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Abstract

Objective Folate receptor (FR) is an ideal target for cancer imaging because it is frequently overexpressed in major types
of human tumor, whereas its expression in normal organs is highly limited. Combining nuclear and fluorescence-imaging
techniques provides a novel approach for cancer imaging and monitoring the surgery. The objective of this study was to
report the synthesis and characteristics of a dual-modality imaging agent, Tc-99m Folate-Gly-His-Glu-Gly-Glu-Cys-Gly-
Lys(-5-carboxy-X-rhodamine)-NH, (Folate-ECG-ROX), and verify its feasibility as both molecular imaging agent and
intra-operative guidance.

Methods Folate-ECG-ROX was synthesized using Fmoc solid-phase peptide synthesis. Radiolabeling of Folate-ECG-
ROX with Tc-99m was done using ligand exchange via tartrate. Binding affinity and in vitro cellular uptake studies were
performed. Gamma camera imaging, biodistribution and ex vivo imaging studies were performed using KB and HT-1080
tumor-bearing murine models. Tumor tissue slides were prepared and analyzed with immunohistochemistry staining and
confocal microscopy. Surgical removal of tumor nodules in murine models with peritoneal carcinomatosis was performed
under the fluorescence-imaging system.

Results After radiolabeling procedures with Tc-99m, Tc-99m Folate-ECG-ROX complexes were prepared in high yield
(>97%). The binding affinity value (K,) of Tc-99m Folate-ECG-ROX for KB cells was estimated to be 6.9+0.9 nM. In
gamma camera imaging, tumor to normal muscle uptake ratio of Tc-99m Folate-ECG-ROX increased with time (3.4 +0.4,
44+0.7,and 6.6 0.8 at 1, 2, and 3 h, respectively). In biodistribution study, %IA/g for KB tumor was 2.50 +0.80 and
4.08+1.16 at 1 and 3 h, respectively. Confocal microscopy with immunohistochemistry staining detected strong Tc-99m
Folate-ECG-ROX fluorescence within KB tumor tissue which is correlating with the fluorescent activity of anti-FR antibody.
Under real-time optical imaging, the removal of visible nodules was successfully performed.

Conclusions In vivo and in vitro studies revealed substantial and specific uptake of Tc-99m Folate-ECG-ROX in FR-positive
tumors. Thus, Tc-99m Folate-ECG-ROX could provide both pre-operative molecular imaging and fluorescence image-
guidance for tumor.
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and high-resolution images, it is limited by the poor tissue
penetration [3]. A combination of nuclear and fluorescent
imaging techniques might offer synergistic advantages over
single modality.

Dual nuclear and fluorescent imaging agent targeting
cancer tissue could play a major role in cancer surgery.
Pre-operatively, nuclear imaging allows determination of
cancer stage and surgical extent. This is the classic role
of molecular imaging in cancer surgery. Intra-operatively,
optical imaging could provide surgical guidance and allow
immediate differentiation between normal and diseased tis-
sues beyond gross anatomical distortion or discoloration [4].
This can offer more complete removal of diseased tissue
with minimal inadvertent injury to vital structures [5]. Post-
operatively, nuclear imaging could assure surgical complete-
ness. It would be more useful when portable gamma camera
system is used in the operation room [6].

For this application, high-binding affinity and specific-
ity of dual-modality imaging agent for cancer is requisite.
Folate receptor (FR) is ideally suited for this use because it
is frequently overexpressed in major types of human tumors
(including ovary, lung, breast and colon) whereas its expres-
sion in normal organs except the kidneys is highly limited
[7]. Thus, FR has been used as a target for selective delivery
of drugs to these tumors such as radiopharmaceuticals, mag-
netic resonance imaging (MRI) contrast agents, chemothera-
peutic agents, antisense oligonucleotides, protein toxins, and
liposomes with entrapped drugs [8].

In the present study, we developed Tc-99m Folate-
Gly-His-Glu-Gly-Glu-Cys-Gly-Lys(-5-carboxy-X-rhoda-
mine)-NH, (Folate-ECG-ROX) as a dual-modality imaging
agent to target FR-positive tumor cells. Simultaneous labe-
ling with Tc-99m and ROX could provide both nuclear and
fluorescent imaging. The diagnostic performance and surgi-
cal usage of Tc-99m Folate-ECG-ROX as a dual-modality
imaging agent for tumor was also evaluated in a murine
model.

