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Abstract

Optical fluorescence imaging has been developed as an aid to intraoperative diagnosis to improve 

surgical and endoscopic procedures. Compared with other intraoperative imaging methods, it is 

lower in cost, has a high safety margin, is portable and easy to use. γ-glutamyl hydroxymethyl 

rhodamine green (gGlu-HMRG) is a recently developed activatable fluorescence probe that emits 

strong fluorescence in the presence of the enzyme γ-glutamy transpeptidase (GGT), which is 

overexpressed in many cancers, including ovarian cancer. Ex vivo testing is important for clinical 

approval of such probes. The diagnostic performance of gGlu-HMRG in fresh excised surgical 

specimens has been reported; however, details of tissue handling have not been optimized. In this 

study, we investigated four different tissue handling procedures to optimize imaging in excised 

tumor specimens. The fluorescence intensity time courses after the different tissue handling 

methods were compared. Additionally, the fluorescence positive areas were correlated with the 

presence of red fluorescent protein (RFP) in an RFP positive cell line as the standard of reference 

for cancer location. In the ‘intact’ groups, tumors yielded quick and homogeneous activation of 

gGlu HMRG. In the ‘rinse’ and ‘cut’ groups, the fluorescence intensity of the tumor was a little 

lower than that in the intact group. In the ‘pressed’ groups, however, fluorescence intensity from 

gGlu-HMRG was lower over the entire time course, suggesting a decrease or relocation of 

excreted GGT. In conclusion, we demonstrate that the method of tissue handling prior to ex vivo 
imaging with the activatable probe gGlu-HMRG has a strong influence on the signal derive from 

the specimen. Published 2016. This article is a U.S. Government work and is in the public domain 

in the USA.
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1. INTRODUCTION

Intraoperative imaging is playing an increasing role in modern surgery and endoscopy. It has 

the potential to aid in tumor detection and in determining the status of surgical margins in 

real time, thus potentially improving outcomes. However, in order for these imaging 

methods to be successfully introduced into clinical practice, a series of orderly pre-clinical 

tests must be performed. After demonstrating efficacy in animal models, ex vivo imaging of 

excised human specimens is often a preliminary test prior to clinical testing.

Various real-time imaging technologies have been developed to offer intraoperative image-

guided surgery and endoscopy (1). Among them, intraoperative optical fluorescence imaging 

offers several advantages. Optical fluorescence is highly sensitive, involves low cost 

equipment, generally has a high safety margin, does not utilize ionizing radiation, and is 

portable and relatively straightforward to use (1–3). With the increased use of optical white 

light cameras in operating rooms and endoscopy suites, optical fluorescence imaging can be 

relatively easily integrated into the workflow.

Fluorescence probes can be either ‘always on’ or activatable, meaning that they are ‘turned 

on’ only under specific conditions. Activatable fluorescence probes are desirable because 

they produce very high target to background ratios (TBRs), improving sensitivity for 

pathology (4). However, by their nature, they are more complex to test as fluorescence 

depends on both the activating substance and the activatable fluorophore.

A recently developed activatable fluorescence probe, γ - glutamyl hydroxymethyl 

rhodamine green (gGlu-HMRG), emits strong fluorescence after activation by γ-glutamyl 

transpeptidase (GGT; Enzyme Commission number 2.3.2), an enzyme commonly found in 

the extracellular space of cancers (5,6). GGT is a membrane-bound enzyme that catalyzes 

the first step in the degradation of extracellular glutathione (GSH), by hydrolysis or by its 

transfer to a suitable acceptor. GGT expression, which is tissue specific in normal organs, 

can be generally upregulated under proliferative conditions, such as organogenesis and 

carcinogenesis (7–10). Therefore, although GGT expression is not specific for cancers, 

increased levels of GGT have been observed in various human tumors, including ovarian 

cancer (11–13). gGlu-HMRG, which cannot permeate the plasma membrane because of its 
hydrophilicity, is hydrolyzed when it encounters GGT, and yields the highly fluorescent 

product HMRG. HMRG, which is hydrophobic, can permeate the plasma membrane and 

enter cancer cells. The enzymatic activity of GGT is generally high enough to produce the 

fluorescent product within seconds to minutes after exposure to the probe (6).

