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Abstract

Recent developments in photonic technology provide the ability to
noninvasively image cellsin vivo; these new cellular imaging technologies
have the potential to dramatically improve the prevention, detection, and
therapy of epithelial cancer s. Endoscope-compatible microscopies, such as
optical coherence tomography and reflectance confocal microscopy, image
reflected light, providing a three-dimensional picture of tissue microanat-
omy with excellent spatial resolution (1-10 um). However, their ability to
image molecular biomarkers associated with cancer is limited. Here, we
describe a new class of molecular specific contrast agents for vital reflec-
tance 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 precancersis demonstrated using can-
cer 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 have potential to extend the ability of vital reflectance
microscopies for in vivo molecular imaging. They can potentially enable
combined screening, detection, and therapy of disease using inexpensive
imaging systems; such tools could allow mass screening of diseases such as
cancer in resource-poor settings.

Introduction

Early diagnosis of premalignant and malignant lesions is essential
for improving the current poor survival of patients with a variety of
cancers. Noninvasive 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 subcel-
lular resolution. Vital microscopies, such as OCT? and RCM, image
reflected light, providing a detailed three-dimensional picture of tissue
microanatomy without the need for physical sectioning (1, 2). These
technologies provide excellent spatial resolution (1-10 wm) with
penetration depth ranging from 300 um to 1-2 mm. The resulting
histological quality images can identify and monitor neoplastic
changes in epithelium (3, 4). Recently, endoscope-compatible fiber
optic OCT and RCM systems have been developed to image tissue
microanatomy in vivo in near rea time (4, 5). These systems are
portable and inexpensive compared with other high-resolution imag-
ing technologies such as magnetic resonance imaging microscopy; as
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such, they are idealy 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 (2, 3). Nonspecific contrast agents, such as AA, can
perturb the nuclear refractive index distribution, increasing the ability
to visualize cellular anatomy (6). Whereas OCT and RCM provide
images of tissue microanatomy, their ability to image molecular
changes associated with carcinogenesis is limited.

Inthe last few years, global analysis of gene expression by genomic
and proteomic approaches has led to the discovery of new cancer-
related genes, proteins, and biomarkers. Currently, most of these
biomolecular signatures can only be assessed through invasive, pain-
ful biopsy. The ability to noninvasively image the expression of these
biomarkers could 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.

Here, we demonstrate a new class of molecular specific contrast
agents for vital optical imaging of precancers and cancers, based on
gold nanoparticles conjugated to probe molecules with high affinity
for cellular biomarkers. Gold nanoparticles have been used exten-
sively as molecular specific stainsin electron microscopy (7, 8). Asa
result, the fundamental principles of interactions between gold parti-
cles and biomolecules have been thoroughly studied. The nanopar-
ticles also exhibit the ability to resonantly scatter visible and near
infrared 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 (9). The ability to resonantly scatter
visible and near infrared light has not been explored for vital micros-
copy in living specimens.

In this report, we describe bioconjugates of gold nanoparticles with
monoclonal antibodies against EGFR, a transmembrane M, 170,000
glycoprotein that is overexpressed in epithelial precancers (10, 11),
for molecular specific optical imaging. A high level of EGFR expres-
sion is often associated with enhanced aggressiveness of epithelia
cancers and poor prognosis (12, 13). In these studies, we used gold
nanoparticles of ~12 nm in diameter. This size is approximately the
same as the size of antibodies, which 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 (11, 14). Next, engi-
neered tissue constructs, three-dimensional cell cultures that mimic
major features of epithelial tissue (15, 16), were explored. We pre-
pared engineered tissue constructs consisting of densely packed, mul-
tiple layers of SiHa cells atop a collagen stroma. Finaly, we demon-
strated the application of contrast agents in normal and neoplastic
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fresh cervical biopsies, the model system that most closely resembles
living human epithelial tissue (17).

Materials and Methods

Preparation of Gold Bioconjugates. Colloidal gold of various sizes was
prepared using citrate reduction of chloroauric acid (HAuUCl,) according to the
method described in Ref. 18. To prepare conjugates, colloidal gold was diluted
twicein 20 mm HEPES buffer (pH 7.4), and anti-EGFR monoclonal antibodies
(host mouse; Sigma) were reconstituted in the same buffer at 100 wg/ml. Then
the solutions were mixed at a 1:1 volume ratio and allowed to interact for 20
min at room temperature. Polyethyleneglycol (M, 20,000; Sigma) was added to
the mixture up to a fina concentration of 0.2 mg/ml, and the solution was
centrifuged twice at 5000 rpm for 2 h to wash unbound antibodies. After the
second wash, the pellet was resuspended in PBS.

