with m-β-CD. For each individual condition approximately 200 individual
measurements were evaluated in a) and 400 in b). Histograms of the fitted peak resonance
wavelengths are included in Figure S7.
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Figure 4.
SEM characterization of NP cluster size distributions. Size distribution of a-i) randomly
immobilized Au NP immunolabels collected after incubation with cells, a-ii) Au NPs
targeted at CD44 on MCF7 cells, and a-iii) Au NPs targeted at CD24 on MCF7 cells. b)
Neutravidin funtionalized Au NP cluster size distributions before (b-i) and after (b-ii) m-β-
CD treatment of MCF7/CD24. The numerical percentages of each section are summarized in
Tables S1&2.
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