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The clinical value of assessing tumor glucose metabolism via F-18
fluorodeoxyglucose (FDG) PET imaging in oncology is well established; however, the poor spatial resolution of PET is a significant
limitation especially for early stage lesions. An alternative technology is optical molecular imaging, which allows for subcellular spatial resolution and can be effectively used with topical contrast
agents for imaging epithelial derived cancers. The goal of this
study was to evaluate the potential of optical molecular imaging of
glucose metabolism to aid in early detection of oral neoplasia. Fluorescently labeled deoxyglucose (2-NBDG (2-[N-(7-nitrobenz-2oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose)) was applied topically to tissue phantoms, fresh oral biopsies (n 5 32) and resected
tumors specimens (n 5 2). High-resolution imaging results show
that 2-NBDG can be rapidly delivered to oral epithelium using
topical application. In normal epithelium, the uptake of 2-NBDG
is limited to basal epithelial cells. In contrast, high-grade dysplasia
and cancers show uptake of 2-NBDG in neoplastic cells throughout the lesion. Following 2-NBDG labeling, the mean fluorescence
intensity of neoplastic tissue averages 3.7 times higher than that of
matched nonneoplastic oral biopsies in samples from 20 patients.
Widefield fluorescence images of 8-paired oral specimens were
obtained pre and postlabeling with 2-NBDG. Prior to labeling,
neoplastic samples showed significantly lower autofluorescence
than nonneoplastic samples. The fluorescence of neoplastic samples increased dramatically after labeling; the differential increase
in fluorescence was on average 30 times higher in neoplastic samples than in normal samples. Topical application of 2-NBDG can
therefore provide image contrast in both widefield and high-resolution fluorescence imaging modalities, highlighting its potential
in early detection of oral neoplasia.
' 2008 Wiley-Liss, Inc.
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Noninvasive, molecular-specific imaging has the potential to
improve both the early detection of cancer and the evaluation of
tumor response to therapeutic intervention.1–5 Although molecular
imaging technologies have contributed to our understanding of the
molecular mechanisms of cancer development and progression1,3
in animal model systems, there has been limited translation of
these technologies to the clinical practice.5,6 The clinical use of
molecular imaging in cancer has primarily centered on positron
emission tomography (PET) imaging, using 18F-FDG (fluorodeoxyglucose) or 18F-FLT (30 -Deoxy-30 -18F-fluorothymidine) as contrast
agents. PET imaging is now routinely used for staging and assessment of therapeutic response in cancer patients.7–9
Cancer cells have increased rates of glucose metabolism relative to normal cells.10–12 To support this increased glucose consumption, cancer cells over-express glucose transporters (GLUT)
and hexokinase enzymes. In 18FDG PET imaging, radioisotope
labeled deoxyglucose is actively transported by the GLUT transporters and phosphorlyated by the hexokinase enzyme. The phosphorylated deoxyglucose molecule is selectively entrapped in
cells, resulting in increased contrast for PET imaging.4 Although
PET imaging has important clinical advantages especially for
deep tissue imaging, it also suffers from significant limitations for
detection of early stage lesions. The spatial resolution of PET is
limited to 0.3–1 cm3. 18F-based radiopharmaceuticals have a short
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half-life and a local cyclotron is required to produce the contrast
agent. For these reasons, PET has had a limited role in the early
detection of cancer and in cancer screening.
Optical molecular imaging is an alternative technology, which
has the potential to address these limitations in areas of early stage
epithelial lesions. The goal of this study was to evaluate the ability
of optical molecular imaging of glucose metabolism to aid in the
early detection of oral neoplasia. Fluorescently labeled deoxyglucose (2-NBDG (2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]2-deoxy-D-glucose)) was applied topically to tissue phantoms,
fresh oral biopsy specimens and resected tumors and the resulting
fluorescence image contrast was evaluated.
2-NBDG is a fluorescent analogue of 18FDG.13 The use of a fluorescently labeled deoxyglucose has several advantages compared
with 18FDG. First, optical imaging can be used to obtain both
widefield images of large areas of tissue labeled with 2-NBDG as
well as submicron resolution images of regions of interest. The
ability to combine widefield imaging and targeted high-resolution
imaging is ideal for both the detection of preinvasive lesions and
for real-time mapping of tumor margins. Nonradioactive glucose
analogues provide an attractive alternative to radiopharmaceuticals, which are cumbersome to use in cancer screening. In addition, 2-NBDG can be easily synthesized using commercially available reagents in a GMP (good manufacturing practice) grade laboratory for clinical applications, reducing the limitations associated
with synthesis of FDG PET imaging agents. Since the molecular
weight of 2-NBDG is only 330 Da, it is amenable for local topical
delivery14–16 in epithelial tissue without the need for IV injection.
2-NBDG was initially developed to image glucose metabolism
in various model systems.13,17,18 It has been used to image glucose
metabolism in E. coli,19 yeast20 and pancreatic islet cells as well
as in cultured neurons.21 Studies by OÕ Neil et al.22 have measured
the uptake kinetics of 2-NBDG in various cancer cell lines, demonstrating rapid uptake and retention of 2-NBDG in cancer cells.
Several studies have shown that 2-NBDG is delivered to tumor
cell lines via the glucose transporters and have shown that IV
injected fluorescent glucose analogues can accumulate in tumors
in animal models.23,24
In this study, we evaluated the fluorescence contrast properties
following topical delivery of 2-NBDG in freshly resected clinical
specimens of normal and neoplastic oral mucosa using both high
resolution and wide-field fluorescence imaging. In the first part of
this study, we assess the spatial distribution of 2-NBDG labeling
in oral epithelial specimens using high-resolution fluorescence
