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DESCRIPTION

BIOSPECIFIC CONTRAST AGENTS

This application claims priority to, and incorporates by reference, U.S.
Provisional Patent Application Serial No. 60/361,924, filed March 5, 2002 and

entitled “Biospecific Contrast Agents.”

Backeround of the Invention

The government may own rights in the present invention pursuant to proposal

number 0119450 of the National Science Foundation (NSF).

1. Field of the Invention

The present invention relates generally to biological imaging. More
particularly, it concerns methods and apparatuses for using biospecific contrast agents
to enhance the imaging of cells. Even more particularly, it concerns using metal
nanoparticles and quantum dots attached to probe molecules with a high affinity to a
specific biomarker on the surface of pre-cancerous and cancerous cells to enhance the

1maging of those cells.

2. Description of Related Art

Cancer is the second leading cause of death in the U.S. exceeded only by heart
disease. The majority of cancers are of epithelial origin. Earlier detection of pre-
invasive curable epithelial neoplasia remains the best way to ensure patient survival
and quality of life. The American Cancer Society estimated that 1,200,000 people
would be diagnosed with cancer in 1999, resulting in 563,000 deaths.

Cervical cancer is the third most common cancer in women worldwide and the
leading cause of cancer mortality in women in developing countries. The curable
precursor to cervical cancer is cervical intra-epithelial neoplasia (CIN). In the U.S.

over $6 billion is spent annually in the evaluation and treatment of low-grade
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precursor lesions. Approximately 50 million Pap smears are done annually in the
U.S. to screen for cervical cancer and its precursor [1]; of these, the NCI estimates 6-
7% are abnormal. Mass screening of asymptomatic women with the Pap smear is
considered one of the most successful public health measures in the prevention of
cancer [2]; the decline in the incidence and mortality of cervical cancer over the last

40 years have been attributed mainly to the introduction of this screening test.

Cervical cancer goes undetected in developing countries because of the cost of
the tests and the lack of trained personnel and resources. In the U.S., resources are
wasted on the evaluation and treatment of lesions not likely to progress to cancer.
Both screening and detection could be vastly improved by in vivo optical imaging

technologies that improve, automate, and decrease the cost of screening and detection.

Despite the tremendous potential of optical techniques for identifying cancers
and pre-cancers (such as cervical cancers and pre-cancers), optical clinical
applications used for detection are still limited by low intrinsic contrast between
normal and diseased tissues, especially at the earliest stages of pre-cancer
development. Notwithstanding that contrast may be increased using conventional,
exogenous agents (such as Acetic Acid), conventional optical techniques could be
greatly improved if even further contrast enhancing mechanisms could be exploited.
In particular, it would be greatly beneficial if contrast could be increased in a targeted
manner — ie., if distinctive contrast agents could be associated with specific

biomarkers (biospecific contrast agents).

Numerous studies using biopsy specimens have shown that cancer specific
biomarkers can significantly improve the ability to recognize and grade cervical pre-
cancers and to use this information to predict whether the lesion will progress to
higher grades of pre-cancer and cancer. However, all currently known biomarkers
must be assessed in vitro - there is a large gap between clinically available methods of
in vivo tissue analysis of tissue and the current techniques to quantitatively assess

biomarkers.
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An important new approach to treating cervical pre-cancer is
chemoprevention. Chemoprevention refers to the use of chemical agents to prevent or
delay the development of cancer in healthy populations or patients with precancerous
tissue changes. [3,4]. Several chemoprevention trials have been carried out in patients
with CIN. [3]. Despite their promise, chemoprevention studies have several inherent
problems. One is that many patients hesitate to enroll in such trials because they
require multiple biopsies throughout the period when the chemopreventive agent is
given; biopsies are processed to quantitatively measure biomarkers associated with
cancer progression and assess drug response. A second problem is that the biopsy
process itself can interrupt the natural progression of the lesion. Many times these
lesions are small enough that the biopsy is the cure; frequent biopsies make it difficult
to accurately assess drug response. Thus, tools to assess quantitative biomarkers that

do not require biopsy could considerably improve chemoprevention studies.

In view of at least the foregoing, there is a need for new, improved techniques
that at least (a) improve cancer and pre-cancer screening and detection (including
cervical cancer and pre-cancer), (b) improve optical imaging techniques by providing
increased contrast to targeted regions, (c) close the gap between clinically available
methods of in vivo tissue analysis and techniques to quantitatively assess biomarkers,
and (d) assess quantitative biomarkers, while not requiring biopsy, to improve
chemoprevention studies. Such techniques would be beneficial in, for example, the
screening, detection, identification, monitoring, and diagnosis and corresponding
treatment of a wide range of maladies including cancers and pre-cancers. Even more
particularly, such techniques may be especially beneficial for cervical cancers and
pre-cancers. With such techniques in place, it is hoped that the incidence of cancers
such as cervical cancer, and the costs of detecting cancer and its precursors, may be

reduced in the U.S. and in the developing world.

Any shortcomings referenced above are not intended to be exhaustive, but

rather are among many that tend to impair the effectiveness of previously known
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techniques concerning . Other noteworthy problems may also exist; however, those
mentioned here are sufficient to demonstrate that methodology appearing in the art
have not been altogether satisfactory and that a significant need exists for the

techniques described and claimed herein.

Summary of the Invention

Shortcomings of the prior art are reduced or eliminated by the techniques
disclosed and claimed herein. These techniques are applicable to a vast number of
applications, including but not limited to any application that would benefit from the
use of biospecific contrast agents. Specifically, these techniques are applicable to the
optical detection of cervical cancers and pre-cancers. More specifically, these
techniques are applicable to the detection of cervical cancers and pre-cancers using
reflectance and fluorescence imaging enhanced by biospecific contrast agents made

up of reflective nanoparticles and quantum dots.

Embodiments of this invention involve in vivo optical imaging, modern nano-
chemistry, combinatorial chemistry and molecular engineering, permitting optical
imaging with molecular specificity. In one embodiment, optically interrogated
contrast agents based on metal nanoparticles and quantum dots are attached to probe
molecules with a high affinity to a specific biomarker on the surface of pre-cancerous
and cancerous cells. This combination of optical imaging with cancer specific
contrast agents may increase optical contrast between normal and neoplastic tissue
and provide useful molecular-specific information to assist clinicians in earlier
detection and monitoring of pre-cancers. The techniques described here accordingly
may significantly benefit health care by reducing the number of unnecessary biopsies,
enabling combined diagnosis and therapy, and reducing the need for clinical

expertise.

Techniques of this invention address some of the major shortcomings of in

vivo optical imaging: low signal (especially in the case of fluorescence), low contrast
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between normal and diseased tissue, and lack of molecular specificity. To address
these problems a combination of photonic probes (e.g., metal nanoparticles and
quantum dots) and cancer specific molecular probes may be used. This combination
may result in contrast agents that provide bright optical signals with no or very little
effects of photobleaching, enhanced contrast between normal and malignant tissue,

and molecular specificity characteristic for histopathologic immunostains.

Embodiments of this invention may further improve optical detection and
monitoring of neoplasia, providing quantitative information about biomolecular
signatures of cancer in the living body. This, in turn, may reduce the number of
unnecessary biopsies, enable combined diagnosis and therapy, and reduce the need for
clinical expertise. Using techniques described herein may lead to at least three
important clinical outcomes: (1) photonic probes with increased molecular sensitivity
and specificity may lead to inexpensive, improved screening strategies that can be
used in the U.S. and developing world to reduce the incidence of cancer; (2) photonic
probes that specifically increase contrast between normal and pre-cancerous tissue
may reduce the costs of detecting pre-cancers; and (3) photonic probes that may be
quantitatively assessed without the need for biopsy may greatly facilitate monitoring
of cancerous tissue in a wide range of applications, including but not limited to

chemoprevention studies.

Optical interrogation according to embodiments described herein may provide
non-invasive, real-time assessment of tissue pathology, while contrast agents may
give molecular specificity and selectivity. The combination of these optical imaging
techniques with the cancer-specific contrast agents may increase optical contrast
between normal and neoplastic tissue and provide useful molecular-specific
information to assist clinicians in earlier detection of pre-cancers. These innovations

may significantly improve the specificity and selectivity of pre-cancer detection.

As will be readily understood by those of skill in the art having the benefit of

the present disclosure, the techniques described herein are not limited to applications

-5-
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involving the analysis of pre-cancerous or cancerous tissue. Rather, the techniques
may be applied to a wide range of applications including but not limited to the
analysis of unpurified human fluids such as whole blood, serum, or urine for the
presence of circulating cancer cells and cancer related biomarkers. Such applications
may thus be used to achieve novel approaches toward a more general form of cancer

screening and diagnosis.

Although certain specific embodiments of this disclosure focus on cervical
cancers and pre-cancers, those having skill in the art will understand that the
techniques described herein may be applied with equal success to various other
systems. The cervix has been focused upon for number of reasons. Cervical lesions
have long been thought to be the best model for progression from mildly dysplastic
lesions to severely dysplastic lesions to invasive cancer. These factors make the
cervix a unique organ, well suited to the development of screening and diagnostic
interventions. However, the proposed activities provide an example of a new venue
for development of molecular optical imaging modalities for pre-cancer detection
(and detection of other conditions) that can be extended to many organ sites, as will

be understood by those of skill in the art having the benefit of the present disclosure.

As used herein, ‘“characteristic” as used in, for instance, “characteristic optical
scattering” or ‘“‘characteristic fluorescence excitation” shall be interpreted broadly to
mean “distinctive” or “having a feature that helps to distinguish a thing.” In
particular, “characteristic optical scattering” brought about by a metallic nanoparticle
may be distinguished from optical scattering brought about by some other matter.
Likewise, “characteristic fluorescence excitation” brought about by a quantum dot
may be distinguished from excitation brought about by some other matter. As used
herein, “biomarker” shall be interpreted broadly to a substance expressed, produced,
or associated with a cell that distinguishes the cell from other cells in a mixture of
cells such as tissues, organs, fluids, biological fluids, etc. The cell associated with a
biomarker may distinguish cells that differ in growth state, cell lineage, stage of

differentiation or de-differentiation, pathologic state (such as pre-cancerous,
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cancerous, neoplastic, hyperproliferative, or infected cells). A biomarker may, for
example, distinguish endomertial cells that are abberently localized in non-uterine
tissue or identify precancerous cells within a normal tissue. A biomarker may
include, but is not limited to proteins, nucleic acids, lipids, carbohydrates, cellular
organelles, receptors, cell surface proteins, transporters, antigen presenting
complexes, and other molecules that are unique or over represented in certain cell
types or growth states. As used herein, “molecular probe” shall be interpreted broadly
to mean a molecule that preferentially binds a biomarker. A molecular probe
includes, but is not limited to a proteins, polypeptides, peptides, peptide mimetics,
nucleic acids, pepto nucleic acids (PNAs), antibodies, aptamers, small molecules
(folic acid or mimics thereof), growth factors, lipids, lipoproteins, glycoproteins,

cabohydrates, etc.
Other features and associated advantages will become apparent with reference
to the following detailed description of specific embodiments in connection with the

accompanying drawings.

Brief Description of the Drawings

The following drawings form part of the present specification and are included
to further demonstrate certain aspects of the present invention. The invention may be
better understood by reference to one or more of these drawings in combination with

the detailed description of specific embodiments presented herein.

FIG. 1 is a schematic diagram of in vitro selection of aptamers in accordance

with embodiments of the present disclosure.

FIG. 2 illustrates qdots attached to neuron using a site specific antibody in
accordance with embodiments of the present disclosure. Brightfield (left) and

fluorescence (right) images are shown. The bar represents 60 pum.
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FIG. 3 is a schematic diagram showing the integration of various aspects of

embodiments of the present disclosure.

FIG. 4 is a UV-Vis spectra of isolated (a) and aggregated (b) metal

nanoparticles in accordance with embodiments of the present disclosure.

FIG. 5 illustrates a biotinilated bead labeled with streptavidin/particles

conjugates in accordance with embodiments of the present disclosure.

FIG. 6 illustrates the scattering of beads with high (left) and low (right)
density of metal nanoparticles in accordance with embodiments of the present

disclosure.

FIG. 7 illustrates silica coated nanoparticles in accordance with embodiments

of the present disclosure.

FIG. 8 is a schematic diagram showing the preparation of conjugates of
nanoparticles with antibodies and aptamers in accordance with embodiments of the

present disclosure.

FIG. 9 illustrates size-dependent luminescence of Si nanocrystals in

accordance with embodiments of the present disclosure.

FIG. 10 shows scattering properties of gold nanoparticles.

FIG. 11 shows optical images of SiHa cells labeled with anti-EGFR/gold

conjugates.

FIG. 12 shows laser scanning confocal reflectance and confocal fluorescence
images of pre-cancerous and normal fresh cervical ex vivo tissue labeled with anti-

EGFR/gold conjugates.
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FIG. 13 shows transmittance and reflectance images of engineered tissue

constructs labeled with anti-EGFR/gold conjugates.

FIG. 14 shows confocal reflectance (FIGS. 14A and 14C) and fluorescence
(FIGS. 14B and 14D) images of SiHa cells on collagen I labeled with anti-MMP-9
/gold conjugates. The area in the white square in (A) is shown in more detail in (C).

Arrows show polarized cells.

FIG. 15 shows co-localized fluorescence and reflectance laser scanning
confocal microscopic images obtained from SiHa cells incubated in anti-E7 gold
nanoparticle conjugates with 10% PVP. Autofluorescence due to NAD(P)H is
observed in the cytoplasm, while strong backscattering due to contrast agents is seen

in the nucleus.

Description of Illustrative Embodiments

Sensing cancer specific biomolecular signatures, or other specific
biomolecular signatures, may significantly improve screening, diagnosis and
prognosis, assist in design of treatment, and facilitate monitoring of disease.
Currently, biomolecular signatures — such as cancer biomarkers - can only be assessed
through invasive, painful biopsy. In this disclosure, techniques are divulged that
combine the advantages of real-time, in vivo optical imaging with innovative,
molecular specific contrast agents to provide a unique opportunity for highly selective

and sensitive detection of, for instance, cancer related biomarkers in vivo.

In one embodiment, optically interrogated contrast agents may be based on
metal nanocrystals and quantum dots attached to probe molecules with a high affinity
to a specific biomarker on the surface of epithelial cancer cells. Optical interrogation
may provide non-invasive real time assessment of tissue pathology, while contrast

agents give molecular specificity and selectivity. The combination of optical imaging
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techniques with cancer specific contrast agents may increase optical contrast between
normal and neoplastic tissue and provide useful molecular-specific information to
assist clinicians in earlier detection of pre-cancers. Accordingly, the techniques
disclosed herein may significantly improve the specificity and selectivity of the

detection of conditions such as pre-cancer.

Because aspects of this disclosure involve optical methods, it should be noted
that optical methods may be limited by relatively small penetration depth of light
inside a turbid human tissue (about 1.5 mm); therefore, certain aspects of this
disclosure may be better suited for application to epithelial tissue. The majority of
cancers are of epithelial onigin; hence, certain embodiments described herein find
direct applicability to situations involving cancer. As is understood by those having
skill in the art, however, there are several techniques that can be applied to increase
penetration depth of light inside of tissue including but not limited to U.S. Patent No.
6,275,726, which is hereby incorporated by reference.

