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Abstract. A fluorescent analog to 2-deoxy-2 �18F� fluoro-D-glucose
position emission tomography �FDG-PET� would allow for the
introduction of metabolic imaging into intraoperative and minimally
invasive settings. We present through in vitro and in vivo
experimentation an evaluation of 2-�N-�7-nitrobenz-2-oxa-1,3-
diazol-4-yl�amino�-2-deoxyglucose �2-NBDG�, a fluorescently la-
beled glucose molecule, as a molecular beacon of glucose utilization.
The competitive inhibition of 2-NBDG uptake by excess free glucose
is directly compared against FDG uptake inhibition in cultured cells.
2-NBDG uptake in the brain of a mouse experiencing a generalized
seizure is measured, as well as in subcutaneously implanted tumors in
mice during fed and fasting states. Localization of 2-NBDG into ma-
lignant tissues is studied by laser scanning microscopy. The clinical
relevance of 2-NBDG imaging is examined by performing fluores-
cence colonoscopy, and by correlating preoperative FDG-PET with
intraoperative fluorescence imaging. 2-NBDG exhibits a similar up-
take inhibition to FDG by excess glucose in the growth media. Uptake
is significantly increased in the brain of an animal experiencing sei-
zures versus control, and in subcutaneous tumors after the animals are
kept nil per os �NPO� for 24 h versus ad libidum feeding. The clinical
utility of 2-NBDG is confirmed by the demonstration of very high
target-to-background ratios in minimally invasive and intraoperative
imaging of malignant lesions. We present an optical analog of FDG-
PET to extend the applicability of metabolic imaging to minimally
invasive and intraoperative settings. © 2009 Society of Photo-Optical Instrumen-
tation Engineers. �DOI: 10.1117/1.3259364�

Keywords: optical molecular imaging; fluorescence biomarkers; FDG-PET; mini-
mally invasive imaging; metabolic imaging; fluorescence endoscopy; quantitative
imaging; intraoperative imaging.
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Introduction

ositron emission tomography �PET� with 2-deoxy-2 �18F�
uoro-D-glucose �FDG� has experienced in the past decade a

remendous expansion in its applications to clinical medicine.
cross a wide range of medical disciplines, this method is
laying an ever-increasing role in disease staging, treatment
onitoring, and surgical guidance.1 Moreover, the ability to

oninvasively map glucose metabolism has had important
amifications not only in current clinical decision making but
lso in the preclinical evaluation of new therapies.

The concept of metabolic imaging has been extended to
ther imaging modalities as well, including optical imaging.
ptical imaging has several unique advantages compared to
ther imaging approaches: low relative cost, high temporal
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and spatial resolution, lack of ionizing radiation, and ready
translation to minimally invasive and intraoperative imaging.
One promising optical glucose analog is 2-�N-�7-nitrobenz-
2-oxa-1,3-diazol-4-yl�amino�-2-deoxyglucose �2-NBDG�.
This molecule, which consists of a small fluorochrome �mo-
lecular weight 164.2� attached to D-glucose at the C-2 posi-
tion, fluoresces at 540 nm when excited at 465 nm. This fluo-
rescent probe has been shown to be transported intracellularly
by the same GLUT transporters as glucose, and also to un-
dergo phosphorylation at the C-6 position, a reaction that
causes the molecule to be retained within the cell, identical to
the mechanism that causes FDG to be retained as well.2–6

Moreover, cellular uptake of 2-NBDG reflects the rate of cel-
lular glycolysis, with malignant cells accumulating more of
the probe than benign cells.7

The extension of this imaging probe beyond the realm of
microscopy and into the domain of clinically relevant imaging

