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Abstract

Applications in nanomedicine, such as diagnostics and targeted therapeutics, rely on the detection
and targeting of membrane biomarkers. In this paper we demonstrate absolute quantitative
profiling, spatial mapping, and multiplexing of cancer biomarkers using functionalized quantum
dots. We demonstrate highly selective targeting molecular markers for pancreatic cancer with
extremely low levels of non-specific binding. We confirm that we have saturated all biomarkers
on the cell surface, and, in conjunction with control experiments, extract absolute quantitative
values for the biomarker density in terms of the number of molecules per square micrometer on
the cell surface. We show that we can obtain quantitative spatial information of biomarker
distribution on a single cell, important since tumors cell populations are inherently heterogeneous.
We validate our quantitative measurements (number of molecules per square micron) using flow
cytometry and demonstrate multiplexed quantitative profiling using color-coded quantum dots.
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Background

The detection of cancer biomarkers is important for diagnosis, disease stage forecasting, and
clinical management. Since tumor populations are inherently heterogeneous, a key challenge
is the quantitative profiling of membrane biomarkers, rather than secreted biomarkers, at the
single cell level. The detection of cancer biomarkers is also important for imaging and
therapeutics since membrane proteins are commonly selected as targets. Many methods for
detection of membrane proteins yield ensemble averages and hence have limited application
for analysis of heterogeneous populations or single cells. Fluorescence-based methods allow
detection at the single cell level, however, photobleaching presents a major limitation in
obtaining quantitative information. Quantum dots overcome the limitations associated with
photobleaching, however, realizing quantitative profiling requires stable quantum yield,
monodisperse quantum dot - antibody (QD-Ab) conjugates, and well-defined surface
chemistry.! By quantitative profiling we specifically refer to methods that yield absolute
values of expression levels (e.g. # wm™2) and not relative values. Here we demonstrate
quantitative profiling, spatial mapping, and quantitative multiplexing of molecular
biomarkers associated with precursor lesions of pancreatic adenocarcinoma at the single cell
level using QD-Ab conjugates.

Pancreatic cancer is the fourth leading cause of cancer death in the US (about 35,000 per
year).2 The survival rate amongst pancreatic cancer patients is extremely low, primarily due
to the fact that a large fraction (about 80%) of tumors is metastatic at the time of diagnosis.3
The histologic progression from non-invasive precursor lesions, pancreatic intraepithelial
neoplasia (PanINs), to invasive and metastatic pancreatic cancer is associated with the
sequential accumulation of molecular alterations.

We have selected three biomarkers for pancreatic cancer for quantitative imaging: prostate
stem cell antigen (PSCA), claudin-4 (CLDN4), and mesothelin (MSLN). PSCA and MSLN
are gylcosylphosphatidyl inositol (GPI)-anchored proteins whereas CLDNA4 is one of a large
family of tight junction proteins. PSCA is overexpressed in adenocarcinomas and present in
the majority of PanIN lesions beginning with early PanIN-1. Claudin-4 overexpression is
observed in intermediate PanIN-2 lesions.8-10 Mesothelin overexpression is a late event in
the progression model of pancreatic cancer, almost always associated with invasion. All
three of these biomarkers are therapeutic targets for pancreatic cancer. Quantitative profiling
of these biomarkers was studied in three pancreatic cancer cell lines: Panc-1 (derived from
pancreatic ductal adenocarcinoma), MIA PaCa-2 (derived from epithelial pancreatic
carcinoma cells), and Capan-1 (derived from a liver metastasis of a grade 1l pancreatic
adenocarcinoma). The immortalized pancreatic ductal cell line HPDE was used for
comparison.