Preparation of Cells. SiHa cells were grown inside tissue culture flasks
covered with collagen type | (Roche) in DMEM plus 5% FBS at 37°C under
5% CO.,. Cells were harvested using 1 mg/ml collagenase (Roche) in PBS at
37°C for ~20 min, or until the collagen substrate was entirely disassociated,
and washed in DMEM. The cell suspension was labeled with gold conjugate
at room temperature for ~30 min 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.

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 | 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 min. The volume of the mixture was adjusted to form gels with a
thickness between 400 and 600 pm. The gel with embedded cells was kept in
DMEM plus 5% FBS for 24—48 h. 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% PVP solution in PBS or in pure PBS. After incubation for
~30 min 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 norma and
abnormal cervical biopsies were obtained, with written consent, from women
seen in the University of Texas M. D. Anderson Cancer Center Col poscopy
Clinic. Biopsies were immediately placed in chilled (4°C) culture medium
(DMEM without phenol red) and then embedded in 4% agarose. Subsequently,
a Krumdieck tissue slicer was used to obtain transverse, 200-um-thick fresh
tissue dlices. The slices were placed in a PBS solution of anti-EGFR/gold
conjugates for ~30 min at room temperature. After incubation with contrast
agents, the sections were washed in PBS and imaged. After imaging, the
sections were subjected to H& E staining and histopathological anaysis.

The wavelength dependence of light scattering was measured using the
optical set-up described in Ref. 19. 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 dlit of a single grating
spectrograph (F/3.8; 300 linesymm 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 Leicainverted epifluorescence/reflectance laser scanning
confocal microscope with a x40 oil immersion objective or a X 10 objective.
The excitation was provided by a Kr/Ar mixed gas laser.

Results and Discussion

The scattering cross-section of gold nanoparticlesis extremely high
compared with polymeric spheres of the same size (Fig. 1), especialy
in the red region of the spectrum. This property is crucial for devel-
opment 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
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Fig. 1. Scattering properties of gold nanoparticles. A and B compare scattering of gold
particles and polystyrene beads of approximately the same diameter. In A, suspensions of
gold particles (left) and the polymeric spheres (right) were illuminated by a laser pointer
that provides light in the 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
particlessml) was increased 6-fold relative to the concentration of the metal nanoparticles.
B 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. C compares scattering of isolated and
closely spaced (agglutinated) conjugates of 12-nm gold nanoparticles with monoclonal
antibodies for EGFR. Polyclonal antibodies specific for mouse 1gG (Sigma) were added
to induce agglutination of the conjugates.

nanoparticles that can be exploited for vital optical imaging is the
increase in scattering cross-section per particle when the particles
agglutinate (Fig. 1C). These 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 that 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 that do not require intermediate washing
steps to remove single unbound particles.

The preparation of gold bioconjugates is based on noncovalent
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-visible spectrum of gold nanoparticles indicate binding of the
antibodies: a characteristic red shift (~6 nm) of the maximum of the
surface plasmon resonance and ~10% decrease in transmission.
These optical changes are associated with aterations 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 PBS. The gold conjugates are
monodispersed in the saline solution, whereas 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 ag-
glutination when anti-IgG polyclona antibodies are added to the
suspension of the conjugates. The agglutination results in increased
scattering by the conjugates (Fig. 1C).