1083-3668/2009/14�6�/064014/8/$25.00 © 2009 SPIE
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echniques would allow for the highly desirable integration of
ptical and nuclear imaging. Such an extension would enable
ptical glucose imaging to augment and broaden current clini-
al FDG-PET imaging in ways that capitalize on the advan-
ages of working in the optical spectrum. For example, an
ptical glucose probe opens the possibility of performing glu-
ose metabolic imaging during minimally invasive proce-
ures, including laparoscopy or colonoscopy. Moreover, opti-
al glucose imaging would help bring presurgical FDG-PET
maging more easily into the operating rooms to assist with
umor resection. Current approaches such as intraoperative
amma counters8 suffer from limited fields of view, requiring
he user to pass the device over all surfaces under investiga-
ion; an optical FDG analog would, on the other hand, greatly
mprove the conspicuity of pathologic tissue within a broad
eld of view. Finally, an optical glucose analog could supple-
ent the use of FDG-PET as an endpoint in preclinical trials.
e present a systematic evaluation of 2-NBDG as an optical

nalog to FDG-PET imaging, first by validating that 2-NBDG
ptake accurately reports on glucose utilization on a cellular
nd whole animal scale, and then by demonstrating several
pplications for optical glucose imaging in minimally inva-
ive and intraoperative settings.

Materials and Methods
.1 Optical Glucose Probe Preparation
-�N-�7-nitrobenz-2-oxa-1, 3-diazol- 4-yl�amino�-2-deoxyglu-
ose �2-NBDG� was commercially purchased �Invitrogen,
alifornia� and diluted to a stock solution of 1 M in
hosphate-buffered saline �PBS�. The stock solution was
tored in a −20°C refrigerator.

.2 Cell Culture
o demonstrate the relationship between 2-NBDG concentra-

ion and cellular uptake, the human metastatic colorectal can-
er cell line HT-29 �ATCC, Manassas, Virginia� was grown in
cCoy’s media supplemented with 10% fetal bovine serum

FBS�. The cells were grown in 24 well plates at 37°C with
% CO2. When the cells reached 90% confluence, they were
ashed twice with Hank’s buffered salt solution �HBSS� and

ncubated for one hour in 1 mL of growth media. 2-NBDG
as then added to the media to achieve concentrations of 0,
.1, 0.25, 0.5, or 1.0 mM in the wells. The experiment was
erformed in triplicate, with three wells used for each concen-
ration. The cells were incubated for 30 min with the probe,
hen washed in HBSS for 10 min and imaged using a com-

ercial fluorescence imaging system �Olympus Small Animal
maging System OV100, Olympus Corporation, Tokyo, Ja-
an�. The images acquired by this imaging platform were ana-
yzed using CellProfiler9 to automatically segment and define
ells within the image, and the mean fluorescence per cell was
alculated in this manner.

We then sought to demonstrate that cellular uptake of
-NBDG could be inhibited by excess glucose in the growth
edia. For this experiment, the highly glycolytic human

reast cancer cell line MCF-7 �ATCC, Manassas, Virginia�
as grown in McCoy’s media supplemented with 10% FBS

nd 1% penicillin/streptomycin. The cells were grown in 24
ell plates at 37°C with 5% CO2. When the cells reached
0% confluence, they were washed twice with HBSS and in-
ournal of Biomedical Optics 064014-
cubated for one hour in 1 mL of media. A solution containing
D-glucose dissolved in PBS was then added to the wells to
reach final concentrations of excess media glucose of 0, 5, 10,
or 20 mM in the wells. Along with the glucose solution was
added 50-�M 2-NBDG. The experiment was performed in
triplicate, with three wells for each glucose concentration. The
cells were incubated with the 2-NBDG and excess glucose for
30 min; following this, they were washed in HBSS for
10 min and then imaged and analyzed using the OV100 im-
aging system and CellProfiler software, as described previ-
ously.

The glucose inhibition experiment was repeated using
FDG to assess for a similar inhibitory pattern. The procedure
for this experiment was as before, except that following the
10-min HBSS wash, the cells were harvested with trypsin and
centrifuged at 1000 revolutions per minute for 3 min. The
supernatant was discarded, and the cells were resuspended in
HBSS. They were then analyzed using a gamma counterplate
reader �Wallac Wizard 1480 Automatic Gamma Counter;
GMI, Ramsey, Minnesota�. To correlate the FDG results with
the 2-NBDG data, the fluorescence and gamma counter re-
sults were normalized to their respective values for the cells
that were incubated with no excess media glucose, and the
fold decrease with the addition of the three concentrations of
glucose was calculated.