QDs exhibit size-dependent absorption and emission properties, 13 high fluorescence
quantum yields, and with careful functionalization have been widely used for imaging and
sensing.14-23 Quantitative QD-Ab targeting requires that each target molecule (e.g.
membrane protein) is conjugated with one QD and that non-specific binding is minimized.
Although various functionalization schemes have been reported in the literature, here we
have developed a method based on encapsulation with a lipid layer optimized for
quantitative targeting (Figure 1a). Since quantitative biomarker analysis using QD-
conjugates has not previously been reported, we cannot compare our functionalization
scheme to other methods, however, through a systematic study of functionalization
parameters, we show that: (1) functionalization can be achieved with commercially available
reagents, (2) the yield of the functionalization process is high, (3) the QD-conjugates are
monodisperse and exhibit good stability in water, and (4) the functionalization method
minimizes non-specific binding to cells.

Nanomedicine. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Methods

Page 3

Synthesis of QDs

Most experiments were performed using CdSe/(Cd,Zn)S core/shell QDs with an emission
wavelength of about 610 nm. For multiplexing experiments we synthesized CdSe/(Cd,zZn)S
core/shell QDs with an emission wavelength of 524 nm and CulnSe/ZnS core/shell QDs
with an emission wavelength of 707 nm. Details are provided in Supplementary
Information.

Water solubilization of QDs

Cell lines

Water soluble QDs were obtained by forming a lipid monolayer composed of MHPC/DPPE-
PEG2k (80:20 mol%) or MHPC/DPPE-PEG2k/DPPE-PEG2k-COOH (80:15:5 mole%).
Typically 0.25 nmol of QDs, 4 wmol of MHPC, 0.75 pmol of DPPE-PEG2k, and 0.25 pmol
of DPPE-PEG2k-COOH were dissolved in 0.3 mL of chloroform. This solution was added
to 2 ml of deionized water and heated and maintained at 110 °C for 1 h under vigorous
stirring to evaporate chloroform. The resulting solution was sonicated for 1 h, centrifuged,
and the supernatant then passed through a syringe filter with a 200 nm PTFE membrane
(VWR) to remove any aggregates or unsuspended QDs. Quantum yield measurements were
performed on suspensions with about 100 pmol QDs in 4 mL DI water using a Hamamatsu
C9920-02 fluorometer. Details are provided in Supplementary Information.

A panel of three human pancreatic cancer cell lines (MIAPaCa-2, Panc-1, and Capan-1)
were utilized for these studies. Mia PaCa-2 and Panc-1 were cultured with a growth medium
containing DMEM (Dulbecco’s Modified Eagle’s Medium) as the base medium, FBS (fetal
bovine serum, 10 %), and P/S (penicillin/streptomycin, 1 %), and Capan-1 was cultured in
IMDM (Iscove’s Modified Dulbecco’s Medium) supplemented with 20% FBS and 1% P/S.
All three cell lines were incubated at 37 °C and in 5% CO,. The immortalized normal
pancreatic cell line HPDE (human pancreatic duct epithelium) was used as a control. HPDE
cells were cultured in keratinocyte serum-free (KSF) medium supplemented by bovine
pituitary extract and epidermal growth factor (Gibco-BRL, Grand Island, NY).

Antibodies and antibody conjugation

QDs were conjugated with one of three antibodies: anti-Prostate Stem Cell Antigen
(aPSCA), anti-claudin-4 (aCLDN4), or anti-mesothelin (aMSLN). The reaction of the
primary amines on the antibody with lipid-modified QDs (carboxylic acid-terminated QDs)
is catalyzed by 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC)
resulting in the formation of an amide bond. In a typical reaction, 1 .M QDs was mixed
with 2 mM EDC and 5 mM sulfo-NHS in 0.1 M MES (pH 6.0) and incubated for 15 minutes
at room temperature with gentle mixing. The remaining unreacted EDC was quenched with
the addition of 20 L of 2-mercaptoethanol (1 M) for 10 minutes. Unreacted reagents and
byproducts were removed by centrifugation in 100 kDa MWCO microcentrifuge tubes at
1000 g for 5 minutes. The activated QDs were then resuspended in 1x PBS. The activated
QD stock solution was mixed with antibody solution (0.5 - 1 mg mL™1 in PBS) to obtain a 3
— 6 fold molar excess of the antibodies to QDs. The reaction solution was incubated at room
temperature for 2 h with gentle mixing. For control experiments QDs were prepared by
coating with 80 mol% MHPC and 20 mol% PEGylated lipid DPE-PEG2k (no Ab). To
remove excess reagents microfiltration was performed. To ensure that any aggregates are
removed, an additional filtration step was carried out using syringe type filters (pore size:
100 nm). The QD suspensions were then characterized using UV-Vis absorption,
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photoluminescence (PL), dynamic light scattering (DLS), and surface charge (zeta
potential).

