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Abstract

The overall objective of this study is to develop an optical imaging approach to simultaneously
measure altered cell metabolism and changes in tissue extracellular pH with the progression of
cancer using clinically isolated biopsies. In this study, 19 pairs of clinically normal and abnormal
biopsies were obtained from consenting head and neck cancer patients at UCDMC. Fluorescence
intensity of tissue biopsies before and after topical delivery of 2-NBDG (2-[N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose) and Alexa 647-pHLIP (pH (low) insertion
peptide) was measured non-invasively by widefield imaging, and correlated with pathological
diagnosis. The results of widefield imaging of clinical biopsies demonstrated that 2-NBDG and
pHLIP peptide can accurately distinguish the pathologically normal and abnormal biopsies. The
results also demonstrated the potential of this approach to detect sub-epithelial lesions. Topical
application of the contrast agents generated a significant increase in fluorescence contrast (3—4
fold) in the cancer biopsies as compared to the normal biopsies, irrespective of the patient and
location of the biopsy within a head and neck cavity. This unpaired comparison across all the
cancer patients in this study highlights the specificity of the imaging approach. Furthermore, the
results of this study indicated that changes in intracellular glucose metabolism and cancer acidosis
are initiated in the early stages of cancer and these changes are correlated with the progression of
the disease. In conclusion, this novel optical molecular imaging approach to measure multiple
biomarkers in cancer has a significant potential to be a useful tool for improving early detection
and prognostic evaluation of oral neoplasia.
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Introduction

Head and neck cancers continue to be the 6th most common cancer worldwide with
approximately 270,000 new oral cavity tumors per year (1). Invasive procedures such as
tissue and lymph node biopsies are the standard approaches used for clinical diagnosis and
staging of the head and neck cancers (2, 3). There is a need to develop non-invasive
molecular imaging approaches to aid in early detection, prognostic assessment, and
subsequent longitudinal surveillance after treatment of the disease. Success in clinical
translation of these imaging approaches will also enable molecular classification of the
disease that may further improve detection sensitivity and/or prognostic assessment of the
disease.

To develop a comprehensive molecular imaging approach to aid in detection and prognostic
evaluation of head and neck cancers, this study evaluates simultaneous changes in metabolic
activity of cells and acidosis in the extracellular domain using clinically isolated tissues.
Upregulation of glucose metabolic pathways and a shift from aerobic metabolism to
anaerobic metabolism (glycolysis) is the central hallmark of various cancers including
breast, prostate, colon, head, and neck and is a sensitive indicator of progression of cancer
(4, 5). The shift to glycolysis for energy production causes high rates of glucose
consumption and also leads to a significant increase in production and release of acidic
metabolites (such as protons and lactic acid) in the extracellular matrix (6, 7). Combined
with the reduced capability of tumor-associated vasculature to deliver blood-based pH
buffer, advanced cancers have an acidic extracellular pH as compared to normal tissue (8).
Thus, the reduction of extracellular pH is a key hallmark of cancer progression and is
closely associated with increased mutagenesis, metastasis, and resistance to radiation and
drug therapies (9-16). Thus, measurement of simultaneous changes in metabolic activity and
extracellular pH will have a significant impact on detection and prognosis of cancer and
improve understanding of the correlation between changes in metabolic activity and acidosis
in clinically isolated cancer biopsies.

Clinically, changes in glucose metabolic activity are measured by positron emission
tomography (PET) using a radioactive glucose analog [18F]-fluoro-2-deoxyglucose (FDG).
Currently, no clinical imaging approach is available for non-invasive measurement of
changes in tissue pH with neoplasia. For imaging extracellular acidic environment in
tumors, an experimental study using animal model system has investigated a pH-sensitive
peptide-based PET imaging agent (17). This pH sensitive peptide inserts across the lipid
bilayer at an acidic extracellular environment (pH<7.0) but not at a normal physiologic pH.
In our recent study, we have demonstrated that topical application of fluorescently labeled
pHLIP peptide can detect differences in extracellular pH in clinically abnormal and normal
biopsies (18). Furthermore, currently there are no clinical imaging approaches for
simultaneous measurement of molecular changes in metabolic activity and extracellular pH
with the progression of cancer. Simultaneous measurements of multiple biomarkers in a
clinical environment have a potential to improve detection specificity of oral neoplasia as
demonstrated by a recent study (19).
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Widefield fluorescence imaging was selected as the imaging modality in this study. Based
on recent developments in optical instrumentation (20, 21), widefield optical imaging is
emerging as a clinical approach to aid in detection of localized cancer lesions in head and
neck cancer patients (19, 22). Furthermore, the widefield optical molecular in vivo imaging
approaches are complementary to the whole body PET imaging. Similarly, widefield
molecular imaging of ex vivo biopsy sample is complementary to the standard histology and
immunohistochemistry (IHC) analysis of tissue sections by providing a rapid assessment of
the isolated tissue without the need for sectioning and fixation (23).