2.3 Subcutaneous Tumor Imaging
The human colorectal cancer cell line HT-29 was grown as
described. Before the cells reached confluence, they were har-
vested by trypsinization, resuspended in HBSS, and injected
into the subcutaneous space in the left flank of �n=4� athymic
nude mice �nu/nu; Taconic, Germantown, New York�. Once
the tumors were greater than 100 mm3, the change in
2-NBDG uptake by fasting was assessed in a crossover trial
designed in the following manner. Half of the mice were kept
nil per os �NPO� for 24 h, while the other half were allowed
to feed ad libidum; all mice then received 500 nmol of
2-NBDG via tail vein injection and then underwent multispec-
tral fluorescence imaging �Maestro In-Vivo Imaging System,
Cambridge Research and Instrumentation, Woburn, Massa-
chusetts� thirty minutes later. Prior to 2-NBDG imaging, a
dark fluorescence background was acquired as well. The mice
were then allowed to feed freely for two days. Following this,
the two groups were reversed: the original group of mice that
had been kept NPO were allowed to feed ad libidum, while
the other half were kept NPO for 24 h. After 24 h, 500 nmol
of 2-NBDG were then injected via tail vein in all animals, and
multispectral fluorescence imaging was again performed on
the mice.

The fluorescence spectrum corresponding to the 2-NBDG
signal within the tumor was isolated by removing the spectral
contributions of the mouse skin and imaging plate autofluo-
rescence and reflection. Regions of interest �ROIs� were
drawn within the tumor in the 2-NBDG spectral image to
quantify the change in 2-NBDG signal between the animals’
fed and fasting states.

2.4 Seizure Model Imaging
Generalized seizures were induced in a mouse using a previ-
ously described method.10,11 Seizures were generated by the
November/December 2009 � Vol. 14�6�2
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ntraperitoneal �i.p.� injection of 240-mg /kg pilocarpine in a
ude mouse; a control arm was established with the i.p.
njection of saline in another mouse. Ten minutes prior to
ilocarpine injection, 30 mg /kg of scopolamine was injected
ubcutaneously to prevent peripheral cholinergic activity.

ithin minutes of the pilocarpine injection, the animal was
oted to demonstrate irregular muscle contractions and rapid
ye blinking behavior. Both the seizure model animal and the
ontrol animal were administered 300 nmol of 2-NBDG i.p.
0 min after the pilocarpine/saline. One hour following this,
he animals were sacrificed. Their brains were harvested and
omogenized, and epifluorescence imaging of 2-NBDG was
erformed using the OV100 system. ROIs were drawn within
he images of the cuvettes containing the homogenized brains
o quantify the difference in fluorescence signal intensity be-
ween the seizure model brain and the control animal brain.

.5 Window Chamber Tumor Imaging
he rodent gliosarcoma cell line 9L �ATCC, Manassas,
irginia� was stably transfected with an expression vector en-
oding red fluorescent protein �RFP� using the SuperFect
ransfection reagent according to the manufacturer’s protocol
Qiagen, Valencia, California�. This cell line was maintained
n RPMI media supplemented with 10% FBS and 1%
enicillin/streptomycin. When the cells reached 90% conflu-
nce, they were harvested by trypsinization and injected into a
orsal window chamber in a nude mouse surgically implanted
y a previously published method.12 After 10 days, intravital
aser scanning fluorescent microscopy was performed using a

iniaturized four-laser scanning microscope as previously
escribed.13 Excitation and emission filter settings were opti-
ized for 2-NBDG and RFP. Prior to 2-NBDG administra-

ion, image stacks were acquired in the RFP and 2-NBDG
hannels to define the tumor location and measure tumor au-
ofluorescence in the 2-NBDG channel, respectively. Follow-
ng this, 500 nmol of 2-NBDG were injected i.p. and serial
mage stacks were acquired over one hour. The same photo-

ultiplier tube gain settings, window, and level were used to
ollect and display the images. ROIs were drawn in the
-NBDG channel images to quantify the change in signal in-
ensity over the time course of the experiment.

