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emiconductor quantum dots (QDs)

have unique optical and electronic

properties such as size-tunable light
emission, superior signal brightness, resis-
tance to photobleaching, and simultaneous
excitation of multiple fluorescence
colors.'* These properties are most prom-
ising for improving the sensitivity and mul-
tiplexing capabilities of molecular histopa-
thology and disease diagnosis.”>~” In
contrast to in vivo imaging applications,
where the potential toxicity of cadmium-
containing QDs is a major concern,* immu-
nohistological staining is performed on in
vitro clinical patient samples. As a result, the
use of multicolor QD probes in immunohis-
tochemistry (IHC) is likely one of the most
important and clinically relevant applica-
tions in the near term.2~'° In particular, the
multiplexing capability of QDs is well-suited
for investigating tumor heterogeneity and
complexity, one of the most important and
challenging problems in studying the
mechanisms of cancer development and
also in developing therapeutics to eradi-
cate cancer cells.'®" '8

Human cancer is especially complex be-

cause it evolves over a long time course
and shows a multitude of molecular, cellu-
lar, and architectural heterogeneity.'® At
the molecular level, cancer cells are hetero-
geneous both in their genetic mutations
and in their phenotypic expression profiles.
At the cellular level, malignant tumors are
characterized by a complicated mix of be-
nign cells, malignant cells, fibroblasts, and

Www.acsnano.org

ABSTRACT Tumor heterogeneity is one of the most important and challenging problems not only in studying
the mechanisms of cancer development but also in developing therapeutics to eradicate cancer cells. Here we
report the use of multiplexed quantum dots (QDs) and wavelength-resolved spectral imaging for molecular
mapping of tumor heterogeneity on human prostate cancer tissue specimens. By using a panel of just four protein
biomarkers (E-cadherin, high-molecular-weight cytokeratin, p63, and ci-methylacyl CoA racemase), we show
that structurally distinct prostate glands and single cancer cells can be detected and characterized within the
complex microenvironments of radical prostatectomy and needle biopsy tissue specimens. The results reveal
extensive tumor heterogeneity at the molecular, cellular, and architectural levels, allowing direct visualization of
human prostate glands undergoing structural transitions from a double layer of basal and luminal cells to a single
layer of malignant cells. For clinical diagnostic applications, multiplexed QD mapping provides correlated molecular
and morphological information that is not available from traditional tissue staining and molecular profiling
methods.
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other stromal cells, vascular cells, and infil-
trating inflammatory cells (such as mac-
rophages and lymphocytes). Also, a small
number of stem cells and progenitor cells
are believed to be embedded in the perivas-
cular region and could be responsible for
tumor growth and recurrence.'® 2! At the
architectural level, normal and cancer cells
are often arranged into distinct structures
(such as glands in prostate, ducts in breast,
and crypts in colon), and multiple lesions of
varying grades or malignancy are com-
monly found within the same tumor. This
level of complexity represents an extraordi-
nary challenge to the cancer research com-
munity because most experimental data are
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Figure 1. Schematic illustration of sequential QD staining in whi

ch two primary antibodies from two animal species are used

to recognize two tissue antigens. A mixture of two primary antibodies from two species (e.g., rabbit and mouse) is first used

to recognize two antigens (A and B) in the tissue section (first a

rrow, step 1). After washing, a mixture of two secondary an-

tibody QD conjugates (e.g., goat anti-rabbit QD655 and goat anti-mouse QD605) is applied to stain the two primary antibod-
ies (second arrow, step 2). The same procedure is repeated by using primary antibodies for two additional antigens (third ar-

row, step 3) followed by the use of two secondary antibody QD
mouse QD705 or QD525) (fourth arrow, step 4).

obtained by ensemble averaging over heterogeneous
cell populations.