Materials and methods
Materials

Folic acid dihydrate, IN-HCI, acetone, SnCl,, and sodium
tartrate were purchased from Sigma-Aldrich Korea (Seoul,
Korea). 5-Carboxy-X-rhodamine, succinimidyl ester
(5-ROX, SE) was purchased from ChemPep, Inc. (Wel-
lington, FL, USA). Tc-99m pertechnetate was eluted from a
commercial technetium generator (Tyco Healthcare, Mall-
inckrodt, Dublin, Ireland) at our institution. Instant thin-
layer chromatography-silica gel (ITLC-SG) capillary col-
umn was purchased from Futurechem (Seoul, Korea). KB
human squamous carcinoma (FR-positive) and HT-1080

fibrosarcoma (FR negative) cell lines were obtained from
the Korean Cell Line Bank (Seoul, Korea).

Synthesis and characterization
of Folate-ECG-ROX

Folate-ECG-ROX with purity >96% was synthesized com-
mercially by Anygen, Inc. (Gawngju, Korea). Briefly, pep-
tides were synthesized using Fmoc solid-phase peptide syn-
thesis (SPPS). The resulting peptide-bound resin was treated
with folic acid dihydrate in dimethyl sulfoxide (DMSO) and
2 M hydroxybenzotriazole (HOBt)/2 M N,N’-diisopropyl-
carbodiimide (DIC). After 4 h of incubation, 5-ROX, SE in
N,N-dimethylformamide (DMF) and 2 M N,N-diisopropyl-
ethylamine (DIEA) were added and incubated at room tem-
perature for 24 h. The synthesized compound was purified
using reverse phase high-performance liquid chromatogra-
phy (RP-HPLC) with a Shimadzu C18 analytical column
(C18, 5 pm, 100 A column, 4.6 X250 mm). Linear gradient
from O to 70% acetonitrile in water containing 0.1% trif-
luoroacetic acid (TFA) was used for elution. Mass was ana-
lyzed by mass spectrometry (AXIMA-CFR, MALDI-TOF
Mass Spectrometer).

Radiolabeling with Tc-99m

Radiolabeling of Folate-ECG-ROX with Tc-99m was done
as described previously [9-11]. Briefly, mixed solution of
Folate-ECG-ROX (0.005 mg/ml in 300 pl nitrogen-purged
water) and sodium tartrate (100 mg/ml in 300 pl nitrogen-
purged water) was prepared in a microcentrifuge tube. This
solution was amended with fresh Tc-99m pertechnetate
(1.0 ml, about 1110 MBq) and SnCl, (I mg/ml in 30 pl
nitrogen-purged 0.01 M HCI). The solution was heated at
95 °C for 15 min and cooled at room temperature. Char-
acterization of radiolabeled Tc-99m Folate-ECG-ROX was
done by a system consisting of Gilson 321 HPLC pumps
(Gilson, Inc., Middleton, WI, USA), a Bioscan FC-1000
radiodetector (Bioscan, Inc., Washington DC, USA), Trilu-
tion LC software (Gilson, Inc.), and YMC-Triart C18 col-
umn (4.6 X 100 nm; YMC, Kyoto, Japan). Solvent A was
0.1% TFA in water and solvent B was 0.1% TFA in ace-
tonitrile. A linear gradient from 0 to 35% solvent B over
35 min was employed at a flow rate of 1 mL/min. Ultraviolet
detector (230 nm) and gamma radiodetector were used for
monitoring.

The labeled complex (0.1 ml) was incubated at 37 °C with
saline (1 ml) at room temperature (25 °C) and freshly collected
human serum (1 ml). Samples were withdrawn at 30 min, 1,
3, and 24 h and analyzed using ITLC-SG with saline (R; of
Tc-99m Folate-ECG-ROX and free pertechnetate =0.9-1.0;
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R; of colloid=0.0-0.1) and acetone (R; of free pertechne-
tate=0.9-1.0; R; of Tc-99m Folate-ECG-ROX and col-
loid=0.0-0.1) as mobile phases. All experiments were con-
ducted in triplicate (n=3).