Several studies have assessed the diagnostic performance of gGlu-HMRG for various 

cancers, and more studies are underway (5,14–16). However, because of the complexity of 

insuring that both GGT and gGlu-HMRG are present in the specimen, the handling of 
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surgical samples is important and has not yet been standardized. In this study, we compared 

different methods of tissue handling to determine their impact on gGlu-HMRG fluorescence, 

thus providing insights into the best practices for ex vivo testing of gGlu-HMRG.

2. EXPERIMENTAL

2.1. Reagents

gGlu-HMRG, a rapid activatable cancer-selective fluorescence imaging probe, was 

synthesized and used in this study. The synthesis method of gGlu-HMRG has been 

published (6).

2.2. Cell lines and culture

The established ovarian cancer cell lines SHIN3, which highly expresses GGT and shows 

strongly positive fluorescent signal with gGlu-HMRG, and OVCAR5, which moderately 

expresses GGT and shows positive fluorescent signal with gGlu-HMRG, were used for this 

study. The SHIN3 cell line was transfected with the red fluorescent protein (RFP DsRed2)-

expressing plasmid (Clontech Laboratories) and served as the standard of reference for 

cancer cell location in tumors. All cells were grown in RPMI1640 medium (Invitrogen) 

containing 10% fetal bovine serum (Invitrogen), 0.03% L-glutamine, penicillin (100 U/ml), 

and streptomycin (100mg/ml) in tissue culture flasks in a humidified incubator at 37 °C in 

an atmosphere of 95% air and 5% carbon dioxide. All in vivo procedures were conducted in 

compliance with the Guide for the Care and Use of Laboratory Animal Resources (1996), 

US National Research Council, and approved by the local animal care and use committee. 

Six- to eight-week-old female homozygote athymic nude mice were purchased from Charles 

River (National Cancer Institute, Frederick, MD, USA). Two million cancer cells suspended 

in 300 μL phosphate-buffered saline (PBS) were injected intraperitoneally into each mouse. 

Imaging was performed 14–21 days after cell injection.

2.3. Comparison of procedures in preparing excised tumor specimens

gGlu-HMRG stock solution (containing 0.5% v/v DMSO as a co-solvent) was suspended in 

PBS to generate a 5 μM gGlu-HMRG solution for SHIN3-RFP tumors and a 50 μM gGlu-

HMRG solution for OVCAR5 tumors. Five mice were euthanized by carbon dioxide 

inhalation for each cell line. Immediately after euthanasia, the mouse abdominal wall was 

excised, and then the abdominal cavity was exposed and the peritoneal tumors were 

extracted. Tumors were allocated into four groups of four tumors each (from 5 mm to 10 

mm in diameter) for the following procedures (Fig. 1): (1) rinse tumors in PBS at 37 °C for 

1 min, and then wipe excess PBS (PBS rinse group); (2) cut tumors, and expose the cut 

surface (cut group); (3) press tumors to the thickness of 1 mm (press group); (4) just drop 

the probe right after tumors are removed (intact group). A portable fluorescence camera 

specialized for gGlu-HMRG, which enables fluorescence imaging in the operating room or 

endoscopy suite, was utilized in sample studies (12,17). Fluorescent images were acquired 

using a Discovery portable fluorescence imaging system (INDEC BioSystems, Santa Clara, 

CA, USA), with the following filter set: band-pass filter from 450 to 490 nm for excitation 

light and filters from 511 to 551 nm for emission light. Tumors were placed on a non-

fluorescent plate. After baseline fluorescence images of the tumors had been obtained, 5–10 
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μL of gGlu-HMRG solution was dropped on the surface of the tumors. Real-time 

fluorescence images of tumors were recorded every minute between 0 and 60 min after 

gGlu-HMRG administration at room temperature. The circular regions of interest (ROIs) 

were placed in the center of the tumor nodules, and the fluorescence intensities of the tumor 

nodules and backgrounds were measured. Then, the fluorescence intensities were calculated 

for each nodule. All fluorescence images were analyzed with ImageJ software (National 

Institutes of Health, Rockville, MD, USA) (http://rsbweb.nih.gov/ij/). Data are expressed as 

mean ± SEM from a minimum of four experiments.