To address these complexity and heterogeneity
problems, Liotta and co-workers???3 have devel-
oped laser capture microdissection (LCM) to cap-
ture or “punch out” morphologically distinct cells
from tissue specimens, followed by real-time poly-
merase chain reaction (RT-PCR) or mass spectromet-
ric analysis. Also promising is a technology devel-
oped by Rimm and co-workers®*?> that combines
immunofluorescence staining and automated quan-
titative image analysis (called AQUA). In comparison
with adsorption-based immunohistochemical meth-
ods, fluorescence imaging provides a number of ad-
vantages such as higher detection sensitivity, wider
signal dynamic ranges, and more linear relationships
for biomarker quantification and prediction of thera-
peutic response. Indeed, recent advances have
shown that fluorescence-based analysis of protein
biomarkers is strongly correlated with clinical
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conjugates (e.g., goat anti-rabbit QD565 and goat anti-

outcome.?*~?” However, the use of organic dyes for
multicolor fluorescence measurement is often lim-
ited by photobleaching, low signal intensity (low
brightness), spectral overlapping, and the need for
multiple light sources to excite different
fluorophores.

In this work, we report the use of multiplexed
QD—antibody conjugates and wavelength-resolved
fluorescence imaging (spectral imaging)?®2° to detect
a panel of protein biomarkers directly on human tissue
specimens. We show that QD-based spectral imaging
can be utilized for high-throughput digital mapping of
molecular, cellular, and glandular variations on surgical
prostate cancer specimens. Without physically remov-
ing any cells from heterogeneous tissue sections, this
nanotechnology approach allows the molecular profiles
and morphological features to be “digitally” extracted
from individual cells, cellular clusters, glands, and com-
plex histopathological loci. By using just four protein
biomarkers (E-cadherin, high-molecular-weight
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cytokeratin, p63, and a-methylacyl CoA racemase), we
demonstrate that a single malignant tumor cell can be
detected and identified from the complex tissue mi-
croenvironment encountered in formalin-fixed paraffin-
embedded (FFPE) histologic materials obtained from
radical prostatectomy and needle biopsy specimens.
The results reveal that complex architectural changes
are associated with cancer development and progres-
sion, including prostate glands undergoing structural
transitions from a double layer of basal and luminal cells
to a single layer of malignant cells. As discussed be-
low, multiplexed QD mapping provides new molecular
and morphological information that is not available
from traditional H&E (hematoxylin and eosin) and im-
munohistochemical methods, especially at complex
and suspicious disease loci.

RESULTS

Multiplexed QD Staining. We have developed and opti-
mized a sequential staining method in which primary
and secondary antibodies from two animal species (e.g.,
primary rabbit and mouse antibodies, and secondary
anti-rabbit and anti-mouse antibodies) are repeatedly
used to build up the degrees of QD multiplexing (see
Figure 1). An important finding is that an excess of QDs
conjugated with secondary antibodies can be used to
deplete the antigenic sites on primary antibodies when
the binding mixture is incubated for an extended pe-
riod of time (2—3 h). Under these conditions, the per-
centage of “empty” epitopes on the primary antibody
is largely determined by the equilibrium constant of pri-
mary antibody and QD—secondary antibody binding,
thereby avoiding the complications of time-dependent
binding kinetics. As a result, during the second round of
staining, QD binding takes place mainly at the new pri-
mary antibody sites (introduced during the second
round). A major advantage of this sequential staining
approach is that the use of common antibodies and QD
conjugates from just two animal species is well-suited
for scale-up applications at low costs and for improving
the consistency and reproducibility of repeated stain-
ing (discussed in more detail below). A potential prob-
lem, however, is that the secondary antibody could dis-
sociate from the primary antibody, and that the primary
antibody itself could dissociate from the tissue anti-
gen. Both of these processes could occur during the
washing steps as well as during the second round of
staining. The release of QD probes from the primary an-
tibody could cause “QD crossover” because the QDs
used in the second round of staining can bind to the
same primary antibody sites that become available by
dissociation. Thus, the second QD probe could “colocal-
ize” with the first QD probe if both of them bind to the
same primary antibody sites. A simple strategy to over-
come this problem is to cross-link the
QD—antibody—antigen complex by using common tis-
sue fixatives such as formaldehyde, glutaraldehyde, or
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Figure 2. Fluorescence images and quantitative biomarker analysis of
single prostate cells extracted from human tissue specimens. The tis-
sue sections were stained by using two primary antibodies and two
secondary antibody QD conjugates in a sequential manner for two tis-
sue antigens (p63 and cytokeratin HMW) with distinct cellular localiza-
tion patterns. The nuclear biomarker p63 (red) was stained first, fol-
lowed by QD staining of the membrane/cytoplasmic biomarker
cytokeratin HMW (green). (a) Deconvolved images of single basal cells
in a benign prostate gland showing the membrane/cytoplasmic distri-
bution of cytokeratin HMW (top panel), the nuclear distribution of
p63 (middle panel), and their composite images showing minimal spa-
tial overlap (bottom panel). (b) Line plots of QD staining fluorescence
intensities for cytokeratin HWM (green), p63 (red), and background
(black); see the dashed lines in panel a. Scale bar = 2 pum.