Briefly, about 10° cells (see above for description of cell lines) were pre-seeded in a 12-well
culture dish. At 50 — 70% confluency (1 — 2 days), the cell medium was aspirated and the
cells washed three times with PBS. Fixing solution (3.7% Formaldehyde) was added to the
wells for 20 min and washed three times with PBS. The cells were then incubated with a
blocking buffer (10% horse serum or 5% BSA in PBS) for 1 h prior to introducing 500 pL
of QD-Ab conjugates to each well and then incubated at RT for 30 min. In all profiling
experiments, cells were incubated with 20 pmol QDs corresponding to a dose of about 108
QDs per cell. In experiments to confirm that the membrane biomarkers were saturated with
QD-Ab conjugates (Figure 3a), cells were incubated with 0.1 — 20 pmol QDs. Next, the QD-
Ab solution was aspirated and the cells washed with PBS three times. The maximum
biomarker density (around 500 wm™2) corresponds to about 10° per cell or a maximum QD
excess of about 1000 QDs per biomarker.

Phase contrast and fluorescence images were taken with a Nikon ECLIPSE TE2000-U
microscope equipped with a filter wheel allowing us to mix-and-match excitation and
emission filters depending on the QDs (Ex: 350/50, 484/15, 555/25; Em: 457/30, 517/40
(FITC), 605/40 (TRITC), 620/40, or 665/LP). For experiments with QDs (Em. 607 nm), we
used Ex: 555/25 and Em: 605/40. Details of emission and filter ranges are provided in
Supplementary Information. All images were obtained with a x20 objective using Nikon
Elements software. The focus was set to the top surface of the cell rather than the bottom
surface of the cell on the glass slide. Images were recorded using a CoolSNAP HQ? camera
with 2 x 2 binning yielding 696 x 520 pixels, and an output intensity range from 0 — 255.
The exposure time was 0.5 s unless otherwise indicated.

Flow cytometry analysis

Cell were centrifuged at 500 x g for 5 mins and washed three times in an isotonic PBS
buffer supplemented with 0.5 % BSA to remove contaminating serum components that may
be presented in the culture medium. Cells were resuspended in the same buffer to a final
concentration of 4 x 10° cells mL™1 and 25 pL of cells (10° cells) transferred to a test tube.
10 pL of PE-conjugated anti-human claudin-4 antibodies (1gG,) was then added to the test
tube and incubated for 30 min. As a control for analysis, cells in a separate tube were treated
with a PE-labeled mouse 19gG,4 isotype control. See Supplementary Information for details.

Image analysis

Results

Immunofluorescence images were acquired and analyzed using Nikon NIS-Elements AR 3.1
software. The software was used to automatically select the cell boundaries and to generate
the pixel statistics of the cellular region. The average fluorescence intensity per m?2 within
the cellular region was determined quantitatively, which allows us to make quantitative
comparisons between different cell lines and different antibodies (i.e. different molecular
biomarkers). Control experiments included: (1) PEGylated neutral-charge (zwitterionic)
QD-L-PEG (no antibody) incubated with pancreatic cancer cell lines and a normal pancreas
epithelial cell line (HPDE), and (2) QD-Ab conjugates incubated with HPDE cells.