.6 Quantitative Colonoscopy
olorectal adenomas were generated in a mouse �balb/c;
harles River Laboratories, Wilmington, Massachusetts� by

he i.p. injection of the chemical carcinogen azoxymethane
AOM� twice weekly for three weeks at a dose of 10 mg /kg.
he animal was then imaged using a quantitative fluorescence
olonoscopy system.14,15 A discrete adenomatous lesion was
dentified, and a baseline autofluorescence measurement was
cquired. The animal then was administered 500-nmol
-NBDG by tail vein injection, and the 2-NBDG signal inten-
ity from the tumor was collected for 60 min.

.7 Metastatic Lymph Node Imaging
he rodent metastatic prostate carcinoma cell line JHU-31

ATCC, Manassas, Virginia� was maintained in RPMI 1640
rowth media supplemented with 250-nM dexamethasone
nd 10% FBS. Before the cells reached confluence, they were
arvested by trypsinization and injected into the dorsum of
ournal of Biomedical Optics 064014-
the right hind paw of an athymic nude mouse �nu/nu; Taconic,
Germantown, New York�. Two weeks after implantation,
500 nmol of 2-NBDG was administered via tail vein. Thirty
minutes following this, the animal was placed under anesthe-
sia with 2% isoflurane; the skin covering the hind paws was
retracted, and the popliteal lymph nodes were identified. The
2-NBDG signal from both lymph nodes was imaged using a
commercial epifluorescence system �bonSAI; Siemens Medi-
cal Solutions, Malvern, Pennsylvania�.

2.8 Intraperitoneal Tumor Imaging
Peritoneal wall tumors were generated in �n=5� athymic nude
�nu/nu; Taconic, Germantown, New York� mice in the follow-
ing manner. The animals were placed under anesthesia with
2% isoflurane, and a 1-cm transverse incision was made in
the abdomen at the level of the umbilicus. The fascial and
muscle layers were retracted, and HT29 human colorectal
cancer cells, grown as before and harvested by trypsinization,
were injected directly into the peritoneal wall. Two weeks
following this procedure, FDG-PET imaging was performed
on the mice �Inveon PET-CT, Siemens�; the animals were kept
NPO for 4 h prior to imaging. Two days later, the animals
received 500 nmol of 2-NBDG by tail vein injection, and
after thirty minutes, the animals underwent intravital epifluo-
rescence imaging with the OV100 system following surgical
exposure of the tumors; the animals were kept NPO for 4 h
prior to this imaging as well. The tumors were then excised
and stored in 70% ethanol for subsequent histologic valida-
tion.

2.9 Statistical Analysis and Interpretation
The data in this study are presented as means�standard er-
rors. Statistical analysis was performed using the Student’s t
test, and significance was assigned for p�0.05. The evolu-
tion of the 2-NBDG concentration within the tumor imaged
with quantitative colonoscopy imaging was determined by
drawing ROIs within the tumor and measuring the mean tu-
mor signal intensity over the course of the experiment; the
same ROI was used for all images. Target-to-background ra-
tios �TBRs� for the FDG-PET and 2-NBDG imaging were
calculated by dividing the mean signal intensity within the
tumors by the mean signal intensity within the erector spinae
muscles. All ROIs were drawn using the ImageJ software
platform.

3 Results
3.1 In Vitro Evaluation of Malignant Cell Uptake

of 2-NBDG
Our evaluation of 2-NBDG as a practical optical reporter of
glucose metabolism begins with an investigation of its char-
acteristics on the cellular level. As we show in Figs. 1�a� and
1�b�, and as has been shown previously,6 2-NBDG uptake is
concentration-dependent, with increased intracellular trans-
port occurring with increased extracellular concentrations of
the molecule. Moreover, we were able to replicate prior re-
sults demonstrating that 2-NBDG uptake can be inhibited by
excess D-glucose in the growth media.7 However, we present
for the first time a comparison of 2-NBDG versus FDG up-
take inhibition by glucose, performed under identical experi-
November/December 2009 � Vol. 14�6�3
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mental conditions. As Fig. 1�c� illustrates, the decrements in
the two molecules’ uptakes are very similar for the three con-
centrations of excess glucose we evaluated. These results sug-
gest that not only are 2-NBDG and FDG transported into the
cell by identical mechanisms, but their retention within the
cell, presumably by 6-phosphorylation, is also conserved.

