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Synthesis of 2-[3,5-bis-(2-fluorobenzylidene)-4-piperidon-1-yl]-N-(4-fluorobenzyl)-acetamide, a derivative of 3,5-bis-(2-fluorob-
enzylidene)-4-piperidone (EF24), as an antiproliferative and imageable compound is described. The radioactive derivative
was synthesized in 40–45% radiochemical yield using N-[4-fluoro(18F)benzyl]-2-bromoacetamide (NFLOBA) as a radiolabeled
synthon for coupling with EF24. Cell proliferation assays showed that 2-[3,5-bis-(2-fluorobenzylidene)-4-piperidon-1-yl]-N-(4-
fluorobenzyl)-acetamide (NFLOBA-EF24) had antiproliferative efficacy similar to that of EF24 in lung adenocarcinoma H441 cells.
18F-NFLOBA-EF24 was investigated in normal rats for whole-body PET imaging and biodistribution. At necropsy after 1 h of
injection, about 12% of injected compound was still circulating in blood; liver, kidney, andmuscle were other tissues with moderate
amounts of accumulation. In order to assess the tumor-suppressive activity, nonradioactive NFLOBA-EF24 was administered in
nude rats carrying xenograft H441 tumor. After 15 days of treatment, the tumor size decreased by approximately 83% compared
to the tumors in control rats. The tumor regression was also confirmed by molecular imaging of glucose metabolism with 18F-
fluorodeoxyglucose. The results suggest that EF24 could be efficiently modified with 18F-labeled synthon NFLOBA for convenient
PET imaging without altering the antitumor efficacy of the original compound. This study provides visual kinetics of synthetic
curcuminoid EF24 by positron emission tomography for the first time.

1. Introduction

The importance of imaging in cancer drug development is
increasing with advances in instrumentation, chemistry, and
imaging technologies [1]. The development of potent and
molecularly targeted therapies of cancer could immensely
benefit from visual, temporal, and quantitative information
pertaining to the delivery of drug in tumor tissue and its
clearance kinetics from nontarget tissues. In most instances,
molecular imaging technologies are able to provide real-
time biodisposition of drugs. Positron emission tomography
(PET), magnetic resonance imaging, single photon emission
tomography (SPECT), and optical devices are such available
technologies in both preclinical as well as clinical settings.
Imaging provides both structural and functional information
under physiologic conditions and eliminates the sampling
errors inherent in other methods [2]. It is also possible to

perform longitudinal studies in the same subject to collect
time point-specific data. It is not surprising therefore that
the role of such technologies in hastening anti-cancer drug
development is acknowledged in a Critical Path Initiative
by the FDA and NCI [3–5]. Noninvasive imaging enables
strategic monitoring of the adequacy and selectivity of
drug accumulation in pathologic tissue. For example, in
the treatment of non-Hodgkin’s lymphoma with 90Y-labeled
ibritumomab (Zevalin), the information derived fromSPECT
imaging of 111In-labeled ibritumomab distribution before
initiating radioimmunotherapy is a clinical reality [6].

The objective of the research presented in this arti-
cle was to use highly sensitive PET imaging technology
to monitor real-time disposition of anticancer and anti-
inflammatory drugs of synthetic curcuminoid class. Because
of low systemic absorption of curcumin, chemically mod-
ified chalcone derivatives are being developed as its more
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bioavailable compounds [7]. These synthetic curcuminoids
are purported to have enhanced biological activity and
improved physicochemical properties [8–10]. EF24, 3,5-bis-
(2-fluorobenzylidene)-4-piperidone (Figure 1(a)) is the lead
compound displaying potent anti-inflammatory and anti-
cancer activity both in vitro as well as in vivo [10–13].
Like curcumin, the exact mechanism of action of EF24 is
unclear, but it appears to suppress inflammatory pathway and
angiogenesis by downregulating various cancer-promoting
genes such as COX-2, IL-8, and VEGF [11]. It has also been
found to induce G2/M cell cycle arrest and apoptosis in
cisplatin-resistant human cancer cells [12]. A recent study
suggests that the antiproliferative activity of EF24 may be
related to the suppression of NF-𝜅B signaling by direct
inhibition of I-𝜅B kinase [14].