imaging and evaluate the ratiometric contrast of 2-NBDG associated fluorescence between normal and abnormal paired clinical
specimens. In the second part of the study, we evaluate the topical
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delivery of 2-NBDG in intact oral specimens and determine the
effective contrast in high-resolution and widefield imaging modes.
To address the clinical challenges associated with early detection,
an ideal approach to molecular imaging would combine the ability
to image large areas of tissue with high spatial resolution imaging25,26 following topical administration of a contrast agent, which
can be easily stored for long periods of time at the point-of-care.
To demonstrate the potential for real-time, high-resolution in vivo
imaging in a clinical setting, 2-NBDG labeled biopsies were also
imaged using a fiber optic microendoscope.
Material and methods
Materials
Biopsies of clinically normal and abnormal oral mucosa were
obtained from patients suspected to have oral cancer at the University of Texas MD Anderson Cancer Center. Patients gave written
informed consent to participate, and the study was reviewed and
approved by the Institutional Review Boards at the UT MD
Anderson Cancer Center and Rice University. The oral cancer cell
line (1,483 cells) was kindly provided by Dr. Lotan’s laboratory at
the MD Anderson Cancer Center. The cell and tissue culture
media used in this study was DMEM/F-12 from Invitrogen
(Carlsbad, CA). The basal media was supplemented with 10%
FBS and L-glutamine. Cylindrical chambers (Transwell) with a
polyester membrane at the bottom surface for tissue phantoms
were obtained from BD Biosciences (Franklin Lakes, NJ). 2NBDG was obtained from Invitrogen.
Methods
Topical delivery and image contrast properties
of 2-NBDG in cells and tissue phantoms.
Cell line. To demonstrate the potential of high resolution and
widefield imaging using 2-NBDG, initial studies were carried out
using cultured cells in suspension and in three-dimensional (3D)
culture designed to mimic the properties of epithelial tissue. Cells
(0.3 millions) were plated 24-hr prior to labeling. In suspension,
1,483 oral cancer cells were labeled using 0.05 mg/ml 2-NBDG in
the presence of cell culture media for 30 min at 37°C. Concentration of 2-NBDG was selected based on a previous study conducted
by Neil et al., 2005. The labeled cell suspension was washed with
phosphate buffered saline (PBS) and imaged live using a Zeiss
LSM 510 confocal microscope. Fluorescence confocal images
were excited at 488 nm and fluorescence emission was collected
using a bandpass emission filter (530–590 nm). Images were also
collected from unlabeled control cells to assess the level of autofluorescence signal under the same imaging conditions.
Tissue phantoms. To assess the ability to topically deliver 2NBDG, 3D tissue models were prepared as described previously.27 Oral squamous cancer cells (1,483) were allowed to grow
for 24 hr in a cylindrical chamber to develop a 3D network within
the collagen matrix. 2-NBDG (0.05 mg/ml) was applied to the top
surface of the phantoms, which were incubated for 30 min at 37°C
and washed with PBS. In this study, we also evaluated the potential
of DMSO as a permeation enhancer to facilitate delivery of 2NBDG in intact tissue phantom. DMSO has been used as a permeation enhancer to facilitate intraepithelial transport of molecules. For
this study, phantoms were incubated with 2-NBDG with and without 10% DMSO solution. Fluorescence images were obtained of labeled phantoms using an in-house designed widefield multispectral
digital microscope (MDM)28 equipped with a bandpass excitation
filter at 470–490 nm; fluorescence emission was collected using a
long pass filter with 50% transmission at 540 nm. Images were also
obtained from negative controls under the same imaging conditions.
Negative controls included unlabeled tissue phantoms as well as
cell-free collagen phantoms, which were prepared and labeled in
the same way as phantoms containing cells. After widefield imaging, tissue phantoms were sliced transversely using a Krumdieck
tissue slicer (Alabama Research and Development, Munford, AL)
to obtain viable 200–300 lm thick specimens.29 Transverse slices
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were imaged using a confocal fluorescence microscope using the
same settings as for suspension cultures.
Labeling of transverse slices of paired clinical biopsies using 2NBDG. To investigate whether the uptake of 2-NBDG differed in
normal and neoplastic oral squameous epithelium, high-resolution
fluorescence imaging of topically labeled transverse slices of
paired, fresh clinically normal and abnormal oral biopsies was carried out. Matched biopsies were immediately placed in chilled culture media and transversely sliced to a thickness of 200–300 lm
using a Krumdieck tissue slicer. In initial stages, 2 pairs of tissue
slices were labeled with 2-NBDG at concentration of 0.02 mg/ml
and 0.05 mg/ml. Concentration was varied to evaluate variation in
degree of labeling. Results showed no significant variation in
labeling intensity with a 2.5-fold change concentration. Following this initial study, all the remaining tissue slices were topically
labeled with 2-NBDG (0.05 mg/ml) for 30 min at 37°C, washed
with PBS and imaged using an in-house designed dual reflectance
and fluorescence confocal microscope.30 Fluorescence images
were obtained at 488 nm laser excitation, with a 488 nm dichroic
and a bandpass emission filter (520–580 nm).30 Reflectance confocal images were obtained from the same fields of view at 780 nm
illumination and provided a guide to tissue morphology. Paired
sets of biopsies were imaged using matched imaging conditions
(detector gain and input laser power) and unlabeled control tissue
slices from the same biopsies were used as a control to assess levels of autofluorescence. Further both labeled and unlabeled biopsies were evaluated using H&E analysis.
Topical delivery of 2-NBDG in paired sets of intact oral clinical
specimens. To assess the potential of topical delivery of 2-NBDG
in oral tissue samples, sets of intact oral biopsies and resected tumor
specimens from each patient were incubated with topical application of 2-NBDG (0.05 mg/ml in 13 PBS). Matched set of biopsies
were labeled in a 24-well plate with a 500 ll solution of 2-NBDG
at concentration of 0.05 mg/ml. After 30 min of labeling at 37°C,
unbound contrast agent was removed in a simple washing step