Aspects of this invention involve concepts relating to optical imaging, contrast
agents, biomarkers, and various types of probes. Therefore, it is useful to first discuss
each of these topics, in turn, in a general manner. With this explanation
accomplished, attention may next be focused upon the application of those and related
techniques to achieve even further exemplary, and therefore non-limiting,

embodiments of the present invention.

Optical Detection of Neoplasia

Optical technologies offer the ability to image tissue with unprecedented
spatial and temporal resolution using low cost, portable devices; thus, they represent
an ideal approach to image early neoplasia. Multiple in vivo optical imaging and
spectroscopic modalities, including multi-spectral fluorescence imaging, [5,6] multi-
spectral reflectance imaging with unpolarized [7] and polarized [8] light, confocal
microscopy [9] and reflectance [10-14] and fluorescence [15-20] spectroscopy, have

recently been explored as diagnostic tools in medicine. In the UV and visible regions

-10-
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of the spectrum, tissue reflectance spectra provide information about the wavelength
dependent scattering of tissue as well as electronic absorption bands, primarily those
of oxy- and deoxy hemoglobin. The most common naturally occurring fluorophores
include the aromatic amino acids, the co-factors NAD(P)H and FAD, which describe

the tissue metabolic rate, crosslinks associated with collagen and elastin, and

porphyrins.

Different research has led to optical techniques to identify certain pre-
malignant changes in the female genital tract. For example, optical techniques have
been developed to address limitations of the Pap smear and colposcopy, the follow up
test performed when a Pap smear is abnormal. [21-24]. Performance of some of

these algorithms exceed that of the Pap smear and are comparable to colposcopy.

Another optical approach is in vivo confocal imaging, which provides the
ability to non-invasively image epithelial cells using reflected light. In concept, this
is similar to histologic analysis of biopsies, except that 3D resolution may be achieved
without removing tissue, and contrast is provided without stains. Confocal images
can localize reflected light in 3D with enough resolution to image individual cells and
intra-cellular structure. Changes in refractive index provide contrast to sample intra-
cellular detail; in epithelium, contrast is provided primarily by fluctuations in the
nuclear refractive index related to chromatin texture. Backscattering can be enhanced
dramatically with simple contrast agents.

Exemplary optical detection methods are discussed in US Patents Nos.
5,562,100; 5,612,540; 5,623,932; 5,697,373; 5,699,795; 5,842,995; 5,920,399,
5.929,985; 5,991,653; 6,095,982; 6,135,965; 6,187,289; 6,241,662 and 6,258,576, all

of which are incorporated herein by reference.

Non-specific Contrast Agents for Optical Imaging

Despite the tremendous potential of optical techniques for clinical
applications, they still are limited by low intrinsic contrast between normal and

diseased tissues, especially at the earliest stages of pre-cancer development.

-11-
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Therefore, many optical imaging techniques rely on the addition of exogenous agents
to enhance intrinsic contrast. Acetic acid is commonly used during colposcopy to
enhance contrast between normal and diseased regions in the cervix. [25]. Hypertonic
saline may also be used during colposcopy for increased visualization. [26]. Both of
these agents result in changes in the refractive index of the cell, making them

potentially useful contrast agents for confocal reflectance imaging.

Cancer Related Biomolecular Signatures - Biomarkers

Although optical imaging techniques can be used to analyze tissue pathology
in situ in real time, they currently do not provide information about specific
biomolecular signatures associated with cancer development. These biomolecular
signatures or biomarkers can currently be assessed only through invasive biopsy and
the use of quantitative immunochemical analyses in vitro. Researchers have worked
extensively to assess cervical biomarkers, both for use in screening and diagnosis and
in chemoprevention trials. [27,28]. A number of biomarkers of cancer progression
have been identified in the cervix, including quantitative histology and cytology,
PCNA, MIB-1, MPM-2, HPV viral load, EGFR, polyamines, and ploidy. [27].

Cervical biomarkers can be divided into several categories: cyto- and
histologic markers, markers indicating altered proliferation, regulation,
differentiation, and genomic instability. Cytologic and histopathologic markers
include nuclear features, nucleolar features, and tissue architecture. [29,30]. Nuclear
features of interest include grade, shape, area, optical density, texture, nuclear
pleomorphism, and ploidy (as estimated by DNA content). Tissue architectural
measurements exploit the finding that disordered nuclei are crowded and irregular.
One rationale for the use of proliferation markers is that cells with high proliferative
activity are more likely to be associated with premalignant and malignant tissues.
[31,32]. Proliferation can be studied with Ki-67 in frozen sections and MIB-1 (an
antibody to Ki-67) and proliferating cell nuclear antigen (PCNA) in archival

specimens.

-12-
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Regulation markers include tumor suppressors, HPV viral load and
oncoproteins, oncogenes, growth factors and their receptors, polyamines, and
arachidonic acid. These agents 1n their normal states help regulate cell growth. Their
measurement may provide clues to the process of carcinogenesis. HPV can be
quantitatively measured using PCR quantification of HPV 16 and 18 E7 mRNAs.
[33]. At present, the measurement of mRNA is labor-intensive and requires
sophisticated laboratory experience. Several types of selected protein kinases and
their receptors have been identified to be important in the development of cancer.
The tyrosine kinase subfamily includes epidermal growth factor receptor (EGFR),
vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF),
Src, Lck, and others. Vascular atypia is the hallmark of colposcopic progression of
CIN to cancer. Vascular growth factors have an important biologic role. Fujimoto et
al [34] studied VEGF in normal cervix and all cell types of invasive cervical cancer.
They observed increases in VEGF, which correlated with microvessel counts in

cancers.

Differentiation markers include fibrilar proteins (keratins, involucrin,
cornifin), adhesion molecules (cell-cell: lectins, gap junction, desmosomes; cell-
substrate: integrins, cadherins, laminins, fibronectin, proteoglycans, collagen), and

glycoconjugates (mucins, blood group substances, and glycolipids).

Molecular Probes of Biomarkers

Immunohistopathology

Significant benefits of quantitative assessment and monitoring of cancer
related biomarkers have stimulated development of probe molecules to selectively
target biomarkers on tissue slices. For example, antibodies to epidermal growth factor
(EGFR) are commercially available (Bigenex, CA). Immunostaning procedure to
specifically target the antibodies to their cellular targets in cell and biopsy specimens

are routinely used in cytology and histopathology. [35].

-13-
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Drug delivery

Selective delivery of therapeutic agents to cancer cells in a living body is
another area of research where targeting of cancer specific biomarkers is intensively
studied. [36-38]. Immunoliposome-mediated targeting using monoclonal antibodies
to folate receptor, [36,37] CA-125, [36] and HER2/neu antigen [39] have been
described. Problems associated with targeting delivery in vivo are thoroughly

addressed in these studies.

Aptamers

Traditionally, the identification of biomarkers and development of antibodies
for their specific targeting has been a difficult and time-consuming process that does
not always provide the best result for a particular application. For example, although
many cancer related biomarkers have been identified, only few of them have shown
promising results for cancer screening and prognosis, and it has been recognized that
it may be true that only combinations of these biomarkers can provide the best

discrimination between cancerous and normal tissue.

Numerous reviews have been written about the practice and products of in
vitro selection of aptamers. [40-43]. FIG. 1 summarizes some relevant procedures

that may be used in carrying out embodiments of the present disclosure.

The methods of the present invention may utilize aptamers with unique or
improved binding characteristics to a target that is unique to or over represented (as
compared to a normal or non-target cell) in, around or on a cell of interest. An
"aptamer" as used herein refers to a nucleic acid that binds a target molecule through
interactions or conformations other than those of nucleic acid annealing/hybridization
described herein. Methods for making and modifying aptamers, and assaying the
binding of an aptamer to a target molecule may be assayed or screened for by any
mechanism known to those of skill in the art (see for example, U.S. Patent Nos.
6,111,095, 5,861,501, 5,840,867, 5,792,613, 5,780,610, 5,780,449, 5,756,291

-14-
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5,631,146 and 5,582,981; as well as PCT Publication Nos. W(092/14843,
W091/19813, and W092/05285, each of which is incorporated herein by reference).

Aptamers are single- or double-stranded DNA or single-stranded RNA
molecules that recognize and bind to a desired target molecule by virtue of their
shapes. See, e.g.,, PCT Publication Nos. WQ092/14843, WO91/19813, and
W092/05285. The SELEX procedure, described in U.S. Pat. No. 5,270,163 to Gold
et al., Tuerk et al. (1990) Science 249:505-510, Szostak et al. (1990) Nature 346:818-
822 and Joyce (1989) Gene 82:83-87, can be used to select for RNA or DNA
aptamers that are target-specific. In the SELEX procedure, an oligonucleotide is
constructed wherein an n-mer, preferably a random sequence tract of nucleotides
thereby forming a "randomer pool" of oligonucleotides, is flanked by two polymerase
chain reaction (PCR) primers. The construct is then contacted with a target molecule
under conditions which favor binding of the oligonucleotides to the target molecule.
Those oligonucleotides which bind the target molecule are: (a) separated from those
oligonucleotides which do not bind the target molecule using conventional methods
such as filtration, centrifugation, chromatography, or the like; (b) dissociated from the
target molecule; and (c) amplified using conventional PCR technology to form a
ligand-enriched pool of oligonucleotides. Further rounds of binding, separation,
dissociation and amplification are performed until an aptamer with the desired
binding affinity, specificity or both is achieved. The final aptamer sequence identified

can then be prepared chemically or by in vitro transcription.

The length of a random sequence tract can range from 20 to over 150 residues,
and can be even longer if multiple, random oligonucleotides are combined into a
single pool by ligation or other methods. [44]. The number of individuals in a random
sequence population is typically at least 10" and can easily be over 10'°. For most
pools, this means that upwards of all possible 25-mers are present, and a
proportionately smaller number of motifs longer than 25. Because of the redundancy
of biological sequences, the sequence diversity of most random sequence pools likely

rivals the sequence diversity of the Earth’s biosphere.
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Aptamers have been selected against a surprising range of targets, ranging
from ions to small organics to peptides to proteins to supramolecular structures such
as viruses and tissues. [42,45-48]. In particular, aptamers have been selected against
a wide variety of proteins, including many nucleic acid binding proteins, such as T4
DNA polymerase [49] and HIV-1 Rev, [50] and multiple non-nucleic acid binding
proteins. In general, anti-protein aptamers seem to recognize basic patches on protein
surfaces. For example, the arginine-rich motifs (ARMs) of many viral proteins are
recognized by aptamers (reviewed in [51]), the phosphate-binding pockets of both
kinases [52] and phosphatases, [53)] and the heparin-binding sites on many surface
proteins and cytokines, such as basic fibroblast growth factor [54,55] and vascular

endothelial growth factor. [56,57].

Aptamers also seem to have an affinity for pockets or cusps on protein
surfaces, such as the combining sites of antibodies [58] or the active sites of enzymes.
[59]. Almost all proteins have either surface pockets or basic patches (indeed, even
proteins with negative pI’s, such as T4 DNA polymerase, typically contain sites that
can elicit aptamers). Most aptamer:target complexes have dissociation constants in
the nanomolar range. Moreover, aptamers recognize their targets with high
specificity, and can typically discriminate between protein targets that are highly

homologous or differ by only a few amino acids. [52,60,61].

Biophotonic Probes or Labels

Advances in nano-materials provide a wealth of optically-interrogatable
markers to explore for in vivo detection. In this disclosure, two embodiments are
focused upon, although this disclosure is not limited thereto. One embodiment is
based on metal nanoparticles that can be interrogated using optical reflectance, and
the another embodiment is based on quantum dots, which can be interrogated using
fluorescence. Both may be linked to aptamer-based, antibody-based, or peptide-based

probe molecules, as well as other small molecules that are known to preferentially
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bind to proliferating cells or tissues, to provide selective labeling of, for instance, pre-

cancerous, cancerous, neoplastic, or hyperproliferative cervical epithelial cells.

Metal Nanoparticles

Colloidal gold and silver nanoparticles exhibit beautiful and intense colors in
the visible spectral region. Without being bound by theory, it is believed that these
colors are the result of excitation of surface plasmon resonances in the metal particles
and are extremely sensitive to particles’ sizes, shapes, and aggregation state; dielectric
properties of the surrounding medium; adsorption of ions on the surface of the

particles; etc. [62].

The excitation of plasmon resonances leads to enhancement of the local
electromagnetic field near the surface of the particles. [63]. This effect may serve as
the basis for enhancement of many optical phenomena including but not limited to
Raman scattering, fluorescence intensity, and photochemistry in close vicinity to the
metal surface. Harnessing the unique properties of the surface plasmon resonances
has led to development of a variety of applications in biology and bioanalytical
chemistry. Surface enhanced Raman scattering (SERS) spectroscopy has been used to
solve a number of unique biologically relevant problems [64,65] and was
demonstrated to be capable of providing highly resolved vibrational information at the
level of a single cell [65,66] and a single molecule. [67]. Surface enhanced
fluorescence (SEF) spectroscopy has shown a great potential for development of
sensitive bioanalytical procedures with reduced number of intermediate processing

steps. [68].

In a new highly selective colorimetric DNA probe technique based on
reversible assembly of oligonucleotide-capped gold colloid, a detection limit of about
10 femtomoles and sensitivity to a single base pair mismatch were achieved [69].
That method exploited changes in plasmon resonances of gold particles upon their
aggregation. In those experiments, gold nanoparticles were conjugated with

mercaptoalkyloligonucleotide probe molecules and were mixed with single stranded
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target oligonucleotides. The interactions between the target molecules and the
conjugated nanoparticles brought the nanoparticles in close vicinity, inducing a
dramatic red-to-blue macroscopic color change. Because of the strong optical
absorption of gold particles, the proposed assay was about 50 times more sensitive

than standard hybridization detection methods based on fluorescence detection.

Recently gold nanoshell-polymer composites were proposed as a candidate for
photothermally triggered drug delivery system [70]. The nanoshells consisted of a
dielectric (gold sulfide or silica) core and a gold shell. [71]. The optical resonances
of that material can be shifted from the visible to the near infrared region by changing
the relative thickness of the core and the shell layers. When the gold nanoshells are
embedded inside a polymeric matrix, their illumination at wavelengths of gold
plasmon resonances results in heat transfer to the local environment. This
photothermal effect may be used to optically induce drug release in an implanted

nanoshell-polymer composite drug delivery material [70].

Besides certain specific optically based applications, gold nanoparticles have
been extensively used as molecular specific stains in electron microscopy of cells and
tissues. [72,73]. In this field, the fundamental principle of interactions between the
gold particles and biomolecules, especially proteins, have been thoroughly studied.
As a result, well established protocols have been developed for the labeling of a broad
range of biomolecules with colloidal gold, including protein A, avidin, streptavidin,

glucose oxidase, horseradish peroxidase, and IgG (antibodies).

Among all the fascinating properties of metal nanoparticles, the ability to
resonantly scatter light at frequencies coinciding with the particles’ surface plasmon
resonances has, until now, yet to be explored or fully exploited for biological
applications. The techniques of this disclosure, however, may use this property in the
development of contrast agents for in vivo reflectance. In this disclosure, there are

described innovative detection schemes that may allow users to fully harness these
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advantages for highly selective detection of, for instance, cancer related biomolecular

signatures.