Lipid encapsulation

The hydrophobic capping ligands on the QDs after synthesis drive the formation of a lipid
monolayer, analogous to the outer leaflet in a bilayer membrane. Due to the high curvature
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of the QDs, a combination of single and double acyl chain phospholipids was used to form
the outer leaflet. To determine the optimum composition, QDs were incubated in solution
containing different concentrations of a single alkyl chain phospholipid 1-myristoyl-2-
hydroxy-sn-glycero-3-phosphocholine (MHPC) and a double alkyl chain lipid 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE). The yield of the functionalization
process was higher than 60% for compositions in the range from 20 to 50 mol% DPPE (see
Supplemental Figure S1a). For < 20 mol% DPPE, the QD-L conjugates are monodisperse
with an average hydrodynamic diameter of about 13 nm (see Supplemental Figure S1b), as
expected for the addition of a 2 nm lipid to the 8 nm diameter CdSe/(Cd,Zn)S QDs. In
contrast, for = 30mol% DPPE, the QDs were polydisperse. The stability in water is also
dependent on the lipid composition: QDs with 80 mol % MHPC and 20 mol% DPPE are
stable for at least 100 h, significantly longer than other compositions (see Supplemental
Figure S1c). Replacing the DPPE with a pegylated version (DPPE-PEG2K), resulted in QD-
L-PEG conjugates that were stable for several weeks. Finally, the quantum yield of QD-L
conjugates was greater than 40% for QDs with 80 mol% MHPC/20mol% DPPE, and was
and significantly higher than other lipid compositions.

Charge and antibody-conjugation

Profiling

Targeting antibodies were covalently conjugated to the lipid-coated QDs by incorporating a
COOH-terminated pegylated lipid (DPPE-PEG2k-COOH). The introduction of charged
groups increases stability: QDs that are near-neutral tend to aggregate, resulting in a very
low yield after filtration (see Supplemental Figure S1d). Conversely, QDs with significant
charge exhibit high levels of non-specific cell surface binding in control experiments.
Consequently, there is an optimal range of charge (corresponding to a zeta potential of about
-10 mV) to minimize aggregation, maximize yield and stability in water, and minimize non-
specific binding. Using zwitterionic lipids, the QDs are almost electrically neutral, with a
zeta potential of less than 2 mV (Figure 1c). Introduction of 5 mol% of the COOH-PEG-
lipid does not influence the hydrodynamic diameter (Figure 1b) but results in a small
negative surface charge, corresponding to a zeta potential of about -7 mV (Figure 1c). The
antibodies were covalently conjugated to the QDs through formation of an amide bond
between the carboxylic acid of the pegylated lipids and primary amines (lysine or N-
terminus) on the antibodies. In control experiments, we separated the antibody fragments not
covalently linked to the QDs and determined that at least one antibody per QD was active.

Antibody conjugation resulted in an increase in the average hydrodynamic diameter of the
QDs from 13 nm to about 21 nm (Figure 1b) (for a-PSCA) and a small increase in the
magnitude of the zeta potential due to the contribution from the antibodies (Figure 1c). The
sharp size distribution and absence of aggregates (Figure 1b) is characteristic of successful
conjugation and is crucial to minimizing non-specific binding for quantitative profiling. The
low concentration of carboxylated PEG-lipids minimizes aggregation during antibody-
conjugation and charge-induced non-specific binding. The absorbance/emission spectra
(Figure 1d) and the quantum yield (Figure 1e) of the QDs were not influenced by
conjugation and the quantum yield remained more than 40%. With careful removal of
excess reagents and filtration, the QDs are stable in water for at least several weeks showing
no change in optical properties.