using excess PBS. To compare the increase in fluorescence intensity
of topically labeled tissue specimens, we acquired both precontrast
and postcontrast images for each set of specimens using a commercially available widefield imaging system (Maestro, CRI (Woburn,
MA)). Images acquired before the application of 2-NBDG provide
a measure of the tissue autofluorescence background signal and
postcontrast images provide the total fluorescence intensity, including contributions from both autofluorescence and 2-NBDG labeling.
For widefield imaging of intact tissues, each set of specimens was
placed on a black plastic sheet. Widefield fluorescence images were
obtained using bandpass excitation (BP 470–490 nm) and a long
pass emission filter (LP 515). Pre and postcontrast images were
acquired using the same imaging conditions. Following widefield
imaging, the biopsy samples were transversely sliced and imaged
using a confocal fluorescence microscope (Zeiss LSM 510 (CarlZeiss Inc., Thornwood, NY)) using 488-nm laser excitation and a
BP 530–580 nm emission filter.
Microendoscopic probe-based imaging. To demonstrate the
potential of real-time high-resolution in vivo optical imaging, the labeled biopsies were also imaged using a fiber optic fluorescence
microendoscope (Muldoon et al., submitted). The microendoscope
is based on a 900-lm outer diameter fiber-optic bundle that is small
enough to pass through the instrumentation port of a standard endoscope. The distal tip of the microendoscope is placed in gentle contact with the tissue to be imaged. The fiber bundle directs excitation
light from an LED centered at 455 nm (20 nm FWHM) and fluorescence is visualized through a 475 nm cut-off dichroic mirror using a
CCD camera, yielding a high-resolution fluorescence image.
Quantification of imaging data. Results of tissue phantom study
were quantified using ratio of mean fluorescence intensity (MFI) of
labeled and control unlabeled slices. Mean fluorescence intensity
was calculated using Photoshop 7.0 (Adobe, San Jose, CA). This
procedure was implemented for both confocal and widefield images
of tissue phantoms. Average of 3 samples was computed for both
modes of imaging.
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High-resolution fluorescence images of oral tissue slices were
analyzed quantitatively to assess the relative fluorescence of clinically abnormal samples relative to clinically normal samples from
the same patient following labeling with 2-NBDG. We first calculated the mean fluorescence intensity (MFI) within the epithelial
section of each labeled tissue slice. The epithelium was identified
using an overlay of the reflectance and fluorescence confocal
images. The mean fluorescence intensity within the epithelium
was then calculated using Photoshop 7.0. We then calculated the
ratio of the MFI of the clinically abnormal sample to the MFI of
the paired clinically normal sample from the same patient. Results
were compared with the histopathologic diagnosis for each specimen; this ratiometric contrast provides a quantitative measure of
expected contrast for detection of neoplasia.
For quantification of widefield imaging results, the mean fluorescence intensity averaged over a whole specimen was calculated
from pre and postcontrast images collected using the Maestro imaging device. Using these mean intensities, we evaluated a differential
contrast measure for each set of specimens, calculated as the
increase in the mean fluorescence intensity of the clinically abnormal sample after labeling divided by the increase in the mean fluorescence intensity of the clinically normal sample after labeling. The
increase in mean fluorescence intensity for a particular specimen
was calculated as the difference in the mean fluorescence intensity
of the postlabeling and the prelabeling values. This differential measure of contrast captures differences in both the 2-NBDG associated
fluorescence and differences in the amount of autofluorescence.
Pathological diagnosis. Following imaging, tissue samples
were fixed, paraffin embedded and submitted for routine hematoxylin and eosin (H&E) staining and examined by board certified pathologist. To evaluate effects of 2-NBDG labeling on H&E staining, we compared 2-NBDG labeled slices with unlabeled control
slices from the same biopsy set. Comparison of these slices
showed no effect of labeling on H&E staining. Further H&E staining was similar for normal and clinically abnormal tissue independent of degree of staining with 2-NBDG. The pathological diagnosis was classified into the following 4 categories: (1) normal
(including hyperplasia and hyperkeratosis), (2) mild to moderate
dysplasia, (3) severe dysplasia and (4) cancer.
Results
Imaging of 2-NBDG labeled 1,483 cancer cells in suspension and
tissue phantoms
Results of high-resolution and widefield imaging of 2-NBDG
based molecular contrast in model cell-culture systems are shown
in Figure 1. Figure 1a shows the uptake of 2-NBDG in 1,483 oral
squamous carcinoma cell line; fluorescence is predominantly
localized to the cytoplasm. The fluorescence signal from 2-NBDG
is significantly higher than the cellular autofluorescence signal
from unlabeled cells. Figure 1b demonstrates labeling of cells in a
tissue culture phantom following topical delivery of 2-NBDG.
The transverse slice of a topically labeled phantom was imaged
using high-resolution confocal fluorescence microscopy. Results
show specific labeling of cells without significant nonspecific
labeling of the surrounding collagen matrix in the tissue phantom
and significantly higher signal than autofluorescence from unlabeled control slice. Average contrast ratio (n 5 3; paired labeled
and unlabeled samples) for a tissue phantom study was 12.86 with
a standard deviation of 2.4 units. Figure 1c shows a widefield fluorescence image of labeled and unlabeled tissue culture phantoms
and labeled and unlabeled cell-free phantoms. The fluorescence
signal from the labeled phantom is significantly higher than the
autofluorescence signal from the unlabeled tissue phantom and is
also higher than the fluorescence of the cell-free negative controls.
Average contrast ratio (n 5 3 samples) for a widefield imaging of
tissue phantoms was 7.6 with a standard deviation of 1.24 units.
Result of permeation studies (data not shown) with and without
DMSO shows that DMSO is not required for permeation of 2NBDG in intact tissue phantoms.