ethyl dimethylaminopropyl carbodiimide (EDC), a pro-
cedure that has been used to prevent the loss of mi-
croRNA during in situ hybridization.>®

We have experimentally evaluated the performance
of sequential QD staining by using two protein biomark-
ers (p63 and HMW cytokeratin) that do not overlap in
their cellular locations (that is, with distinct distribution
patterns).3' 34 The rationale is that after two rounds of
QD—antibody staining, the different QD signals (differ-
ent colors) should be spatially separated if QD crossing-
over and nonspecific binding do not take place during
the staining process. Figure 2 shows the color-separated
images of single cells that are extracted from human tis-
sue specimens stained sequentially with red and green
QD conjugates. High-molecular-weight cytokeratin (CK
HMW) is predominantly associated with the cytoplasm
and its membrane, while the protein biomarker p63 is ex-
clusively localized in the cell nuclei. Quantitative image
analysis indicates that the nonspecific CK signal (detected
in the nucleus) is only 5% of its membrane/cytoplasmic
signal. Similarly, the nonspecific QD signal for the nuclear
antigen p63 at the membrane is about 10% of its specific
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Figure 3. (a) QD emission spectra and tissue autofluorescence data used for color coding and spectral deconvolution. (b)
Raw and (c) processed fluorescence images of prostate tissue specimens after multiplexed QD immunostaining for four pro-
tein biomarkers. Note that spectral imaging allows color-encoded biomarkers to be extracted and highlighted in the decon-
volved image. The protein biomarkers are E-cadherin (green), cytokeratin HMW (white), p63 (red), and AMACR (blue), as
shown in encoded pseudocolors in image c.
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Figure 4. Four biomarker multiplexed QD staining images (a,b) and single biomarker immunohistochemical staining im-
ages (c,d) of adjacent prostate cancer tissue sections. The patient was a 68 year old Caucasian male who underwent radical
prostatectomy. The remarkable similarities in staining patterns and intensities indicate that the multiplexed QD staining im-
ages are highly consistent and reproducible and also are strongly correlated with IHC and H&E stained images (see Support-
ing Information Figure S1). The protein biomarkers in panels a and b are E-cadherin (green), CK HMW (white), p63 (red),
and AMACR (blue). The single biomarker in panels ¢ and d is E-cadherin. In image a, normal prostate glands are annotated
with a star symbol; malignant glands with an arrow; glands showing features of prostatic intraepithelial neoplasia (PIN) are
annotated with an asterisk. Objective = 20X. Scale bar = 100 um.



TABLE 1. Summary of Human Prostate Protein Biomarkers, Their Cellular Localization, and Expression Patterns for QD
Mapping of Tumor Heterogeneity in Prostatectomy Tissue Specimens.

cell type P504s (AMACR) p63
normal basal — +
normal luminal -
malignant tumor + =
cellular location cytoplasmic nuclear
coding color blue red

binding signal in the nucleus, a level low enough for de-
tecting distinct multicolor QD staining patterns on intact
tissue specimens. It should be noted, however, that accu-
rate biomarker quantification will require calibration data
to normalize the brightness levels of different-colored
QDs and the use of housekeeping gene products as inter-
nal controls for “on-tissue correction” of QD staining effi-
ciencies.®

We have used spectral imaging to measure mul-
tiple molecular targets based on small but meaningful
spectral differences (see Figure 3). We find that there
are major differences between cells and tissues includ-
ing the following: (i) the level of autofluorescence is
much higher and more complex with fixed tissues than
with cancer cells; (ii) cells in tissue sections are rarely in-
tact, making whole cell quantification difficult; (iii) there
is considerable variability in tissue sample source, pres-
ervation, and processing. These factors make biomar-
ker quantification more difficult on tissue samples, but
they do not alter the QD staining and spectral imaging
patterns.