Figure 2 shows a panel of fluorescence images after incubating Panc-1, MIA PaCa-2, and
Capan-1 cells with QD-Ab conjugates. The corresponding phase contrast images are shown
in Supplemental Figures S2 — S5. The absence or very low level of fluorescence for HPDE
cells (Figure S6) or cells incubated with QDs without antibodies (Figures S3 — S6) indicates
that the QD-Ab conjugates exhibit very low non-specific binding. We therefore hypothesize
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that the fluorescence from the pancreatic cancer cell lines is due to the binding of one QD-
Ab conjugate to one target biomarker on the cell surface. This hypothesis is verified in
subsequent experiments.

The fluorescence images from the Panc-1 and MIA PaCa-2 cells are very uniform, in part
due to the fact that the cells are relatively isolated. In contrast, the fluorescence from the
Capan-1 cells is more pronounced at the cell-cell boundaries. The spatial distribution is
discussed in more detail below. Qualitative comparison of the fluorescence images in Figure
2 shows different intensity levels, implying different expression levels. For example, while
PSCA shows high expression in Capan-1, MSLN was highly expressed in all three
pancreatic cancer cell lines. Similarly, CLDN4 is very highly expressed in Capan-1,
moderately expressed in Panc-1, and weekly in expressed MIA PaCA-2. These semi-
quantitative observations are in good agreement with results from PCR, Northern blot, and
Western blot reported in the literature. We note that these results are only achieved with
careful synthesis of the QD-Ab conjugates. Without appropriate functionalization and
surface modification, targeting is extremely heterogeneous on the cell surface and control
experiments with QDs with no antibody show significant non-specific binding.

To quantitatively determine the expression levels we must (1) confirm that we have
saturated all targeted biomarkers on the cell surface and (2) relate the fluorescence intensity
to the QD concentration. To confirm that we have saturated all biomarkers on the cell
surface, we incubated Panc-1 cells with different concentrations of QD-L-aMSLN
conjugates and measured the average fluorescence intensity per cell (Figure 3a). The
fluorescence intensity increases linearly with QD concentration up to 10 pmol, at which
point the fluorescence intensity remains constant, indicating that all biomarkers are
saturated. Prior to saturation, the slope is 1.0 confirming negligible non-specific binding and
no competition for binding sites. Finally, we can conclude that for any QD-Ab/cell line
combination, all biomarkers are saturated as long as the fluorescence intensity is < 240
pnm=2, and this condition is satisfied for all biomarkers and cell lines shown in Figure 2.

Having established that we have saturated the biomarkers on the cell surface, we next relate
the fluorescence intensity to the QD concentration. To quantitatively determine biomarker
concentrations over a wide range requires that we vary the exposure time when capturing the
fluorescence images. To do this we must consider the time dependence of the emission.
Figure 3b shows results for experiments where Panc-1 cells were incubated with QD-L-
aCLDN4 conjugates or claudin-4 antibody conjugated with the fluorophore phycoerythrin
(PE, emission 605 nm), PE-aCLDNA4. The emission from QD-L-aCLDN4 is constant for at
least 10* s while the emission from the PE-aCLDN4 conjugates decreases exponentially
with time due to photobleaching. The stable emission for the QDs shows that we can
linearly scale fluorescence intensities from different exposure times. Photobleaching results
in an exponential decrease in emission for the PE-aCLDN4 conjugates and highlights the
difficulty in using fluorophores for quantitative analysis.!

To relate the fluorescence intensity to QD concentration, a fixed volume of QD suspension
was located between two glass slides (Figure 3c). By confining the area of the suspension
between the glass slides we can relate the fluorescence intensity to an areal density of QDs
(Figure 3d). The average fluorescence intensity per unit area is linearly dependent on the QD
concentration and the slope of 1.0 confirms that there are no errors in our procedure.