FIGURE 1 – Images of cell culture-based samples labeled with 2NBDG. (a): Confocal fluorescence (left) and brightfield/fluorescence
overlay (right) images of 2-NBDG uptake in living cells (top row) and
comparison with autofluorescence levels in cells (bottom row). Scale
bar represents 20 lm. (b): Confocal fluorescence (left) and brightfield/
fluorescence overlay (right) images of 2-NBDG uptake in tissue phantoms and comparison with background autofluorescence in unlabeled
tissue phantom transverse slice (bottom row). 2-NBDG was delivered
topically to the intact phantom, which was sliced transversely prior to
imaging. Scale bar represents 20 lm (c): Widefield fluorescence
images of 2-NBDG labeled tissue phantoms (left) and unlabeled controls (right). The top row shows images of phantoms containing 1,483
cancer cells; the bottom row shows images of cell-free negative controls. Scale bar represents 6.5 mm.
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FIGURE 2 – (a): Glucose competition assay: Images of cultured cells labeled with a fixed concentration of 2-NBDG as the media concentration
of glucose is varied from 0 to 17.5 mM. Scale bar represents 100 lm (b) Average fluorescence intensity of labeled cells as the media concentration of glucose is varied.

To demonstrate that intracellular delivery of 2-NBDG is mediated via glucose transporters, we conducted a competition assay
by varying the concentration of D-glucose in extracellular media
with a fixed concentration of 2-NBDG. The results of the competition assay (Figs. 2a and 2b) show increased uptake of 2-NBDG in
cells as the concentrations of glucose is reduced. Figure 2a shows
representative images of cells incubated with a fixed concentration
of 2-NBDG in media with varying concentrations of glucose (0–
17.5 mM). Figure 2b shows a decrease in the average fluorescence
intensity of cells as the glucose concentration in extracellular
media is increased. The error bars in Figure 2b represent the standard deviation of 10 individual cells measurements (samples) for
each experiment. These were randomly selected cells in the field
of view. This result validates that delivery of 2-NBDG is mediated
via glucose transporters and is in agreement with published reports
of uptake of 2-NBDG in cancer cells.22,23
Imaging of 2-NBDG labeled normal and abnormal fresh ex vivo
oral tissue
Table I presents the anatomical sites and histological diagnoses
of 20 clinically normal and abnormal paired biopsy sets and 2

