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II. METHODOLOGY

Molecular characterization of cancer could have
important clinical benefits such as earlier cancer detection
based on molecular characterization, the ability to predict the
risk of cancer progression, real time margin detection, the
ability to rationally select molecular therapy and to monitor
response to the therapy. We present a new class of molecular
specific contrast agents for optical imaging of carcinogenesis in
vivo - gold nanoparticles conjugated with monoclonal
antibodies specific for cancer biomarkers.
Keywords—molecular imaging, gold nanoparticles, cancer
imaging

I. INTRODUCTION
Gold nanoparticles can resonantly scatter visible light
that provides an opportunity for optical interrogation using
reflectance spectroscopic and imaging modalities [1-3]. We
demonstrate molecular imaging of three cancer related
biomarkers which are associated with many cancers,
including cancers of the oral cavity and the cervix: the
epidermal growth factor receptor (EGFR), matrix
metallopreinases (MMPs), and E7 oncoprotein associated
with human papillomavirus (HPV). Using progressively
more complex biological models of cancer, ranging from
cancer cells in suspension to in vivo animal models, we have
demonstrated that the optical contrast agents based on gold
nanoparticles have the potential to provide sensitive tool to
image
the
molecular
changes
associated
with
carcinogenesis. Using cancer cells in suspension and in 3D tissue culture, we demonstrated labeling of cancer related
biomarkers up to a depth of 500 microns using simple
penetration enhancers. Fresh tissue slices from normal and
precancerous human oral mucosa and cervix show
overexpression of EGFR in neoplasia detected optically
using these contrast agents. Finally, we present data from
animal models of cancer, the DMBA-hamster cheek pouch
model and subcutaneous tumor in nude mouse, which
illustrate that the contrast agents can be used in vivo to
image EGFR overexpression in neoplasia.
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Gold nanoparticles were prepared from chloauric acid
(HAuCl4) by using sodium citrate as a reducing agent [4].
Conjugates of gold nanoparticles with monoclonal
antibodies (mAb) were prepared using procedure described
in [5] which was slightly modified. Briefly, concentrated
HEPES buffer was added to a colloidal solution up to final
concentration of 10 mM. The pH of the buffer was adjusted
to the isoelectric point (point of zero charge) of a protein.
Proteins were reconstituted in the same buffer and mixed
with the metal colloidal solution at the final concentration of
50 µg/ml. At the isoelectric point proteins form very stable
and irreversible complex with metal nanoparticles. After a
short incubation time the protein/metal particles conjugates
were washed in PBS and resuspended in PBS buffer
containing 0.2 mg/ml polyethylene glycol and 5 mg/ml
BSA.
Cells were grown inside tissue culture flasks covered
with collagen type I (Roche) in DMEM plus 5% FBS at
37°C under 5% CO2. 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.
To prepare tissue 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 transwells 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 µm. 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) or 10% DMSO solution in PBS or in pure PBS. After
incubation for ca. 30 minutes at room temperature the
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phantoms were transversely sectioned with a Krumdieck
tissue slicer and the sections were imaged using Zeiss Leica
inverted laser scanning confocal microscope.
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 up to the epithelial layer of the biopsies. The
contrast agents were added on top of the epithelium of the
embedded biopsies in 10% DMSO solution in PBS. After
incubation for ca. 1 hour at room temperature the biopsies
were transversely sectioned with a Krumdieck tissue slicer
and the sections were imaged using Zeiss Leica inverted
laser scanning confocal microscope.
Subcutaneous nude mouse tumor model. In this model
cervical cancer SiHa cells were injected in mammary fat pad
of nude immunodeficient mouse. After one to two weeks a
tumor growths at the site of the injection. For optical
imaging experiments the tumor was exposed in skin flap and
anti-EGFR gold nanoparticles applied topically in 10%
DMSO.
Syrian hamster cheek pouch model. In this model the
tumor is induced using chronic treatments with the
carcinogen dimethylbenz[α]anthracene (DMBA) in the
cheek pouch.
Histologically, the 16-week treatment
protocol pushes the epithelial lining of the cheek pouch
through stages of inflammation, hyperplasia, dysplasia, and
both benign and malignant tumor formation. Epithelial
hyperplasia develops after only a few treatments with
DMBA.
DMBA treated and control animals were
anesthetized and imaged using reflectance confocal
microscope, prior to and after application of anti-EGFR gold
conjugates in 10% DMSO in saline PBS buffer.
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.
III. RESULTS AND DISCUSSION
A. Imaging of EGFR
Figure 1 shows bright-field and confocal reflectance
images of SiHa cells labeled with gold particles/anti-EGFR
monoclonal antibodies conjugates. Bright rings around the
cellular cytoplasmic membrane of the SiHa cells can be
clearly seen. This labeling pattern is consistent with the fact
that the monoclonal 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