In summary, the overall goal of this study was to develop optical molecular imaging
approaches to simultaneously measure changes in multiple molecular biomarkers in
clinically isolated head and neck biopsies. Evaluation using clinically isolated tissue samples
is important as these clinical samples represent heterogeneity of disease among the
population. Multiple imaging contrast probes (fluorescent glucose analog 2-NBDG and
Alexa 647 labeled low pH insertion peptide pHLIP) were topically delivered to clinically
isolated biopsy specimens, and the resulting contrast in clinically isolated tissues was
measured using widefield fluorescence imaging.

Materials and Methods

(a) Probe selection and conjugation

Fluorescently labeled deoxyglucose (2-NBDG, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino]-2-deoxy-D-glucose) was obtained from Invitrogen. For fluorescent labeling of the
pHLIP peptide (ACEQNPIYWARYADWLFTTPLLLLDLALLVDADEGTG), Alexa
Fluor® 647 C2 maleimide (Invitrogen) was reacted with the thiol (SH-group) of cysteine at
the N-terminus of pHLIP to form a stable thioether bond. The details of the conjugation and
purification process are described in our prior publication (18).

(b) Collection of paired biopsies

Pairs of clinically normal and abnormal biopsies (2mm-6mm in diameter) were obtained
from patients who have signed informed consent and are undergoing surgical resection of
suspected cancer at the University of California, Davis Medical Center (UCDMC). The
paired biopsy samples were kept fresh in cold normal saline (0.9% NaCl), and were
transported to the laboratory in less than 30 minutes.

(c) Widefield fluorescence imaging of tissue autofluorescence

To compare the increase in fluorescence intensity of topically labeled tissue samples,
widefield fluorescent images before and after staining for each pair of biopsies were
acquired. Pre-contrast images provide a measure of tissue autofluorescence background
signal while the post-contrast images measure contributions from both autofluorescence and
fluorescence of contrast media labeling. To assess autofluorescence before the application of
fluorescent contrast media, the tissue was imaged using a commercially available widefield
imaging system (Maestro 2, Cri (Woburn, MA) at the Center for Molecular and Genomic
Imaging, University of California, Davis). For measuring autofluorescence of tissue biopsies
in the 2-NBDG channel, the tissues were excited using a 500 nm wavelength light and the
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fluorescence emission was collected using a 530-600 nm emission filter. For measuring
autofluorescence of the tissue biopsies in the Alexa 647-pHLIP channel, the tissues were
excited using a 640 nm wavelength light and the fluorescence emission was collected using
a 670-800 nm emission filter. The integration time for the camera was maintained constant
throughout the study at 100 ms.

(d) Topical labeling of intact biopsies

After autofluorescence imaging, both normal and abnormal paired biopsies were then
topically labeled with 2-NBDG and Alexa 647-pHLIP simultaneously. The details of the
topical labeling procedure and validation of delivery in biopsy tissues were described in our
previously published research article (18). Probe delivery was achieved by topical labeling
of isolated biopsy samples with 0.05 mg/ml 2-NBDG and 5 uM Alexa 647-pHLIP in non-
buffered saline with 10% DMSO. After 60 minutes at 37° C, the biopsies were washed in
normal saline for 10 minutes to remove any unbound 2-NBDG and Alexa 647-pHLIP.

(e) Post-contrast widefield fluorescence imaging

After removing unbound contrast agents (2-NBDG and Alexa 647-pHLIP) by washing
tissue samples in normal saline, the tissue samples were again imaged by widefield imaging
system using the same filter configurations for 2-NBDG and pHLIP-Alexa 647 as described
in the previous section. Both the pre and post contrast images were acquired using the same
integration time.