In vitro receptor-binding affinity

KB and HT-1080 cells were cultured in a humidified atmos-
phere with 5% CO,. Culture medium was folate-free RPMI
1640 (FFRPMI 1640; Gibco Laboratories, Grand Island,
NY, USA) supplemented with 10% fetal bovine serum
(FBS), L-glutamine (300 mg/1), 25 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), and 25 mM
NaHCO;. Binding affinities of Tc-99m Folate-ECG-ROX
for KB and HT-1080 cells were determined by saturation
binding experiments as described previously [12]. Briefly,
KB and HT-1080 cells were seeded into 24-well plates at
density of 1x 10° cells/well and cultured overnight. Cells
were washed twice (5 min each) with ice-cold binding buffer
(25 mM HEPES and 1% bovine serum albumin [BSA]). A
concentration gradient (0—500 nM) of Tc-99m Folate-ECG-
ROX was then added to wells and incubated with cells at
37 °C for 1 h. Total volume of each well was 300 pl. After
cells were rinsed twice with ice-cold binding buffer, cells of
each well were collected for gamma counting. Radioactiv-
ity was measured using a 1480 Wizard 3 gamma counter
(PerkinElmer Life and Analytical Sciences, Wallingford, CT,
USA). The binding affinity value (K,;) was calculated using
non-linear regression models in GraphPad Prism software
version 5.03 (GraphPad Software, La Jolla, CA, USA). Each
data point is the mean of four determinations.

Cellular uptake using confocal microscopy

KB and HT-1080 cells (1 x 10° cells/well) were cultured on
the top of a cover-slip slide at 37 °C for 24 h. The medium
was removed and replaced with fresh serum-free medium
(500 pl) containing Tc-99m Folate-ECG-ROX (200 nM).
Cells were incubated at 37 °C for 1 h. These cells were
washed three times with phosphate-buffered saline (PBS).
Cover-slips were placed on slides containing one drop of
fluorescent mounting medium (Dako, Glostrup, Denmark).
Confocal laser scanning microscopy was performed using
a FV1200 confocal microscope (Olympus, Pittsburgh, PA,
USA) with a 100 X oil immersion lens.

Murine models with tumor

Six-week-old female homozygous athymic BALB/c nu/nu
mice (weighing 16—18 g) were purchased from Damul Sci-
ence (Daejeon, Korea) and kept in cages. They were pro-
vided free access to food and tap water. These mice received
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a folate-free diet (TD.95247, Harlan Laboratories, Indian-
apolis, IN, USA) for 3 weeks to reduce serum folate level to
a physiologic range as previously reported [13]. They were
then subcutaneously inoculated with 1x 10" KB (FR posi-
tive) and HT-1080 (FR-negative, as an internal reference)
cells (0.1 ml PBS) in the right side and left side of anterior
chest region, respectively. Tumors were allowed to grow to
about 400 to 550 mm?® in volume by caliper measurements
of perpendicular dimensions. Approximately 14 days after
inoculation, gamma camera imaging, in vivo optical imag-
ing, and biodistribution studies were performed.

In vivo gamma camera imaging
and competition study

Tumor-bearing mice were anesthetized by intra-peritoneal
injection of ketamine (60 mg/kg)/xylazine (5 mg/kg). Once
the animal was in surgical plane of anesthesia, 55.5 MBq
(200 nM in 150 pl) of Tc-99m Folate-ECG-ROX was intra-
venously administered via tail vein. In vivo imaging was per-
formed at 1, 2, and 3 h after injection using a gamma camera
(Vertex; ADAC Laboratories, Milpitas, CA, USA) equipped
with a pin-hole collimator. Images were digitally stored in a
size of 512 X 512 matrix. Regions of interest (ROIs, 15x 15
pixels) were drawn at sites of tumors on chest walls. Addi-
tional ROIs were drawn at the left arm muscle for normal
muscle uptake measurement (n=>3, respectively). Average
counts per pixel within ROIs were measured and target to
non-target ratios were calculated.