resected tumor samples evaluated in this study. One of the clinically abnormal biopsies was histologically normal; 3 clinically
normal samples could not be assessed histologically due to loss of
epithelium during specimen processing. These 3 specimens were
categorized based on clinical impression as indicated in Table I.
We evaluated the spatial distribution of 2-NBDG labeling in
transverse slices of fresh oral tissue using high resolution imaging
and determined the ratiometric contrast between normal and
abnormal biopsies. Figure 3 shows a representative image of slices
of a biopsy pair labeled with 2-NBDG; the clinically normal specimen was also histologically normal and whereas the clinically
abnormal specimen was diagnosed as mild to moderate dysplasia.
In the clinically abnormal sample (Fig. 3a), most of the cells in
the lower two-thirds of the epithelium illustrate uptake of 2NBDG. In addition, some degree of labeling was also observed in
the stromal section of the tissue. In contrast, in the normal biopsy
(Fig. 3b), intracellular labeling is restricted to the basal cells. The
labeling of basal cell layers in normal oral epithelium is consistent
with the higher metabolic activity of these cells relative to the
more differentiated superficial cells. To highlight the cellular pattern of 2-NBDG labeling, a section of the confocal image mosaic
of each specimen is displayed at higher magnification in Figure 3.
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TABLE I – DETAILS OF PAIRED BIOPSY SETS FROM VARIOUS ANATOMIC SITES IN ORAL CAVITY FROM PATIENTS AND THEIR PATHOLOGIC DIAGNOSIS
Patient number