(f) Quantification of imaging data

For quantification of widefield images collected using the Maestro 2 Imaging system (CRi,
Woburn, MA), both the white light and fluorescence images of biopsy samples were
analyzed using ImageJ (Public domain, NIH). The whole tissue area was firstly selected in
white light image by drawing the region of interest (ROI) around the edge of the tissue
(illustrated in supplementary Fig. S3). The selected region identified in the white light image
was overlaid on the corresponding fluorescence image. The mean fluorescence intensity
(MF1) of the selected region was then calculated using ImageJ. To compare the MFI
between cancer and normal biopsy samples across all patients, the average MFI was
calculated by averaging the MFI from all isolated biopsies from individual patients.

The changes in MFI before and after topical delivery of contrast agents in each biopsy
samples was calculated as: AMFI= MFlpgg_contrast - MFlpre-contrast

To compare the difference in AMFI between unpaired samples, the average AMFI of all
cancer biopsy samples and average AMFI of all unpaired normal samples were calculated.

The differential contrast ratio based on the AMFI of the clinically abnormal biopsy and the
paired clinically normal biopsy was calculated as: Ratio= AMFI apnormal/ AMF Inormal

Where AMFIapnormal = AMFI of the clinically abnormal biopsy sample; AMFInormral =
AMFI of the paired clinically normal biopsy sample.
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The quantified imaging results from fluorescence imaging were analyzed using Microsoft®
Excel 2007 (Microsoft Inc., Bellevue, WA) and SAS® (version 9.1 SAS Inc., Cary NC).
Student’s t-test was used for evaluating statistical significance between the treatments.

(g) Pathological Diagnosis

Results

The tissue biopsies were fixed after the post-contrast imaging of the tissues. The fixed
tissues were submitted to the pathology department for slicing and hematoxylin and eosin
(H&E) staining. The prepared slides were evaluated by a board certified pathologist at the
University of California, Davis (Regina Gandour-Edwards). The results from fluorescence
imaging measurements were correlated with the pathological diagnosis.

Clinically isolated biopsies

Table 1 shows the diverse anatomical locations within the head and neck cavity from which
the paired biopsies were isolated and their corresponding pathological diagnosis. Fourteen
consenting patients at UCDMC provided 14 clinically normal biopsies and 19 distinct
clinically abnormal biopsies. Patients ranged from 51 and 84 years old, and 75% were male.
All of the patients were white and had no prior history of oropharyngeal carcinoma. When
multiple abnormal biopsies were obtained, they were collected from the same anatomical
region but distinct locations within the tumor. The clinically isolated biopsies after
evaluation with the selected molecular contrast probes were fixed, stained and evaluated by
a board certified pathologist.

Widefield imaging of topically applied 2-NBDG and pHLIP in paired clinically normal and
abnormal biopsies

The results in this section demonstrate simultaneous imaging of changes in glucose
metabolic activity and extracellular pH in clinically isolated paired biopsies (Figure 1). Pre-
contrast images were acquired before topical delivery of 2-NBDG to assess the
autofluorescence signal intensity of each biopsy sample. Figure 1(A1) shows the results
from a paired biopsy sample in which the clinically abnormal sample has a significantly
lower autofluorescence signal intensity as compared to the corresponding clinically normal
biopsy specimen. In the post contrast images (after topical delivery of 2-NBDG, Fig 1(A2)),
the fluorescence signal from the clinically abnormal biopsy shows a significant increase in
fluorescence contrast as compared to the paired clinically normal biopsy.

The MFI was calculated for both the clinically abnormal and normal biopsies before and
after topical application of 2-NBDG (Fig 1(A3)). The MFI before staining represents the
contribution from tissue autofluorescence, and the MFI after staining represents the
contribution from both tissue autofluorescence and 2-NBDG uptake. Results demonstrate a
substantial increase in fluorescence intensity of the clinically abnormal biopsy sample as
compared to the clinically normal biopsy. Based on the pathology evaluation, the clinically
abnormal biopsy was diagnosed as squamous cell carcinoma and the clinically normal
biopsy was diagnosed as normal. Histological image of these clinically abnormal and normal
biopsy are shown in Figure 1C.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2015 October 01.
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Figure 1(B1 and B2) shows the representative widefield fluorescence images of the biopsy
samples imaged using the emission wavelength range of 670-800 nm. This wavelength
range was used for imaging tissue contrast generated upon binding of Alexa 647 labeled
pHLIP peptide. Similar to the approach outlined for the 2-NBDG, the tissue biopsies were
imaged prior to application of contrast agent to determine the background autofluorescence
of the tissue in the wavelength range of 670-800nm (Fig 1(B1)). After topical delivery of
pHLIP in tissue samples, substantial increase in fluorescence intensity was noticed in the
clinically abnormal biopsy, while there was a small increase in fluorescence intensity of the
clinically normal tissue (Fig 1(B2)).