To evaluate whether Tc-99m Folate-ECG-ROX can spe-
cifically bind to FR and compete with free folate, an in vivo
binding inhibition (competition) study was performed. Tc-
99m Folate-ECG-ROX (200 nM) and free folate (4 mM,
about 20 times the concentration of Tc-99m Folate-ECG-
ROX) were co-injected intravenously via the tail vein (n=35).
Serial imaging at 1, 2, and 3 h after injection was done as
described above.

Ex vivo fluorescent imaging
and postmortem studies

Following the in vivo gamma imaging study, mice (n=15)
were killed. Tumor tissue and several different organs were
excised and ex vivo fluorescent imaging study was per-
formed using a fluorescence-imaging system (FOBI-10BR,
Neoscience). Emission band for 5-ROX, SE (peak absorb-
ance and peak emission wavelength=575 and 602 nm,
respectively) ranged from 520 to 675 nm. Exposure time
was 2.5 s per image. The image was analyzed using dedi-
cated software.
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Tumors were divided into two pieces after fluorescent
imaging study. Each piece was assigned randomly to either
the biodistribution study or the confocal microscopy. Tumor
tissue for confocal microscopy was immediately snap-frozen
using optimal cutting temperature (OCT) solution.

Biodistribution study

Tissues of tumor and selected organs were weighed and col-
lected into pre-weighed gamma counter tubes. Radioactivi-
ties of tissues were counted in a gamma counter (1480 Wiz-
ard 3, PerkinElmer Life and Analytical Sciences). Counts
per minute were decay-corrected. Results are expressed as a
percentage injected activity per gram of wet tissue (%1A/g).
Total activities injected per animal were calculated by cal-
culating the difference between initial syringe counts and
remaining syringe counts after administration.

Immunohistochemistry staining

Frozen tumor tissues were cut into slices (10 pm in thick-
ness). After thorough drying at room temperature, slices
were fixed with ice-cold acetone for 10 min and air dried
at room temperature for 20 min. Tumor sections were incu-
bated with 5% goat serum for 30 min at room temperature to
block nonspecific binding. Tumor sections were then incu-
bated with mouse anti-FR antibody (sc-5155219, 1:100 dilu-
tion; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for
1 h at room temperature. After washing with PBS buffer,
tumor slides were incubated with Alexa Fluor® 488-conju-
gated goat anti-mouse secondary antibody (cat. 115-545-
062, 1:100 dilution; Jackson Immuno Research Inc., West
Grove, PA, USA). After washing with PBS three times,
tumor slides were mounted using Prolong® Gold Antifade
Reagent with 4',6-diamidino-2-phenylindole (DAPI, Invit-
rogen, Carlsbad, CA, USA) and cover glass. Confocal laser
scanning microscopy was performed using a FV1200 confo-
cal microscope (Olympus) with a 60 X oil immersion lens.
All photographs were taken with the same exposure time.
Brightness and contrast adjustments were made equally for
all images.

In vivo fluorescent imaging and tumor
removal in mice with peritoneal
carcinomatosis

To evaluate whether Tc-99m Folate-ECG-ROX could effi-
ciently enable visualization of tumor tissue and guide surgery
during operation, surgical removal of tumor tissue was per-
formed. Mice with peritoneal carcinomatosis were prepared by

intra-peritoneal injection of 1 x 107 KB cells (0.1 ml PBS). On
day 10, mice with peritoneal carcinomatosis were anesthetized
by intra-peritoneal injection of ketamine (60 mg/kg)/xylazine
(5 mg/kg). Then, 55.5 MBq (200 nM in 150 pl) of Tc-99m
Folate-ECG-ROX was intravenously administered via tail
vein. At 3 h after injection, surgical removal of the tumor tis-
sue was performed under the field of view of the fluorescence-
imaging system. After tumor removal, optical imaging was
performed for the carcass and excised tumor nodules. Immu-
nohistochemistry staining with anti-FR antibody for excised
tumor nodules was performed as described above.