In order to enable investigation of real-time biodispo-
sition of EF24, we report the synthesis of an 18F-labeled
EF24 and demonstrate that the modified compound retains
antiproliferative activity of the precursor compound in cancer
cells. Earlier we have shown that certain modifications at
piperidinyl nitrogen of EF24molecule do not adversely affect
antiproliferative activity of EF24 [15]. To our knowledge, this
is the first study on PET imaging of 3,5-bis (benzylidene)-
4-piperidone. The results enhance our understanding of
the kinetics of 18F-labeled EF24 during the early phase of
elimination from the body.

2. Experimental Procedures

All reagents were obtained from commercial sources and
were used directly without further purification.The synthesis
of 2 was accomplished by acid-catalyzed Claisen-Schmidt
condensation of 4-piperidone and 2-fluorobenzaldehyde and
has been reported elsewhere [13, 16]. 1HNMRspectra and 13C
NMR spectra were recorded at 300MHz and 75MHz on Var-
ian VX-300 (Varian Inc., CA). The spectra were referenced
to the residual protonated solvents. Abbreviations s, d, t, m,
br, and dd, used in the description of NMR spectra, denote
singlet, doublet, triplet, multiplet, broad, and double doublet,
respectively.The chemical shifts and coupling constants were
reported in 𝛿 parts per million (ppm) and hertz (Hz), respec-
tively. The mass spectra were recorded by Finnigan MAT
LCQ mass spectrometer (San Jose, CA). The NMR and mass
spectroscopy data are reported in the supplementarymaterial
available online at http://dx.doi.org/10.1155/2013/935646.

The reverse phase high-performance liquid chromatogra-
phy (RP-HPLC) was performed with Knaur system equipped
with K1001 HPLC pump, BG-14 degasser, Dynamax UV-
1 absorbance detector, Beckman model 170 radioisotope
detector, and Peak simple chromatography data acquisition
system (SRI, Inc. CA). No-carrier-added fluoride-18 (18F−)
ion was obtained from IBA Molecular (Dallas, TX). All
the intermediates and final products were monitored by
thin layer chromatography (TLC) on 250𝜇m silica plates.
Where applicable, the compounds were purified by column
chromatography using 200–300 mesh silica gel columns.The
melting points were recorded on an Electrothermal Mel-
Temp melting point apparatus (Thermo Scientific, Waltham,
MA). The reported melting points (∘C) are uncorrected.

2.1. Synthesis of NFLOBA-EF24

2.1.1. 4-Cyano-N,N,N-trimethylanilinium trifluoromethane-
sulfonate (4). Methyl trifluoromethanesulfonate (1.13mL,
9.98mmol) was added to a solution of 4-(dimethylamino)
benzonitrile (3, 1.05 gm, 7.18mmol) in benzene (14mL).
The reaction mixture was heated at 80∘C for 1 h under
nitrogen atmosphere. The yellow crystalline solid was sep-
arated from the reaction mixture on a Buchner funnel
and washed with benzene (20mL). Compound 4 was
obtainedwith 86% yield (1.91 gm,m.p. 144-145∘C);𝑅

𝑓
(50 : 50

Methanol : Chloroform) = 0.50.

2.1.2. N-(4-Fluorobenzyl)-2-bromoacetamide (11). Bromoa-
cetyl bromide (380𝜇L, 4.35mmol) and triethylamine
(600𝜇L, 4.39mmol) were added to an ice-cold solution
of 4-fluorobenzylamine (10, 500mg, 3.99mmol) in meth-
ylene chloride. The reaction mixture was stirred at room
temperature for 20min. The progress of this reaction was
monitored by a faster moving spot of the desired compound
on silica TLC (60% ethyl acetate in hexanes). After the
reaction was complete, the reaction mixture was filtered, and
the filtrate was dried to obtain 2-bromo-N-[4-fluorobenzyl]-
acetamide (11) as a white solid (894mg, 96% yield, m.p.
93–95∘C).