Figure 1(B3) shows the MFI for the both the pre and post contrast widefield fluorescence
images of clinically abnormal and normal biopsies. The quantified imaging results illustrate
that the MFI increased significantly in the clinically abnormal biopsy as compared to the
paired normal biopsy isolated from the same patient. Overall, the trend observed with 2-
NBDG and pHLIP based contrast agents, shows selective and significant increase in
fluorescence contrast in a clinically abnormal biopsy (pathological diagnosis: squamous cell
carcinoma) as compared to the pathologically and clinically normal biopsy.

Differences in fluorescence contrast between clinically abnormal and normal biopsies
were independent of the tissue autofluorescence levels

Changes in tissue autofluorescence induced by neoplasia have been used as an optical
biomarker for detecting head and neck cancer (24-26). In many of the paired biopsy sets the
autofluorescence signal intensity of the normal biopsy was higher than the paired abnormal
biopsy. In contrast to this trend, the autofluorescence signal intensity of the certain clinically
normal biopsies was lower than the paired clinically abnormal samples (n=5 in the 2-NBDG
fluorescence channel and n=3 in the Alexa 647 fluorescence channel). Figures 2(Al and B1)
illustrates an example of a clinical case in which the autofluorescence signal intensity of the
clinically and pathologically normal sample (pre-contrast) was lower than the
autofluorescence intensity of the clinically and pathologically abnormal sample. However,
another clinically abnormal biopsy sample taken from the same patient and from the same
anatomical area shows lower autofluorescence intensity than the paired normal tissue (Fig
2(Cancer 2)). This data set indicates that the differences in autofluorescence can also be due
to a variety of patho-physiological factors including neoplasia (25, 27).

Figure 2(A2 and B2) shows the post-contrast images of the paired biopsy sets from a patient
(two clinically abnormal biopsies and one clinically normal biopsy). After topical delivery
of 2-NBDG and pHLIP in the tissue samples, a substantial increase in fluorescence intensity
was noticed in both the clinically abnormal biopsies, while there was a small increase in
fluorescence intensity of the clinically normal tissue. The quantification of the MFI is shown
in Figure 2(A3 and B3). The corresponding histology and pathological diagnosis for these
biopsy samples is shown in Figure 2(C3). The results show that both the clinical abnormal
biopsies were diagnosed as squamous cell carcinoma, and the clinically normal biopsy was
diagnosed as pathologically normal. These results demonstrate that enhancement in
fluorescence contrast resulting from specific uptake of 2-NBDG or binding of the pHLIP
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peptide in diseased biopsy specimens is not significantly influenced by the native
autofluorescence properties.

Sensitivity of 2-NBDG and pHLIP in detecting sub-surface lesions

Results in Figure 3 illustrate an example of a clinical case in which the clinically normal
biopsy had invasive cancer underlying the normal epithelial tissue. The pre-contrast images
of the paired biopsy set illustrate that the clinically normal biopsy has a lower
autofluorescence signal in both the 2-NBDG and the Alexa 647-pHLIP emission channels as
compared to clinically abnormal biopsy. After simultaneous topical labeling of the biopsies
with 2-NBDG and Alexa 647-pHLIP, the post contrast images illustrate a significant
increase in fluorescence contrast in both the clinically normal and abnormal biopsies as
shown in Figure 3(A2 and B2). Based on the quantification of the MFI for pre and post
contrast images, the results in Figure 3(A3) show that after staining with 2-NBDG, the MFI
of the normal biopsy was similar to the MFI of the paired clinically abnormal biopsy. This is
particularly significant since the MFI of the normal biopsy was lower than the paired
abnormal biopsy in the pre-contrast images. Quantification of the MFI for the Alexa 647-
pHLIP labeled biopsies in Figure 3(B3) also show a significant increase in the MFI of both
the paired clinically abnormal and normal biopsies in the post contrast images.