Fig. 1. Confocal reflectance images of SiHa cells
labeled with anti-EGFR antibodies/gold nanoparticles
conjugates.
than from unlabeled cells. Therefore unlabeled cells cannot
be resolved on the dark background. No labeling was
observed when gold conjugates with nonspecific mouse
monoclonal IgG antibodies were added to the cells. 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 [2].
In vivo application of these contrast agents depends on
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 µm beneath the tissue surface. Therefore, to image
the earliest molecular changes associated with
carcinogenesis the gold bioconjugates have to be delivered
throughout the whole epithelium. First, we used engineered
tissue constructs to demonstrate that penetration enhancers
used for topical drug delivery, such as polyvinyl pyrrolidone
(PVP) and DMSO, can be used to deliver the gold
nanoparticles throughout the epithelial thickness [2].
Subsequently, we extended our work using anti-EGFR gold
nanoparticle conjugates to label organ cultures of normal
and neoplastic cervical tissue. Gold bioconjugates with antiEGFR monoclonal antibodies in 10% DMSO in PBS saline
solution were applied on top of cervical and oral cavity
biopsies at room temperature. Then the biopsies were
washed in PBS and 200-micron transverse sections were
prepared and then imaged with reflectance based confocal
microscopy. The bright “honey-comb” like structure of
labeled cellular cytoplasm membranes of closely spaced
cells can be easily seen in clinically abnormal samples of
cervical biopsies obtained using confocal reflectance
microscope (Fig. 2).
We also demonstrated in vivo application of the antiEGFR gold bioconjugates in the subcutaneous tumor model
in nude mice. The tumors were exposed in a skin flap and
the contrast agents were applied in 10% DMSO in PBS
saline. After incubation, 200 micron transverse sections of
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Fig. 3. Confocal reflectance image of SiHa cells on collagen I labeled
with anti-MMP-9 /gold conjugates. 40X objective, 647 nm excitation.
The scale bar ca. 10 micron.

treated hamster but not in the control. This result was
confirmed using immunohistochemical staining of cheek
pouch biopsies from treated and normal hamster.
Therefore, we demonstrated that gold bioconjugates
with monoclonal antibodies can be used for molecular
specific imaging in vivo with high optical contrast between
tissue overexpressing EGFR and tissue with low level of
EGFR expression.
B. Imaging of MMPs

Fig. 2. Abnormal cervical biopsy after topical
application of anti-EGFR gold conjugates in 10%
DMSO in PBS saline. Top image: bright-field
transmittance image obtained with 10X objective. Note
dark region due to absorption of the transmitted light by
the metal nanoparticles. Lower image: confocal
reflectance of the region marked with black square in
the transmittance image (40X objective, 647 nm
excitation).
the tumor were obtained and imaged using confocal
reflectance microscopy. The characteristic “honey-comb”
pattern of the labeled cancer cells were observed in the
tumors exposed to the anti-EGFR gold conjugates.
In another set of experiments we used the well
characterized hamster cheek pouch carcinogenesis model.
The contrast agents were applied in vivo in 10% DMSO in
saline PBS buffer to normal and treated animals and then the
animals were imaged in vivo using reflectance confocal
microscope. Biopsies were obtained following imaging and
analyzed for EGFR expression and tissue morphology.
EGFR specific labeling throughout the epithelium was
observed in confocal reflectance images in vivo of DMBA