2.1.3. 2-[3,5-Bis-(2-fluorobenzylidene)-4-piperidin-1-yl]-N-(4-
fluorobenzyl)-acetamide (12). Potassium iodide (199mg, 1.2
mmol), Cs

2
CO
3
(325mg, 1mmol), and N-(4-fluorobenzyl)-

2-bromoacetamide (11, 270mg, 1.20mmol) were added to
compound 2 (311mg, 1mmol) in DMF (2mL). The reaction
mixture was heated at 85∘C for 30min, before evaporating
to dryness and dissolving the residue in chloroform. The
organic layer was washed with saturated sodium chloride and
subsequently with water. The organic phase was separated,
dried over anhydrous sodium sulfate, and concentrated to
obtain a crude yellow solid. The crude compound was
recrystallized from chloroform and hexanes to obtain the title
compound 12 as a yellow crystalline solid (252mg, 53% yield,
m.p. 115–117∘C).

2.2. Radiofluorination

2.2.1. 4-Fluoro[ 18F]-benzonitrile (6). Kryptofix was dissolved
(9mg, 24𝜇mol) in 0.5mL of acetonitrile in a reaction vial.
K
2
CO
3
(1mg, 7 𝜇mol) was added to the kryptofix solution

in water (15 𝜇L). Radioactivity (18F in water) was added
to the vial, and the mixture was heated at 110∘C under
nitrogen to azeotropically evaporate water. The acetonitrile-
driven drying was repeated two more times. The quaternary
ammonium triflate salt 4 (5mg) was dissolved in 250 𝜇L
dimethylsulfoxide (DMSO) and added to the kryptofix-18F
complex.The reactionmixture was heated at 130∘C for 10min
before allowing it to cool down to room temperature. The
mixture was diluted with 2mL water and passed through
Sep-Pak Silica and SCX cartridges connected in series.
Compound 6 was eluted with anhydrous THF (6mL) and
dried to about 1mL volume. The 18F-labeled compound 9
was eluted at 15.0min in radio-UV-RPHPLC (5% to 100%
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Figure 1: Structural features of curcumin and its synthetic analog EF24.
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Figure 2: Synthesis of 18F-NFLOBA-EF24 (a) and authentic NFLOBA-EF24 (b).The reaction conditions were: (i) CF
3
SO
3
Me, benzene, 80∘C,

1 h; (ii) [18F]F−, K(2.2.2), K
2
CO
3
, DMSO, 100∘C, 15min; (iii) 1M LiAlH

4
in THF, 80∘C, 5min; (iv) bromoacetyl bromide, DCM, RT, 2min;

(v) EF24, Cs
2
CO
3
, KI, DMF, 85∘C, 1 h; (vi) bromoacetyl bromide, triethylamine, DCM, RT, 2 h; (vii) EF24, Cs

2
CO
3
, KI, DMF, 85∘C, 1 h.

acetonitrile gradient in water containing 0.1% TFA, over
15min) at 254 nm wavelength. The radiochemical yield was
approximately 60%.

2.2.2. N-[4-Fluoro[ 18F]-benzyl]-2-bromoacetamide (8).
LiAlH

4
solution in THF (1mL of 1M) was added to com-

pound 6 in a reaction vial. The reaction was allowed to occur
at 100∘C for 5min. After cooling to room temperature, the
reaction mixture was diluted with 2 volumes of water, and
4-Fluoro[18F]-benzylamine (7) was extracted into methylene
chloride (5mL). The organic phase was evaporated to reduce
the volume by (1/5)th, before proceeding to the next step.
Compound 7 showed a retention time of 9.9min radio-UV-
RPHPLC (5% to 100% acetonitrile gradient containing 0.1%

TFA, over 15min) at 254 nm wavelength. About 30𝜇L of
1M solution of bromoacetyl bromide solution in methylene
chloride was added to the concentrate of compound 7 from
the previous step. The reaction mixture was warmed to
35∘C for 5min and filtered on a cotton plug with methylene
chloride. The solvent was dried to obtain compound 8 that
showed a retention time of 14.2min in radio-UV-RPHPLC
(5% to 100% acetonitrile containing 0.1% TFA, over 15min) at
254 nm wavelength. Compound 8 was used as an 18F-labeled
synthon for conjugation with compound 2 in the next step.