Having established that we have saturated all biomarkers on the cells and that the
fluorescence intensity is proportional to the QD concentration, we can quantitatively analyze
the fluorescence images. Figure 4 shows the average biomarker density for PSCA, claudin-4
and mesothelin in the three pancreatic cancer cell lines (see also Supplemental Table S1).
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The expression levels of these markers are in the range from about 30 wm ~2 to 470 pm~2,
The expression levels for CLDN4 and MSLN on HPDE cells were less than 15 pm™2 while
the expression level for PSCA was about 44 pm~2. From analysis of the background
intensity we determined a detection limit of about +4 pm=2 (SD). The emission from cells
incubated with QDs without targeting antibodies (QD-L-PEG, see Supplemental Figures S2
— S5) corresponds to an average level of non-specific binding of 15 um=2, just above the
detection limit.

The expression levels of biomarkers can vary depending on passage and genetic drift.
Therefore, to validate the biomarker densities we performed flow cytometer analysis for
CLDN4 expression on MIA PaCa-2 cells with phycoerythrin (PE)-conjugated anti-CLDN4,
allowing us to make a direct comparison to results from QD-Ab conjugates. From control
experiments with beads conjugated with known concentrations of PE and the known ratio of
PE to antibodies, the number of PE molecules per cell was converted to antibodies per cell
(see Supplemental Figure S6). From flow cytometry analysis we obtain an average CLDN4
density on MIA PaCa-2 cells of 121 + 0.15 um™2 (SE, N = 5000 cells), in excellent
agreement with the value of 135 + 3.6 um™2 obtained from QD-aCLDN4 conjugates
(average expression level per cell, N = 100 cells).

An advantage of biomarker profiling with QD-Ab conjugates, compared to conventional
methods such as flow cytometry, is that we can obtain quantitative spatial information at the
single cell level. Comparison to the control experiments where cells were incubated with
QDs without antibodies (see Supplemental Figures S2 — S5), combined with our validation
experiments implies that the fluorescence represents the spatial distribution over the cell
surface. From the images in Figure 2, it is evident that the distribution of biomarkers over
isolated Panc-1 and MIA PaCa-2 cells is relatively uniform over the cell surface. The
nucleus appears somewhat darker since the images were obtained using an inverted
microscope. Figure 5a shows the distribution of mesothelin over a Panc-1 cell. The
distribution over the single cell is relatively narrow, 304 + 0.5 um=2 (SE, N = 10,802 pixels)
indicating relatively uniform expression as inferred from the fluorescence image (inset). The
intensity over the nucleus is 288 + 1.4 um=2 (SE, N = 912 pixels) only slightly lower than
the global cell average (see Figure 5a). These results also demonstrate that QD aggregation
and non-specific binding can be overcome with careful synthesis and design.

In contrast to the Panc-1 and MIA PaCa-2 cells, the Capan-1 cells tend to grow in clusters.
The distribution of claudin-4 on capan-1 cells is highly non-uniform with significantly
higher intensity at the paracellular junctions, consistent with previous immunofluorescence
studies®. This paracellular enhancement in cell clusters is expected since claudin-4 is a tight
junction protein3*. Figure 5b shows quantitative linear profiling of the claudin-4 density
along a set of eight radial lines through the center of the cell and separated by an angle of
22.5°. In the paracellular regions, the claudin-4 density is around 500 wm™2, more than
double the value in the central region. These results highlight the feasibility of quantitative
spatial mapping for isolated cells and monolayer clusters.

So far we have demonstrated quantitative profiling at the single cell level and spatial
profiling. For high throughput profiling of multiple biomarkers, it would be desirable to
perform multiplexed imaging. By attaching different antibodies to QDs with different
emission wavelength, we prepared color-coded QD-Ab conjugates (see Figure 6) to
demonstrate multiplexed targeting in human pancreatic cancer cell lines: QD(Em.524nm)-L-
aCLDN4 (green), QD(Em.623nm)-L-aMSLN (red), and QD(Em.707nm)-L-aPSCA (NIR).
Figure 8 shows the absorbance and emission spectra for each of the color-coded QD-Ab
conjugates. The wavelength of each QD was tuned to minimize the overlap of the emission
with those of other QDs, but still to be detectable using different emission filters. Equal
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amounts of the three different color-coded QDs were simultaneously incubated with MIA
PaCa-2 cells and Figure 6 shows the resulting phase contrast image and fluorescence images
at the same location taken with different emission filters (see Supplemental Figure S7).
Biomarker densities determined from quantitative analysis (see Supplemental Figure S8) of
the fluorescence images (Figure 6), are in a good agreement with the results from the
individual QD-Ab conjugates (Figure 2) and analysis (Figure 6). Enhanced fluorescence
images are shown in Supplemental Figure S9.