2.4. Collation of gGlu-HMRG fluorescence positive areas with actual tumor lesions

To compare fluorescence positive areas with the actual tumor, an in vivo fluorescence study 

with SHIN3–RFP tumor was performed. A gGlu-HMRG stock solution (containing 0.5% 

v/v DMSO as a co-solvent) was suspended in PBS to generate a 5 μM gGlu-HMRG 

solution. Five SHIN3–RFP tumor bearing mice were euthanized by carbon dioxide 

inhalation. Immediately after euthanasia, the mouse abdominal wall was excised, the 

abdominal cavity was exposed, and the peritoneal SHIN3–RFP tumors (from 5 mm to 10 

mm in diameter) were extracted. SHIN3–RFP tumors were allocated into the four groups of 

four tumors described above (Fig. 1). Spectral fluorescence images were acquired using the 

Maestro in vivo imaging system (CRi, Woburn, MA, USA). The following filter sets were 

used: for gGlu-HMRG fluorescence imaging, band-pass filters from 445 to 490 nm for 

excitation light and a filter over 515 nm for emission light (blue filter); for RFP fluorescence 

imaging, band-pass filters from 575 to 605 nm for excitation light and a filter over 645 nm 

for emission light (yellow filter). The tunable emission filter was automatically stepped in 10 

nm increments from 500 to 600 nm for gGlu-HMRG and 600 to 800 nm for RFP at constant 

exposure to generate a spectral image. After a fluorescence image had been obtained with a 

yellow and blue filter setting, 5–10 μL of gGlu-HMRG solution was dropped on the surface 

of the tumors. Real-time fluorescence images with the blue filter setting were captured at 1, 

10, and 60 min after gGlu-HMRG administration. The spectral fluorescence images 

consisted of autofluorescence spectra, and the spectra from gGlu-HMRG and RFP were then 

unmixed based on their spectral patterns using commercial software (Maestro; CRi).

2.5. Effect of temperature on fluorescence signal activated by enzyme using excised 
tumor specimens

An activatable probe targeting temperature-sensitive enzyme is not suitable for this study 

because the temperature of the extracted specimen decreases immediately after excision. B-

galactosidase catalyzes the hydrolysis of lactose into glucose and galactose, and its enhanced 

enzymatic activity in primary ovarian cancers compared with normal ovaries has been 

reported (18,19). On the other hand, the activity of β-galactosidase at low temperature is 

poor (20–22). Thus, to validate the effect of temperature on fluorescence signal derived from 

an enzyme activatable probe, another ex vivo imaging study was performed using SHIN3-

RFP tumors and HMRef-βGal, a β-galactosidase-activated fluorescence probe (19).

HMRef-βGal stock solution (containing 0.5% v/v DMSO as a co-solvent) was suspended in 

PBS to generate a 100 μM HMRef-βGal solution. Two mice were euthanized by carbon 

dioxide inhalation. Immediately after euthanasia, the mouse abdominal wall was excised, 
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and then the abdominal cavity was exposed and the small bowel mesentery with peritoneal 

SHIN3-RFP tumors was extracted. The small bowel mesentery with peritoneal SHIN3-RFP 

tumors was allocated into two groups of one sample with at least five peritoneal tumors each 

for the following procedures: (1) a heating pad kept at 37°C was placed under a non-

fluorescent plate throughout the fluorescence imaging (with heating); (2) fluorescence 

imaging was performed without a heating pad (without heating). Acquisition of fluorescent 

images and image analysis were performed in the same manner as shown in the fluorescence 

study with SHIN3 tumor using gGlu-HMRG, except that the concentration and volume of 

HMRef-β Gal were 100 μM and 100 μL, and the time resolution of imaging was every 30 s 

to 30 min. Data are expressed as mean ± SEM from a minimum of five tumors.

Spectral fluorescence imaging and unmixing spectra for RFP fluorescence were performed 

in the same manner as shown in the fluorescence study with SHIN3-RFP tumor using gGlu-

HMRG.

3. RESULTS

3.1. Comparison of procedures in preparing the specimen

Figure 2A, B shows the images and quantitative assessment of SHIN3 tumors after gGlu-

HMRG was applied. In the cut and intact groups, the tumors were clearly observed rapidly 

and exhibited a consistent increase of fluorescence intensity. However, the fluorescence 

intensity of the cut group was lower than that of the intact group. The press group exhibited 

low fluorescence intensity during the entire observation period. The PBS rinse group 

demonstrated an increase in fluorescence over the first 20 min before it plateaued; however, 

the fluorescent signal was lower than that of the intact group, suggesting that GGT may have 

been washed out during rinsing.