According to different embodiments of this disclosure, one may prepare
closely spaced assemblies of nanocrystals through self-assembly and laser
photochemistry and/or photolithography. One may conduct chemical modification of
prepared assemblies and consequent immobilization of mono- and multilayers of
bioorganic molecules on their surface (DNA, antibodies, avidin, phospholipids, etc).
[68,74]. Metal nanocrystals, or other highly reflective nanocrystals, may be prepared
with tailored optical properties. The nanocrystals may be characterized, modified,
and conjugated with organic and bio-molecules. The prepared nanostructures may be
applied for structure-functional characterization of complex biological samples such
as proteins, synthetic bioactive polymers, nucleic acids, and single living cells using

SERS and SEF spectroscopies. [65,68,74-79].

Quantum Dots

A variety of semiconductor nanocrystals with characteristic lengths typically
on the order of 1-10 nm were named quantum dots (qdots). These extremely small
nanoparticles are in the intermediate size range between the molecular and
macroscopic length scales. Many interesting properties of qdots result from quantum-
size confinement including their luminescence. Fluorescence emission of qdots is
size dependable and can range from 400 nm to 2 pum with very narrow typical

emission width of approximately 20-30 nm. [80,81].

But, perhaps, the most fascinating property of qdots’ fluorescence is that it can
be excited efficiently with any wavelength shorter than the emission wavelength.
Therefore, qdots of different sizes that emit fluorescence at different wavelength all
can be excited at a single wavelength at the same time. This provides a unique
opportunity to do multi-color imaging experiments with a single excitation
wavelength. Specific examples of ultrahigh-resolution imaging using this approach

have been presented. [82].
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Despite the obvious advantages of qdots as compared to conventionally used
fluorescence labels, their biological applications have been hampered by the low
solubility of semiconductor materials which comprise qdots. Recently, two chemical
strategies were developed to make water soluble qdots that immediately resulted in
exciting demonstrations of specific labeling of cells using qdots labeled with
biospecific molecules. [83,84]. In [83] a surface of CdSe-CdS qdots was modified
using silica layer to make the dots water-soluble. Nanocrystals of two different sizes,
with 2 nm core and green fluorescence and 4 nm core and red fluorescence, were used
to label 3T3 mouse fibroblast cells.  Green particles were coated with
méthoxysilylpropyl urea and acetate groups to bind in the cell nucleus and red
particles were labeled with biotin to bind to F-actin filaments pretreated with
phalloidin-biotin and streptavidin. Both labels were simultaneously excited using 363
nm. The nuclear membrane was nonspecifically colored resulting in an yellow color

and actin filaments were specifically stained by the red qdots.

The second method was based on self adsorption of mercaptoacetic acid on the
surface of CdSe-ZnS qdots. [84]. The procedure resulted in water-soluble qdots with
carboxy terminal groups which were stable in PBS buffer. Carboxygroups were used
to conjugate the dots to transferrin and a human IgG. The transferrin-dot conjugates
induced specific receptor-mediated activity on the surface of cervical cancer cells
(Hella). Comparison of qdots to one of the brightest fluorescent molecules —
rhodamine 6G (R6G) — showed that the qdots were 20 times as bright, 100 times as

stable against photobleaching, and one-third as wide in spectral linewidth.

The previous work [83, 84] has been extended by attaching qdots to SK-N-SH
(American Type Culture Collection #HTB-11) cells using an indirect
immunofluorescence approach without fixation. [85]. SK-N-SH cells are the most
prevalent human neuron studied in connection with nerve signaling. Integrin o.f;
(i.e., vitronectin receptor) is located on the exterior of the cell [86] and has high

expression levels in the SK-N-SH cell type. [87]. In the procedure, a primary
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antibody (1°Ab), targeting the o, portion of the receptor (anti-CDS51, Accurate
Chemical) was first attached to the cell surface. Quantum dots were covalently bound
to Immunoglobin G (IgG) secondary antibodies (2°Ab) and exposed to 1°Ab-labeled
SK-N-SH cells (see FIG. 2). Qdots coat only the cell exterior where the integrin
receptors are located. Without 1°Ab tagging of the cell, IgG/CdS qdots do not bind.
Also, bare gdots (i.e., qdots coated with carboxyl groups only) do not attach. These

results further confirm that antibodies may be used to attach qdots to living cells.

In accordance with different embodiments, the inventors have used peptide
recognition sequences to attach the CdS qdots to the cell. The peptide sequence, RGD
(Arg-Gly-Asp), is known to bind the a,p; integrin, as well as other integrins, and was
chosen as the recognition molecule. [88]. The terminal cysteine residue was added to
covalently attach the recognition group to the particle surface through exposed surface
Cd atoms. The three intermediate glycines serve as molecular spacers to reduce steric
hindrance to binding resulting from the mercaptoacetic acid groups and the
nanocrystal itself. The qdots were coated with a mixture of mercaptoacetic acid and
CGGGRGDS because the mercaptoacetic acid stabilizes the qdot size and prevents
unwanted particle aggregation, while the peptide groups supply sites for cell surface
receptor binding. The procedure for attaching peptide-coated qdots to the cell
resembled that used for the antibody labeling, [85] one key difference being that only
a primary incubation was needed, as peptide-coated qdots do not require an
intermediate linker. The qdots surrounded the exterior of the cell as expected, given
the location of the integrin receptors. To ensure that the peptide sequences indeed
recognize specific receptors on the cell surface, CdS nanocrystals were synthesized
with a non-binding control peptide sequence, [88] CGGGRVDS (UT Protein
Microanalysis Facility), and then exposed to the nerve cells. Qdot binding did not

occur 1n this case.

Antibodies
It will be understood that polyclonal or monoclonal antibodies specific for a

molecule that is expressed or over-expressed in a cell, tissue, or organ targeted for

21-



10

15

20

25

30

WO 03/075765 PCT/US03/06730

imaging, such as pre-cancerous, cancerous, neoplastic, or hyperproliferative cells;
tissues; or organs, may be used in the practice of the described invention.
Embodiments may include the in vivo or in vitro imaging, detection, or diagnosis of
pre-cancerous, cancerous, neoplastic or hyperproliferative cells in a tissue or organ.
The compositions and methods of the invention may be used or provided in diagnostic

kits for use in detecting and diagnosing cancer.

Thus, the invention may utilize antibodies specific for proteins, polypeptides,
peptides, lipids, carbohydrates, lipoproteins, or other molecules that are unique to or
over represented in, on, or around pre-cancerous, cancerous, neoplastic or
hyperproliferative cells in a tissue or organ. Means for preparing and characterizing
antibodies are well known in the art (See, e.g., Antibodies: A Laboratory Manual,
Cold Spring Harbor Laboratory, 1988; incorporated herein by reference). Antibodies
used to detect, diagnose, identify or monitor a pre-cancerous, cancerous, neoplastic or
hyperproliferative cells in a tissue or organ, as well precursors or derivatives of such

cells may be generated using such standard techniques.

Polyclonal Antibodies

Polyclonal antibodies to an antigen generally are raised in animals by multiple
subcutaneous (sc) or intraperitoneal (ip) injections of the antigen and an adjuvant. It
may be useful to conjugate the antigen or a fragment containing the target amino acid
sequence or target molecule to a protein that is immunogenic in the species to be
immunized, e.g. keyhole limpet hemocyanin, serum albumin, bovine thyroglobulin, or
soybean trypsin inhibitor using a bifunctional or derivatizing agent, for example
maleimidobenzoyl sulfosuccinimide ester (conjugation through cysteine residues), N-
hydroxysuccinimide (through lysine residues), glytaraldehyde, succinic anhydride,
SOCl,, or R; NCNR, where R and R, are different alkyl groups.

Animals are immunized against the immunogenic conjugates or derivatives by

combining 1 mg or 1 pg of conjugate (for rabbits or mice, respectively) with 3

volumes of Freud's complete adjuvant and injecting the solution intradermally at
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multiple sites. One month later the animals are boosted with 1/5 to 1/10 the original
amount of conjugate in Freud's complete adjuvant by subcutaneous injection at
multiple sites. 7 to 14 days later the animals are bled and the serum is assayed for
antibody titer. Animals are boosted until the titer plateaus. An animal boosted with
the conjugate of the same antigen, but conjugated to a different protein and/or through
a different cross-linking reagent. Conjugates also can be made in recombinant cell
culture as protein fusions. Also, aggregating agents such as alum are used to enhance

the immune response.

Monoclonal Antibodies

Monoclonal antibodies are obtained from a population of substantially
homogeneous antibodies, i.e., the individual antibodies comprising the population are
identical except for possible naturally-occurring mutations that may be present in
minor amounts. Thus, the modifier "monoclonal" indicates the character of the

antibody as not being a mixture of discrete antibodies.

For example, the monoclonal antibodies of the invention may be made using
the hybridoma method first described by Kohler & Milstein, Nature 256:495 (1975),
or may be made by recombinant DNA methods (Cabilly, et al., U.S. Pat. No.
4,816,567).

In the hybridoma method, a mouse or other appropriate host animal, such as
hamster is immunized as herein above described to elicit lymphocytes that produce or
are capable of producing antibodies that will specifically bind to the antigen used for
immunization. Alternatively, lymphocytes may be immunized in vitro. Lymphocytes
then are fused with myeloma cells using a suitable fusing agent, such as polyethylene
glycol, to form a hybridoma cell (Goding, Monoclonal Antibodies: Principles and
Practice, pp.59-103 (Academic Press, 1986)).

DNA encoding a monoclonal antibody of the invention may be readily

isolated and sequenced using conventional procedures (e.g., by using oligonucleotide
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probes that are capable of binding specifically to genes encoding the heavy and light
chains of murine antibodies). The hybridoma cells serve as a preferred source of such
DNA. Once isolated, the DNA may be placed into expression vectors, which are then
transfected into host cells such as simian COS cells, Chinese hamster ovary (CHO)
cells, or myeloma cells that do not otherwise produce immunoglobulin protein, to
obtain the synthesis of monoclonal antibodies in the récombinant host cells. The
DNA also may be modified, for example, by substituting the coding sequence for
human heavy and light chain constant domains in place of the homologous murine
sequences, Morrison, et al., Proc. Nat. Acad. Sci. 81, 6851 (1984), or by covalently
joining to the immunoglobulin coding sequence all or part of the coding sequence for
a non-immunoglobulin polypeptide. In that manner, "chimeric" or "hybrid"
antibodies are prepared that have the binding specificity of an anti-cancer, pre-cancer,

or hyperproliferative cell monoclonal antibody herein.

Typically such non-immunoglobulin polypeptides are substituted for the
constant domains of an antibody of the invention, or they are substituted for the
variable domains of one antigen-combining site of an antibody of the invention to
create a chimeric bivalent antibody comprising one antigen-combining site having
specificity for a first antigen and another antigen-combining site having specificity for

a different antigen.

Chimeric or hybrid antibodies also may be prepared in vitro using known
methods in synthetic protein chemistry, including those involving crosslinking agents.
For example, immunotoxins may be constructed using a disulfide exchange reaction
or by forming a thioether bond. Examples of suitable reagents for this purpose

include iminothiolate and methyl-4-mercaptobutyrimidate.

For diagnostic applications, the antibodies of the invention typically will be
labeled with a detectable moiety (optically interrogated moiety). The detectable
moiety can be any one which is capable of producing, either directly or indirectly, a

detectable signal when optically interrogated. In certain embodiments of the
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invention the detectable moiety is a optical contrast agent, such as a metal or
semiconductor nanoparticle. For example, the detectable moiety may be a gold,

silver, composite, silicon nanoparticle.

Any method known in the art for separately conjugating the antibody to the
detectable moiety may be employed, including those methods described by Hunter, et
al., Nature 144:945 (1962); David, et al., Biochemistry 13:1014 (1974); Pain, et al., J.
Immunol. Meth. 40:219 (1981); and Nygren, J. Histochem. and Cytochem. 30:407
(1982).

Humanized Antibodies

Methods for humanizing non-human antibodies are well known in the art.
Generally, a humanized antibody has one or more amino acid residues introduced into
it from a source which is non-human. These non-human amino acid residues are often
referred to as "import" residues, which are typically taken from an "import" variable
domain. Humanization can be essentially performed following the method of Winter
and co-workers (Jones et al., Nature 321, 522-525 (1986); Riechmann et al., Nature
332, 323-327 (1988); Verhoeyen et al.,, Science 239, 1534-1536 (1988)), by
substituting rodent CDRs or CDR sequences for the corresponding sequences of a
human antibody. Accordingly, such "humanized" antibodies are chimeric antibodies
(Cabilly, supra), wherein substantially less than an intact human variable domain has
been substituted by the corresponding sequence from a non-human species. In
practice, humanized antibodies are typically human antibodies in which some CDR
residues and possibly some FR residues are substituted by residues from analogous

sites in rodent antibodies.

It is important that antibodies be humanized with retention of high affinity for
the antigen and other favorable biological properties. To achieve this goal humanized
antibodies are prepared by a process of analysis of the parental sequences and various
conceptual humanized products using three dimensional models of the parental and

humanized sequences. Three dimensional immunoglobulin models are commonly
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available and are familiar to those skilled in the art. Computer programs are available
which illustrate and display probable three-dimensional conformational structures of
selected candidate immunoglobulin sequences. Inspection of these displays permits
analysis of the likely role of the residues in the functioning of the candidate
immunoglobulin sequence, i.e. the analysis of residues that influence the ability of the
candidate immunoglobulin to bind its antigen. In this way, FR residues can be
selected and combined from the consensus and import sequence so that the desired
antibody characteristic, such as increased affinity for the target antigen(s), is achieved.
In general, the CDR residues are directly and most substantially involved in

influencing antigen binding.

Human Antibodies

Human monoclonal antibodies can be made by the hybridoma method.
Human myeloma and mouse-human heteromyeloma cell lines for the production of
human monoclonal antibodies have been described, for example, by Kozbor, J.
Immunol. 133, 3001 (1984), and Brodeur, et al., Monoclonal Antibody Production
Techniques and Applications, pp.51-63 (Marcel Dekker, Inc., New York, 1987).

It is now possible to produce transgenic animals (e.g. mice) that are capable,
upon immunization, of producing a repertoire of human antibodies in the absence of
endogenous immunoglobulin production. For example, it has been described that the
homozygous deletion of the antibody heavy chain joining region (Ju) gene in chimeric
and germ-line mutant mice results in complete inhibition of endogenous antibody
production. Transfer of the human germ-line immunoglobulin gene array in such
germ-line mutant mice will result in the production of human antibodies upon antigen
challenge. See, e.g. Jakobovits et al., Proc. Natl. Acad. Sci. USA 90, 2551-255
(1993); Jakobovits et al., Nature 362, 255-258 (1993).

Alternatively, the phage display technology (McCafferty et al., Nature 348,

552-553 (1990)) can be used to produce human antibodies and antibody fragments in

vitro, from immunoglobulin variable (V) domain gene repertoires from unimmunized
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donors. According to this technique, antibody V domain genes are cloned in-frame
into either a major or minor coat protein gene of a filamentous bacteriophage, such as
M13 or fd, and displayed as functional antibody fragments on the surface of the phage
particle.