Reproducibility of Multiplexed QD Staining. To experimen-
tally evaluate the consistency and reproducibility of
multiplexed QD staining, we have used four
QD—antibody conjugates with fluorescence emission
at 525 (or 705), 565, 605, and 655 nm to measure four
protein biomarkers on adjacent tissue slices of human
prostate cancer (removed by prostatectomy). These
consecutively cut tissue sections show similar cellular
contents and architectural features and are well-suited
for a direct comparison of single-color and multiplexed
QD staining results from one tissue slice to another. The
results demonstrate that the multiplexed QD images
are not only highly reproducible but also strongly cor-
related with both IHC and H&E staining (Figure 4 and
Supporting Information Figure S1). Furthermore, the
QD staining data provide additional molecular and cel-
lular information for differentiating benign glands, pro-
static intraepithelial neoplasm (PIN), and malignant tu-
mor glands, as annotated in Figure 4. More quantitative
measurement further reveals that the QD signal varia-
tions are limited to about 10% for adjacent tissue sec-
tions (Supporting Information Figure S2).

This mapping and visualization of heterogeneous
cells and glands on human prostatectomy specimens
is achieved by using a panel of just four protein biom-
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biomarkers
CKHMW E-cadherin
+ +
- +
- +
membrane and cytoplasmic membrane
white green

arkers, selected based on their cellular localization
patterns or their abilities to differentiate the major
types of benign and malignant prostate cells (see Table
1). The first biomarker is E-cadherin, a transmembrane
protein involved in cell—cell adhesion, tumor invasion,
and epithelial-to-mesenchymal transition (EMT) and is
present in both normal prostate cells (basal and

a

[cK
I ECadherin

I P63
I AMACR |

Benign Luminal Malignant Tumor

Fluorescence Intensity (A.U.)

Benign Basal

Figure 5. Quantitative biomarker data for three major cell
types “digitally” extracted from multiplexed QD staining im-
ages of human prostate cancer specimens. (a) Profiles of four
biomarkers (CK HMW, E-cadherin, p63, and AMACR) for be-
nign basal cells, benign luminal cells, and malignant tumor
cells. (b) Scatter plots of three biomarkers (CK HMW, p63, and
AMACR) showing that the major types of prostate cells can
be separated with nearly 100% precision. Purple dots, benign
basal cells; green dots, benign luminal cells; and blue dots,
malignant tumor cells. The protein marker E-cadherin is not
used in these plots because it is expressed in all three types
of prostate cells.
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types of cells found in human prostate cancer
specimens. We note that the brightness of QDs
is determined by both their fluorescence quan-
tum yields (QE) and their absorption coefficients
and shows considerable variations from one
color to another, especially when the fluores-
cence emission color is tuned by changing the
QD size.”> However, same-color signal intensities
can be compared to estimate the relative expres-
sion levels of a given protein biomarker in differ-
ent cell populations. Indeed, the multiplexed
QD mapping data are consistent with that of pre-
vious research.®' 332738 showing that malig-
nant tumor cells have greatly overexpressed
AMACR levels (by 4—5-fold), reduced CK expres-
sion, and nearly zero p63 expression. Using
three-dimensional (3D) scatter plots, it is clear
that the major types of prostate cells can be
separated with very high precision (Figure 5b).
The E-cadherin is not used in these plots because
it is expressed in all three types of cells and is
less informative for cellular differentiation.