Results of pathological analysis revealed that the clinically normal biopsy had an invasive
cancer underneath the normal epithelial section (Fig 3(C3)). The histological analysis
indicated that the invasive cancer covered over 2/3 width of the biopsy sample underlying a
normal epithelium. In this case, the normal appearance of the tissue influenced the clinical
impression of the tissue and without the biopsy it was not possible to clinically detect the
presence of invasive disease.

Using a combination of topically applied contrast agents (both 2-NBDG and Alexa 647-
pHLIP) and widefield fluorescence imaging, the optical imaging approach was able to detect
disease underlying a normal epithelium. This result reflects that the combination of topically
applied contrast agents and widefield imaging cannot only detect surface lesions, but also
aid in detection of sub-surface lesions that are often difficult to detect based on visual
impression of the tissue.

2-NBDG uptake and pHLIP binding across all cancerous biopsies

Figure 4A compares the average AMFI in cancer biopsies (i.e. the average increase of MFI
between post- and pre-contrast images) with the normal biopsies across all cancer patients in
this study irrespective of the anatomic location within the head and neck cavity. This
analysis compares the increase in the mean fluorescence contrast based on uptake of 2-
NBDG and binding of pHLIP peptide across all cancer and normal biopsies (i.e. the tissue
samples are unpaired). Results showed the average AMFI of cancer biopsies (n=11) was
significantly higher (approximately 2.5 and 3.3 fold) as compared to the average AMFI of
normal biopsies (n=7; p=0.003) after topical delivery of 2-NBDG and pHLIP, respectively.
These results demonstrate the potential of using fluorescence labeled glucose and pHLIP to
distinguish clinically abnormal tissues from normal tissues across diverse patients by
comparing the AMFI. The results of average MFI of all biopsy samples before (pre-contrast)
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and after (post-contrast) topical delivery with 2-NBDG and pHLIP are shown in the
Supplementary Data Figure S1.

Correlation between changes in 2-NBDG uptake and pHLIP binding with stages of
neoplasia

To compare the changes in metabolic activity and extracellular activity with development of
neoplasia, the average differential contrast ratio was calculated between the AMFI of
pathologically abnormal biopsies with respect to the AMFI of paired normal biopsies. This
average contrast ratio was calculated separately for the 2-NBDG and the Alexa 647-pHLIP
and was plotted as a function of pathological diagnosis in Figure 4B.

The results show a multifold increase in the differential contrast ratio between the paired
diseased and normal biopsies and the average contrast ratio increased with an increase in
severity of the disease. The average contrast ratio for the cancer biopsies (n=9) was
approximately 3 and 5.9 fold higher as compared to the pathological normal biopsies stained
with 2-NBDG and Alexa 647-pHLIP respectively. For the carcinoma in-situ cases (n=2), the
increase in ratiometric contrast was approximately 1.8 and 3.3 fold as compared to normal
biopsies stained with 2-NBDG and Alexa 647-pHLIP respectively. For the dysplasia cases
(n=2), the increase in ratiometric contrast was approximately 1.21 and 1.7 fold as compared
to normal biopsies stained with 2-NBDG and Alexa 647-pHLIP respectively. Overall these
results indicate that significant changes in both metabolic activity and extracellular pH can
be detected in clinically abnormal biopsies as compared to the paired normal biopsies.. The
results also show the pHLIP labeling does result in a relatively higher ratiometric contrast
ratio in paired biopsy sets as compared to 2-NBDG at all stages of the disease.

In Figure 4B, the results also show the cases in which clinically abnormal biopsy were
diagnosed as normal biopsy based on pathology evaluation. For the pathologically normal
biopsies, despite appearing abnormal clinically, the AMFI of 2-NBDG uptake (h=3) and
pHLIP binding (n=2) was similar to the AMFI of paired normal biopsies. These biopsies
were further confirmed as normal based on the pathology review. These results demonstrate
specificity of 2-NBDG and pHLIP based imaging approaches to distinguish true
pathologically cancer biopsy from normal biopsies.