Figure 3A, B shows the images and quantitative assessment of OVCAR5 tumors after gGlu-

HMRG was applied. In the cut and intact groups, the tumors were clearly observed rapidly 

and exhibited a consistent increase of fluorescence intensity. The fluorescence intensity of 

the rinse group was a little lower than those of the cut and intact groups. The press group 

exhibited low fluorescence intensity during the entire observation period.

3.2. Correlation of gGlu-HMRG fluorescence positive areas with actual tumor lesions

SHIN3-RFP tumors were used to correlate gGlu-HMRG fluorescence with actual tumor 

lesions (Figure 4 and Supplementary Figure 1). In the cut group, a rapid and consistent 

increase of gGlu-HMRG fluorescence intensity was observed in tumors that corresponded to 

the RFP fluorescence signal throughout the time course. Additionally, the margin of the 

fluorescence positive area was clear, with high contrast. The press group showed low gGlu-

HMRG fluorescence intensity during the entire observation period, which often was not 

consistent with the RFP fluorescence. In the PBS rinse group, gGlu-HMRG fluorescence 

signal was decreased and the margin was unclear at the early time points up to 10 min, and 

then became brighter with a little clearer margin on the later images (60 min). The gGlu-

HMRG fluorescence signal was consistent with the RFP fluorescence signal. In the intact 

group, the gGlu-HMRG fluorescence signal was highest from early time points among all 
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groups. The late-phase fluorescent signals of intact surfaces of tumors were well matched 

with the RFP fluorescence signal, similar to that of the cut group (Figure 4 and 

Supplementary Figure 1).

3.3. Effect of temperature on fluorescence signal activated by enzyme using excised 
tumor specimens

Supplementary Figure 2 shows the images and quantitative assessment of peritoneal SHIN3-

RFP tumors after HMRef-βGal was applied. In the group with heating, the fluorescence 

intensity of the tumors increased gradually. On the other hand, the fluorescence intensity of 

the group without heating increased gradually, but was lower than that of the group with 

heating during the entire observation period.

4. DISCUSSION

Among the different methods of handling the tissue for testing gGlu-HMRG, the method 

that entailed minimal handling (intact group) showed the most rapid and constant signal 

increases over time. Using SHIN3 and OVCAR5 tumors at later time points, cutting the 

specimen resulted in lower fluorescence compared with maintaining the specimen intact, 

suggesting that the probe can easily reach the surface tumor cells and uniformly distribute on 

the surface of the tumor, but not penetrate deeper into the tissue as is required with the cut 

specimen. GGT is reported to be a membrane-bound enzyme. However, we proved that the 

GGT was also excreted into the interstitial fluid adjacent to cells. Surfaces of intact tumors 

are broader than a clear cut surface because of the irregularity. Thus, gGlu-HMRG can reach 

more GGT on the cell surface. On the other hand, cut surfaces of tumors are smooth; 

therefore, deep penetration of gGlu-HMRG is needed to reach the same amount of GGT on 

the cut surface. Using SHIN3 and OVCAR5 tumors, the rinse group showed a lower 

fluorescence intensity than the intact group during the entire time course. However, the rinse 

group showed a similar kinetic curve to the intact specimen group. For instance, using 

SHIN3 tumors the intensity increased rapidly in the first 20 min and then plateaued, albeit at 

a lower level than with minimal handling (intact group). The fact that rinsing resulted in 

lower fluorescence suggests that GGT that is extracellular may be partly removed by rinsing 

with PBS. GGT is known to be present on the surface of various human cancer cells, yet the 

fraction that is excreted extracellularly is unknown. The exact function of GGT and how its 

presence benefits the tumor is still unclear (7). From the results, the excreted fraction of 

GGT, which can easily relocate after rinsing or pressing the specimen, can lead to false 

positives. In the press group, for instance, the fluorescence signal was the lowest, probably 

because the excreted fraction of GGT was squeezed out and tumor cells were spread onto a 

thin plane.