Discussion

We have demonstrated quantitative profiling of biomarkers for pancreatic cancer at the
single cell level using QD-Ab conjugates. The key requirements for quantitative profiling of
membrane biomarkers using a QD probe are that one QD-Ab conjugate is bound to one
target molecule, with no aggregation or non-specific binding. Using our lipid coating
strategy for water solubilization and antibody coupling using pegylated lipids, non-specific
binding and aggregation are negligible, allowing quantitative profiling of biomarkers for
pancreatic cancer.

The expression levels for PSCA, CLDN4, and MSLN in Capan-1, MIA PaCa-2, and Panc-1
cells are in the range from about 30 um=2 to 470 wm~2. The results are in agreement with
results from western blot, northern blot, and PCR where expression levels are scored on a
relative scale. The highest expression levels were obtained from PSCA and MSLN in
Capan-1 cells, and the lowest expression levels were for PSCA in MIA PaCa-2 and Panc-1
cells. Expression levels were validated using flow cytometry to determine the average
expression levels for CLDN4 on MIA PaCa-2 cells. The determination of quantitative
expression levels allows direct comparison between cell types at the single cell level.
Furthermore, we can provide quantitative spatial information on the distribution of
biomarkers.

Despite the complexity of these experiments, measurements performed with QDs that were
synthesized and functionalized at different times were reproducible. For example, here we
report an average expression level for CLDN4 on Panc-1 of 214 um=2 (Figure 4). In
independent experiments we measured average expression levels of 228 um=2 and 259
pwm=2. Similarly, we measured values for MSLN expression on Panc-1 of 304 um~2 (Figure
6) anzd 300 um™2, and expression levels for PSCA on Panc-1 of 32 um=2 (Figure 4) and 33
pLm=<.

The measured expression levels of 30 wm™2 to 470 wm™2 correspond to average biomarker
spacings on the cell membrane of 46 — 190 nm. For a 20 nm diameter QD-Ab conjugate, the
maximum expression level that can be measured is 2500 wm™2. As described above, the
detection limit reported here was about +4 um™2 corresponding to an average spacing of 500
nm. Based on the upper limit due to the size of the QD-Ab conjugates and the detection
limit, the dynamic range for measurement is almost three orders of magnitude. An important
advantage of QDs for profiling is that photobleaching is negligible (Figure 3b) and hence the
intensity is linearly related to exposure time. As a result, longer exposure times can be used
when the expression level is low.

We have also demonstrated quantitative multiplexed imaging using color-coded QDs. The
expression levels obtained from multiplexed profiling of PSCA, CLDN4, and MSLN in
MIA PaCa-2 cells very in excellent agreement with expression levels obtained from single
QD-Ab experiments. These results show the feasibility of this technology for staging and
forecasting since PSCA, CLDN4, and MSLN are expressed in different stages of
progression of pancreatic cancer.
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The ability to measure quantitative expression levels of membrane proteins has potential
impact in a number of fields. For example, profiling of biomarkers in tissue samples would
complement conventional histological staining and morphometric analysis, and may
improve staging of disease progression. Similarly, profiling of single cells from blood
samples, for example circulating tumor cells, may allow improved diagnosis and clinical
management.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

QD quantum dot
Ab antibody
PSCA prostate stem cell antigen
MSLN mesothelin
CLDN4 claudin-4
MHPC 1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine
DPPE 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lauroyl)
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Figure 1.