Because the filamentous particle contains a single-stranded DNA copy of the
phage genome, selections based on the functional properties of the antibody also
result in selection of the gene encoding the antibody exhibiting those properties.
Thus, the phage mimics some of the properties of the B-cell. Phage display can be
performed in a variety of formats; for their review see, e.g. Johnson, Kevin S. and
Chiswell, David J., Current Opinion in Structural Biology 3, 564-571 (1993). Several
sources of V-gene segments can be used for phage display. Clackson et al., Nature
352, 624-628 (1991) isolated a diverse array of anti-oxazolone antibodies from a
small random combinatorial library of V genes derived from the spleens of
immunized mice. A repertoire of V genes from unimmunized human donors can be
constructed and antibodies to a diverse array of antigens (including self-antigens) can
be isolated essentially following the techniques described by Marks et al., J. Mol.
Biol. 222, 581-597 (1991), or Griffith et al., EMBO J. 12, 725-734 (1993). In a
natural immune response, antibody genes accumulate mutations at a high rate
(somatic hypermutation). Some of the changes introduced will confer higher affinity,
and B cells displaying high-affinity surface immunoglobulin are preferentially
replicated and differentiated during subsequent antigen challenge. This natural
process can be mimicked by employing the technique known as "chain shuffling"
(Marks et al., Bio/Technol. 10, 779-783 [1992]). In this method, the affinity of
"primary" human antibodies obtained by phage display can be improved by
sequentially replacing the heavy and light chain V region genes with repertoires of
naturally occurring variants (repertoires) of V domain genes obtained from
unimmunized donors. This technique allows the production of antibodies and
antibody fragments with affinities in the nM range. A strategy for making very large
phage antibody repertoires (also known as "the mother-of-all libraries") has been
described by Waterhouse et al., Nucl. Acids Res. 21, 2265-2266 (1993), and the
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isolation of a high affinity human antibody directly from such large phage library is
reported by Griffith et al., EMBO J. (1994), in press. Gene shuffling can also be used
to derive human antibodies from rodent antibodies, where the human antibody has
similar affinities and specificities to the starting rodent antibody. According to this
method, which is also referred to as "epitope imprinting", the heavy or light chain V
domain gene of rodent antibodies obtained by phage display technique is replaced
with a repertoire of human V domain genes, creating rodent-human chimeras.
Selection on antigen results in isolation of human variable capable of restoring a
functional antigen-binding site, i.e. the epitope govemns (imprints) the choice of
partner. When the process is repeated in order to replace the remaining rodent V
domain, a human antibody is obtained (see PCT patent application WO 93/06213,
published Apr. 1, 1993). Unlike traditional humanization of rodent antibodies by CDR
grafting, this technique provides completely human antibodies, which have no

framework or CDR residues of rodent origin.

Bispecific Antibodies
Bispecific antibodies are monoclonal, preferably human or humanized,
antibodies that have binding specificities for at least two different antigens. One of

the binding specificities is for a first antigen and the other one is for a second antigen.

Traditionally, the recombinant production of bispecific antibodies is based on
the coexpression of two immunoglobulin heavy chain-light chain pairs, where the two
heavy chains have different specificities (Millstein and Cuello, Nature 305, 537-539
(1983)). Because of the random assortment of immunoglobulin heavy and light
chains, these hybridomas (quadromas) produce a potential mixture of 10 different
antibody molecules, of which only one has the correct bispecific structure. The
purification of the correct molecule, which is usually done by affinity chromatography
steps, is rather cumbersome, and the product yields are low. Similar procedures are
disclosed in PCT application publication No. WO 93/08829 (published May 13,
1993), and in Traunecker et al., EMBO 10, 3655-3659 (1991).
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For further details of generating bispecific antibodies see, for example, Suresh

et al., Methods in Enzymology 121, 210 (1986).

Heteroconjugate Antibodies

Heteroconjugate antibodies are also within the scope of the present invention.
Heteroconjugate antibodies are composed of two covalently joined antibodies. Such
antibodies have, for example, been proposed to target immune system cells to
unwanted cells (U.S. Pat. No. 4,676,980), and for treatment of HIV infection (PCT
application publication Nos. WO 91/00360 and WO 92/200373; EP 03089).
Heteroconjugate antibodies may be made using any convenient cross-linking
methods. Suitable cross-linking agents are well known in the art, and are disclosed in

U.S. Pat. No. 4,676,980, along with a number of cross-linking techniques.

Antibody Conjugates

Antibody conjugates in which an antibody that preferentially or specifically
binds pre-cancerous, cancerous, neoplastic, or hyperproliferative cell(s) is linked to a
detectable labeling or contrast agent may also be used in certain embodiments of the
invention. Diagnostic antibody conjugates may be used both in vitro diagnostics, as
in a variety of immunoassays, and in vivo diagnostics, such as in imaging technology
as described herein. Certain antibody conjugates include those intended primarily for

use in vivo, where the antibody is linked to a optically interrogated agent.

The covalent binding can be achieved either by direct condensation of existing
side chains or by the incorporation of external bridging molecules. Many bivalent or
polyvalent agents are useful in coupling protein molecules to other particles,
nanoparticles, proteins, peptides or amine functions. Examples of coupling agents are
carbodiimides, diisocyanates, glutaraldehyde, diazobenzenes, and hexamethylene
diamines. This list is not intended to be exhaustive of the various coupling agents
known in the art but, rather, is exemplary of the more common coupling agents that

may be used.
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In preferred embodiments, it is contemplated that one may wish to first
derivatize the antibody, and then attach the contrast agent to the derivatized product.
As used herein, the term "derivatize" is used to describe the chemical modification of
the antibody substrate with a suitable cross-linking agent. Examples of cross-linking
agents for use in this manner include the disulfide-bond containing linkers SPDP (N-
succinimidyl-3-(2-pyridyldithio)propionate) and SMPT (4-succinimidyl-oxycarbonyl-
o-methyl-o(2-pyridyldithio)toluene).

Having described general aspects of concepts relating to optical imaging,
contrast agents, biomarkers, and various types of probes, attention may now be
focused upon the application of those and related techniques to achieve even further

exemplary, and therefore non-limiting, embodiments of the present invention.

In different embodiments of this disclosure, the following specific steps may

be involved:

(1) A library of probe molecules for cancer specific targets associated with
pre-cancer/cancer cells may be created and characterized, using
molecular engineering and combinatorial chemistry approaches.

(2) Contrast agents may be made based on metal nanoparticles for in vivo
reflectance imaging. The agents may include two major parts:
optically interrogated labels — metal nanoparticles - and probe
molecules specific for cancer biomarkers. The optical properties of
these labels may be synthesized and tailored, and conjugation
chemistry may be used to couple labels and probe molecules.

3) Contrast agents may be made based on quantum dots for in vivo
fluorescence imaging. These agents may contain quantum dot particles

as optically interrogated labels and probe molecules specific for cancer
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biomarkers. The optical properties of these labels may be synthesized
and tailored, and conjugates may be made with probe molecules.

If validation of the techniques of this disclosure is desired, molecular
specific contrast agents for pre-cancer detection may be validated in at
least two biological models. Suspensions of normal, pre-cancerous,
and cancerous cervical epithelial cells may be used to assess relative
binding efficiencies of contrast agents. Additionally, using three-
dimensional, tissue phantoms containing multiple layers of epithelial
cells atop a stroma, marker penetration and binding in model systems
of normal, pre-cancerous and cancerous epithelial tissue may be
examined.

If specific testing of the techniques of this disclosure is desired, the
contrast agents and optical imaging techniques may be tested in living
normal and neoplastic cervical tissue. An ideal organ culture system of
normal and pre-cancerous cervix may be used. Biopsies of normal and
neoplastic cervix may be obtained, and transverse sections may
immediately be prepared and maintained as an organ culture. Both
types of contrast agents may be applied and interrogated to determine
relative binding efficiency and penetration throughout the epithelium

in living human cervical tissue.

The activities listed above and throughout this disclosure provide an example

of a new venue for molecular-specific optical imaging modalities for disease detection

that can be extended to many organ sites, including but not limited to the cervix.

Methods

FIG. 3 illustrates a general embodiment showing the integration of inter-

disciplinary groups to make photonic probes and contrast agents for highly sensitive

and selective detection of, for instance, pre-cancers in vivo. The approaches of

combinatorial chemistry may be used to make a library of aptamer molecules specific

for biomolecular targets on the surface of cervical cancerous and pre-cancerous cells.
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Aptamers exhibiting antiproliferative and antiangiogenic activity may be used. Well-
established cervical cell lines at different stages of cancer development may be used.
Photonic probes based on quantum dots and metal nanoparticles may be made. They
may utilize custom-made aptamers or existing antibodies for well-known cancer
biomarkers currently used in clinical histopathology. The developed conjugates may
be used as molecular specific contrast agents using optical microscopy and
spectroscopy. The cervical cancer cell lines, three-dimensional tissue phantoms, and
fresh cervical tissue slices may all be used for imaging, testing, and/or validation.
Experiments with all three biological systems representing properties of normal and
neoplastic cervix at different levels of complexity may be used, if necessary, to assess
and refine the performance and detection scheme for the contrast agents. This
refinement may include preparing bio-engineered aptamers with high affinity to
cancer specific targets, tailoring optical properties of metal nanoparticles and quantum
dots, optimizing conjugation procedures, and/or generating optimal imaging

geometries.

The following sections describe even further details associated with four major

components of embodiments of this disclosure.

Creation of Library of Aptamers Specific for Pre-Cancerous and Cancerous Cells

Recent advancement in combinatorial chemistry provide an excellent tool for
rapid screening of huge populations of biomolecules to find molecules with the best
binding properties and selectivity to a specific target including whole cells. In one
embodiment, one may use chemically engineered binding species based on short
nucleic acid sequences (aptamers) to create molecules with improved selectivity to

pre-cancerous and cancerous cells as compared to the existing antibodies.

In related embodiments, the same methods that have been used to select
aptamers that bind tightly and specifically to protein targets may be used to select
aptamers that bind to, for instance, tumor markers on the surfaces of cells. In fact,

aptamers have previously been selected against cellular and organismal targets. For
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example, it has proven possible to use human red blood cell membranes as a target for
the selection of single-stranded DNA aptamers. Several species of ssSDNA were
isolated that recognize distinct targets within the membranes. [89]. In addition,
aptamers have been selected against whole African trypanosomes. Three classes of
RNA were selected that bind with high affinity to a protein within the flagellar pocket
of the parasite. [90].

According to different embodiments, oligonucleotides may be generated that
contain a random sequence core that spans 60 residues and flanking regions that allow
PCR amplification and in vitro transcription. Following amplification of the nascent
DNA library to generate double-stranded transcription templates, RNA molecules
may be transcribed that contain 2’ fluorinated pyrimidines. The presence of 2’
modified residues has been shown to substantially stabilize nucleic acids against
endogenous nucleases or other perturbants. For example, RNA molecules containing
2’ modified pyrimidines have previously been stable for days in sera and urine. [91].
RNA libraries may be gel-purified and directly used for selection. Roughly 100
micrograms (ca. 10'° different sequences) may be applied to each of the target cell
lines. Following the equilibration of binding species on the cell surfaces, non-binding
or weakly binding species may be washed off using PBS. Binding species may be
eluted by homogenizing the cells with detergent. While this procedure of course
releases cellular nucleic acids, many of those may be destroyed by endogenous
nucleases, may not be amplifiable with particular primer sets, and even if they are
amplifiable may not be of the same size as the nucleic acid pool. Those aptamers in
the extract may be directly amplified by reverse transcription and the polymerase
chain reaction. Products of the correct size may be gel-isolated and used to transcribe
the sieved RNA population for the next round of selection. In general, radiolabel
(alpha-32P ATP) may be included in the transcription reaction, and the fraction of
radioactive RNA that binds to a given cell line may be followed by scintillation
counting. A relatively small fraction of the population may bind to cells in the early
rounds of selection, but this fraction may progressively increase during the course of

the selection.
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The procedures described above may be used to identify aptamers that bind to
a given cell line. Those having skill in the art will recognize that any number of
different cell lines may be targeted. In one embodiment, the following cell lines may
be focused upon: two cervical cancer cell lines (HeLa and SiHa), one HPV infected
cell line (TCL-1), and a normal cervical primary culture from Clonetics (CrEC-Ec).
In those cell lines, in order to specifically identify aptamers that bind to pre-cancerous

or cancerous cells, a coupled negative, positive selection may be employed.

First, the RNA population may be mixed with the parental, non-transformed
line, CrEC-Ec, and those RNA species that do not bind to this cell line, or that are
removed by the initial PBS washes, may be amplified. This delimited population may
then be added to either the pre-cancerous (TCL-1) or cancerous (HeLa or SiHa line),
and those RNA species that now bind may be selectively amplified. Multiple rounds
of coupled negative and positive selection may yield aptamers that bind to proteins or
epitopes specific to transformed cells. Sequence comparisons within and between
these families may aid in identifying which residues, motifs, and secondary structural
features are most significant for binding. Based on such comparative results, a series
of minimal aptamers may be readily synthesized and assayed for their ability to bind
to cells. Those minimal aptamers that show the best binding characteristics may be

selected.

Following the selection, aptamers with terminal functional groups may be
synthesized to facilitate conjugation of the aptamers with nanoparticles. There are
multiple different phosphoramidite reagents known in the art that can be introduced
into the synthesis so that upon completion there are either alkyl amino or alkyl thiol

groups at the 5’ or 3’ ends of the synthetic nucleic acid.

Contrast Agents Based on Metal Nanoparticles

A potential problem in targeting cancer related biomarkers to screen for and

detect neoplastic changes lies in the fact that many of the biomarkers are only
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overexpressed in tumors. It implies that they are also present in normal tissue and
their amount increases with cancer development. Embodiments of this disclosure
involve a novel detection scheme that provides enhanced contrast between normal and
malignant tissue. One concept of these techniques is based on changes in optical
properties of metal (or any other highly reflective) nanoparticles when they form
closely spaced assembles. When gold or silver nanoparticles are brought in close
vicinity, their plasmon resonances interact with each other. The interaction results in
a red shift of plasmon resonances of particles’ assemblies as compared to the
individual particles (see FIG. 4). The extinction of the assembly in the red optical
region relative to the position of resonance of the isolated nanoparticles is
significantly higher than the sum of the extinction of individual particles forming the
assembly. Therefore, excitation and collection conditions may be easily optimized to
selectively detect closely spaced metal particles and their assemblies in the presence
of the metal particles which are far apart. Application of this concept to contrast

enhanced reflectance imaging of tissues is shown in FIG. 5§ and FIG. 6.

First, the conjugates of metal nanoparticles with probe molecules specific for
cancer related biomolecular targets may be allowed to interact with tissue and then the
excess of the unbound contrast agents may be washed. Closely spaced assemblies of
metal nanoparticles may be formed on the surface of neoplastic cells due to high
concentration of biomarkers on their surface, while only individual particles spaced
further apart may be present on normal cells. In this situation, imaging with a
wavelength optimized for spectral properties of the assemblies may provide enhanced

contrast between normal and neoplastic tissue.