Anatomical site

Pathologic diagnosis of specimen pair

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Left FOM: Right FOM
Right tongue: Left tongue
Left buccal: Right buccal
Central lip: Right lip
Left gingiva: Right anterior gingiva
Right tongue: Left interior tongue
Left buccal: Gingiva
Left tongue: Right tongue
Left buccal: Right buccal
Left anterior tongue: Left posterior tongue
FOM (Resected tumor)
Tongue (Resected tumor)
Left tongue: Right tongue
Left posterior tongue: Right tongue
Left ventral tongue: Right ventral tongue
Right lip: Left lip
Central lip: Left lip
Right FOM: Left FOM
Right buccal mucosa: Left buccal mucosa
Right tongue: Left tongue

Cancer\ Mild dysplasia
Mild dysplasia\ Normal
Cancer \ Normal
Severe dysplasia\ Focal cancer
Cancer\ Normal
Mild dysplasia\ Normal
Cancer\ Clinically normal
Cancer\ Mild dysplasia
Cancer\ Clinically normal
Normal\ Normal
Cancer
Cancer
Cancer\ Mild dysplasia
Cancer\ Mild dysplasia
Cancer\ Clinically normal
Cancer\ Normal
Cancer\ Normal
Cancer\ Normal
Moderate dysplasia\ Normal
Cancer\ Normal

In both the normal and abnormal biopsy slices, most of the 2NBDG labeling is observed in the cytoplasm of cells, similar to
the results obtained in cultured cells.
Penetration of 2-NBDG after topical delivery to fresh ex vivo oral
tissue specimens
Our next aim was to evaluate the potential of topical delivery of
2-NBDG in intact oral tissue. Representative fluorescence and reflectance confocal image mosaics of a topically labeled oral biopsy pair are shown in Figures 3c and 3d; intact specimens were
labeled and then transversely sliced to assess depth of penetration
of the 2-NBDG. The histological evaluation of the clinically normal biopsy showed mild dysplasia and the clinically abnormal
area was diagnosed as invasive carcinoma. Figure 3c shows
images of confocal reflectance, confocal fluorescence and the corresponding histology of the clinically abnormal sample. 2-NBDG
labeling is clearly seen in areas of tumor cells throughout the specimen. The stromal tissue separating the tumor nests does not show
appreciable fluorescence, indicating low background staining.
Labeling in the stroma is likely due to staining of fibroblasts as
well as inflammatory cells. The level of stromal staining was significantly weaker than staining in epithelial regions. Figure 3d
shows a similar set of images for the clinically normal biopsy in
this pair. Labeling in the clinically normal specimen, diagnosed as
mild dysplasia, is limited to the basal cell layer. These results
taken together suggest that 2-NBDG can be topically delivered to
intact oral mucosa and penetrate sufficiently deep to label the
entire epithelial layer as well as submucosal tumor cells. This
trend was observed for all tissue slices irrespective of their radial
location from the edge of the biopsy sample. Further to validate
this observation, we have conducted a pilot study (results not
shown) in which tissue biopsies are embedded in agarose to limit
leakage from edges. In these embedded samples, we also observed
a similar labeling and penetration of 2-NBDG.
To evaluate the contrast ratio of 2-NBDG labeling, we calculated the ratio of the mean epithelial fluorescence intensity in the
clinically abnormal biopsy to that of the corresponding clinically
normal biopsy. Results are plotted as a function of the histopathologic diagnosis in Figure 4; error bars indicate the standard deviation. Results show that the mean fluorescence intensity of clinically abnormal samples is significantly higher than the mean
fluorescence intensity of the clinically normal samples.
Our next goal was to evaluate the potential contrast available in
widefield images using topically labeled intact tissue biopsies and
resected tumor samples. Table I (Patient No. 13–20) shows the
details of 8 paired biopsy sets that were evaluated using widefield
imaging. Figure 5a shows representative widefield fluorescence