Statistical analysis

Data are presented as means + standard deviation (SD).
Target to non-target ratios obtained from gamma camera
imaging and competition studies were compared using one-
way analysis of variance and appropriate post hoc tests. A p
value < 0.05 was considered statistically significant. All data
analyses were performed using SPSS version 18.0 (SPSS
Inc., IBM Co., Armonk, NY, USA).

Ethical considerations

All animal experiments were performed in accordance with
guidelines of the Wonkwang University School of Medicine
Committee to minimize the pain and killing of the animals.

Results

Synthesis of Folate-ECG-ROX and radiolabeling
with Tc-99m

Folate-ECG-ROX (Cg3HysN,,0,,S,, Mol. Wt.: 1754.83)
was successfully synthesized using Fmoc SPPS (Fig. 1). A
single radiocompound was obtained by RP-HPLC (reten-
tion time =22.4 min) after Tc-99m radiolabeling. The
Tc-99m Folate-ECG-ROX complex was prepared in high
yield (>97%). It showed high stability in saline and serum.
Intact percentages of Tc-99m Folate-ECG-ROX incubated
in saline measured by ITLC-SG were 97.1+0.4,96.5+0.5,
94.8+0.8, and 92.7 + 1.5% at 30 min, 1, 3, and 24 h, respec-
tively. Intact percentages of Tc-99m Folate-ECG-ROX incu-
bated in serum were 96.2 +0.8, 96.2+0.7, 93.7+1.2, and
91.6+1.7% at 30 min, 1, 3, and 24 h, respectively.

In vitro receptor-binding affinity and cellular
uptake
K4 of Tc-99m Folate-ECG-ROX for KB cells was esti-

mated to be 6.9 +0.9 nM (Supplemental Data 1A). In con-
trast, the K; of Tc-99m Folate-ECG-ROX for HT-1080
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Fig. 1 Chemical structure of Folate-ECG-ROX

cells was estimated to be 4340 + 3352 nM (Supplemental
Data 1B), which was significantly higher than that for KB
cells (p <0.005). These results demonstrate that Tc-99m
Folate-ECG-ROX shows high affinity for FR-specific
uptake.

Confocal microscopy images of KB cells incubated
with Folate-ECG-ROX revealed strong fluorescence activ-
ity of ROX in cell membrane and cytoplasm (Fig. 2a). In
contrast, the fluorescence activity of ROX was barely
detectable in HT-1080 cells incubated with Folate-ECG-
ROX (Fig. 2b).

KB cells
(FR-positive)
incubated with
Folate-ECG-ROX

HT-1080 cells

(FR-negative)

incubated with
Folate-ECG-ROX
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In vivo gamma camera imaging
and competition study

In mice, the most intense activity was observed in the
kidneys, suggesting that Tc-99m Folate-ECG-ROX was
mainly excreted through the renal systems. It also indi-
cates FR expression in the kidneys. Tc-99m Folate-ECG-
ROX accumulated substantially in FR-positive KB tumors
(Fig. 3a, arrows). Tumor to normal muscle uptake ratio of
Tc-99m Folate-ECG-ROX increased with time (3.4 +0.4,

Fig.2 Confocal microscopy images of folate receptor (FR)-positive KB cells incubated with Folate-ECG-ROX showed strong fluorescence
activity in the cytoplasm (a). In contrast, FR-negative HT-1080 cells showed weak fluorescence activity of ROX (b)
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4.4+0.7,and 6.6 +0.8 at 1, 2, and 3 h, respectively). In
contrast, Tc-99m Folate-ECG-ROX did not significantly
accumulate in FR-negative HT-1080 tumors (Fig. 3a,
arrow heads). Tumor to normal muscle uptake ratios
(1.9+0.3,1.9+0.5,and 2.2 +0.5 at 1, 2, and 3 h, respec-
tively) were significantly lower than those of KB tumors
(»<0.05, Fig. 4).

In the competition study, when excess folate and Tc-99m
Folate-ECG-ROX were co-injected, the uptake of KB tumor
was significantly decreased (tumor to normal muscle uptake
ratios: 2.6 +0.3, 2.9+0.5, and 2.8+0.3 at 1, 2, and 3 h,
respectively, Fig. 3b, arrows). These observations indicated
that co-injection of excess folate could inhibit the uptake of
Tc-99m Folate-ECG-ROX into KB tumors (p <0.05, Fig. 4).