2.2.3. 2-[3,5-Bis-(2-fluorobenzylidene)-4-piperidon-1-yl]-N-
[4-fluoro[ 18𝐹]-benzyl]acetamide (9). Compound 8 was
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Figure 3: Cell proliferation assay using hexosaminidase assay.
NFLOBA-EF24 derivative was compared with EF24 for inhibition
of lung adenocarcinoma H441 cell proliferation.

dissolved in dimethylformamide or DMF (1mL) and trans-
ferred to a reaction vial containing compound 2 (6.5mg),
KI (5mg), and Cs

2
CO
3
(6mg). The reaction was allowed

to occur at 100∘C. After 40min, the reaction mixture was
filtered, and DMF was evaporated. On RP-HPLC, compound
9 had a retention time of 14.6min (5% to 100% acetonitrile
gradient containing 0.1% TFA, over 15min) at 254 nm
wavelength. Overall, the radiochemical yield was 40%.

2.3. Cell Culture andDrugTreatment. Human lung adenocar-
cinoma cell line NCI-H441 (ATCC Number: HTB-174) was
obtained fromAmerican Type Culture Collection (Manassas,
VA). H441 cells were maintained at 37∘C with 5% CO

2

in McCoy’s 5A Medium (Invitrogen, Carlsbad, California)
supplemented with 5% heat-inactivated Fetal Bovine Serum
(FBS) and Gentamicin (GIBCO Laboratories, Grand Island,
NY). To evaluate the cytotoxicity of synthesized conjugate,
H441 cells were seeded in a 96-well flat-bottom tissue culture
plates at a density of 5 × 103 cells per well. The cells
were allowed to attach and grow overnight. The test com-
pound NFLOBA-EF24 was solubilized in dimethyl sulfoxide
(DMSO) and added to cells at 5–25 𝜇M concentration in
McCoy’s medium supplemented with 5% FBS. The DMSO
concentration was maintained at 0.1% per well. Control wells
received equivalent volume of DMSOwithout any drugs.The
cells were allowed to remain in the treatment medium for
24 h.

2.3.1. Cell Proliferation. The total number of cells after 24 h
of treatment was estimated by hexosaminidase assay [17].
Briefly, the medium was removed, and hexosaminidase sub-
strate solution in citrate buffer pH 5 (7.5mM), p-nitrophenol-
N-acetyl-beta-D-glucosaminidase (Calbiochem, San Diego,
CA), was added at 60𝜇L per well. The plate was incubated
at 37∘C in 100% humidity for 30 minutes, before stopping the

reaction by adding 90𝜇L of 50mM glycine containing 5mM
of EDTA (pH 10.4); absorbance was measured at 405 nm.

2.4. Animal Studies

2.4.1. PET Imaging and Biodistribution of 18F-NFLOBA-EF24
in Normal Rats. The animal experiments were performed
according to the NIH Animal Use and Care Guidelines and
were approved by the Institutional Animal Care Committee
of the University of Oklahoma Health Sciences Center. We
investigated the distribution of 18F-labeled compound 9 in
normal Sprague Dawley rats (𝑛 = 4). PET imaging was
performed in an X-PET machine (Gamma Medica-Ideas,
Northridge, CA, USA). To reconcile the low solubility of
F-18-labeled compound 9 in aqueous solvents, the injec-
tion formulation was prepared in 10% hydroxypropyl-𝛽-
cyclodextrin (HP𝛽CD) in saline as described elsewhere [15].
Before injection, the solution was filtered through sterile
0.45 𝜇m centrifugal filter.

For imaging, the rats were anesthetized using 2-3% isoflu-
rane in oxygen stream and placed inside the PET detector.
A fly-mode CT image was acquired to obtain anatomical
landmarks and to enable appropriate positioning of the rats.
The rats were repositioned inside the PET detector, and
about 50𝜇Ci of 18F-labeled compound 9 (∼0.2mL) was
intravenously injected in the tail vein. List-mode data was
acquired for 1 h. PET imageswere reconstructed using filtered
back projection algorithm and fused with the CT image. The
fused image was used for analysis using Amira 3.1 software
(Visage Image Inc., San Diego, CA, USA).