images of a set of 3 biopsy specimens from 1 patient. The upper
specimen was clinically and histologically normal, whereas the
lower 2 specimens were clinically abnormal and diagnosed as
invasive cancer. Precontrast images (Fig. 5a left) were acquired
before the application of 2-NBDG to provide a measure of the
autofluorescence of each sample. In the precontrast images, the 2
lower specimens diagnosed as cancer have significantly lower
autofluorescence signal than the normal specimen. In the postcontrast images (Fig. 5a right) after application of 2-NBDG, we
observed a significant increase in the fluorescence signal of the
cancer specimens; in contrast, there was little change in the fluorescence of the normal specimen. Figure 5b shows the mean fluorescence intensities calculated for each specimen in the pre and
postcontrast images. Results demonstrate a substantial increase in
the mean fluorescence intensity of the samples diagnosed as cancer and show only a small increase in the mean fluorescence intensity for the clinically normal sample.
Figure 5c shows the differential contrast observed after 2NBDG labeling for 8 pairs of clinically normal and abnormal samples as a function of the histologic diagnosis. Differential contrast
was calculated as the ratio of the increase in the mean fluorescence
intensity following labeling of the abnormal specimen relative to
the increase in mean fluorescence intensity of the corresponding
clinically normal sample. The differential contrast captures differences in both 2-NBDG associated fluorescence as well as differences in levels of tissue autofluorescence between clinically normal
and abnormal samples. As shown in Figure 5c, the differential
contrast achieved postlabeling ranges from 15- to 40-fold.
Microendoscopic probe-based imaging
Figure 6 shows high-resolution fluorescence images of a clinically abnormal tissue biopsy topically labeled with 2-NBDG
obtained with a commercial confocal system (Fig. 6a) and a fiberoptic fluorescence microendoscope (Fig. 6b). The specimen was
diagnosed as invasive cancer. Both images show uptake of 2NBDG within cells, and the microendoscope image illustrates the
potential to obtain fluorescence images of 2-NBDG labeled tissue
in real time. With the microendoscopic probe, the morphologic
features of the tissue can be imaged with subcellular resolution,
and the signal to noise ratio from the labeled tissue biopsy is comparable with the results from a commercial confocal system.
Discussion
Clinical detection of epithelial premalignant lesions and early
stage carcinoma depends heavily on the experience of the examining clinician and the histopathologic evaluation of the targeted
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FIGURE 3 – (a and b) Confocal fluorescence images of 2-NBDG labeled transverse slices of oral tissue specimens: (a): images of a clinically
abnormal sample diagnosed as mild to moderate dysplasia and (b): images of a clinically and histologically normal sample. (c and d) Confocal
fluorescence and reflectance images and corresponding histology images of intact tissue specimens labeled with 2-NBDG. Following labeling,
samples were sliced transversely prior to imaging. (c): Clinically abnormal tissue diagnosed as invasive cancer. (d): Clinically and histologically
normal sample. Scale bar represents 300 lm.

tissue. This is time consuming, costly and invasive in nature. New
imaging approaches, which utilize the differences in the autofluorescence of normal and neoplastic mucosa, have shown promise as
adjuncts for improving early detection of epithelial neoplasia in
many organ sites.31,32 However, the combination of fluorescence
imaging with exogenously administered molecular-targeted contrast agents may allow for the simultaneous improvement in early
detection and molecular characterization of early neoplastic
lesions. To achieve this potential, there is a need to develop new
optical contrast agents for molecular imaging.25,33 Currently, only
indocyanine green and fluorescein are approved as fluorescent

contrast agents for clinical applications.25,34–36 The contrast mechanism for these agents is based on nonspecific accumulation of
dye in the target tissue site. Alternatively, molecular imaging with
targeted, optically active agents has the potential to improve early
stage detection of neoplasia in a clinical setting. Prior work has
shown the potential of fluorescent glucose analogues to image glucose metabolism in cancer cells lines and in tumor models in small
animals.22–24
Our study provides an evaluation of the potential of 2-NBDG, a
fluorescent analogue of FDG PET, for molecular imaging of oral
neoplasia using clinical biopsies and resected tumor samples from
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FIGURE 4 – Ratiometric contrast measure based on the ratio of the
mean fluorescence intensity of the clinically abnormal epithelium to
that of the clinically normal epithelium from the same patient. Results
are plotted as a function of histopathologic diagnosis.