To examine how a benign prostate gland is
transformed into a malignant one, we have ob-

Figure 6. Identification of single malignant tumor cells in a predominantly be-
nign prostate gland by QD multiplexed staining of four protein biomarkers (E-
cadherin, green; CK HMW, white; p63, red; and AMACR, blue). (a) Composite im-
age showing the distinct staining patterns of a largely benign gland (central)
and surrounding malignant cells (blue signals in dotted circles). A single malig-
nant tumor cell in the basal gland layer is indicated with an arrow. (b) Decon-
volved image showing the distribution of p63-positive benign basal cells. (c,d)
Deconvolved images showing the distribution of AMACR-positive malignant tu-
mor cells in two adjacent tissues. The staining similarities provide strong evi-
dence that the malignant cells identified in panel a are indeed cancer and are
not experimental artifacts. (e—g) Zoomed-in views of the boxed area in panel
b showing that the single malignant cells identified by AMACR staining are
negative in p63 staining, as expected for truly malignant cells. A cell is, in fact,
present at that location, as shown by the DAPI nuclear staining (also in blue) (f),
and by the composite p63 and DAPI image (g). Objective = 100X. Scale bar =

served early events involving only a single cell in
the complex environment of surgical tissue
specimens. Figure 6 demonstrates the detection
of a single cell with a molecular phenotype sug-
gestive of neoplasia, surrounded by an otherwise
benign prostate gland. This cell is most likely ma-
lignant because of its strong AMACR staining
and the concomitant absence of p63 staining in
the nucleus. The possibility of this abnormal cell
being an artifact can be ruled out because the
adjacent tissue slice shows similar staining at ex-

20 pm.

luminal) and malignant tumor cells.>® The second biom-
arker is high-molecular-weight cytokeratin (CK HMW),
a protein that is present in the cytoplasm and mem-
brane of benign prostate basal cells but is absent in ma-
lignant prostatic epithelium.?>3* The third marker is
p63, a homologue of the cancer suppressor protein p53
and is present only in the nuclei of normal basal cells.>'>2
Finally, we selected the biomarker p504s («-methylacyl
CoA racemase or AMACR), which is an enzyme involved
in fatty acid oxidation and is present in the cytoplasm of
premalignant and malignant tumor cells but is absent in
benign and normal cells.® Significantly, AMACR is a
marker that has been found in many types of human can-
cer including colorectal, prostatic, ovarian, breast, blad-
der, lung and renal cell carcinomas, lymphoma, and mela-
noma.*” Itis detectable in up to 90—95% of both prostatic
intraepithelial neoplasm®® and invasive prostatic carci-
noma but is not found in prostate glands with benign
prostatic hyperplasia (BPH).3”-*8

Molecular Mapping of Benign and Malignant Cells. Figure 5
shows quantitative biomarker data for the three major
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actly the same location (Figure 6d). The AMACR

staining signal is not caused by crossover or non-
specific QD binding because this antigen was stained
in the first step and should not suffer from subsequent
crossover or nonspecific binding problems. The blue
QDs bound to the AMACR antigen, however, could lose
intensity during additional washing and staining steps,
but the detection of intense blue signals indicates that
this is not a major concern.

A collection of heterogeneous glandular architec-
tures is depicted in Figure 7. These structures range
from completely benign (judged by their characteristic
basal—luminal cell layers and absent AMACR staining;
see Figure 7a) to completely malignant (judged by in-
tense AMACR staining and absent basal cell CK and p63
signals; see Figure 7f). Between there are complex and
heterogeneous structures undergoing benign-to-
malignant transition at various stages. A surprise find-
ing is that a single prostate gland can contain both a
malignant segment (yellow arrows in Figure 7c) and a
benign segment (intense red p63 staining), as well as in-
termediate structures (low AMACR and absent p63

www.acsnano.org



staining). In addition, a benign gland can be situ-
ated next to a malignant gland (Figure 7d) (sepa-
rated by only 5—10 wm). In a complex “folded”
prostate gland, one portion can have malignant
features (Figure 7e, yellow arrows) while the rest is
largely benign. These results underscore the perva-
sive nature of tumor heterogeneity at the cellular
and glandular levels.