Discussion

Topical delivery of contrast agents enables molecular analysis of intact tissues

Topical delivery is a non-invasive approach to deliver molecular contrast agents to localized
tissues. Topical delivery approach provides rapid access to the epithelial tissue and
overcomes significant limitations of the alternative delivery approaches such intravenous
delivery of contrast media. These limitations include non-specific retention of contrast
agents in organs such as liver, kidney and delay in imaging time to allow for clearance of the
contrast media from the circulation. The results of this study demonstrate that topical
delivery of contrast agents to ex-vivo biopsies was an efficient approach for the delivery of
both small molecular weight contrast agent (2-NBDG, MW: 342) and a short peptide
(pHLIP, MW: 3000 Da). These results are in agreement with the results of our prior studies
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(28, 29). Results in Figure 3 also demonstrate that the molecular contrast agents were able to
target the sub-epithelial lesions using topical application. This result is also in agreement
with the results presented in our recent study (18).

To translate topical delivery of contrast agents to in-vivo application in a clinical setting,
further research is needed to develop topical oral formulations. It is desired that these topical
formulations have mucoadhesive properties and provide rapid delivery of imaging contrast
agents to target tissues. The mucoadhesive properties will enable localized application of the
contrast agents at target sites within the head and neck cavity. In the current literature,
various mucoadhesive formulations have been developed for the delivery of therapeutic
molecules (30-32). The applications of these therapeutic molecules range from suppressing
inflammation (32), prevention of cancer (30, 31) and treatment of localized infections (33)
in the oral cavity. These topical delivery approaches provide a framework to adapt these
concepts for the delivery of imaging contrast agents. To achieve rapid and uniform delivery
of imaging agents, the existing topical formulations can be further modified to include
triggered release mechanisms or rapidly eroding polymer formulations (34).

Specificity of 2-NBDG and pHLIP in detection of pre-cancerous and cancerous lesions

The results of this study demonstrate high specificity of both 2-NBDG and pHLIP in
detection of both pre-cancerous and cancerous lesions. The specificity is highlighted by the
facts that both the molecular contrast agents accurately distinguished the pathologically
normal and abnormal biopsies. In this study, three biopsy samples that were considered as
clinically abnormal based on the physical examination were found to be normal based on
pathological diagnosis. In the evaluation of these paired biopsies using molecular contrast
agents, the clinically abnormal appearing tissue (but pathologically normal) biopsies did not
show a significant increase in fluorescence contrast as compared to the paired clinically and
pathologically normal tissues. For further clinical translation, specificity of this approach for
discriminating other clinical symptoms such as infections may be further evaluated.

Evaluation of paired biopsies using molecular contrast agents improved the specificity of
detecting cancerous lesions as compared to their evaluation using pre-contrast imaging
measurements only (autofluorescence properties).. Results show that the ratio of
autofluorescence intensity of cancer biopsies with respect to the paired normal biopsy varied
among patients and significant number of paired biopsy sets had autofluorescence ratio
greater than one in both 2-NBDG and Alexa-647 channels. It is important to note that the
primary focus of pre-contrast imaging measurements was to normalize variation in
endogenous contrast among different tissue biopsies. Thus, the selected wavelengths for pre-
contrast imaging may not be optimal (35) for detecting neoplasia based on autofluorescence
properties of the tissues.

In this study, one of the clinically normal biopsy was also diagnosed as a cancer biopsy
based on pathology evaluation. Pathological evaluation showed that the cancer was localized
in the sub-epithelial tissue, while the epithelial section of the tissue had a normal anatomical
structure. A significant change in fluorescence contrast properties was also observed upon
topical application of contrast media in this clinically normal, but pathologically abnormal
tissue. These results are significant as the imaging approaches may provide a unique method
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to differentiate cancer tissue with normal epithelium (sub-epithelial cancers) which cannot
be easily identified clinically.

The specificity of both the molecular contrast agents is also illustrated in the results of
Figure 4A. This result compares the data set of cancer biopsies across all patients without
any pairing of the biopsy specimens. The result show that even without pairing, the cancer
biopsies showed a significantly higher (3 to 4 fold) higher increase in fluorescence contrast
as compared to the normal biopsies. This trend is significant as this comparison is across
diverse sites within the head and neck cavity and across diverse patients.

The results of this study also illustrate the potential of the selected molecular imaging probes
to detect changes in the pre-cancerous stages (both dysplasia and carcinoma-in-situ) of head
and neck cancer. Since the study was conducted at a tertiary care center, the number of
biopsies at early stage of the disease is small as compared to the cancer biopsies. In order to
further validate the sensitivity of the selected molecular contrast media to detect early stage
biopsy samples, more biopsy samples from early stage patients are needed.