the oral cavity. The results show an appreciable image contrast
between normal and neoplastic samples labeled with 2-NBDG in
wide field and high-resolution fluorescence imaging modes. The
results of this study provide a preliminary step toward clinical
translation of 2-NBDG for optical imaging of oral neoplasia.
Using high-resolution imaging, we show that topically delivered
2-NBDG can target cells throughout the entire epithelium, including cells adjacent to the basement membrane as well as subsurface
nests of tumor cells. The amount of 2-NBDG delivered using topical application is sufficient to produce contrast in both high resolution and widefield imaging. The advantages of noninvasive topical
delivery are important; in most current molecular imaging applications, contrast agents are delivered using intravenous injection.
Under these circumstances, contrast agent delivery is controlled in
large part by blood circulation. This can limit the effective targeting of epithelial surfaces needed for detection of preinvasive epithelial neoplasia due to the lack of vasculature in the epithelial
layer. In this study, we show that topical delivery of 2-NBDG can
yield significant contrast with relatively short incubation time.
The topical method of delivery also can potentially reduce the
nonspecific interaction of molecular contrast agents with nontargeted tissues and can reduce the amount of contrast agent required
for imaging applications.
Previous studies22 of 2-NBDG in cancer cell lines have shown
rapid uptake of contrast agents by cancer cells, with a peak uptake
within 15 min of incubation. Our results in cell lines show similar
uptake kinetics, and results of topical delivery in whole biopsies
and resected tumors showed effective contrast in both high resolution and widefield imaging after 30 min incubation.
Our results demonstrate substantially higher 2-NBDG uptake
in preneoplastic and neoplastic samples than in corresponding
normal controls, reflecting increases in the metabolic activity of
neoplastic oral tissue. The ratiometric contrast after labeling
shows that the mean fluorescence intensity in neoplastic samples
is significantly higher than the mean intensity in normal samples.
In the cohort of specimens, the ratiometric contrast values for
neoplastic samples relative to their corresponding normal samples
ranged from 2- to 5-fold. Image contrast can be further enhanced
by acquiring fluorescence images both pre and postlabeling. The
differential contrast measure reported here combines differences
in autofluorescence and 2-NBDG associated fluorescence. This
differential contrast provided a difference in signal for normal
and neoplastic samples which ranged from 15- to 40-fold; a much
larger ratio between clinically abnormal and normal biopsies
when compared with the simple ratiometric contrast measure
assessed postlabeling. The results of high resolution imaging
using fiber optic-based microendoscopic probe highlights the
potential of real time in vivo imaging of 2-NBDG labeling in a
clinical setting.

FIGURE 5 – (a): Widefield fluorescence images of 3 oral specimens
obtained pre- (left) and post- (right) labeling with 2-NBDG. The top
specimen was clinically and histologically normal and the bottom 2
specimens were clinically abnormal and diagnosed as invasive cancer.
(b): Mean fluorescence intensity calculated from pre and postcontrast
widefield images of intact biopsy specimens shown in (a). (c): Differential contrast measure based on the ratio of the increase in the mean
fluorescence intensity of clinically abnormal epithelium to that of clinically normal epithelium from paired samples in 8 patients following
labeling with 2-NBDG. Results are plotted as a function of histopathologic diagnosis. Scale bar represents 6.5 mm.
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FIGURE 6 – Comparison of high-resolution fluorescence imaging of 2-NBDG labeled oral cancer specimen obtained with (a): a commercial
confocal microscope and (b): a fiber-optic fluorescence microendoscope. Scale bar represents 100 lm.

Although based on a relatively small number of clinical samples, the ratiometric and differential contrast ratios provide
good separation of normal and neoplastic specimens. However,
to assess the sensitivity of this approach for diagnosis of various stages of oral neoplasia ranging from mild-moderate dysplasia to cancer will require further studies with a larger number of specimens. These studies should include specimens from
many anatomic sites within the oral cavity to assess the degree
to which variations in the ratiometric and differential contrast
ratios reported here reflect both differences in the histopathology as well as in the anatomic site of the specimen. Future
clinical and animal studies are also required to establish the
safety of 2-NBDG for clinical imaging in vivo as per regulatory
standards. Further to successfully translate 2-NBDG based optical imaging to in vivo clinical practice, future studies are
required to develop optimal formulation (paste/gel) etc. of 2NBDG to topical deliver contrast agent in oral cavity. In addition, future studies will also be required to determine optimal

operational conditions such as fasting of patients to obtain
effective contrast.
In summary, we evaluated 2-NBDG as a potential contrast agent
for noninvasive detection of oral neoplasia. The results of the study
using high-resolution confocal, real time microendoscopic and
widefield imaging illustrate that 2-NBDG can be used to detect neoplasia in clinical samples, highlighting its potential for clinical
translation. The unique combination of high resolution and widefield imaging with topical application makes this contrast agent
attractive for early detection of oral neoplasia in a clinical setting,
and suggest that this approach has the potential to image preinvasive disease in a manner that cannot currently is challenging to
observe with PET imaging due to its limited spatial resolution.
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