Ex vivo fluorescent imaging, biodistribution
and immunohistochemistry staining

In ex vivo fluorescent images, high fluorescent activity
of Tc-99m Folate-ECG-ROX was detected in the kidney
among healthy organs (Fig. 5). Significant fluorescent

Tc-99m
Folate-ECG-
ROX

Tc-99m
Folate-ECG-
ROX
with excess
folate

Fig.3 a After injection of Tc-99m Folate-ECG-ROX, serial gamma
camera imaging of tumor-bearing mice revealed substantial uptake
in the KB tumor (arrows). In contrast, HT-1080 tumor (arrow heads)

activity of ROX was detected in KB tumor (arrow) while
weak fluorescent activity was detected in HT-1080 tumor
(arrow head). These observations were strongly correlated
with in vivo gamma camera images.

At 1 and 3 h after injection of Tc-99m Folate-ECG-
ROX, %IA/g biodistribution values are summarized
in Table 1. At 1 h, kidneys showed the highest activity
(20.03 £6.54). At 3 h, the activity of normal organs except
kidneys decreased, representing washout of unbound Tc-
99m Folate-ECG-ROX. Values of %IA/g for KB tumor
(2.50+0.80 and 4.08 +1.16 at 1 and 3 h, respectively)
were significantly higher than those of HT-1080 tumor
(0.94+0.93 and 0.78 £ 0.25 at 1 and 3 h, respectively).
In FR-positive KB tumor, tumor to normal muscle ratios
of %IA/g values were 3.1 +£2.7 and 7.4 + 3.2 for Tc-99m
Folate-ECG-ROX at 1 and 3 h, respectively.

Confocal microscopy with immunohistochemistry
staining detected strong Tc-99m Folate-ECG-ROX fluo-
rescence within KB tumor tissue. The fluorescence was
correlated with the fluorescent activity of anti-FR antibody
(Fig. 6a). However, fluorescent activity of ROX and anti-
FR antibody was weakly detected in the HT-1080 tumor
tissue (Fig. 6b).

showed relatively low uptake of Tc-99m Folate-ECG-ROX. b Co-
injection of excess concentration folate reduced tumor uptake of Tc-
99m Folate-ECG-ROX
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Fig.4 At 1,2 and 3 h after
injection of Tc-99m Folate-
ECG-ROX, tumor to normal
muscle uptake ratios of KB
tumors were significantly higher
than those of HT-1080 tumors
and tumors with co-injection

of excess folate (p <0.05,
asterisks)

Fig.5 On ex vivo optical
images of excised organs, KB
tumor showed significantly
higher fluorescent activity of
Tc-99m Folate-ECG-ROX
(arrows) than HT-1080 tumor
(arrow heads). (Lu, lung; Hr,
heart; Sp, spleen; Lv, liver; St,
stomach; Co, colon; Kd, kidney;
Mu, muscle; KB, KB tumor;
HT, HT-1080 tumor)
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Table 1 Biodistribution data 1 and 3 h after injection of Tc-99m
Folate-ECG-ROX in mice bearing KB and HT-1080 tumors

Organs Mean %ID/g (SD)
lh 3h

Lungs 2.05 (0.48) 0.86 (0.18)
Heart 1.57 (0.43) 0.45 (0.16)
Blood 1.67 (0.24) 0.44 (0.17)
Liver 2.89 (1.35) 2.02 (0.82)
Stomach 2.27 (0.89) 2.11 (1.12)
Colon 1.25 (0.47) 0.35 (0.12)
Kidneys 20.03 (6.54) 10.52 (2.63)
Muscles 1.68 (1.61) 0.46 (0.10)
KB tumor 2.50 (0.80) 4.08 (1.16)
(FR positive)

HT-1080 tumor 0.94 (0.93) 0.78 (0.25)
(FR negative)

In vivo fluorescent imaging and tumor
removal in mice with peritoneal
carcinomatosis

Fluorescent images of mice with peritoneal carcinomatosis
indicated that multiple tumor nodules were disseminated
in the peritoneal cavity (Fig. 7a, arrows). Under real-
time optical imaging, visible nodules were successfully
removed (Supplemental Data 2). After removing superfi-
cially located peritoneal nodules, several tiny nodules were