Correlation between metabolic activity and acidosis

The results of this study illustrate that upregulation in metabolic activity with development
of neoplasia is correlated with acidosis in extracellular matrix of the tissue. This correlation
was observed in both precancerous and cancerous lesions. Changes in both metabolic
activity and extracellular pH in pre-cancerous lesions indicate that these molecular
transformations are not only a result of changes in tissue vasculature in tumors but are
present in early stages (avascular stage) of the disease. This evidence indicates that changes
in gene expression associated with up regulated metabolic activity and acidosis such as
activation of hypoxia pathway are triggered in early stages of the disease and these changes
are significantly enhanced by the time disease becomes invasive. This evidence supports the
discussion on the role of acidosis, hypoxia and glycolysis in progression of disease from
dysplasia and carcinoma in-situ to invasive disease (36). This evidence is also supported by
other studies that have indicated the role acidosis in extracellular tissue in promoting growth
of tumors (37).

Conclusion

A novel optical molecular imaging approach was developed in this study based on
simultaneous imaging of changes in glucose metabolic activity and extracellular pH in
clinically isolated fresh biopsy specimens. The results of this study demonstrate high
specificity of both the glucose and the pH imaging probes in detecting both early and late
stages of the disease. The molecular imaging measurements correlated with the pathological
diagnosis of the biopsy samples in all cases including early stages of the disease and were
able to distinguish between cancer and normal biopsies across all patients and anatomical
sites in the head and neck cavity. The results of this study indicate that changes in
intracellular glucose metabolism and cancer acidosis are initiated in the early stages of the
disease and these two selected biomarkers are correlated with the progression of the disease.
Overall, based on the combination of widefield whole-tissue imaging and non-invasive
topical application of the contrast media, the molecular imaging approach has significant
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potential to aid in detection. Future research is required to evaluate the potential of this
molecular imaging approach for prognostic assessment, tumor margin detection and
monitoring of therapy response in a clinical environment.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ilustration of simultaneous imaging of changes in glucose metabolic activity and

extracellular pH in clinically isolated paired biopsy specimens. Representative widefield
fluorescence images of a paired biopsy set before (pre-contrast) and after (post-contrast)
topical application of 2-NBDG (A1, A2) and Alexa 647-pHLIP (B1, B2), respectively.
Mean fluorescence intensity of the corresponding pre and post widefield imaging
measurements using 2-NBDG (A3) and Alexa 647-pHLIP (B3), respectively. (D)
Corresponding pathological H&E images of the paired cancer and normal biopsies.
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Figure 2.
Changes in contrast properties of clinically abnormal and normal biopsies following topical

application of contrast agents was independent of the tissue autofluorescence levels.
Representative widefield fluorescence images (pre and post contrast) of a paired biopsy set
in which one of the clinically abnormal biopsies (Cancer 1) had a higher level of
autofluorescence in both 2-NBDG (A1, A2) and Alexa 647-pHLIP (B1, B2) channels as
compared to the paired normal biopsy. Mean fluorescence intensity of the corresponding pre
and post widefield imaging measurements using 2-NBDG (A3) and Alexa 647-pHLIP (B3)
respectively. (C) Corresponding pathological H&E images of the biopsy set (paired
clinically abnormal and normal biopsies).
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Figure 3.
Sensitivity of 2-NBDG and Alexa 647-pHLIP to detect sub-surface lesions. Widefield

fluorescence images of a pair of biopsies before (pre-contrast) and after (post-contrast)
topical application of 2-NBDG (A1, A2) and Alexa 647-pHLIP (B1, B2), respectively.
Mean fluorescence intensity of corresponding pre and post widefield imaging measurements
using 2-NBDG (A3) and Alexa 647-pHLIP (B3), respectively. (C) Corresponding
pathological H&E images of the paired clinically normal and abnormal biopsies. In this
case, the clinically normal biopsy had an invasive cancer (over 2/3 width) underneath the
normal epithelial section.
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(A) Average AMFI across all cancer and normal biopsy samples before and after topical
delivery of 2-NBDG and pHLIP. (B) The comparison of average differential contrast ratios
of paired biopsy samples as a function of pathological diagnosis after staining with 2-NBDG

and pHLIP respectively.
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