With respect to this concept, the inventors have conducted an experiment with
biotinilated polystyrene beads labeled with conjugates of silver particles with
streptavidin. Beads with a high density (see FIG. 5) and a low density of silver
particle conjugates were prepared and placed on the surface of a quartz prism. Then
the beads were excited using 514.5 nm wavelength of Ar+ laser in total internal

reflection mode. For illustration purposes, the sensitivity of the detector was reduced
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so that scattering from the beads with low density of silver conjugates would not be
seen (see FIG. 6). As can be seen, the beads with closely spaced assemblies of silver
particles exhibit dramatic scattering while the beads with just a few particles on the
surface are not visible. Although this experiment may not provide a quantitative
comparison between scattering properties of individual nanoparticles and their
assemblies, because of significant differences in the amount of particles adsorbed on
the surface of high and low density beads, it nevertheless illustrates and describes the

use of metal nanoparticles as contrast probes in reflectance imaging.

In different embodiments, gold and/or silver nanoparticles may be used. Each
of these materials has their own advantages and disadvantages. It has been reported
that silver particles exhibit higher extinction coefficients and provide higher
enhancements of the local electromagnetic field and of other effects associated with
optical excitation of surface plasmon resonances. [92]. However, silver particles are
not as stable and not as biocompatible as gold nanoparticles. This issue can be
addressed by encapsulating silver particles inside an inert material. For this purpose,
a silica coating may be used (see FIG. 7). [68]. This coating stabilizes particles in
high ionic strength solutions and provides a well-characterized surface for chemical

immobilization of biomolecules.

Gold and silver colloidal particles may be prepared from chloroauric acid
(HAuCly) and silver nitrate (AgNOs) respectively by using a variety of reducing
agents including phosphorous, [93] ascorbic acid, [94] sodium citrate, [95-97]
borohydrate. [64,94]. In one embodiment, sodium citrate may be primarily used.
Highly uniform gold colloids with particle sizes ranging from about 10 nm to ca. 100
nm may be prepared using sodium citrate reduction of chloroauric acid. [95]. This
colloid exhibits a single extinction peak ranging from 500 nm to about 540 nm
depending on the size of the particles (see FIG. 4). Sodium citrate reduction of silver
nitrate results in a colloidal solution with about 35 nm diameter silver particles and a

single peak at approximately 410 nm. [96,97]. The distribution of silver particles is
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significantly broader as compared to gold particles; however the procedure is highly

reproducible from one preparation to another.

Silver particles with narrower distributions and different mean diameters may
be prepared using a starter hydrosol with small silver particles that provides
nucleation centers for growth of bigger silver colloid. [94]. In different
embodiments, any of several standard, well-established procedures may be used in

conjunction with the production of silver particles.

Positions of surface plasmon resonances of gold and silver may be
significantly altered by using nanocomposite materials described in, for instance,
[70,71]. The materials include a dielectric optically inert core particle and an
optically active gold shell and can be prepared in a variety of sizes and in a highly
uniform fashion. In different embodiments, one may use the methods developed by

Dr. N. J. Halas and Dr. J. L. West from Rice University in this regard.

FIG. 8 illustrates one embodiment for the preparation of conjugates of gold
particles with cancer specific probe molecules. At least two different types of probe
molecules may be used: well established antibodies for molecular biomarkers of
cancer and aptamers specifically developed for cancer cells. Aptamers with
antiangiogenic activity may be used. Such aptamers may be used to make
conjugation chemistry with the metal particles for these type of molecules. For
antibodies, conjugation protocols developed to prepare gold immunostains for

electron microscopy may be used. [72,73].

Briefly, the procedure is based on non-covalent binding of proteins at their
isoelectric point (point of zero net charge) to gold particles. The complex formation
is irreversible and very stable. In fact, the shelf life of the conjugates is so long that
the most commonly used gold immunostains can be routinely purchased from major
biochemical companies. However, the described conjugation approach is not always

successful. [72,73]. Therefore a second conjugation strategy for antibodies may
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include preparation of biotinilated antibody molecules and their consequent
interaction with streptavidin/gold conjugates (see FIG. 8). This approach takes
advantage of strong biospecific interaction between biotin and streptavidin and a well-

developed protocol for immobilization of streptavidin on gold particles. [98].

Smaller aptamer molecules may not be directly adsorbed on the gold surface
because that could significantly change their conformation and therefore lead to loss
of binding properties. Aptamers with thiol terminated alkyl chains may be directly
attached to the surface of gold particles similar to the procedures described in [69] for
preparation of DNA probes. For conjugation procedure, one may use a mixture of
thiol terminated aptamers and relatively small mercaptoacetic molecules to avoid high

density immobilization of the aptamers (see FIG. 8).

The immobilization of antibodies and thiol terminated aptamers on silver
particles may be accomplished using the strategies known in the art. The silver
conjugates do not have the same stability and shelf life as the gold conjugates;
however, in one embodiment they may be used to evaluate the silver based contrast
agents. If silver particles are well suited for a particular application, one may use the
conjugation protocols for silica capped silver particles (see FIG. 8). The silica layer
may be formed using tetraethyl orthosilicate (TEOS) and the procedure described in
detail in [68]. Many silanization reagents (Gelest, Inc.) are available to introduce
functional groups to silica surface for subsequent immobilization of proteins, [99]
nucleic acids including aptamers, [100-102] etc. It was shown that binding properties
of aptamers are preserved after immobilization on glass cover slides [101] and silica

microspheres. [102].

Contrast Agents Based on Quantum Dots

The unique fluorescence properties of quantum dots (qdots) may be used to
make multi-color contrast agents for fluorescence imaging in vivo. A variety of
semiconductor nanocrystals, or quantum dots (qdots), with relatively high quality

optical properties may be produced using solution-phase methods. [81,103,105]. In
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one embodiment, the nanocrystal preparations should yield nanocrystals with a
relatively tight size distribution (i.e., a size distribution sufficient to eliminate
inhomogeneous broadening of the optical and electronic properties), crystalline cores

with few compositional and structural defects, and well-passivated surfaces.

One successful route to synthesizing semiconductor nanocrystals has been
through arrested precipitation with subsequent size selective precipitation. [81,103].
Arrested preparation methods rely on binding bulky "inert" ligands to the particle
surfaces during growth. Thiols have been used as capping ligands in a relatively
general way since they adsorb to a wide variety of semiconductor materials. Other
capping ligands include but are not limited to phosphines, amines, and carboxyl
groups, depending on the chemistry of the inorganic material. The ligand extending
away from the particle surface determines the particle solubility. Particles can be
functionalized with either hydrophobic (i.e., alkanes) or hydrophilic (carboxyl or
amine groups for example) moieties. The nanocrystals are sufficiently stable that,

once made, chemistry can be done to their surfaces.

In one embodiment, quantum dots may be synthesized using previously
published methods. [104]. Briefly, carboxyl-stabilized CdS nanocrystals may be
synthesized by arrested precipitation at room temperature in an aqueous solution
using mercaptoacetic acid as the colloidal stabilizer. Nanocrystals may be prepared
from a stirred solution of CdCl, (1 mM) in pure water. The pH may be lowered to 2
with mercaptoacetic acid, and then may be raised to 7 with concentrated NaOH.

Then, Na,SoH,0 may be added to the mixture.

In one embodiment, chemical synthetic methods for Si nanocrystals with size-
tunable photoemission color may be used (see FIG. 9). Such methods yield surface-
passivated Si nanocrystals that exhibit relatively high photoemission quantum yields
(~23%) and discrete optical transitions in the absorbance spectra, indicative of size-
monodisperse samples. [105]. High resolution transmission electron microscopy

(HR-TEM) reveals that the nanocrystals are single crystals with apparently faceted
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surfaces. In some embodiments, Si may prove to be more biologically useful due to

its relative inertness.

Both CdS and Si have strong affinity to thiols; therefore, aptamers with thiol
terminated groups can be directly adsorbed on the qdots using the approach described
for metal nanoparticles. Also, a variety of functional groups (e.g., carboxy) can be
introduced on the surface of qdots for subsequent immolization of antibodies using
cross-linking agents (e.g., ethyl-3-(dimethylaminopropyl)carbodiimide), similar to the
procedure described in [84]. The qdots can be also encapsulated by a silica layer and

then the reaction outlined on FIG. 8 may be applied for immobilization.

Described below are various testing techniques and issues relating, at least in
part, to forms of testing that may be used in conjunction with one or more
embodiments of the present disclosure. Such techniques may, for example, allow for
an assessment of the outcome of different immobilization protocols and/or simply

verify that a study is proceeding as expected or desired.

Testing - Contrast Agents

According to different embodiments, one may measure absorption for all
prepared nanoparticles as well as excitation/emission spectra of qdots and scattering
profiles of metal nanoparticles. To measure scattering properties of metal
nanoparticles, a reflectance spectrometer may be used to measure scattering of cells
and tissue slices. [14]. The range of nanoparticle optical parameters achievable with
existing preparation methods may be determined to identify excitation/collection
geometries that can be used for in vivo imaging. The optical properties of bare
nanoparticles, particles capped with a silica layer or mercaptoalkyl molecules, and
particles conjugated with biomolecules may be compared. Immobilization of
biomolecules on nanoparticles may be verified using at least three different

techniques: UV-Vis spectroscopy (qdots, metal particles), anisotropic fluorescence
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spectroscopy (qdots), and conjugation assays. UV-Vis spectra of conjugates may
exhibit absorption spectra characteristic for both antibodies and particles; controls will
have only absorbance peaks of nanoparticles. Heavier conjugates may have slower
rotation as compared to bare qdots that will result in higher anisotropy in their
fluorescence. Conjugation assays may also be carried out, where purified target
molecules which specifically bind to probe molecules attached to nanoparticles may
be added to a suspension of probe/nanoparticles conjugates. This may result in
aggregation of the conjugates which can be easily be monitored by UV-Vis (metal
nanoparticles) or fluorescence anisotropy (qdots) spectroscopy. All these methods
may allow for a quick assessment of the outcome of different immobilization
protocols made in accordance with embodiments of this disclosure. Stability of the
prepared conjugates and bare nanoparticles under physiological conditions (pH, ionic

strength, etc.) may be also studied.

Biocompatibility of the Contrast Agents

Biocompatibility of the contrast agents disclosed herein may be a very
important issue for in vivo applications. While it has been widely recognized that
gold and, probably, Si based materials are inert with respect to biological tissue and
are biocompatible (especially, gold), there are some concerns regarding silver and
most semiconductor based materials. To address this issue, one may use silica capped
CdS and silver nanocrystals. Silica is considered to be a biocompatible material
except for the lung, where it can cause silicoses. In one embodiment, a topical
application of the contrast agents to cervical epithelium may be used. It is not
anticipated that nanoparticles can penetrate inside the human body through layers of
epithelial cells, basal membrane, and stroma. However, if desired, one may
thoroughly study this issue before in vivo measurements are performed on a particular
living subject. In one embodiment, one may address issues relating to the penetration
of the contrast agents using RAFT cultures and fresh tissue culture models. One may

also perform standard cytotoxicity tests.
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Testing - Biological Systems

According to different embodiments, one may assess the interaction between
labeled nanoparticles and normal and neoplastic cervical tissue using at least
3 biologically relevant models of cervical neoplasia: cell suspensions, RAFT cultures,
and fresh tissue cultures. A similar approach may be used with all model systems.
First, contrast agents may be applied to the model system by mixing (cell
suspensions) or by topical application (RAFT cultures and fresh tissue slices) and may
be allowed to interact with their specific targets. The incubation may be performed at
the temperature characteristic for, for instance, the cervix (37°C). The contrast agents
may be added in a solution formulated to prevent nonspecific binding of the probe
molecules to the epithelial cells. High relative concentrations of “non-specific”
proteins such as bovine serum albumin (BSA) are commonly used for this purpose.
To determine non-specific binding, one may use “bare” (without attached probe
molecules but with capping layers) qdots and metal nanoparticles as well as particles
with attached biomolecules which do not specifically bind to cervical epithelial cells
(e.g., BSA). After incubation, the excess solution of probe molecules may be washed,
and the optical characteristics of the labeled biological models may be measured.

Following is a more detailed description for each system.

Cell Suspensions

Suspensions of at least two cervical cancer cell lines (HeLa and SiHa) may be
used, one transformed, HPV infected cell line (TCL-1), and a normal cervical primary
culture from Clonetics (CrEC-Ec). Quantitative comparison of binding of different
contrast agents to the cell lines may be carried out. Such experiments may identify or
confirm the best contrast agents for discrimination between normal, pre-cancerous,
and cancerous cervical cells. A combination of qdots based contrast agents of
different sizes may be evaluated to improve detection of neoplastic cells in multi-
color imaging strategies with a single excitation frequency (or multiple excitation
frequencies). Excitation/emission wavelengths for fluorescence imaging with qdots
and excitation wavelengths for reflectance imaging with metal nanoparticles may be

optimized to provide the best contrast between normal and abnormal cells, to provide
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adequate penetration of the cervical epithelium and to match small, inexpensive laser

diode or LED sources.

To quantify the binding of contrast agents to cells, one may use fluorescence
(qdots) and UV-Vis spectroscopy (metal nanoparticles). Scattering from cells and
their relatively quick sedimentation in solution can significantly interfere with
quantitative measurements. Furthermore, optical properties of particles can be altered
as a result of binding. Therefore, one may centrifuge labeled cells and then measure
the particles remaining in solution. The amount of bound agent may be determined
based on the decrease in fluorescence and/or absorption. Standard confocal and
deconvolution fluorescent microscopes and a confocal reflectance microscope may be
used to image individual cells. Heterogeneity of binding and manner in which cells
interact with the contrast agents (e.g., if they undergo cellular uptake) may be

determined.

Biocompatibility of the contrast agents may also be addressed by performing
standard cytotoxicity assays. Labeled cells may be grown using standard cell culture

techniques to address possible long term effects of the contrast agents on the cells.

Organotypic (RAFT) Cultures

Conventional cell cultures provide homogeneous samples that can be used to
study changes in normal and transformed epithelial cells. However, these cultures do
not reflect the complex physical organization of the epithelium and underlying stroma
present in real tissues. Recent developments in molecular biology, however, may be
utilized to implement a series of progressively more complex culture models which
have the desired physical and chemical properties and can be manipulated through the

neoplastic process.
The maintenance of various tissue components in their normal anatomical

relationship is important for regulation of growth and differentiation. [106,107].

Tumor cells, stromal fibroblasts, and endothelial cells may express a set of genes in
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situ that only partially overlaps the set expressed by each cell type in isolation from
the other in primary cultures. Organotypic (RAFT) cultures have been developed
initially for skin and then adapted for a variety of epithelial cancers as an approach to
provide the three dimensional growth including epithelial cell-cell interactions that are
major features of solid carcinomas. The method is based on the growth of epithelial
cells at the air-liquid interface on top of a collagen gel containing fibroblasts (hence
the name RAFT cultures for floating on the liquid phase). This organ culture provides
conditions that preserve tissue architecture, growth, and function. It can be prepared
with different cell layers, different cell types and can be analyzed as a tissue without
restrictions involved in obtaining actual surgical specimens from patients or
volunteers. RAFT cultures are also more reproducible than tissues obtained from

different individuals.

In one embodiment, one may prepare RAFT cultures using normal, pre-
cancerous and cancerous cervical epithelial cells. Contrast agents may be added,
washed, and then cultures may be examined using the optimized excitation/collection
wavelengths determined from, for instance, experiments with cell suspensions. The
contrast between images of RAFT cultures with normal, pre-cancerous and cancerous
cells may be determined. This biological model of the epithelium may also provide
an opportunity to measure the depth of penetration of the contrast agents through
multiple layers of epithelial cells and to optimize binding kinetics before undertaking
more difficult and resource-consuming experiments with human tissue samples. The

same optical microscopic approaches as in the case of cells may be used.