Complex Histopathological Loci. For clinical diagnos-
tic applications, Figure 8 shows traditional H&E
staining and multiplexed QD mapping images of
two “suspicious foci”. Each pair of H&E and QD im-
ages was obtained from two adjacent tissue sec-
tions of human prostate cancer, so that the identi-
cal regions of interest can be compared directly.
The results indicate that multiplexed QD mapping
provides valuable morphological information (simi-
lar to H&E) and also yields new molecular and cel-
lular information. For the structurally complex loci
in Figure 8, the QD data reveal that both of them
contain malignant glands, whereas the first one
(Figure 8a) contains more malignant cells (AMACR
positive) than the second one (Figure 8b). This level
of molecular and cellular mapping is not possible
with standard H&E or single-color IHC. Previous
studies have shown that many biopsy pathology

reports contain a suspicious diagnosis of atypical
foci.3?4° Conventional H&E and IHC techniques
cannot make a clear conclusion on these speci-
mens. The patients in this category have a risk of
approximately 40% carcinoma occurrence.>® The
ability of multiplexing by QDs allows a better
chance to differentiate these specimens with suspi-
cious foci, but more systematic clinical studies are
needed to determine whether the QD mapping

Figure 7. Multiplexed QD staining fluorescence images obtained from human
prostatectomy specimens highlighting cellular and glandular heterogeneity. (a)
Benign prostate gland, as judged by characteristic basal—luminal cell layers
and the absence of AMACR staining. (b) Largely benign prostate gland with a
single malignant or premalignant cell in the luminal layer, as judged by posi-
tive AMACR staining (see arrow). (c) Prostate gland with a malignant segment
(yellow arrows) and a benign segment (intense red p63 staining), as well as in-
termediate structures (low AMACR and absent p63 staining). (d) Malignant
gland (yellow arrows) sitting next to a benign gland (separated by only 5—10
m). (e) Complex “folded” prostate gland in which one portion is malignant
(yellow arrows) while the rest is largely benign. (f) Completely malignant gland,
as judged by intense AMACR staining and absent basal cell CK and p63 sig-

data are correlated with cancer behavior and pa- nals. Scale bar = 10 pm.

tient outcome.

DISCUSSION

The glandular architecture of the prostate gland is
complex, yet all benign glands share certain essential
characteristics, chief among them being a two-cell layer
configuration with both basal and luminal epithelial
cells.*" A histopathological hallmark of malignant pros-
tate glands is the loss of the basal cell layer. While high-
grade prostatic intraepithelial neoplasia (HG-PIN) has
been widely accepted as a premalignant lesion,*? it is
still unclear how this physical rearrangement of the
gland is associated with malignant transformation. One
of the obvious difficulties in placing HG-PIN in the tran-
sition from normal gland to malignant gland is that HG-
PIN is characterized by multiple layers of luminal epithe-
lial cells (see the gland marked with an asterisk in Figure
4a), and that cancer is characterized by a single layer
of truly malignant cells (see the gland marked by an ar-
row in Figure 4a). Little is known about how this dra-
matic architectural change takes place during the
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growth of prostate cancer. Our QD mapping data indi-
cate that the architectural changes start with a single
malignant cell in the basal or luminal layer (see Figures
6a and 7b), go through many intermediate step (in
which a single gland could contain both a malignant re-
gion and a benign region), and end with completely
malignant structures showing a single luminal cell layer.

Multiplexed QD mapping images represent a “snap-
shot” of heterogeneous molecular and cellular events
that are captured on surgical or needle biopsy tissue
specimens at a single time point. This snapshot is likely
to reflect (but does not fully represent) the chronology
of benign-to-malignant transition that takes place in
human patients over several years. It is enticing to use
multiplexed QD mapping for “reconstructing” human
cancer events by a retrospective deduction process.
Also, it will be interesting to use QD mapping to search
for rare cell types such as cancer stem cells on human
tissue specimens, which are believed to be responsible
for tumor reoccurrence after therapies.'® 2"
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cally complex foci on adjacent prostate cancer tissue sections. The dashed circles in images a and c correspond to one com-
plex region, and the dashed circles in images b and d correspond to another complex region. In panels a and b, objective
= 40X, scale bar = 50 pm. In panels c and d, objective = 20X; scale bar = 100 pum.