Good co-localization between gGlu-HMRG positive areas and the RFP positive region was 

shown in the cut and intact groups. The PBS rinse group showed a good co-localization 

between gGlu-HMRG and RFP early, but not later, 15 min after gGlu-HMRG 

administration. Thus, these data clearly indicate that the best approach for testing gGlu-

HMRG is to use the intact surface of the tumor or a cut surface. Rinsing or pressing the 

specimen is not recommended. One would expect that this advice would also apply to other 
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enzyme activatable optical probes, as the reasons for decreased performance are likely to be 

the same (dilution for rinsing and reducing the extracellular space for pressing). When using 

the HMRef-βGal, β-galactosidase activated fluorescence probe, tumors in the group at room 

temperature without heating showed low fluorescence intensity compared with those in the 

group with heating because β-galactosidase is not active at room temperature (20–22). Thus, 

care should be taken when using temperature-sensitive enzyme activatable probes that might 

not be good candidates for ex vivo surgical sample studies.

Several in vivo and clinical studies assessing the diagnostic performance of gGlu-HMRG in 

various cancers have recently been reported (5,14–16,23). Among them, studies in which 

gGlu-HMRG was applied directly to the cut surface showed a rapid and constant increase of 

fluorescence intensity regardless of the type of specimen, for instance, surgically resected 

versus fine needle aspiration biopsy specimens (5,6,23). Surgical specimens showed clear 

tumor margins, so the lesions were easily identified. On the other hand, since endoscopically 

resected biopsy specimens are often small and distorted, clear cutting surfaces are difficult to 

expose. In such studies, gGlu-HMRG probes were applied to the intact specimen with 

success. The dynamic curves of fluorescence intensity showed a rapid increase at the early 

time points followed by plateauing of the signal, which was similar to the results obtained 

with intact specimens (5,6,15,24). Taken together, the results suggest that GGT, while 

apparently excreted from cancer cells, nevertheless tends to stay close to the cells after 

excretion. Therefore, squeezing or washing the specimen can relocate excreted GGT, 

resulting in decreased contrast at the tumor margin or even the risk of false positive 

diagnosis.

Our results indicated that equal distribution of the gGlu-HMRG applied to the surface of 

cancer tissue is important for acquiring stable activation of gGlu-HMRG on the cancer cell. 

Attention should be paid to this point when using topical application of the probe, especially 

without the ability to penetrate into the tissue (working only on the surface). Another 

problem of topical application of a probe working only on the surface of tumor is 

evaporation. The more time goes by, the more change of activity of the probe due to 

evaporation should be considered.

In conclusion, when testing enzyme activatable optical probes such as gGlu-HMRG on 

excised specimens it is important to either keep the specimen intact or use it on a cut surface. 

Rinsing or pressing the specimen is not recommended, as it decreases the intensity of gGlu-

HMRG activation and may even cause false positives if the GGT is relocated outside the 

tumor location. Thus, the precise method of tissue handling is important for ex vivo testing 

of enzyme activatable probes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Outline of study design. Groups include (n = 4 per group) the following: (1) rinse tumors In 

PBS at 37 °C for 1 min, and then wipe excess PBS (PBS rinse group); (2) cut the tumor and 

expose the cut surface (cut group); (3) press the tumor to the thickness of 1 mm (press 

group); (4) drop the probe directly on the tumor immediately after removal (intact group).
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Figure 2. 
gGlu-HMRG probe activation at SHIN3 tumors. (A) Representative white light and 

fluorescence images of SHIN3 tumors for each group (representative of four SHIN3 tumors 

per group) before and 1, 10, 20, 30, 40, 50, and 60 min after gGlu-HMRG administration. 

(B) Changes in tumor fluorescence signals in SHIN3 tumors (n = 4 per group). Data are 

mean fluorescence intensities (a.u.) ± SEM of tumors at different time points.
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Figure 3. 
gGlu-HMRG probe activation at OVCAR5 tumors. (A) Representative white light and 

fluorescence images of OVCAR5 tumors for each group (representative of four OVCAR5 

tumors per group) before and 1, 10, 20, 30, 40, 50, and 60 min after gGlu-HMRG 

administration. (B) Changes in tumor fluorescence signals in OVCAR5 tumors (n = 4 per 

group). Data are mean fluorescence intensities (a.u.) ± SEM of tumors at different time 

points.
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Figure 4. 
gGlu-HMRG probe demonstrates fluorescence in SHIN3-RFP tumors. Representative white 

light images and unmixed RFP (red) and HMRG (green) fluorescence signals of SHIN3-

RFP tumors for each tissue handling group (representative of four SHIN3 tumors per group) 

before (RFP and HMRG) and 1, 10, and 60 min after (HMRG) applying gGlu-HMRG.
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