Fresh Tissue Slices

According to different embodiments, the contrast agents may be tested using a
model system that most closely resembles living human epithelial tissue — fresh tissue
slices. Dr. Richards-Kortum, Follen and Lotan have recently explored this model
system to explore the biological basis for differences in the autofluorescence of
normal and neoplastic cervix. [108,109]. To prepare fresh tissue slices, cervical

biopsies may be obtained, and biopsies may be immediately placed in chilled culture
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medium, and then embedded in agarose. A Krumdieck Tissue Slicer may be used to
obtain transverse, 200 um thick fresh tissue slices, which can be maintained alive in
culture for 7-10 days. Experiments with contrast agents may be performed within 1.5
to 5 hours of biopsy. The tissue slices can remain in culture medium during the
imaging, and an image of a field of medium may be collected as a control. Following
fluorescence microscopy, 4 um sections may be made for histological evaluation and

may be read by, for instance, a board certified pathologist to provide a diagnosis.

At least two different series of experiments may be performed. In one,
contrast agents may be topically applied to the biopsy prior to preparation of tissue
slices. Such studies allow one to evaluate the penetration depth of contrast agents
inside the human epithelium. In the second, contrast agents may be applied to
prepared tissue slices. In this case, one may assess the binding profile of different
contrast agents throughout the whole thickness of epithelium. Contrast between
normal, pre-cancerous and cancerous lesions in living cervical tissue may be
determined. The best combinations of antibodies and/or aptamers labeled with qdots
and metal particles for discrimination of pre-cancerous and cancerous lesions may be

identified or confirmed.

In a specific embodiment, one may initially conduct a pilot study of 18
patients, obtaining paired normal and abnormal biopsies from each patient. These
data may be used to calculate the required sample size to achieve statistical
significance to determine the sensitivity and selectivity of nanoparticles as compared
to gold standard of histopathology. One may use a commercially available inverted
fluorescence microscope and confocal reflectance microscope, which may also be

used to image cervical biopsies and fresh tissue slices.

The following additional exarriples are included to demonstrate specific, non-

limiting embodiments of this disclosure. It should be appreciated by those of skill in
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the art that the techniques disclosed in the additional examples that follow represent
techniques discovered by the inventors to function well in the practice of the
invention, and thus can be considered to constitute specific modes for its practice.
However, those of skill in the art should, in light of the present disclosure, appreciate
that many changes can be made in the specific embodiments which are disclosed and
still obtain a like or similar result without departing from the spirit and scope of the

invention.

Example 1:
Abstract

Recent developments in photonic technology provide the ability to non-
invasively image cells in vivo, these new cellular imaging technologies may
dramatically improve the prevention, detection and therapy of epithelial cancers.
Endoscope-compatible microscopies, such as optical coherence tomography and
reflectance confocal microscopy, image reflected light, providing a three-dimensional
picture of tissue microanatomy with excellent spatial resolution (1 - 10 microns).
However, their ability to image molecular biomarkers associated with cancer may be
limited. In this example, we describe a new class of molecular specific contrast
agents for vital reflectance imaging based on gold nanoparticles attached to probe
molecules with high affinity for specific cellular biomarkers. The application of gold
bioconjugates for vital imaging of pre-cancers is demonstrated using cancer cell
suspensions, three-dimensional cell cultures, and normal and neoplastic fresh cervical
biopsies. We show that gold conjugates can be delivered topically for imaging
throughout the whole epithelium. These contrast agents may extend the ability of
vital reflectance microscopies for in vivo molecular imaging. They may enable
combined screening, detection and therapy of disease using inexpensive imaging
systems; such tools may allow mass screening of diseases such as cancer in resource-

poor settings.
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Introduction

Early diagnosis of premalignant and malignant lesions is essential for
improving the current poor survival of patients with a variety of cancers. Non-
invasive diagnostic methods are especially needed for the screening of large
populations for the identification of high risk individuals who can then be followed up
frequently and/or enrolled in chemoprevention trials. In the past decade a number of
microscopic techniques have been developed to image living tissue with sub-cellular
resolution. Vital microscopies, such as optical coherence tomography (OCT) and
reflectance confocal microscopy (RCM), image reflected light, providing a detailed
three-dimensional picture of tissue microanatomy without the need for physical
sectioning. These technologies provide excellent spatial resolution (1 - 10 microns)
with penetration depth ranging from 300 microns to 1-2 mm. The resulting
histologic-quality images can identify and monitor neoplastic changes in epithelium.
Recently, endoscope-compatible fiber optic OCT and RCM systems have been
developed to image tissue microanatomy in vivo in near real time. These systems are
portable and inexpensive compared to other high resolution imaging technologies
such as MRI microscopy; as such they are ideally suited for early screening and

diagnosis of superficial disease.

Tissue reflectance is produced by refractive index mismatches; sources of
contrast in OCT and RCM images include structures with increased refractive index
such as mitochondria, nuclear chromatin and melanin. Non-specific contrast agents,
such as acetic acid, can perturb the nuclear refractive index distribution increasing the
ability to visualize cellular anatomy. While OCT and RCM provide images of tissue
microanatomy, their ability to image molecular changes associated with

carcinogenesis is limited.

In the last few years, global analysis of gene expression by genomic and
proteomic approaches have led to the discovery of new cancer related genes, proteins
and biomarkers. Currently, most of these biomolecular signatures can only be

assessed through invasive, painful biopsy. The ability to noninvasively image the
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expression of these biomarkers may translate into improved ability to screen and
detect neoplastic changes, better ability to select and monitor therapy, and new tools

to understand the pathobiology of the disease.

Summary

In this example, we demonstrate a new class of molecular specific contrast
agents for vital optical imaging of pre-cancers and cancers, based on gold
nanoparticles conjugated to probe molecules with high affinity for cellular
biomarkers. Conventional gold nanoparticles have been extensively used as
molecular-specific stains in a different application—electron microscopy. As result,
the fundamental principles of interactions between gold particles and biomolecules
have been thoroughly studied. The nanoparticles also exhibit the ability to resonantly
scatter visible and near infrared (NIR light). This property is the result of excitation
of surface plasmon resonances and is extremely sensitive to the size, shape, and
aggregation state of the particles. The ability to resonantly scatter visible and NIR

light may be explored for vital microscopy in living specimens.

In this example, we describe bioconjugates of gold nanoparticles with
monoclonal antibodies against EGFR, a transmembrane 170 kDa glycoprotein that is
overexpressed in epithelial pre-cancers, for molecular specific optical imaging. A high
level of EGFR expression is often associated with enhanced aggressiveness of
epithelial cancers and poor prognosis. In these studies we used gold nanoparticles
with ca. 12 nm in diameter. This size is approximately the same as the size of

antibodies that are routinely used for molecular specific labeling and targeting.

To demonstrate the application of gold bioconjugates for vital reflectance imaging
we used three biologically relevant models of cancer with increasing complexity.
First, suspensions of cervical cancer cells were explored; SiHa cells are well-
characterized cervical epithelial cancer cells that overexpress EGFR.  Next,
engineered tissue constructs, three-dimensional cell cultures that mimic major features

of epithelial tissue, were explored. We prepared engineered tissue constructs
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consisting of densely packed, multiple layers of SiHa cells atop a collagen stroma.
Finally, we demonstrated the application of contrast agents in normal and neoplastic
fresh cervical biopsies — the model system that most closely resembles living human

epithelial tissue.

Methods

Preparation of gold bioconjugates:

Colloidal gold of various sizes was prepared using citrate reduction of
chloroauric acid (HAuCly) according to the method described in Frens, G. (1973)
Nature Physical Science 241, 20-22, which is incorporated by reference. To prepare
conjugates colloidal gold was diluted twice in 20 mM HEPES buffer, pH 7.4 and anti-
EGFR monoclonal antibodies (host mouse, Sigma) were reconstituted in the same
buffer at 100 pg/ml. Then the solutions were mixed at 1:1 volume ratio and were
allowed to interact for 20 minutes at room temperature. Polyethyleneglycol (PEG,
MW 20,000, Sigma) was added to the mixture up to a final concentration of 0.2
mg/mL and the solution was centrifuged twice at 5000 rpm for 2 hours to wash
unbound antibodies. After the second wash the pellet was resuspended in phosphate

buffered saline.

Preparation of cells:

SiHa cells were grown inside tissue culture flasks covered with collagen type I
(Roche) in DMEM plus 5% FBS at 37°C under 5% CO,. Cells were harvested using
1 mg/mL collagenase (Roche) in phosphate buffered saline at 37°C for approximately
20 minutes, or until the collagen substrate was entirely disassociated, and were
washed in DMEM. The cell suspension was labeled with gold conjugate at room
temperature for ca. 30 minutes on a shaker to prevent sedimentation. The labeled
cells were placed on top of a microscope slide coated with gelatin to eliminate

background scattering from the glass substrate during reflectance imaging.
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Preparation of epithelial tissue constructs:

To prepare the constructs a suspension of epithelial cells was spun down and a
very small amount of buffered collagen type I solution (3 mg/ml) was added to the
pellet. The mixture was transferred to 6.5 mm Elisa plate wells and allowed to gel at
37°C for 20 minutes. The volume of the mixture was adjusted to form gels with
thickness between 400 and 600 pm. The gel with embedded cells was kept in DMEM
culture medium plus 5% FBS for 24-48 hours. During this time the cells continued to
grow resulting in formation of a highly dense structure consisting of multiple layers of
epithelial cells. The contrast agents were added on top of the tissue phantoms in 10%
polyvinyl pyrrolidone (PVP) solution in PBS or in pure PBS. After incubation for ca.
30 minutes at room temperature the phantoms were transversely sectioned with a
Krumdieck tissue slicer and the sections were imaged using Zeiss Leica inverted laser

scanning confocal microscope.

Preparation of fresh cervical biopsies:

Colposcopically normal and abnormal cervical biopsies were obtained, with
written consent, from women seen in the University of Texas M.D. Anderson Cancer
Center Colposcopy Clinic. Biopsies were immediately placed in chilled (4°C) culture
medium (Dilbecco Modified Eagle Medium without phenol red), and then embedded
in 4% agarose. Subsequently, a Krumdieck Tissue Slicer was used to obtain
transverse, 200 Um thick fresh tissue slices. The slices were placed in a phosphate
buffered saline solution of anti-EGFR/gold conjugates for ca. 30 minutes at room
temperature. After incubation with contrast agents the sections were washed in PBS
and were imaged. After imaging the sections were submitted for H&E staining and

histopathological analysis.

The wavelength dependence of light scattering was measured using the optical
set-up described in Sokolov, K., Drezek, R., Gossage, K., & Richards-Kortum, R.
(1999) Optics Express 5 (13), 302-317, which is incorporated by reference. Briefly,
samples were illuminated by a broad-band light source (halogen lamp, Dolan-Jenner

Industries) and the scattered light was focused on the 250 um entrance slit of a single
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grating spectrograph (F/3.8, 300 lines/mm grating, Monospec 18, Jarrel Ash) coupled
to an intensified photodiode array detector (IRY-700, Princeton Instruments). Spectra
were normalized by scattering from a “white” diffusely scattering substrate
(Labsphere) to account for the wavelength dependence of the light source and the

spectrometer.

Confocal microscopy:

The series of through focus confocal images were acquired using Zeiss Leica
inverted epi-fluorescence/reflectance laser scanning confocal microscope with a 40X
oil immersion objective or a 10X objective. The excitation was provided by a Kr/Ar

mixed gas laser.

Figure Legends for Results and Discussion:
In the “Results and Discussion” section immediately below, reference is made

to FIGS. 10-13. Corresponding figure legend are as follows:

FIG. 10:

Scattering properties of gold nanoparticles are shown. FIGS. 10A and 10B
compare scattering of gold particles and polystyrene beads of approximately the same
diameter. In FIG. 10A suspensions of gold particles (left) and the polymeric spheres
(right) were illuminated by a laser pointer which provides light in 630-680 nm region.
The images were obtained using a regular web camera at a 90° angle relative to
illumination. To acquire the images of both suspensions under the same conditions,
the concentration of the polymeric beads (in particles per ml) was increased 6 fold
relative to the concentration of the metal nanoparticles. FIG. 10B shows the
wavelength dependence of visible light scattering by the polystyrene spheres and the
gold nanoparticles. The spectra were obtained from suspensions with the same

concentration of metal and polymeric nanospheres.

FIG. 10C compares scattering of isolated and closely spaced (agglutinated)

conjugates of 12 nm gold nanoparticles with monoclonal antibodies for epidermal
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growth factor receptor (EGFR). Polyclonal antibodies specific for mouse IgG

(Sigma) were added to induce agglutination of the conjugates.

FIG. 11:

High (FIGS. 11A-11D) and low (FIGS. 11G-11I) resolution optical images of
SiHa cells labeled with anti-EGFR/gold conjugates are shown. Non-specific labeling
using gold conjugates with BSA is shown in FIGS. 11E and 11F. Laser scanning
confocal reflectance (FIGS. 11A, 11C, and 11E) and combined confocal
reflectance/transmittance (FIGS. 11B, 11D, and 11F) images of the labeled SiHa cells
obtained with 40X objective. The scattering from gold conjugates is false-colored in
red. In FIGS. 11A and 11B the focal plane is at the top of the cells. In FIGS. 11C
and 11D the middle cross-section of the cells is in focus. The confocal reflectance
and transmittance images were obtained independently and then overlaid.
Reflectance images were obtained with 647 nm laser excitation. The scale bar is ca.

20 pm (FIGS. 11A-11F).

FIGS. 11G-11L a series of bright-field and reflectance images of the labeled
SiHa cells obtained with 20X objective using a combination of a white light and a
laser-pointer illumination are shown: FIG. 11G white light illumination; FIG. 11H
white light with a laser-pointer illumination at grazing incidence; FIG. 111 laser-
pointer illumination at grazing incidence. The scattering of gold conjugates is false-
colored in red. The laser pointer emits light in 630-680 nm region with power output
less than 5 mW. The laser pointer illuminated an area ca. 3-5 mm in diameter. The

scale bar is ca. 30 pm.

FIG. 12:

Laser scanning confocal reflectance (FIGS. 12A, 12C, and 12E) and confocal
fluorescence (FIGS. 12B and 12D) images of pre-cancerous (FIGS. 12A and 12B) and
normal (FIGS. 12C, 12D, and 12E) fresh cervical ex vivo tissue labeled with anti-
EGFR/gold conjugates are shown. Reflectance images were obtained with 647 nm

excitation wavelength and fluorescence images using 488 nm excitation and 515 nm
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long band-pass emission filter. Reflectance images FIG. 12A and 12C were obtained
after labeling with gold conjugates under the same acquisition conditions. FIG. 12E
was obtained after 6% acetic acid (AA) solution was added to the normal cervical
biopsy and laser power was increased by ca. 6 fold. AA is a nonspecific contrast
agent that is used in reflectance imaging of epithelium to increase scattering from
nuclei. Confocal fluorescence images FIGS. 12B and 12D were obtained under the
same acquisition conditions. The reflectance images are false-colored in red. The

scale bar 1s ca. 20 pm.