3.2 Macroscopic Imaging of 2-NBDG Uptake into
Highly Metabolically Active Tissue

We then sought to determine whether the glucose-sensitive
uptake of 2-NBDG was extendible and could be visualized
using a whole animal imaging modality. For this experiment,
we investigated the uptake of 2-NBDG in highly glycolytic
tumors implanted subcutaneously in mice using multispectral
fluorescence imaging, and we measured the change in uptake
between a normal fed state and a fasting, “glucose-starved”
state. Figures 2�a� and 2�b� show the marked, statistically sig-
nificant �p�0.05� increase in 2-NBDG signal in the animals’
fasting states versus their fed states, implying that, similar to
clinical observations in FDG-PET imaging, 2-NBDG uptake
accurately reflects tissue utilization of glucose.

Moreover, we illustrate in the prior experiment the ability
of 2-NBDG imaging to accurately map highly metabolic ar-
eas, as seen by the sharp definition of the subcutaneous tumor
against a benign background. We expanded on this observa-
tion by asking whether the molecule exhibits greater accumu-
lation within nonmalignant tissue during episodes of in-

�a� Multispectral fluorescence imaging of HT-29 subcutaneous tumors
d versus fasting states. Red arrows indicate the location of the tumor.
PO for 24 h. �b� Analysis of �n=4� animals with subcutaneous tumors
ease in 2-NBDG uptake in fasting animals. �c� Statistically significant

generalized seizures induced by injection of pilocarpine i.p. versus
tilization rather than nonspecific extravasation.
ig. 1 In vitro evaluation of 2-NBDG cellular uptake. �a� Fluores-
ence microscopy of 2-NBDG uptake in HT-29 cells after incubation
n 1.0-mM 2-NBDG for 30 min. �b� Cellular uptake of 2-NBDG by
T-29 cells is concentration dependent, with uptake increasing
onotonically as the concentration of 2-NBDG in the culture media

ncreases. �c� Correlation of FDG and 2-NBDG uptake inhibition by
xcess glucose. Transport of both 2-NBDG and FDG is reduced into
CF-7 cells by excess glucose in the growth media, with both mol-

cules showing similar decrements in intracellular uptake as the ex-
racellular glucose concentration is increased.
ig. 2 Assessment of 2-NBDG as a marker of glucose metabolism in animals.
n nude mice 40 min following administration of 500 nmol of 2-NBDG in fe
here is a noticeable increase in 2-NBDG signal after the animal was kept N
maged, while fed and fasting shows a statistically significant �p�0.05� incr
p�0.05� increase in 2-NBDG signal in the brain of an animal experiencing
ontrol. These data suggest that 2-NBDG localization reflects true glucose u
November/December 2009 � Vol. 14�6�4
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reased activity through the imaging of 2-NBDG signal
ithin the brain of an animal experiencing generalized sei-

ures. We present these data in Fig. 2�c�, where we demon-
trate a significant �p�0.05� increase in 2-NBDG accumula-
ion in the brain of the convulsing animal compared to
ontrol.

The ability of 2-NBDG imaging to precisely demarcate
ighly metabolically active tissue was further explored by
igh-resolution intravital laser scanning fluorescent micros-
opy, performed on a 9-L gliosarcoma tumor grown within a
indow chamber and stably transfected to constitutively ex-
ress RFP �Fig. 3�. The 2-NBDG molecule accumulates in the
umor over time, with the probe still visible within the vascu-
ature after 10 min. However, by one hour postinjection, the
-NBDG signal is confined to only the tumor itself, as defined
y the RFP signal in the left-most panel of Fig. 3�a�. These
ata corroborate the previously presented cellular and whole
nimal imaging data that support 2-NBDG as a specific
arker of glucose uptake.