KB tumor
(FR-positive)

HT-1080 tumor
(FR-negative)

Fig.6 On confocal microscopy with immunohistochemistry stain,
strong fluorescent ROX activities of Tc-99m Folate-ECG-ROX were
detected within KB tumor tissue, consistent with anti-folate receptor

left in the carcass (Fig. 7b). However, further operation
was not performed to preserve the anatomy of mice. These
extracted nodules showed substantially higher fluorescent
activities than normal muscle (Fig. 7¢). In immunohis-
tochemistry staining with anti-FR antibody, all resected
nodules had revealed FR-positive areas.

Discussion

We developed Tc-99m Folate-ECG-ROX as a dual-modal-
ity imaging agent for targeting FR-positive tumor. In vivo
gamma imaging study demonstrated specific uptake of
Tc-99m Folate-ECG-ROX into KB tumors. In a competi-
tion study, tumor uptake of Tc-99m Folate-ECG-ROX was
effectively blocked by co-injection of excess free folate.
Also, tumor uptake of Tc-99m Folate-ECG-ROX could be
detected by ex vivo optical imaging and surgical removal
of tumor nodules under optical camera was successfully
performed.

Due to its highly disease-restricted expression pattern,
FR is now well accepted as a promising receptor to develop
targeted diagnostics and therapeutics for cancers [14]. Folate
binds to the FR with high affinity and gets internalized via
receptor-mediated endocytosis [15]. In the present study,
confocal microscopy images of KB cells incubated with
Folate-ECG-ROX showed that the fluorescence activity of
ROX was mainly detected in the cell membrane and cyto-
plasm. These results were well correlated with the cellular
uptake pathway of folate.

anti-FR

antibody staining (a). HT-1080 tumor tissue showed relatively weak
fluorescent activity of ROX and anti-folate receptor antibody (b)

@ Springer



614

Annals of Nuclear Medicine (2019) 33:606-616

A Before operation
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Fig.7 Fluorescent images of mice with peritoneal carcinomato-
sis at 3 h after injection of Tc-99m Folate-ECG-ROX indicated that
multiple tumor nodules were disseminated in the peritoneal cavity

One of the most successful folate radioconjugates is Tc-
99m etarfolatide (EC20). It is currently undergoing clinical
trials [16, 17]. Tc-99m EC20 showed high tumor uptake
(17.2%1A/g) in a mouse model with FR-positive syngeneic
M109 tumors [18]. However, this molecule could only be
used for gamma imaging. Uptake of Tc-99m EC20 by KB
tumors and FR-positive M 109 syngeneic tumors were shown
to be 8.92 and 15.02%IA/g, respectively, suggesting lower
uptake of Tc-99m EC20 by KB tumors than that by M109
syngeneic tumors [19]. The uptake of Tc-99m EC20 by
KB tumors (8.92%1A/g at 4 h after injection) was higher
than that of Tc-99m Folate-ECG-ROX (4.08%1A/g at 3 h
after injection). However, the time point of killing was
different and tumor to kidney ratio obtained with Tc-99m
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B After operation C Extracted nodules .

(a, arrows). Under real-time optical imaging, visible nodules were
removed (b). Extracted nodules showed relatively higher fluorescent
activity than normal muscle (Mu, ¢)

Folate-ECG-ROX (0.39) was higher than that obtained with
Tc-99m EC20 (0.15).