(a) Schematic illustration of QD conjugates for biomarker targeting: (QD-L-PEG) CdSe/
(Cd,zZn)S QDs with 80 mol% MHPC and 20 mol% DPE-Peg 2k. (QD-L-COOH) QDs with
80 mol% MHPC, 15 mol% DPE-PEG2k, and 5 mol% DPE-PEG2k-COOH. (QD-L-Ab)
QD-L-COOH covalently conjugated with an average of three targeting antibodies per QD.
(b) Particle size distributions for QD conjugates. (c) Zeta potential for QD conjugates. A
zeta potential of about —10 mV minimizes aggregation and non-specific binding. (d)
Absorbance and emission spectra for QD-L-PEG (Em. 623 nm) in water. (e) Quantum yield
for QD conjugates in water.
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Figure 2.

Profiling of biomarkers for pancreatic cancer. Fluorescence images of pancreatic cancer
cells (Panc-1, MIA Paca-2, and Capan-1) and normal pancreatic cells (HPDE) incubated
with 20 pmol QD-Ab conjugates (Ab = aPSCA, aCLDN4, and aMSLN).
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Figure 3.

Quantitative analysis of pancreatic cancer biomarkers from fluorescence images with QD-
Ab conjugates. (a) Saturation of membrane biomarkers. Average fluorescence intensity for
Panc-1 cells incubated with different concentrations of QD-aMSLN. The error bars
represent the standard error for measurements over at least 30 cells. The slope at lower
concentrations is 1.0 confirming negligible non-specific binding or competitive binding. The
plateau at 10 mmol QDs indicates saturation of MSLN at the surface. (b) Stability of
fluorescence in QDs and fluorophores. Average fluorescence intensity for Panc-1 cells
incubated with QD-aCLDN4 conjugates or PE (phycoerythrin)-aCLDN4 conjugates versus
illumination time.(c) Calibration of QD fluorescence. Fluorescence images for different
concentrations of QDs confined between two glass slides with fixed area. Top row: 36, 360,
1087 QDs um™2, bottom row: 1813, 2513, 2900 QDs um~2. (d) Average fluorescence
intensity (normalized for 0.5 s exposure time) versus QD concentration obtained from
analysis of images of QD suspensions.
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Figure4.

Absolute expression levels for biomarkers for pancreatic cancer. Average biomarker density
per wm? for PSCA, claudin-4 and mesothelin in the three pancreatic cancer cell lines
obtained from the average fluorescence intensity per cell and the calibration curve. Data
were obtained from at least 300 Capan-1 cells, 100 MIAPaCa-2 cells, and 50 Panc-1 cells.
Error bars represent the standard error. Data are tabulated in Table S1.
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Figure5.

Spatial distribution of biomarkers. (a) Spatial distribution of mesothelin expression levels
over a Panc-1 cell (inset). (b) Quantitative linear profiling of the claudin-4 density across a
capan-1 cell (inset). The profiles were along radial lines separated by 22.5° and normalized
to the cell diameter.
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Figure6.
Multiplexed imaging of cancer biomarkers on MIAPaCa-2 cells. Absorbance and emission

spectra for (a) QD(Em.524)-L-aCLDN4, (b) QD(Em.623)-L-aMSLN, and (c) QD(Em.707)-
L-aPSCA. (d) Phase contrast microscope image for MIAPaCa-2 cells after incubation with
the three QD-Ab conjugates. Fluorescence images obtained with (e) FTIC (517/40, green),
(F) TRITC (605/40, red), and (g) NIR (665 LP, infra red) filters. (h) Average biomarker
density per cell for PSCA, claudin-4 and mesothelin in MIAPaCa-2 cells measured
simultaneously. Standard error obtained from 150 cells.
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