.3 Clinically Relevant Imaging Applications
of 2-NBDG

aving validated 2-NBDG imaging’s utility for the visualiza-
ion of highly metabolic processes from the micro- to the

acroscale, we then evaluated several different clinically rel-
vant applications for this imaging probe. We first applied this
olecule to the minimally invasive metabolic imaging of col-

rectal cancer �Fig. 4�. Using an inhouse-designed quantita-
ive fluorescence colonoscopy system,14,15 we imaged

ig. 3 Intravital laser scanning fluorescent microscopy of an RFP-labe
ouse. �a� The left-most image illustrates the location of the tumor ba

he tumor autofluorescence in the 2-NBDG channel, and the subsequ
ime. By 60-min postinjection, the 2-NBDG signal correlates very wel
ver time shows that the molecule accumulates and reaches a steady
ournal of Biomedical Optics 064014-
2-NBDG uptake over time in a chemical carcinogen-induced
murine model of colorectal cancer. As Fig. 4�b� illustrates, the
2-NBDG concentration in the tumor initially increased to a
sharp peak, a characteristic we interpret as representing the
fluorescent probe in the blood pool phase, and then settled to
a level that was constant after one hour, a finding that we
believe represents true accumulation and retention of the
probe within the tumor itself.

Next, we investigated the intraoperative applicability of
2-NBDG imaging through two animal models. In the first, we
implanted the rodent metastatic prostate cancer cell line
JHU-31 in the right hind paw of a nude mouse and assessed
for metastatic spread to nearby lymph nodes �Fig. 4�c��. We
were able to readily discriminate between 2-NBDG uptake in
a popliteal lymph node ipsilateral to the implanted tumor ver-
sus uptake in the contralateral node. In the second �Fig. 5�, we
surgically generated a model of a peritoneal wall tumor and
demonstrated first with FDG-PET/CT imaging the location
and highly metabolic nature of these lesions. We then surgi-
cally exposed the tumors and performed intravital epifluores-
cence imaging. This imaging revealed the effectiveness of
2-NBDG to serve as a molecular beacon of pathologically
elevated metabolic activity, highlighting the tumors against
the benign abdominal viscera background. The TBRs for the
FDG-PET and 2-NBDG imaging �Fig. 5�b�� were statistically
similar �FDG-PET TBR 4.1 �CI: 1.1–7.0�; 2-NBDG TBR 3.4
�CI: 2.8–4.0��, and the malignant nature of the lesions was
confirmed by histology �Fig. 5�d��.

gliosarcoma tumor implanted in a dorsal window chamber of a nude
its constitutive expression of RFP. The second left-most image shows
ages in the panel show accumulation of 2-NBDG in the tumor over

the RFP signal. �b� A plot of the 2-NBDG signal intensity in the tumor
u after approximately 20 min.
led 9-L
sed on
ent im

l with
platea
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Discussion
ptical molecular imaging is a newer technology that has
any unique advantages over other imaging approaches, such

s real-time image acquisition, low relative cost, high spatial
esolution, and lack of ionizing radiation. Through the devel-
pment of highly sensitive optical molecular probes, this mo-
ality has been applied to the evaluation of a wide number of
athologies, ranging from colorectal and ovarian cancer15,16 to
therosclerosis.17 Moreover, with the advent of new methods
o quantify fluorescence in intraoperative and minimally inva-
ive settings,14,15 the promise of optical imaging to accurately
haracterize the underlying molecular mechanisms of disease
n clinically relevant contexts is fast approaching reality.

Recently, the prospect of an optical glucose molecular
robe has been explored. An optical analog to FDG would
rovide for the exciting coupling of the benefits of working in
he optical regime with the already well-established clinical
mpact of FDG-PET imaging. A fusion of the two modalities
ould further expand the significance of metabolic imaging in

he detection, staging, and treatment of many disease states.
he desire for fluorescent monosaccharides led initially to the
ynthesis of cyanine-5.5-labeled �Cy5.5; Amersham, United
ingdom� versions of glucose2 and fructose.18 However, poor
iological activity was obtained with both Cy5.5-labeled com-