Fig. 2, A—D, shows confocal reflectance images and combined
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Fig. 2. High (A—D)- and low (G—1)-resolution optical images of SiHa cells labeled
with anti-EGFR/gold conjugates. Nonspecific labeling using gold conjugates with BSA is
shown in E and F. Laser scanning confocal reflectance (A, C, and E) and combined
confocal reflectance/transmittance (B, D, and F) images of the labeled SiHa cells were
obtained with x40 objective. The scattering from gold conjugates is false-colored in red.
In A and B, the focal planeis at the top of the cells. In C and D, the middle cross-section
of the cellsisin focus. The confoca reflectance and transmittance images were obtained
independently and then overlaid. Reflectance images were obtained with 647 nm laser
excitation. The scale bar is ~20 um (A—F). G—1, a series of bright-field and reflectance
images of the labeled SiHa cells obtained with X20 objective using a combination of
white light and laser pointer illumination. G, white light illumination; H, white light with
laser pointer illumination at grazing incidence; |, laser pointer illumination at grazing
incidence. The scattering of gold conjugates s false-colored in red. Thelaser pointer emits
light in the 630—680 nm region with power output < 5 mW. The laser pointer illuminated
an area ~3-5 mm in diameter. The scale bar is ~30 um.

transmittance/reflectance images of SiHa cells labeled with anti-
EGFR/gold conjugates. In a series of through focus confocal reflec-
tance images of labeled cells, the bound conjugates first appear as
randomly distributed bright spots at the top of the cells, and then
bright rings can be seen in the optical cross-sections through the
middle of the cells. Comparison of the labeling pattern with transmit-
tance 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 antibodies have
molecular specificity to the extracellular domain of EGFR. The in-
tensity of light scattering from the labeled SiHa cells is ~50 times
higher than that from unlabeled cells. Therefore, unlabeled cells
cannot be resolved on the dark background. No labeling was observed
when gold conjugates with BSA were added to the cells (Fig. 2, E
and F).

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-visible
measurements of a washed suspension of labeled cells showed an
increase in extinction of the nanoparticles in the red optical region.
This changeis 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. 1C). We believe that similar effect can contribute
to the contrast between the labeled cells and the isolated, unbound
conjugates.

Using UV-visible spectroscopy, we estimated the average amount
of gold conjugates bound/cell (data not shown). 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 absorbance of the supernatant
relative to the original suspension of the conjugates. Using this ap-
proach, we calculated that approximately 5 X 10% conjugates are
bound per cell. Our results correlate well with previously published
studies, which report that most cell types express from 2 X 10 to
20 X 10* EGFRs/cell (10).

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 |abeling,
we grew cells on collagen and used collagenase to harvest the cells.
The same heterogeneity was aso observed when the cells were
labeled directly on the surface of the collagen matrix without harvest-
ing. Heterogeneity of protein expressionin cell linesis not uncommon
and has been described previoudly in the case of EGFR (20).

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. Fig. 2, G—I, shows a series of
images of labeled SiHa cells placed on a microscope slide obtained
using a x20 objective. In bright-field transmission, the cells with
bound gold conjugates appear darker due to light absorption by the
metal nanoparticlesin the green optical region, and the unlabeled cells
appear more transparent (Fig. 2G). When the sample isilluminated by
alaser pointer at grazing incidence, the labeled cells appear bright due
to scattered light (Fig. 2H). Finally, after bright-field illumination is
turned off, only labeled cells can be seen (Fig. 21). 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. 3A). Scattering from the labeled
cytoplasmic membranes of epithelia 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.
3C). The morphology of the normal biopsy can be resolved after
addition of a nonspecific contrast agent (AA) and increasing the laser
power by ~6-fold (Fig. 3E). AA enhances fluctuations in the nuclear
refractive index related to chromatin texture, enhancing scattering
from nuclel (6). An increase in scattering of stroma is also evident
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Fig. 3. Laser scanning confocal reflectance (A,
C, and E) and confocal fluorescence (B and D)
images of precancerous (A and B) and normal
(C—E) fresh cervical ex vivo tissue labeled with
anti-EGFR/gold conjugates. Reflectance images
were obtained with 647 nm excitation wavelength,
and fluorescence images were obtained using 488
nm excitation and 515 nm long band-pass emission
filter. Reflectance images A and C were obtained
after labeling with gold conjugates under the same
acquisition conditions. Image E was obtained after
6% AA solution was added to the normal cervical
biopsy and laser power was increased by ~6-fold.
AA is a nonspecific contrast agent that is used in
reflectance imaging of epithelium to increase scat-
tering from nuclei (6). Confocal fluorescence im-
ages B and D were obtained under the same acqui-
sition conditions. The reflectance images are false-
colored in red. The scale bar is ~20 um.