Surgery is an effective method to remove solid tumors,
with>50% of cancer patients undergoing surgery each year
[20]. Failure to obtain complete disease clearance due to
incomplete resection is a major challenge in tumor surgery.
It occurs in 20-60% of operations [20]. Although various
clinical imaging modalities have been developed to visualize
internal body structures and detect abnormal tissues prior to
surgical procedures, most medical imaging modalities do not
provide disease-specific images in real time [21]. In response
to this unmet clinical need, optical imaging provides real-
time visualization of the surgical field, especially when it
is combined with fluorescent dye, allowing intra-operative
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image-guided surgery. Nevertheless, only two fluorescent
probes, methylene blue and indocyanine green, have been
used for clinical use [22]. Unfortunately, these two fluores-
cent dyes are not cancer specific. They are passively accu-
mulated in tumors [23]. It is important to note that the ability
to visualize a target tissue mainly depends on the optical
contrast due to difference amount of molecular uptake into
target and normal tissues [24]. To achieve high target to
background ratio, fluorescent agent needs to have cancer
specificity. Dam et al. [4] have reported intra-operative
tumor-specific fluorescence imaging with an FR-targeted
fluorescent agent showcasing its potential applications in
patients with ovarian cancer for improved intra-operative
staging and more radical cytoreductive surgery. However,
the development of FR-targeted multimodality imaging
agent is limited. To the best of our knowledge, this is the
first study to develop FR-targeting multimodality imaging
agent containing both Tc-99m and fluorescence dye. The
present study demonstrates that Tc-99m Folate-ECG-ROX
have substantial specificity for FR-positive cancer cells and
tissues.

Near-infrared (NIR) fluorescent dyes such as Cy 5.5 and
Cy 7.0 with longer emission wavelength could provide bet-
ter tissue penetration in vivo. However, these fluorescent
dyes suffer from poor water solubility. Thus, incorporation
of these fluorescent dyes into peptide sequence can severely
compromise water solubility [25]. High water solubility
is crucial for biocompatibility, high uptake efficiency, and
low toxicity. It is an important chemical characteristic of
molecular imaging agent [26]. Thus, we decided to use ROX
as the fluorescent dye to increase water solubility. ROX is
adequate for ex vivo imaging and intra-operative guidance
in this study.

The ECG sequence of Folate-ECG-ROX, a tripeptide
including multiple nitrogen and single sulfur atoms showed
strong and stable chelation with Tc-99m. It is considered
a good candidate for Tc-99m-chelating ligand [9-11]. We
decided to insert histidine-containing sequence, GHEG,
between folate and ECG-ROX as a linker or spacer. King
et al. [27] have proposed that the histidine could displace one
ligand from another and that additional distance between two
ligands could reduce the effect or disturbance of ECG-ROX
on the targeting ability of folate.

This study has several limitations. Unfortunately, nuclear
and fluorescent imaging was not performed simultaneously
in this study. Since each imaging is performed at different
time point, there could be a concern that the advantage of
dual imaging agent over combination of two single modal
nuclear and fluorescent imaging agents is uncertain. How-
ever, a single injection of our dual-modality imaging agent
enables imaging from whole body, tissue and down to cellu-
lar level. We had tried to demonstrate this benefit in nuclear
imaging, fluorescent imaging and immunohistochemistry

staining studies. In the further study, the simultaneous
nuclear and fluorescent imaging should be performed using
commercially available multi-modal imaging device. Sec-
ond, binding affinity and tumor accumulation of Tc-99m
Folate-ECG-ROX was lower than those of previously
reported single modal agent, Tc-99m folate-GGCE [28].
K, value of Tc-99m Folate-ECG-ROX and Tc-99m folate-
GGCE was 6.9 and 5.2nM, respectively. Since the molecular
weight of 5-ROX (Wt.: 528) is larger than that of folate
(Wt.: 477), binding of folate on FR might be disturbed by
5-ROX. More effective spacer other than GHEG should be
incorporated in the further study.

Conclusions

We developed Tc-99m Folate-ECG-ROX as a dual-modality
imaging agent targeting FR of tumor. In vivo and in vitro
studies demonstrated substantial and specific affinity of
Tc-99m Folate-ECG-ROX for FR. Nuclear imaging using
Tc-99m could allow quantitative assessment of organ distri-
bution and tumor accumulation while fluorescent imaging
using ROX could provide microscopic, ex vivo, and in vivo
fluorescent imaging. Thus, Tc-99m Folate-ECG-ROX could
provide both pre-operative molecular imaging and intra-
operative guidance. Its feasibility was simulated in murine
models. Taken together, results of the present study suggest
that Tc-99m Folate-ECG-ROX is a potential dual-modality
imaging agent for diagnosis and surgical guidance of FR-
positive tumor.
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