ig. 4 Minimally invasive and intraoperative applications of 2-NBDG
maging. �a� and �b� depict data from a quantitative fluorescence
olonoscopy performed on a mouse with chemical carcinogen-
nduced orthotopic colorectal adenomas. �a� White light �WL� image
f an adenoma that was imaged using the quantitative catheter-based

maging system for one hour continuously, following the administra-
ion of 500 nmol of 2-NBDG. �b� Plot of 2-NBDG signal over time in
single adenoma shows an initial peak followed by a steady plateau.
he peak likely represents 2-NBDG initially within the tumor vascu-

ature, and the subsequent plateau reflects true accumulation and
rapping of 2-NBDG within the tumor cells. �c� Epifluorescence imag-
ng of popliteal lymph nodes in a mouse injected with JHU-31 meta-
tatic prostate cancer cells in its right hind paw, 30 min after the ad-
inistration of 500 nmol of 2-NBDG. Red arrows indicate the

ocation of the lymph nodes. The lymph node ipsilateral to the tumor
s noticeably larger in the WL image than the contralateral node; fluo-
escence imaging shows increased 2-NBDG uptake within the lymph
ode, a finding suggestive of metastatic spread.
ournal of Biomedical Optics 064014-
pounds. These molecular probes were found to localize to
malignant tissues, but through mechanisms independent of
traditional GLUT-mediated cellular uptake. This mixed result
is likely due to the fact that the near-infrared fluorochromes
used in these studies are large molecular compounds with
electric charges; conjugation of glucose to these fluoro-
chromes creates a molecular probe with physiologic charac-
teristics that are very different from free glucose.

Although NBD is less ideal optically, given that it fluo-
resces in the highly tissue-attenuating green spectrum, its
small size and relatively low molecular weight are a signifi-
cant advantage over the larger, bulkier near-infrared fluoro-
chromes. As such, NBD-labeled glucose appears to interact
with cells in a manner identical to unlabeled glucose.
2-NBDG has been used to image glucose transport in pancre-
atic beta cells,4,5 rat skeletal muscle,6 MCF-7 and HepG2 tu-
mor cells,7 monocytes,19 cardiomyocytes,20 and E. coli.21 We
therefore hypothesized that it might be possible to find clini-
cal applications of 2-NBDG where the distances for light
transmission through tissue were short, and if imaging pro-
cessing was employed to enhance the resolution of NBD and
tissue fluorescence.

Fig. 5 Correlation of FDG-PET imaging with intraoperative 2-NBDG
imaging. HT29 cells were surgically implanted into the peritoneal
wall of �n=5� nude mice. The mice subsequently underwent imaging
with FDG-PET/CT, and then two days later, underwent surface reflec-
tance imaging 30 min following the administration of 500 nmol of
2-NBDG and surgical exposure of their abdomen. �a� FDG-PET/CT
reveals two large intraperitoneal masses, shown with red arrows, that
are highly FDG-avid in this representative mouse. �b� The same two
lesions were well visualized with 2-NBDG imaging. Red arrows dem-
onstrate the location of the tumors, and the blue box in the left-most
image shows the approximate area of focus for the center and right-
most images. �c� TBRs for FDG-PET and 2-NBDG imaging were sta-
tistically similar. �d� The malignant nature of the lesions was con-
firmed by histology.
November/December 2009 � Vol. 14�6�6
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In this study, we advance the utility of 2-NBDG by apply-
ng it to whole animal, minimally invasive, and intraoperative
maging. We investigate the properties of 2-NBDG using a
umber of different cell lines and animal models of disease to
ystematically validate it as a molecular beacon for metabolic
ctivity and as a practical imaging tool for clinical use. First,
e reproduced prior work demonstrating the inhibition of
-NBDG cellular uptake by excess culture media, a finding
hat suggests that 2-NBDG’s fluorochrome does not alter the
ntracellular transport mechanisms for the attached deoxyglu-
ose molecule. This result is significant in that it illustrates a
nique advantage to using 2-NBDG over other fluorescently
abeled deoxyglucose probes: the small size of the NBD fluo-
ochrome does not interfere with the normal molecular inter-
ctions of glucose, a limitation that affects other proposed
uorescent glucose analogs that rely on more bulky
uorochromes.2 Moreover, we show that the uptake inhibition
f 2-NBDG by excess glucose in the growth media occurs in
glucose concentration-dependent manner that is virtually

dentical to the inhibition shown by FDG uptake. These data
ndicate that not only does 2-NBDG well replicate the behav-
or of glucose, but it does so in a fashion comparable to FDG,

result that has important implications for the possibility of
ombining FDG-PET and 2-NBDG imaging in the clinical
etting.