FIG. 13:

Transmittance (FIGS. 13A, 13C, and 13E) and reflectance (FIGS. 13B and
13D) images of engineered tissue constructs labeled with anti-EGFR/gold conjugates
are shown. The tissue constructs consist of densely packed, multiple layers of
cervical cancer (SiHa) cells. The contrast agents were added on top of the tissue
phantoms in 10% polyvinyl pyrrolidone (PVP) solution in PBS (FIGS. 13A and 13B)
or in pure PBS (FIGS. 13C and 13D). After incubation for ca. 30 minutes at room
temperature the phantoms were transversely sectioned with a Krumdieck tissue slicer
and the sections were imaged using the Zeiss Leica inverted laser scanning confocal
microscope with 10X (FIGS. 13A-13D) objective. A small spot on a tissue construct
was imaged using 40X oil immersion objective to show high density of the epithelial
cells in the phantom (FIG. 13E). Reflectance images were obtained with 647 nm
excitation. Arrows show the surfaces exposed to the contrast agents. The scale bars
are ca. 200 um (FIGS. 13A-13D) and ca. 20 pm (FIG. 13E).

Results and Discussion

The scattering cross section of gold nanoparticles is extremely high compared
to polymeric spheres of the same size (FIG. 10), especially in the red region of the
spectrum. This property is important for development of contrast agents for optical
imaging in living organisms because light penetration depth in tissue dramatically
increases with increasing wavelength. Another interesting optical property of gold
nanoparticles that can be exploited for vital optical imaging is the increase in

scattering cross section per particle when the particles agglutinate (FIG. 10C). These
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changes produce a large optical contrast between isolated gold particles and
assemblies of gold particles. This increase in contrast improves the ability to image
markers which are not uniquely expressed in diseased tissue, but are expressed at
higher levels relative to normal tissue (such as EGFR), and to develop highly sensitive
labeling procedures which do not require intermediate washing steps to remove single

unbound particles.

The preparation of gold bioconjugates may be based on non-covalent binding
of the anti-EGFR IgG antibodies at their isoelectric point (point of zero net charge of
the protein) to gold particles. The complex formation is irreversible and very stable.
Specific optical changes in UV-Vis spectrum of gold nanoparticles indicate binding of
the antibodies: a characteristic red shift (ca. 6 nm) of the maximum of the surface
plasmon resonance and ca. 10 % decrease in transmission. These optical changes are
associated with alterations in the local refractive index around the particles after
binding of the monoclonal antibodies. An additional indication of protein binding to
the surface of the nanoparticles is their stability in phosphate buffered saline (PBS).
The gold conjugates are monodispersed in the saline solution while a suspension with
“bare” gold particles quickly changes its color from red to blue upon addition of the
saline as a result of aggregation of the nanoparticles. The anti-EGFR/gold complexes
also undergo molecular specific agglutination when anti-IgG polyclonal antibodies
are added to the suspension of the conjugates. The agglutination results in increased

scattering by the conjugates (FIG. 10C).

FIGS. 11A-D show confocal reflectance images and combined
transmittance/reflectance images of SiHa cells labeled with anti-EGFR/gold
conjugates. In a series of through focus confocal reflectance images of labeled cells,
the bound conjugates first appear as randomly distributed bright spots at the top of the
cells, then bright rings can be seen in the optical cross-sections through the middle of
the cells. Comparison of the labeling pattern with transmittance images of the cells
indicates that labeling predominately occurs on the surface of the cellular cytoplasmic

membrane. The labeling pattern is consistent with the fact that the monoclonal
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antibodies have molecular specificity to the extracellular domain of EGFR. The
intensity of light scattering from the labeled SiHa cells is ca. 50 times higher than
from unlabeled cells. Therefore unlabeled cells cannot be resolved on the dark
background. No labeling was observed when gold conjugates with bovine serum

albumin (BSA) were added to the cells (FIGS. 11E and 11F).

We conducted reflectance imaging before and after the unbound gold
conjugates were washed from the cell suspension. The unbound gold particles were
not visible before or after washing. UV-Vis measurements of a washed suspension of
labeled cells showed an increase in extinction of the nanoparticles in the red optical
region. This change is characteristic for agglutination of the nanoparticles and
indicates that the particles form closely spaced assemblies on the surface of the cells.
We demonstrated that agglutination of anti-EGFR gold conjugates results in increase
of scattering of particles forming the assembly (FIG. 10C). We believe that similar
effect can contribute to the contrast between the labeled cells and the isolated,

unbound conjugates.

Using UV-Vis spectroscopy we estimated the average amount of gold
conjugates bound per cell. Scattering from cells, their relatively quick sedimentation,
and changes of optical properties of the particles upon binding make it difficult to
measure the amount of bound nanoparticles directly. Instead, we centrifuged the
labeled cells and measured the decrease in optical density of the supernatant relative
to the original suspension of the conjugates. Using this approach we calculated that
approximately 5x10* conjugates are bound per cell. Our results correlate well with
previously published studies, which report that most cell types express from 2x10% to

20x10* EGF receptors per cell.

We observed heterogeneous labeling of SiHa cells in suspension. To ensure
that preparation of cell suspensions did not affect the extracellular domain of EGFR
and produce heterogeneous labeling, we grew cells on collagen and used collagenase

to harvest the cells. The same heterogeneity was also observed when the cells were
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labeled directly on the surface of the collagen matrix without harvesting.
Heterogeneity of protein expression in cell lines is not uncommon and has been

described before in the case of EGFR.

The light scattering from the labeled cells is so strong that it can be easily
observed using low magnification optics and an inexpensive light source such as a
laser pointer. FIGS. 11G-111 show a series of images of labeled SiHa cells placed on
a microscope slide obtained using a 20X objective. In bright-field transmission, the
cells with bound gold conjugates appear darker due to light absorption by the metal
nanoparticles in the green optical region and the unlabeled cells appear more
transparent (FIG. 11G). When the sample is illuminated by a laser pointer at grazing
incidence, the labeled cells appear bright due to scattered light (FIG. 11H). Finally,
after bright-field illumination is turned off, only labeled cells can be seen (FIG. 11I).
No scattering was observed when cells labeled using gold conjugates with BSA were

illuminated by a laser pointer under the same conditions.

Bright “honey-comb” like structures can be seen in laser scanning confocal
reflectance images of abnormal cervical biopsies labeled with anti-EGFR/gold
complexes (FIG. 12A). Scattering from the labeled cytoplasmic membranes of
epithelial cells forms this pattern. No labeling of the normal biopsy can be seen when
the sample is imaged under the same acquisition conditions as the abnormal sample
(FIG. 12C). The morphology of the normal biopsy can be resolved after addition of a
non-specific contrast agent — acetic acid - and increasing the laser power by ca. 6 fold
(FIG. 12E). Acetic acid enhances fluctuations in the nuclear refractive index related
to chromatin texture enhancing scattering from nuclei. An increase in scattering of
stroma is also evident (FIG. 12E). There is no binding of anti-EGFR/gold conjugates

to the stromal layer of cervical biopsies.
In corresponding autofluorescence confocal images obtained using 488 nm

excitation, the epithelial cells exhibit cytoplasmic fluorescence (FIGS. 12B and 12D)

due to mitochondrial flavin adenine dinucleotide (FAD). In the fluorescence image of
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the abnormal cervical biopsy the epithelial cells appear to be surrounded by black
contours (FIG. 12B). These contours are formed by the bound gold conjugates which
strongly absorb visible light in the green optical region where most of the
autofluorescence signal is emitted (FIGS. 10B and 10C). The comparison of the
reflectance and the fluorescence confocal images of the abnormal biopsy confirms
predominant binding of the anti-EGFR/gold conjugates to the cytoplasmic membrane
of the epithelial cells (FIGS. 12A and 12B).

Thus, the contrast agents presented here, coupled with vital reflectance
microscopies, may yield both anatomic and molecular images of epithelial pathology.
A particularly important application is the early detection of precancerous lesions.
Early detection of curable precancers may dramatically reduce the incidence and
mortality of cancer. In vivo application of these contrast agents requires the ability to
deliver the agents throughout the epithelium in the organ site of interest. Pre-cancers
of squamous epithelium originate at the basal layer, which can be located 300-500 um
beneath the tissue surface; therefore, to use diagnostic tools and to study the earliest
molecular changes associated with cancer progression it is important to deliver the

gold nanoparticles throughout the whole epithelium.

Using engineered tissue constructs, we demonstrated that penetration
enhancers used for topical drug delivery, such as polyvinyl pyrrolidone (PVP), may
be used to deliver the gold nanoparticles throughout the epithelium (FIG. 13). PVP is
approved by FDA for human use as an excipient in topical formulations (e.g.
Povidone). The anti-EGFR/gold conjugates were applied to the top of engineered
tissue constructs in pure PBS buffer and in PBS in the presence of 10% PVP. After
ca. 30 minutes incubation, constructs were washed in PBS and 200 pm thick
transverse sections were prepared and imaged using transmittance and confocal
reflectance microscopies (FIG. 13). When the conjugates are applied in the presence
of PVP, uniform labelling is achieved throughout the whole depth (ca. 400 pm)
(FIGS. 13A and 13B). When gold conjugates are applied in PBS, only the surface
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layer of epithelial cells in the engineered tissue constructs is labelled (FIGS. 13C and
13D).

The contrast agents presented here indicate the ability to extend vital
reflectance microscopies for in vivo molecular imaging. Using these contrast agents,
we demonstrated the ability to image the distribution of EGFR expression in living
neoplastic cervical tissue — providing the ability to assess molecular pathology in vivo.
Currently, the prognosis of patients with cancer is predicted mainly based on
microanatomic features of disease; however, the use of molecular markers has
recently shown promise to better predict patient outcomes and to select therapies. In
the absence of contrast agents, OCM and RCM yield images of tissue microanatomy
similar to that which can be obtained with conventional histopathology; contrast
agents based on gold nanoparticles provide a strong source of signal with molecular

specificity that is immune to photobleaching.

Other reflectance based technologies which been developed to image disease
in deeper tissues with lower spatial resolution may also benefit from these contrast
agents. Diffuse optical tomography (DOT) allows noninvasive in vivo imaging of
oxygenated and deoxygenated hemoglobin and has been explored for detection of
breast cancer; coupling DOT with the contrast agents presented here may provide

more sensitive detection of smaller lesions.

Many properties of contrast agents based on gold nanoparticles make them
ideally suited for vital imaging and in vivo diagnosis. By appropriately adjusting the
size of the particles, surface plasmon resonances can be selected to take advantage of
regions where tissue is most transparent depending on the degree of tissue penetration
required. Using particles of different sizes conjugated to different probe molecules,
multi-color labeling for many targets can be achieved. The enhanced scattering from
closely spaced gold particles confers important advantages for in vivo imaging. First,
the scattering from aggregates of bound particles is greatly enhanced compared to

background scattering from unbound particles. Additionally, many markers are not

-58-



10

15

20

25

30

WO 03/075765 PCT/US03/06730

uniquely expressed in disease, but are over- or under-expressed. The scattering from
closely spaced aggregates associated with over-expression can magnify the signal

difference owing to moderate levels of over-expression.

Contrast agents based on gold nanoparticle antibody conjugates may be put to
in vivo use, with topical or systemic delivery. The inherent biocompatibility of gold
means that they can be used directly in vivo without the need for protective layer
growth. In fact, long term treatment of rheumatoid arthritis utilizes gold (up to a
cumulative dose of 1.2-1.8 g/year for up to 10 years). We anticipate that less than 0.3
mg of gold may be required for diagnosis with topical delivery to the cervix.
Humanized antibodies, where a mouse antibody-binding site is transferred to a human
antibody gene, are much less immunogenic in humans, and many humanized
antibodies are currently in clinical trials. Since 1997, the FDA has approved more
than 10 monoclonal antibody based drugs, including Herceptin for metastatic breast
cancer therapy. For surface lesions located in epithelial tissue, simple FDA approved
agents, such as polyvinylpyrrolidone can be used to increase tissue permeability and

deliver contrast agents topically.

Example 2:
Metal Nanoparticles and MMP

To demonstrate the imaging of metallo-proteases (MMPs) using contrast
agents based on metal nanoparticles, we prepared gold conjugates with monoclonal
antibodies for MMP-2 (data not shown) and MMP-9. The conjugates were used to
label cervical epithelial cancer cells grown on two different substrates: a pure collagen
I gel and a collagen I gel in the presence of 5% gelatin. SiHa cells were placed on a
substrate and allowed to grow for 5-24 hrs in DMEM with 5% FBS at 37°C and 5%
CO3, and then antibody-gold conjugates were applied to a sample in PBS for 20-30
minutes under sterile conditions. Excess contrast agent was removed and the sample
was imaged wusing a confocal reflectance/fluorescence microscope without
intermediate washing. Reflectance images were obtained with 647 nm excitation and

fluorescence was excited at 360 nm and collected using 405 band-pass emission filter.
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FIG. 14 shows the results of labeling of SiHa cells grown on collagen I
substrate with anti-MMP-9/gold conjugates.  Significant labeling of cellular
cytoplasm was observed.  Cytoplasmic labeling may be associated with
internalization of labeled MMP-9 molecules from the plasma membrane. Rapid
internalization and degradation of MMPs including MMP-9 is an important
mechanism in regulating extracellular proteinase activity. We also observed strong
labeling of collagen fibers located along clusters of cells (FIG. 14A and 14C).
Previously, similar labeling was observed using fluorescent labeled antibodies in
fixed 3D tissue cultures of cells inside collagen I matrix. It was attributed to
membrane deposits which are shed by migrating cells along their tracks in collagen
matrix. These deposits contain a variety of plasma membrane proteins including
MMPs. Our images show a number of elongated polarized cells, indicative of cellular

migration. Little cell or ECM labeling was observed in areas with low cell density.

Metal Nanoparticles and Intracellular Targets

We can deliver metal nanoparticle based contrast agents to image intracellular
targets. Contrast agents may be utilized to image molecular features of human
papillomavirus (HPV) induced cervical carcinogenesis. Persistence and progression

of cervical cancer is clearly related to expression of the viral oncoproteins, E6 and E7.

FIG. 15 shows preliminary results obtained labeling SiHa cells with 10 nm
gold nanoparticles conjugated to anti-E7 monoclonal antibodies. Cells were
incubated in contrast agent in PBS and in PBS with 10% PVP. Following incubation,
cells were washed and imaged using laser scanning confocal microscopy. FIG. 15
shows the co-localized autofluorescence (green) and reflectance (white) images from
SiHa cells incubated with PVP. Autofluorescence is limited to the cytoplasm,
whereas backscattering is produced by nanoparticles within the nucleus. No
backscattering was observed in cells incubated with contrast agent in PBS alone.
Thus, delivery and detection of contrast agent is feasible. In data, we observed at

least a three fold, statistically significant increase in nuclear backscattering from
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nanoparticles in cells with high E7 expression compared to cells with low E7

expression.