After the PET imaging, the rats were subjected to a
biodistribution study. Briefly, the animals were euthanized
by an intraperitoneal overdose of a euthanasia solution
(Euthasol). Various organs were excised, washed with saline,
and weighed, and appropriate tissue samples were counted in
an automated gamma counter (Perkin-Elmer, Boston, MA).
Total blood volume, bone, and muscle mass were estimated
as 5.7%, 10%, and 40% of body weight, respectively, [18, 19].
A diluted sample of injected 18F-labeled compound 9 served
as a standard for comparison. The accumulation of injected
preparation in various organs was also calculated as percent
of injected radioactivity. All data were corrected for the decay
of 18F radioactivity (physical decay T

1/2
= 110min).

2.4.2. Therapeutic Treatment with NFLOBA-EF24 in Nude
Rats with Xenograft Tumor. Female athymic nude rats (125–
150 g) were obtained fromHarlan Laboratories (Indianapolis,
IN) and housed in a controlled environment with 12 h
day/night cycle. The animals were allowed to acclimatize for
at least 1 week before inoculation of lung adenocarcinoma
H441 cells. On the day of tumor implantation, the animals
were anesthetized with 2-3% isoflurane in oxygen stream.
About 0.1mL H441 cell suspension in phosphate-buffered
saline (100 million cells/mL) was subcutaneously injected in
the left dorsal thigh region. The animals were returned to
their cages, and the tumor was allowed to grow till a palpable
mass was visible in majority of the animals in about 7–10 days
following implantation.
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Figure 4: Representative PET images of a rat administered with 18F-NFLOBA-EF24. Rats were intravenously injected with about 50𝜇Ci of
18F-NFLOBA-EF24 and imaged for 1 h. The composite data was fused with corresponding CT image and displayed in Amira 3.1 software.
The upper panel shows the volume-rendered images, whereas the lower panel shows selected coronal slices (nos. 55, 102, and 110) for better
visualization of hepatic and renal accumulation.

The treatment was started on day 8 of tumor implanta-
tion. Nonradioactive NFLOBA-EF24 (12) in DMSO solution
was intraperitoneally injected every second day at a dose of
400𝜇g/Kg. The treatment was continued for 15 days.

2.4.3. Monitoring of Tumor Suppressive Effect. On each injec-
tion day the tumor growth was determined by measuring
two dimensions using the Vernier calipers to obtain tumor
volume = (Length ×Width2)/2. Finally, the percent of tumor
growth inhibition treatment was determined by using the
following formula: % tumor growth inhibition = [(1 −T/C) ∗
100], where T and C are mean tumor volumes in the treated
and control groups, respectively.

On the 16th day, a select group of animals (𝑛 = 3 each
for control and treated) were subjected to PET imaging using
18F-fluorodeoxyglucose (18F-FDG). Briefly, the rats were
prepared for PET imaging as described above. About 75 𝜇Ci
of 18F-FDG was intravenously administered and allowed to
distribute for 2 h. After two hours, the rats were anesthetized
again for PET imaging. A static image of lower body field-of-
view was acquired for 15min. An accompanying CT image
was used to anatomically localize 18F-FDG accumulation.
The images were reconstructed as described above.

2.5. Data Analysis. The in vitro biological data was analyzed
for significance of difference at 𝑃 < 0.05 using Prism 5.0
(GraphPad Software, Inc., La Jolla, CA). The in vivo biodis-
tribution data was calculated for presentation as percent of

injected dose per gram tissue as well as per organ. The PET
and CT image fusion and further image manipulations were
carried out using scripts written in the Amira 3.1.1 software
(Visage Imaging, Inc., San Diego, CA).

3. Results

In the chemical modification reported in this work, a known
synthetic curcuminoid 3,5-bis-(2-fluorobenzylidene)-4-pip-
eridone (EF24, 2) is the base compound. The objective was
to enable real-time biodisposition studies of EF24. The mod-
ification is characterized by an ability to introduce imageable
18F radionuclide in the molecule. We compared the antipro-
liferative activity of the modified imageable analog against
EF24 and provided a glimpse of its in vivo distribution by
PET imaging. We and others have also shown that most N-
modifications preserved the antiproliferative activity of EF24
[8, 20–22].