Our whole animal imaging experiment illustrated an in-
reased uptake of 2-NBDG within subcutaneous tumors when
he animals were glucose-starved, signifying that the localiza-
ion of 2-NBDG to the tumor does not represent nonspecific
ccumulation, but rather an actual increased glucose avidity
atio in the malignant tissue relative to normal tissue.
-NBDG fluorescence does not reflect leakage into the inter-
titium through poorly endothelialized, ectatic vessels within
he tumor, but actually through elevated transport of glucose
nto the tumor cells, due to their highly glycolysis-dependent
nergy generation compared to the surrounding benign paren-
hyma. The evidence supporting the ability of 2-NBDG to
ighlight increased metabolic activity was furthered by the
emonstration of elevated 2-NBDG signal within the brain of
n animal experiencing seizures versus control. The accuracy
f 2-NBDG imaging to delineate areas of high glucose con-
umption was confirmed by observing a high correlation be-
ween 2-NBDG and RFP signal in the intravital laser scanning
uorescent microscopy imaging of an RFP-labeled tumor.

After evaluating 2-NBDG’s validity as an optical glucose
nalog from the cellular to the whole animal scale, we then
pplied this probe to the minimally invasive imaging of col-
rectal cancer. We utilized a new quantitative fiber optic
atheter-based imaging system14,15 that resolves the distance
ependence of fluorescence signal intensity to intravitally
easure 2-NBDG signal within an adenomatous polyp in a
ouse. These fluorescent colonoscopy data show that mini-
ally invasive applications of 2-NBDG imaging can be

eadily translated into clinical practice, as adjuncts to current
linical methods. Moreover, given the quantitative nature of
his imaging, one can envision using this technology not only
o improve upon tumor detection, but also to monitor changes
n tumor metabolic activity following medical therapy.

We also illustrate a second potential application of
-NBDG imaging, that is, the intraoperative visualization of
athologic tissue for surgical guidance. We demonstrate how
ournal of Biomedical Optics 064014-
this methodology can be used to supplement preoperative
FDG-PET imaging by focally indicating the location of hy-
permetabolic lesions intraoperatively that correlate with prior
FDG-PET imaging. This technology would resolve an unmet
clinical need, namely, the translation of FDG imaging into the
operative setting. One answer to this need currently under
investigation is intraoperative handheld gamma counters to
detect FDG accumulation. However, these devices suffer from
limited fields of view as well as a strong distance dependence,
with the sensitivity for FDG detection dropping off as the
distance between the device and the target lesion increases.8

Imaging with 2-NBDG, however, does not share these limita-
tions, as it can be performed with broad fields of view as well
as in a quantitative manner, as evidenced by the colonoscopy
data described before. Additionally, the patient does not need
to be reinjected with FDG, limiting requirements for radioac-
tivity in the operating room.

We present in this study a systematic evaluation of an op-
tical glucose imaging probe, 2-NBDG, for use as a supple-
ment to FDG-PET imaging. We validate the probe as a viable
marker for glucose consumption using fluorescence micros-
copy, and as an accurate delineator of pathologic tissue using
multispectral fluorescence imaging, intravital laser scanning
fluorescent microscopy, and surface reflectance fluorescent
imaging. We then offer two clinically relevant applications for
2-NBDG imaging, namely minimally invasive and intraopera-
tive imaging. We demonstrate the latter by performing a quan-
titative fluorescence colonoscopy on an orthotopic colorectal
cancer mouse model. Finally, we illustrate the former by cor-
relating intraoperative 2-NBDG imaging with preoperative
FDG-PET imaging, thus depicting how an optical glucose
analog could serve as a bridge for bringing metabolic imaging
data into the operating room.
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