Safety of Metal Nanoparticles for In Vivo Use

Contrast agents based on gold nanoparticle antibody conjugates may be used
in vivo, with topical or systemic delivery. The inherent biocompatibility of gold
implies they can be used directly in vivo without the need for protective layer growth.
In fact, long term treatment of rheumatoid arthritis utilizes gold (up to a cumulative
dose of 1.2-1.8 g/year for up to 10 years). We anticipate that less than 0.3 mg of gold
may be required for diagnosis with topical delivery to the cervix. Humanized
antibodies, where a mouse antibody-binding site is transferred to a human antibody
gene, are much less immunogenic in humans, and many humanized antibodies are
currently in clinical trials. Since 1997, the FDA has approved more than 10
monoclonal antibody based drugs, including Herceptin for metastatic breast cancer
therapy. For surface lesions located in epithelial tissue, simple FDA approved agents,
such as polyvinylpyrrolidone can be used to increase tissue permeability and deliver

contrast agents topically.

Optically active contrast agents to target the molecular signatures of neoplasia.
Metal NPs

Vital reflectance imaging using both gold and silver nanoparticles may be
accomplished using the techniques of this invention. Contrast agents based on gold
nanoparticles may be used because gold is biocompatible and can be used directly for
in vivo applications. Silver particles may be used also. Silver may exhibit higher
extinction coefficients and provide higher enhancements of the local electromagnetic
field and exhibit other effects associated with optical excitation of surface plasmon
resonances. Silver particles are not as stable and not as biocompatible as gold
nanoparticles. This issue can be addressed by encapsulating silver particles inside an
inert material. One may use a silica coating developed by Dr. Sokolov in Sokolov,
K., G. Chumanov, and T.M. Cotton, Enhancement of Molecular Fluorescence near the

Surface of Colloidal Metal Films. Analytical Chemistry, 1998. 70(18): p. 3898-3905,
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which is incorporated by reference. This coating stabilizes particles in high ionic
strength solutions and provides a well characterized surface for chemical

immobilization of biomolecules.

Gold and silver colloidal particles can be prepared from chloroauric acid
(HAuCl,) and silver nitrate (AgNO;) respectively by using a variety of reducing
agents including phosphorous, ascorbic acid, sodium citrate, borohydrate. In one
embodiment, sodium citrate may be used. Highly uniform gold colloids with particle
sizes ranging from about 10 nm to ca. 100 nm can be prepared using sodium citrate
reduction of chloroauric acid. This colloid exhibits a single extinction peak ranging
from 500 nm to about 540 nm depending on the size of the particles. Sodium citrate
reduction of silver nitrate results in a colloidal solution with about 35 nm diameter
silver particles and a single peak at approximately 410 nm. The distribution of silver
particles is significantly broader as compared to gold particles; however the procedure
is highly reproducible from one preparation to another. Silver particles with narrower
distributions and different mean diameters can be prepared using a starter hydrosol
with small gold or silver particles that provides nucleation centers for growth of

bigger silver colloid.

Scattering properties of metal nanoparticles depend on their size and shape.
By changing sizes metal nanoparticles that exhibit different colors in reflected light
can be produced. Additionally, position of surface plasmon resonances of gold and
silver can be significantly altered by using nanocomposite materials described in (a)
Sershen, S.R., et al., Temperature-sensitive polymer-nanoshell composites for
photothermally modulated drug delivery. Journal of biomedical materials research,
2000. 51(3): p. 293-8, and (b) Averitt, R.D., S.L. Westcott, and N.J. Halas, The
Linear Optical Properties of Gold Nanoshells. J. Opt Soc Am B, 1999. 16: p. 1824-32,
each of which is incorporated by reference. The materials include a dielectric
optically inert core particle and an optically active gold shell and can be prepared in a

variety of sizes and in a highly uniform fashion.
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Another approach to tune optical properties of metal nanoparticles is based on
template synthesis such as that in Haes, A.J. and R.P. Van Duyne, A nanoscale optical
biosensor: Sensitivity and selectivity of an approach based on the localized surface
plasmon resonance spectroscopy of triangular silver nanoparticles. Journal of the
American Chemical Society, 2002. 124(35): p. 10596-10604, which is incorporated
by reference. In one method, metal nanoparticles of pyramidal shape with different
sizes can be synthesized inside cavities formed by a dense monolayer of polystyrene
beads on a flat substrate. After synthesis the nanoparticles can be removed from the
surface by a simple one step procedure. These approaches may be used to optimize
scattering properties of nanoparticles to take advantage of optical regions where tissue

is most transparent depending on the degree of tissue penetration required.

Another venue may be to use particles of different sizes conjugated to

different probe molecules to achieve multi-color labeling for many targets.

FIG. 8 summarizes embodiments for preparation of conjugates of gold
particles with cancer specific probe molecules. At least two different types of probe
molecules may be used: well established commercially available antibodies for
molecular biomarkers of cancer and peptides specifically developed to bind to cancer
biomarkers. One may utilize humanized antibodies. For antibodies, one may use
conjugation protocols developed to prepare gold immunostains for electron
microscopy. See Horisberger, M., Colloidal gold : a cytochemical marker for light
and fluorescent microscopy and for transmission and scanning electron microscopy.
Scan Electron Microsc, 1981. 2: p. 9-31 and Geoghegan, W.D. and G.A. Ackerman,
Adsorption of horseradish peroxidase, ovomucoid and anti-immunoglobulin to
colloidal gold for the indirect detection of concanavalin A, wheat germ agglutinin and
goat anti-human immunoglobulin G on cell surfaces at the electron microscopic level:
a new method, theory and application. The journal of histochemistry and
cytochemistry : official journal of the Histochemistry Society, 1977. 25(11): p. 1187-
200, each of which is incorporated by reference. Briefly, the procedure is based on

non-covalent binding of proteins at their isoelectric point (point of zero net charge) to
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gold particles. The complex formation is irreversible and very stable. In fact, the
shelf life of the conjugates is so long that the most commonly used gold immunostains
can be routinely purchased from major biochemical companies. A colloidal gold drug
delivery system was recently used to specifically target tumors in live mice. The

reported results demonstrate stability of gold bioconjugates in vivo.

A second conjugation strategy for antibodies may include preparation of
biotinylated antibody molecules and their consequent interaction with
streptavidin/gold conjugates (FIG. 8). This approach takes advantage of strong
biospecific interaction between biotin and streptavidin and a well-developed protocol
for immobilization of streptavidin on gold particles. Smaller peptide molecules can
not be directly adsorbed on the gold surface because that could significantly change
their conformation and lead to loss of binding properties. Peptides with thiol
terminated alkyl chains may be directly attached to the surface of gold particles
similar to the procedures described in Elghanian, R., et al., Selective colorimetric
detection of polynucleotides based on the distance-dependent optical properties of
gold nanoparticles. Science, 1997. 277(5329): p. 1078-1080 (incorporated by
reference) for preparation of DNA probes. For conjugation procedure one may use a
mixture of thiol terminated peptides and relatively small mercaptoacetic molecules to

avoid high density immobilization of the peptides (FIG. 8).

The immobilization of antibodies and thiol terminated peptides on silver
particles may be accomplished using strategies similar to those utilized for gold
particles. Silver conjugates may not have the same stability and shelf life as the gold
conjugates, however they can be used to evaluate the silver based contrast agents.
Conjugation protocols for silica capped silver particles may be formed (FIG. 8). The
silica layer may be formed using tetraethyl orthosilicate (TEOS). See Sokolov, K., G.
Chumanov, and T.M. Cotton, Enhancement of Molecular Fluorescence near the
Surface of Colloidal Metal Films. Analytical Chemistry, 1998. 70(18): p. 3898-3905,

which is incorporated by reference. Many silanization reagents (Gelest, Inc.) are
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available to introduce functional groups to silica surfaces for subsequent protein

immobilization.

For vital imaging with contrast agents based on metal nanoparticles it may be
important to develop bioconjugates that have very low nonspecific binding and are
not accumulated by the reticuloendothelial system (RES), namely the liver and spleen.
To address this issue one may prepare hybrid conjugates by co-adsorbing
polyethylene glycol (PEG) and probe (antibodies, peptides) molecules on the surface
on nanoparticles. This strategy has been recently demonstrated in experiments on in
vivo molecular specific imaging of embryogenesis using quantum dots and in
colloidal gold drug delivery system in live mice. One may use commercially
available thiol terminated PEG from Shearwater Polymers, AL. In the case of
antibodies, one may first prepare conjugates of gold nanoparticles with the proteins
and then expose the prepared complexes to thiol-PEG. Because strong interactions
between thiol groups and the metal surface can lead to replacement of bound
antibodies by PEG molecules it is important to carefully control PEG co-adsorption.
This can be achieved by adjusting PEG concentration and by using compounds with
high affinity to thiol groups to timely terminate the reaction. Very small (few
nanometers in diameter) gold nanoparticles may be used to inhibit free thiol
molecules. The smaller gold particles and their complexes with PEG may be isolated
from the gold immunoconjugates by centrifugation. Another possibility is to use zinc
(Zn*") ions which can form stable complexes with thiol groups. To co-adsorb thiol
terminated peptide molecules and thiol-PEG, one may mix the two compounds
together and apply them to gold nanoparticles at the same time. In this case the
reaction can be simply controlled by adjusting relative amount of peptides and PEG

molecules.

With the benefit of the present disclosure, those having skill in the art will

comprehend that techniques claimed herein may be modified and applied to a number
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of additional, different applications, achieving the same or a similar result. The
claims attached hereto cover all such modifications that fall within the scope and

spirit of this disclosure.
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CLAIMS

L. A contrast agent for reflectance imaging comprising one or more metallic
nanoparticles configured to couple to one or more specific biomarkers of a sample

and to exhibit characteristic optical scattering when subjected to reflectance imaging.

2. The contrast agent of claim 1, wherein the one or more metallic nanoparticles

comprise gold.

3. The contrast agent of claim 1, wherein the one or more metallic nanoparticles

comprise silver.

4. The contrast agent of claim 1, wherein the one or more metallic nanoparticles
are configured to couple to a molecular probe that couples to the one or more specific

biomarkers.

5. The contrast agent of claim 4, wherein the one or more biomarkers comprise

cancerous or pre-cancerous biomarkers.

6. The contrast agent of claim 1, the contrast agent being a contrast agent for

detecting a condition of a sample in vivo through reflectance imaging.

7. A contrast agent for detecting cervical cancer or pre-cancer in vivo through
reflectance imaging, comprising one or more metallic nanoparticles configured to
couple to one or more cancerous or pre-cancerous biomarkers of a sample and to

exhibit characteristic optical scattering when subjected to reflectance imaging.

8. A contrast agent for detecting cervical cancer or pre-cancer in vivo through
fluorescence imaging, comprising one or more quantum dots configured to couple to
one or more cancerous or pre-cancerous biomarkers of a sample and to exhibit

characteristic fluorescence excitation when subjected to fluorescence imaging.
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9. A method for enhanced reflectance imaging, comprising:
obtaining a sample;
coupling one or more metallic nanoparticles to the sample; and
generating a reflectance image of the sample, the image exhibiting
characteristic optical scattering from the one or more metallic

nanoparticles.

10.  The method of claim 9, wherein the sample comprises a biological sample.

11.  The method of claim 10, wherein the sample comprises cervical tissue.

12. The method of claim 10., wherein the sample comprises one or more

unpurified human fluids.

13. The method of claim 12, wherein the one or more fluids comprise whole

blood, serum, or urine.
14.  The method of claim 9, wherein the coupling comprises coupling the one or
more metallic nanoparticles to a molecular probe that couples to one or more

biomarkers of the sample.

15. The method of claim 14, wherein the one or more biomarkers comprise

cancerous or pre-cancerous biomarkers.

16. The method of claim 9, wherein the one or more metallic nanoparticles

comprise gold.

17.  The method of claim 9, wherein the one or more metallic nanoparticles

comprise silver.
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18.  The method of claim 9, wherein the generating the image is performed in vivo.

19.  The method of claim 9, wherein the generating the image is performed in

vitro.

20. A method for detecting a condition of a sample through reflectance imaging,
comprising:
obtaining a sample;
obtaining one or more metallic nanoparticles;
coupling the one or more metallic nanoparticles to one or more biomarkers of
the sample that are associated with the condition; and
generating a reflectance image of the sample, the image exhibiting
characteristic optical scattering from the one or more metallic

nanoparticles to signal a presence of the one or more biomarkers.

21.  The method of claim 20, wherein generating the image is performed in vivo.

22.  The method of claim 20, wherein the sample comprises cervical tissue.

23.  The method of claim 20., wherein the sample comprises one or more

unpurified human fluids.

24. The method of claim 23, wherein the one or more fluids comprise whole

blood, serum, or urine.

25. A method for detecting cervical cancer or pre-cancer through reflectance
imaging, comprising:
obtaining a sample;

obtaining one or more metallic nanoparticles;
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coupling the one or more metallic nanoparticles to one or more biomarkers of
the sample that are associated with the cervical cancer or pre-cancer;
and

generating a reflectance image of the sample, the image exhibiting
characteristic optical scattering from the one or more metallic

nanoparticles to signal a presence of the one or more biomarkers.

26. A method for detecting a condition of a sample through fluorescence imaging,
comprising:
obtaining a sample;
obtaining one or more quantum dots;
coupling the one or more quantum dots to one or more biomarkers of the
sample that are associated with the condition; and
generating a fluorescence image of the sample, the image exhibiting
characteristic fluorescence excitation from the one or more quantum

dots to signal a presence of the one or more biomarkers.

27.  The method of claim 26, wherein the sample comprises cervical tissue.

28. The method of claim 26., wherein the sample comprises one or more

unpurified human fluids.

29.  The method of claim 28, wherein the one or more fluids comprise whole

blood, serum, or urine.

30. A method for detecting cervical cancer or pre-cancer through fluorescence
imaging, comprising:

obtaining a sample;

obtaining one or more quantum dots;

coupling the one or more quantum dots to one or more biomarkers of the

sample that are associated with the cervical cancer or pre-cancer; and
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generating a fluorescence image of the sample, the image exhibiting
characteristic fluorescence excitation from the one or more quantum

dots to signal a presence of the one or more biomarkers.

31. A method for detecting a condition of a sample through a combination of
reflectance and fluorescence imaging, comprising:
obtaining a sample;
obtaining one or more metallic nanoparticles and one or more quantum dots;
coupling the one or more metallic nanoparticles and one or more quantum dots
to one or more biomarkers of the sample that are associated with the
condition; and
generating a reflectance and fluorescence image of the sample, the image
exhibiting characteristic optical scattering from the one or more
metallic nanoparticles and characteristic fluorescence excitation from

the one or more quantum dots to signal a presence of the one or more

biomarkers.
32.  The method of claim 31, wherein the sample comprises cervical tissue.
33.  The method of claim 31, wherein the sample comprises one or more

unpurified human fluids.

34.  The method of claim 33, wherein the one or more fluids comprise whole

blood, serum, or urine.

35. A method for detecting cervical cancer or pre-cancer through a combination of
reflectance and fluorescence imaging, comprising:
obtaining a sample;

obtaining one or more metallic nanoparticles and one or more quantum dots;
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coupling the one or more metallic nanoparticles and one or more quantum dots
to one or more biomarkers of the sample that are associated with the
cervical cancer or pre-cancer; and

generating a reflectance and fluorescence image of the sample, the image
exhibiting characteristic optical scattering from the one or more
metallic nanoparticles and characteristic fluorescence excitation from
the one or more quantum dots to signal a presence of the one or more

biomarkers.
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