We used gold particles conjugated with monoclonal
antibodies to MMP-2 and MMP-9; enzymes frequently
overexpressed during development and progression of
cancer. We labeled cervical epithelial cancer cells (SiHa)
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% CO2, and then
antibody-gold conjugates were applied in PBS for 20-30
minutes under sterile conditions. The sample was then
imaged using a Leica laser scanning confocal
reflectance/fluorescence microscope without an intermediate
washing step. Imaging without washing of unbound metal
nanoparticles is possible due to significantly higher
scattering cross-section of closely spaced nanoparticles in
comparison to individual unbound conjugates.
This
property allows selective imaging of areas where there is
significant up-regulation of a particular target [2,3].
Labeling with MMP 2 specific contrast agents was
mostly confined to the plasma membrane of the cells
whereas significant labeling of cellular cytoplasm was
observed with MMP-9 specific agents (Fig. 3). Surrounding
some of the cells labeled with MMP 2 specific contrast
agents were fibrous structures suggestive of collagen fibers
with bound MMP 2 molecules. The MMP 2 labeling was
significantly decreased when SiHa cells were grown on
collagen I in the presence of gelatin. We also observed
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confocal images were obtained to assess location of the
contrast agents. In addition, fluorescence confocal images
were measured to assess cellular autofluorescence which is
limited to the cytoplasm.
Fig. 4 shows that the
backscattering signal is localized in the dark central area of
the cells which corresponds to the nucleus. This result is
consistent with the location of the E7 protein. Currently we
are exploring mechanisms of intracellular delivery of the
contrast agents inside living cells in order to optimize
imaging of intracellular targets using gold bioconjugates.

Autofluorescence

B

Unlabelled nuclei

V. CONCLUSION

Fig. 4. Co-localized fluorescence (grey) and reflectance
(white) laser scanning confocal microscope images of
Caski cells incubated with anti-E7 nanoparticle
conjugates (A) and nonspecific IgG nanoparticle
conjugates (B) in 10% PVP in PBS. Strong
backscattering from nanoparticles is seen in the nuclei
of the Caski cells incubated with anti-E7 conjugates.
Reflectance images were obtained with 40X objective
and 647 nm excitation; fluorescence – 40X objective,
488 nm excitation and 515 nm long band-pass emission
filter.
strong labeling of collagen fibers located along clusters of
cells labeled with MMP 9 specific conjugates (Fig. 3).
Labeling of MMPs with gold nanoparticles produces
sharp optical images of cancer cells. We suggest that
cytoplasmic labeling is associated with internalization
(through endocytosis) of labeled MMP-9 molecules from the
plasma membrane [6]. Strong labeling of collagen fibers
located along clusters of cells was previously observed
using fluorescent labeled antibodies in fixed 3D tissue
cultures of cells inside collagen I matrix [7]. 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 results support and extend these
observations.

We presented a new class of molecular specific contrast
agents based on gold nanoparticles which provide bright
optical signal and contrast enhancement in reflectance
imaging modalities. The contrast agents can be used for
micro-anatomic and molecular in-vivo imaging of tissue
pathology such as cancer. We demonstrated an approach
based on the combination of the contrast agents with tissue
permeation agents that may overcome a critical barrier in
bringing these optical contrast agents to in-vivo clinical use.
The proposed contrast agents can significantly impact
current clinical practice providing the ability for rapid and
non-invasive screening and detection of pre-cancers, and
monitoring of cancer therapy all based on molecular
signatures of carcinogenesis.

C. Imaging of E7 oncoprotein
One of our goals is to develop delivery formulations and
approaches for specific labeling of intracellular targets
associated with carcinogenesis. As part of this effort we are
developing contrast agents for HPV induced carcinogenesis.
One of the key features of the HPV induced cervical
carcinogenesis is expression of E7 oncoprotein which is an
intracellular target, predominately located in the nucleus [8].
In Fig. 4, we demonstrate our preliminary data obtained
by labeling Caski cervical cancer cells which have high
level of expression of E7 protein. The cells were incubated
in the suspension of gold nanoparticles conjugated with antiE7 monoclonal antibodies in 10% PVP in PBS saline. After
the incubation the cells were washed in PBS and reflectance
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