If cancer could be reliably identified at the earliest
possible stage of cellular transition, then novel thera-
peutics could be designed to arrest the process of ma-
lignant transformation. If the histological appearance of
these cells in transition could be certain, then the re-
sponse to such novel therapies could be followed by
the changing appearance of prostate histology over
time while a patient is enrolled in a clinical trial de-
signed to arrest the process. The accurate identifica-
tion of cells that under standard light microscopy ap-
pear benign but by protein marker analysis are
malignant could greatly assist in identifying the earli-
est molecular alterations accompanying malignant
transformation. Current diagnostic and prognostic clas-
sifications, based on clinical and pathologic factors, are
insufficient to reflect the whole clinical heterogeneity of
tumors and are unable to predict successful treatment
and outcome at the time of diagnosis.** Thus, the abil-
ity to correlate glandular architectures with molecular
biomarkers should provide new diagnostic and prog-
nostic insights that are not available from either mor-
phology or molecular analysis alone.

A deadly step in prostate cancer is the appearance
of so-called “lethal phenotypes” that are bone meta-
static, hormone independent, and chemotherapy and
radiation refractory.*** It has been hypothesized that
each of these aggressive behaviors or phenotypes

could be understood and predicted by a defining set
of biomarkers. By critically defining the inter-
relationships among these biomarkers, it could be pos-
sible to diagnose and prognosticate cancer based on a
patient’s molecular profile, leading to personalized and
predictive oncology. That is, a unique molecular profile
can be used to predict the tumor’s invasive and meta-
static potential, its ability to survive and grow under
androgen-deprived and hypoxia and metabolic stress
conditions, and the potential of certain cancer cells to
evade host immune surveillance. In this work, we have
carried out multiplexed QD mapping studies on clinical
tissue specimens from 16 prostate cancer patients, and
the results have revealed extensive tumor heterogene-
ity in protein biomarkers, in benign and malignant cells,
as well as in glandular architectures. The results clearly
demonstrate that multiplexed QD staining is sufficiently
consistent and reproducible for clinical translation, but
the patient number is too small to yield any significant
correlation of molecular and architectural features with
clinical outcomes. The next step is to conduct large-
scale clinical studies in order to establish the protocols
and practices for QD-based molecular pathology.

In summary, we have developed a high-throughput
digital mapping method based on the use of multi-
plexed quantum dot (QD)—antibody conjugates and
wavelength-resolved fluorescence imaging for

ACINTANIY . .
2762 | ACIN AN voL. 4 = NO.5 = LIUET AL

www.acsnano.org



mapping the molecular, cellular, and glandular hetero-
geneity of human prostate cancer specimens. This
method allows molecular information and morphologi-
cal features to be “digitally” extracted from individual
cells, cellular clusters, glands, and complex histopatho-
logical foci. By using just four protein biomarkers, we
have shown that a single malignant tumor cell can be
detected and identified from the complex tissue mi-
croenvironment. A fundamental finding is that the
architectural changes of prostate glands start with a
single malignant cell in the luminal or basal layer,

METHODS

Human Prostate Cancer Tissue Specimens. Formalin-fixed paraffin-
embedded (FFPE) human prostatectomy or needle biopsy speci-
mens were obtained from the Veteran Affairs Medical Center in
Atlanta, Georgia. Tissue sections (5 pm thickness) were pre-
heated at 60—65 °C for 15 min and were then deparaffinized by
immersion in xylene three times for 3, 1, and 1 min, respec-
tively. Tissue hydration was carried out by a series of immersion
steps at decreasing ethanol concentrations (100, 95, 80, and 70%
ethanol, twice and 2 min each), followed by rinsing in water for
5 min. Antigen retrieval was performed by using a decloaking
chamber at 125 °C for 30 s, then at 90 °C for 10 s in standard de-
cloaking buffers (Biocare Medical). After cooling in the decloak-
ing buffer for another 20 min, the tissue slides were washed by
water and were stored in 1X PBS plus buffer (containing 0.05%
Tween 20) until use.