3.1. 2-[3,5-Bis-(2-fluorobenzylidene)-4-piperidon-1-yl]-N-[4-
fluoro[ 18F]-benzyl]acetamide (9). To enable 18F labeling
of EF24, we synthesized a highly reactive 18F-labeled
synthon 8 (NFLOBA) via a multistep approach. We first
synthesized 4-fluoro (18F)-benzonitrile (6) as an 18F-
labeled intermediate. Compound 6 was synthesized by a
kryptofix-mediated nucleophilic displacement in 4-cyano-
N,N,N-trimethylanilinium trifluoromethanesulfonate 4
(Figure 2(a)). Radiochemical yield of over 60%was obtained.
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Figure 5: The dynamic clearance data obtained by drawing regions
of interest around heart, liver, and kidney in reconstructed PET
images. Heart-bound radioactivity may be partially indicative of
NFLOBA-EF24 circulating in blood. The time-specific PET images
in inset (a) show visual clearance of labeled drug from the body with
respect to time.

The chemical identity of compound 6 was confirmed by
coelution with reference standard 4-fluorobenzonitrile in
reverse phase HPLC (C-18, Sonoma column, 5% to 100%
acetonitrile gradient containing 0.1% TFA, over 15min). In
an alternative synthetic scheme, 4-fluoro[18F]-benzonitrile
was also obtained from a 4-nitrobenzonitrile precursor (5)
in 50% RCY (Figure 2(a)). Because of smaller yields and
difficult work-up, we abandoned this alternative scheme and
utilized labeling reactions using precursor 4.

Reduction of 4-fluoro[18F]-benzonitrile (6) with LiAlH
4

afforded 4-fluoro[18F]-benzylamine (7) in quantitative
yields. Further reaction of compound 7 with bromoacetyl
bromide provided N-(4-fluorobenzyl)-2-bromoacetamide
8 (NFLOBA) which upon reaction with compound 2
resulted in 2-[3,5-bis(2-fluorobenzylidene-4-piperidon-1-
yl)-N-4-fluoro[18F]-benzyl] acetamide] (9) in good yields
(40–45% decay-corrected radiochemical yield). Com-
pound 9 was designated as NFLOBA-EF24. The elution
characteristics of 18F-labeled NFLOBA-EF24 were compared
with nonradioactive authentic NFLOBA-EF24 on reverse-
phase HPLC. NFLOBA-EF24 showed a retention time of
14.6min (Supplemental Material). All the intermediate
radioactive compounds (6, 7, and 8) were also monitored
with radio/UV-reverse phase HPLC and compared with
their respective standards. The synthesis of the authentic
nonradioactive NFLOBA-EF24 is provided in (Figure 2(b)).

3.2. In Vitro Anticancer Activity of NFLOBA-EF24. Since the
radiolabeled compounds are chemically modified to enable
radiolabeling, we investigated if the cold analog NFLOBA-
EF24 retained the antiproliferative activity associated with
EF24 in lung adenocarcinoma H441 cells. Form the data in
Figure 3, it is clear that NFLOBA modification did not affect
the proliferation-suppressive activity of EF24. Any apparent
difference between the precursor EF24 and NFLOBA-EF24
was not statistically significant.Therefore, we pursued in vivo
testing of the radiolabeled analog of NFLOBA-EF24.

3.3. PET Imaging and Biodistribution. Radiolabeled 18F-
NFLOBA-EF24 was investigated in normal rats by PET imag-
ing and biodistribution at necropsy. CT provided anatomical
landmarks for easy identification and localization of radioac-
tivity in various organs. As shown in the fused PET/CT
images (Figure 4), 18F-NFLOBA-EF24 distributed in various
organs of the body. The major organs of uptake appeared
to be liver and kidney with moderate amounts circulating
in blood. To study the kinetics of accumulation in liver and
kidney, the list-mode image data was fragmented into twelve
segments—each of 5min duration, and time-activity plots
were generated (Figure 5). The corresponding images are
shown in the inset (Figure 5(a)).The rapid decline in radioac-
tivity in the blood pool was accompanied by a corresponding
increase in accumulation in organs responsible for clearance,
namely, liver and kidney. The levels in blood, kidney, and
liver appeared to plateau within 10min of administration.
We collected rat urine after 1 h of injection and analyzed it
by radio-HPLC; a single peak corresponding to the intact
NFLOBA-EF24 was observed, suggesting that the injected
analog was cleared by kidney unmodified.