(Fig. 3E). 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 fluores-
cence (Fig. 3, B and D) due to mitochondria flavin adenine dinucle-
otide (17). In the fluorescence image of the abnormal cervical biopsy,
the epithelia cells appear to be surrounded by black contours (Fig.
3B). These contours are formed by the bound gold conjugates that
strongly absorb visible light in the green optical region, where most of
the autofluorescence signal is emitted (Fig. 1, B and C). The compar-
ison 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 epithelia cells
(Fig. 3, A and B).

Thus, the contrast agents presented here, coupled with vital reflec-
tance microscopies, have the potentia to yield both anatomical and
molecular images of epithelial pathology. A particularly important
potential application is the early detection of precancerous lesions.
Early detection of curable precancers has the potential to dramatically
reduce the incidence and mortality of cancer. However, in vivo ap-
plication of these contrast agents depends on the ability to deliver the
agents throughout the epithelium in the organ site of interest. Precan-
cers of squamous epithelium originate at the basal layer, which can be
located 300—-500 wm beneath the tissue surface; therefore, to develop
new diagnostic tools and to study the earliest molecular changes
associated with cancer progression, it isimperative to deliver the gold
nanoparticles throughout the whole epithelium. Using engineered
tissue constructs, we demonstrated that penetration enhancers used for
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Fig. 4. Transmittance (A, C, and E) and reflectance (B and D) images of engineered
tissue constructs labeled with anti-EGFR/gold conjugates. The tissue constructs consist of
densely packed, multiple layers of cervical cancer (SiHa) cells. The contrast agents were
added on top of the tissue phantomsin 10% PV P solution in PBS (A and B) or in pure PBS
(C and D). After incubation for ~30 min 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 <10 (A—D) objective.
A small spot on atissue construct was imaged using X 40 oil immersion objective to show
high density of the epithelia cells in the phantom (E). Reflectance images were obtained
with 647 nm excitation. Arrows show the surfaces exposed to the contrast agents. The
scale bars are ~200 um (A—D) and ~20 um (E).

topical drug delivery, such as PVP, can be used to deliver the gold
nanoparticles throughout the epithelium (Fig. 4). 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 ~30-min incubation, constructs were
washed in PBS, and 200-um-thick transverse sections were prepared
and imaged using transmittance and confocal reflectance microsco-
pies (Fig. 4). When the conjugates are applied in the presence of PVP,
uniform labeling is achieved throughout the whole depth (~400 um;
Fig. 4, A and B). When gold conjugates are applied in PBS, only the
surface layer of epithelial cells in the engineered tissue constructs is
labeled (Fig. 4, C and D).

The contrast agents presented here indicate the tremendous poten-
tial to extend the ability of 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 neo-
plastic cervical tissue, providing the possibility to assess molecular
pathology in vivo. Currently, the prognosis of patients with cancer is
predicted mainly based on microanatomic features of disease; how-
ever, the use of molecular markers has recently shown promise to
better predict patient outcomes and to select therapies (21). In the

absence of contrast agents, OCT and RCM vyield 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 that have been developed to
image disease in deeper tissues with lower spatial resolution may also
benefit from these contrast agents. Diffuse optical tomography allows
noninvasive in vivo imaging of oxygenated and deoxygenated hemo-
globin and has been explored for detection of breast cancer (22);
coupling diffuse optical tomography with the contrast agents pre-
sented 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, multicolor labeling for many targets can be achieved
(23). The enhanced scattering from closely spaced gold particles
confers important advantages for in vivo imaging. First, the scattering
from aggregates of bound particlesis greatly enhanced compared with
background scattering from unbound particles. Additionally, many
markers are not uniquely expressed in disease but are over- or under-
expressed. The scattering from closely spaced aggregates associated
with overexpression can magnify the signal difference owing to
moderate levels of overexpression.

Contrast agents based on gold nanoparticle antibody conjugates
have the potential for in vivo use, with topical or systemic delivery.
The inherent biocompatibility of gold implies they can be used di-
rectly 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; Ref. 24). We
anticipate that <0.3 mg of gold would 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 (25), and many humanized anti-
bodies are currently in clinica trials. Since 1997, the FDA has
approved more than 10 monoclonal antibody-based drugs, including
Herceptin, for metastatic breast cancer therapy (26, 27). For surface
lesions located in epithelial tissue, simple FDA-approved agents, such
as PVP, can be used to increase tissue permesbility and deliver
contrast agents topically.
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