Multiplexed QD Staining. Multiplexed QD staining was carried
out by using a robotic and automated system (Nemesis 7200,
Biocare Medical) for high throughput and reproducibility. The
use of such an automated staining instrument was found to re-
duce slide-to-slide variations. The preprogrammed procedure
started with blocking the slide surfaces by a mixture of 2% BSA,
5% goat serum, and 1 PBS for 30 min at room temperature. The
blocked tissue slides were incubated with a mixture of two pri-
mary antibodies at room temperature for 1 h. These two primary
antibodies were from two animal species used to recognize
two tissue antigens: antigen p504s by a rabbit polyclonal anti-
body (CP200AK, 1:50 dilution, Biocare Medical) and antigen p63
by a mouse monoclonal antibody (CM163A, 1:50 dilution, Bio-
care Medical). After washing with 1X PBS plus buffer twice, a
mixture of two secondary antibody QD conjugates (goat anti-
rabbit QD655 and goat anti-mouse QD605, Invitrogen) was ap-
plied to the slides and incubated for 2 h at room temperature. Af-
ter washing with PBS plus buffer three times (5 min each), the
same staining protocols were used for more tissue antigens
coupled with more QD colors. Briefly, two additional antigens (E-
cadherin and cytokeratin HMW) were stained by using two pri-
mary antibodies (E-cadherin by rabbit polyclonal antibody H108,
1:50 dilution from Santa Cruz Biotechnology, and cytokeratin
HMW by mouse monoclonal antibody CM127A, 1:50 dilution
from Biocare Medical), and two secondary antibody QD conju-
gates (goat anti-rabbit QD565 and goat anti-mouse QD705 or
QD 525, supplied by Invitrogen). The overall staining procedure
was finished by DAPI counterstaining, dehydration, and mount-
ing on coverslips for fluorescence imaging.

Multispectral Imaging. Wavelength-resolved fluorescence imag-
ing was achieved by using a multispectral imaging system (Nu-
ance, CRI, Woburn, MA) attached to an inverted fluorescence mi-
croscope (Olympus 1X71). With near-UV lamp excitation at
350—360 nm and a long-pass dielectric filter (cut-on wave-
length 500 nm), a wavelength-resolved stack (\-stack) of fluores-
cence images (called an image cube) was acquired across the
spectral range of 500—800 nm at 10 nm increments, yielding a
total of 30 images in the A-stack. With a data integration time of
50 ms for each wavelength, the complete image stack was fin-
ished in less than a few seconds (plus time for data storage and
processing). A library of five spectra (four for QDs and one for tis-

go through many intermediate steps involving par-
tially benign glands, and finally lead to completely
malignant glands with a single luminal cell layer. For
clinical diagnostic applications, multiplexed QD
mapping can provide new molecular and morpho-
logical information that is not available from tradi-
tional H&E and IHC, especially at complex and suspi-
cious disease foci. These results have raised exciting
possibilities in integrating morphological and molec-
ular biomarker information for cancer diagnosis and
treatment selection.

sue autofluorescence) was also acquired from standard
antibody—QD samples spotted on glass slides and from the con-
trol tissue sections (going through the same staining procedure
without QDs). This collection of spectral components was used
for spectral deconvolution (spectral unmixing).

Image Analysis and Biomarker Quantification. Deconvolution algo-
rithms were applied image each image cube, generating a set
of “single-color” images representing each individual QD/biom-
arker and the tissue autofluorescence. The colors of QDs were re-
assigned to pseudocolors for graphic visualization or emphasis.
A computer-aided threshold was determined from the experi-
mental data and was used for background subtraction. Feature
extraction and pattern recognition algorithms were used to iden-
tify areas of interest such as single cells, cellular clusters, and
whole glands. Biomarker expressions in these identified areas
were quantified by simple pixel-based intensity measurement.

Traditional Immunohistochemistry. Consecutive slides from the
same tissue block were stained by using standard DAB chroma-
gen immunohistochemistry. One protein biomarker was stained
on one tissue section. Briefly, after tissue pretreatment as de-
scribed above and subsequent endogenous enzyme blocking
for 15 min, the slides were loaded into the same autostaining
machines. The MACH-4 detection system (Biocare Medical) was
used for enhanced sensitivity. The routine counterstaining step
with hematoxylin was omitted so that monocolor images from
control slides could be used for comparison. Images of IHC-
stained tissues were acquired by using a color CCD camera at-
tached to an inverted Olympus microscope.
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