The biodistribution data of 18F-NFLOBA-EF24 after
necropsy at 1 h is shown in Figure 6. Kidney, liver, and
muscle were the tissues of significant accumulation. There
was negligible association of radioactivity with the bone
tissue, suggesting that the radiolabeled compoundwas stable,
andno in vivodefluorination occurred.The total radioactivity
recovered in the major organs was approximately 40%. We
conjecture that the rest of the injected dose was excreted
in the urine. Because of the experimental setting, we could
not quantitatively recover urine, but the radioactivity counts
in the fractional urine collected always exceeded any other
organ counts.

3.4. NFLOBA-EF24 Suppresses Tumor Growth. In order to
investigate the retention of tumor-suppressive characteristic
of EF24 in vivo, we tested NFLOBA-EF24 in nude rats
implanted with H441 tumor. Administration of NFLOBA-
EF24 every second day reduced the tumor growth in the
treated rats as compared to the control rats receiving equal
amounts of vehicle (Figure 7(a)). Since the rats were ran-
domized without any regard to tumor volume, the initial
tumor volume (Day 1) between the treated and control groups
was not significant. With each progressive NFLOBA-EF24
injection, the tumor size decreased; in 2/6 rats the tumor
became unpalpable by the 15th day. Based on average tumor
size, the percent of tumor inhibition as of day 15 of treatment
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Figure 6: Biodistribution of 18F-NFLOBA-EF24 in normal SpragueDawley rats (𝑛 = 4).The data has been presented as (a) percent of injected
dose per gram tissue and (b) percent of injected dose accumulated in whole organ.

was calculated to be approximately 83%. To demonstrate the
efficacy of NFLOBA-EF24 by molecular imaging of glucose
uptake, we performed 18F-FDG-PET imaging in randomly
selected three rats from control and treated groups. The
magnitude of 18F-FDG uptake is indicative of tissue glucose
metabolism,which is expected to be higher in growing tumor.
It is clear from the representative images that NFLOBA-
EF24 indeed decreased 18F-FDG uptake in tumor tissue
(Figure 7(b)).

4. Discussion

Despite recent advances in molecular understanding of
tumor biology and the introduction of several new therapeu-
tic agents, cancer continues to have an overall dismal survival.
Chemotherapy, together with radiation therapy, and surgery
are the alternatives available for the treatment of cancer.
Since antineoplastic agents are cytotoxic by design and can
cause severe systemic adverse effects in therapeutic doses,
it is vital to gather information about drug’s biodisposition
after administration. This approach is based on the drug
development philosophy that it is not only necessary to
develop a new therapeutic molecule, but it is also impor-
tant to noninvasively assay accumulation of the molecule
in the intended tissue or organ. Whole-body imaging is
one approach to monitor drug kinetics on real-time basis,
provided the drug could be tagged with a moiety detectable
by external detectors. PET offers an option by virtue of its
high resolution, high sensitivity, and the recent progressmade
in the radiochemistry involving positron-emitting 18F and
11C radionuclides. Whereas 11C is a natural replacement for
carbon atoms in a drug and does not alter the structure
of the drug, 18F radiochemistry often results in a molecule
significantly different from the active drug. Unfortunately,
short decay half-life of 11C (20min) and the requirement of
the access to a nearby cyclotron prohibit many researchers
from indulging in 11C radiochemical synthesis. On the other

hand, 18F offers relatively more time (decay half-life 110min)
to perform multistep synthesis. Therefore, we chose 18F for
radiolabeling and imaging of EF24.

Curcumin and its synthetic analogs have shown some
specificity in regards to being antiproliferative in cancer-
ous cells without being toxic to normal cells [23]. Like
curcumin, EF24 possesses conjugated enone moiety. It has
been proposed that conjugated enones inhibit glutathione-
S-transferase which enhances the cytotoxicity of these com-
pounds [24]. The enone moiety present in this class of
compounds permits addition of thiol groups in intracellular
compounds, such as glutathione, to the olefinic double bond.
The addition product is capable of further reacting with
cellular nucleophiles and consequently contributes to the
observed cytotoxicity [6, 25]. We hypothesized that since
enone group in EF24 is structurally away from piperidonyl
N-atom, relatively modest N-substitution would not alter the
biochemical basis of EF24’s action. Indeed, we found a series
of 3,5-bis-benzylidene-4-piperidone compounds to be very
effective in inhibiting cell proliferation of lung adenocarci-
noma cells, and N-substitution with relatively small moieties
does not significantly affect the anticancer activity of lead
compound EF24 [22]. On this basis we further hypothesized
that the piperidonyl nitrogen of EF24 could be similarly
modified to carry PET imageable radionuclide 18F.

In this study, we modified EF24 to carry an 18F-labeled
synthon at the piperidonyl nitrogen. Because of the short
decay half-life, the radiochemical schemes involving 18F are
necessarily required to be efficient and quick. We accom-
plished the reactions of modifying EF24 with NFLOBA
within a reasonable time period of 2.5 h per reaction. At the
same time, the chemical modifications should not interfere
with the intended biological activity of the compound. Using
nonradioactive authentic NFLOBA-EF24, we established that
it retained in vitro antiproliferative potency of EF24.However,
the modification might have substantially altered the physic-
ochemical properties. For instance, the partition coefficient
of NFLOBA-EF24 (log𝑃 = 2.36) exceeds that of EF24
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Figure 7: (a) Changes in xenograft tumor volume with respect to
the treatment either with NFLOBA-EF24 (treated) or with vehicle
(control). (b) Representative PET images of F-18-FDGaccumulation
in tumor tissue of a control (A and B) and a treated rat (C). Picture
(A) and (C) are volume-rendered images, whereas picture (B) is an
axial view. Tumor was localized by fusion of PET images with CT
images. The CT image of tumor tissue was accentuated by pasting
an X-ray opaque tape on the tumor skin.

(log𝑃 = 0.45) by several folds. Although such changes may
have a significant impact on the overall in vivo behavior of the
modified drug, NFLOBA-EF24 still passes one of the drug-
likeness test of Lipinski’s which states that drugs with log𝑃 <
5.0 are likely to be candidates for bioavailability from the oral
route of administration [26]. Nonetheless, the low aqueous
solubility of NFLOBA-EF24 was prohibitive in making an
intravenous injection of radiolabeled compound. Therefore,
we followed a strategy of using an inclusion complex of 18F-
NFLOBA-EF24 for enabling parenteral administration. We
have characterized such complexes to show that HP𝛽CD can
serve as a host to the guest compounds, such as EF24 [15, 27].
Many successful drug formulations in the market are based
on solubilizing drugs as cyclodextrin inclusion complexes
[28]. It has been shown by others that cyclodextrin inclusion
complexes are subject to rapid excretion in urine [29].

The PET images of 18F-NFLOBA-EF24 in normal rats
demonstrated that it widely distributes in the body. The
absence of radioactivity accumulation in bone tissue sug-
gested that no metabolic defluorination occurred in vivo.
Approximately 70% of injected dose was cleared from blood
within 10min of injection (Figure 5). Evidently, liver and

kidney were responsible for the rapid clearance of NFLOBA-
EF24. The accumulation of NFLOBA-EF24 in kidney and
liver stabilized and almost plateaued after 10–15min after
injection. The postimaging biodistribution data confirmed
the image-derived information. The uptake in muscle was
perhaps indicative of the blood borne radioactivity because
of the highly vascular nature of the muscle tissue.

In most circumstances, the chemical modifications for
fluorescent- or radio-tagging of drugs results in a significant
compromise of efficacy. Our in vitro data on cell proliferation
demonstrated that the NFLOBA modification of EF24 does
not seem to adversely influence the efficacy of the drug.
NFLOBA-EF24 was also found effective in vivo, as was
evident by the reduction in the growth of tumor in treated
animals. Since, the tumor volume measurements may be
confounding at times because of the inflammation secondary
to necrosis, we confirmed our findings by PET imaging of
18F-FDG accumulation in tumor. There was a difference in
uptake of 18F-FDG in tumor tissue of treated and control rats
(Figure 7(b)).

In summary, we report the synthesis of NFLOBA-EF24
which could provide a platform for application of imaging
technologies in the development of more potent EF24 deriva-
tives. Anticancer therapy combined with image-derived
knowledge of drug accumulation enables a more realistic
and effective treatment planning and may be of benefit in
predicating the tumor response as well as in enabling timely
change of course, in case of poor image signal from the tumor.
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