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In this study, we first verified whether the different
intratumoral accumulation pattern of [**Cu]Cu-ATSM and
['®F]JFDG is a common phenomenon shared by different
types of tumors. We selected four mouse tumor cell lines of
quite different origin to make tumor masses and studied the
intratumoral distribution of [**Cu]Cu-ATSM and ["*FIFDG
using similar methods to the previous study [9]. Second,
we examined the tumors immunohistologically, focusing on
microblood vessels and proliferating cells that represent the
source of the supply and consumption of oxygen, respective-
ly. The abundance of apoptotic cells, which has been reported
to increase under hypoxia [10-12], was also examined. We
compared regions with high [**Cu]Cu-ATSM and ['*FIFDG
uptake and revealed the relationship between the regional
characteristics and accumulation of the two tracers.

2. Materials and methods

2.1. Tracers

%Cu was produced on a small biomedical cyclotron at
the Biomedical Imaging Research Center in the University
of Fukui, Japan, according to a published method [13].
[**Cu]Cu-ATSM was synthesized by mixing 200-mM
glycine buffer containing **Cu and H, ATSM in dimethly
sulfoxide (1:100 by molar ration), as described previously
[3]. The radiochemical purity of synthesized [¢*Cu]Cu-
ATSM was >99%, evaluated by HPLC (LC-10ADVP;
Shimadzu, Kyoto, Japan) using a reversed phase column
(Cosmosil 5C18-AR, 4.6xX50 mm+4.6x150 mm; Nacalai
Tesque, Kyoto, Japan) [14]. ["®FJFDG was synthesized by
the method of Hamacher et al. [15] with an automated ['®F]
FDG synthesizing system (JFE, Tokyo, Japan). The specific
activity of [**Cu]Cu-ATSM was 56 GBg/umol, and that of
["*F]FDG was 20 to 50 GBg/umol.

2.2. Animal models

Mice were treated in accordance with the animal
treatment regulations of the University of Fukui throughout
the experiments. The four mouse tumor cell lines used were
B16 (melanoma), Meth-A (sarcoma), colon26 (adenocarci-
noma) and LLC! (Lewis lung carcinoma). Male mice,
C57BL/6 and BALB/C, were obtained from Japan SLC
(Shizuoka, Japan) at 6 weeks old and 20 to 25 g of body
weight. The tumor cells, approximately 1x107 cells
suspended in PBS, were injected into the hypodermis.
B16 and LLC1 were implanted into C57BL/6, and Meth-A
and colon26 into BALB/C mice. Three mice per cell line
were prepared.

2.3. Autoradiography

At 4 weeks after the implantation of tumor cells, each
mouse was injected intravenously with 74 MBq (2 mCi)
['*FIFDG and 0.37 MBq (10 uCi) [**Cu]Cu-ATSM. Sixty
minutes after the injection, the mice were sacrificed and
the tumors were removed. The removed tumors were

immediately covered with optimal cutting temperature
(OCT) compound and frozen in methanol cooled with dry
ice. They were divided into sections, and the cutting surfaces
were flattened using a cryostat (Cryocut 1800, Leica, Wetzlar,
Germany), then subjected to dual-tracer autoradiography [4].
["*FJFDG images were acquired over 3 min, exposing the
frozen sections to an imaging plate (BAS-MP 2040S; Fuji
Photo Films, Japan) in a freezer. The imaging plate was
scanned with a bioimaging analyzer (BAS-1500; Fuji Photo
Films). After waiting 40 h for 8F decay, [**Cu]Cu-ATSM
images were acquired over 45 h and the imaging plate was
scarmed. The distributions of ['*F]JFDG and [**Cu]Cu-ATSM
were visualized by Mac-BAS v2.52 software (Fuji Photo
Film). The contribution of 4Cu radioactivity to the FDG
image (the first autoradiography) was estimated to be around
1%, and the contribution of '®F radioactivity to the Cu-ATSM
image (the second exposure) was less than 0.1%. In each
tumor section, the highest photostimulated luminescence
region was classified as 100%, and the background was 0%.
The 0% to 100% range was divided into four parts and
colored red (75-100%), orange (50-75%), green (25-50%)
and blue (0-25%), and the background was black. The
colored image was saved in true color TIFF format.

2.4. Immunohistochemical staining

The frozen blocks used for the double tracer autoradiog-
raphy were thawed, fixed in 10% neutral-buffered formalin
and embedded in paraffin. The sections used for the
immunohistochemical staining were made from the region
within 50 um from the surface exposed for autoradiography.
After ®*Cu decay, immunohistochemical staining was
carried out to detect proliferating cells, blood vessels and
apoptotic cells using 2-um-thick serial paraffin sections.

2.4.1. Proliferating cells

Ki67 is a nuclear protein expressed at all active phases of
the cell cycle (Gy, S, G, and mitosis) with the highest
expression in the Go/M phase, but it is absent from the resting
cells (Gy). The proliferating cell fraction can be determined
immunohistochemically by using antibodies against Ki67
[16]. The sections were deparaffinized and rehydrated to
detect proliferating cells, then endogenous peroxidase was
blocked by 3% hydrogen peroxide. Antigen retrieval was
carried out by microwaving for 25 min in 10-mM citrate
buffer at pH 6. Nonspecific stain-blocking reagent (X0909,
Dako Cytomation, Glostrup, Denmark) was applied for
20 min at room temperature (RT). The sections were then
incubated overnight at 4°C with rat monoclonal antimouse
Ki67 antigen antibody (M7249, Dako Cytomation) in 1:50
dilution with PBS. After washing with PBS, the sections were
incubated with rabbit antirat biotinylated secondary antibody
(E0468, Dako Cytomation) in 1:200 dilution with PBS for
30 min at RT, then incubated with streptavidin conjugated to
horseradish peroxidase (streptavidin-HRP, K0673, Dako
Cytomation) for 30 min at RT. Finally, the sections were
incubated with 3,3’ -diaminobenzine tetrahydrochloride
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Fig. 1. Representative intratumoral distributions of DG and **Cu-ATSM in the tumor mass of LLCI(A), Meth-A(B), B16(C) and colon26(D) are shown,
Autoradiographic images of '*FDG and %Cu-ATSM were made from the same section.

solution (DAB Liquid System, Dako Cytomation) until
suitable staining developed, then the nuclei were slightly
counterstained with hematoxylin.

2.4.2. Blood vessels

CD34 is a cell glycoprotein expressed in the endothelial
cells of small blood vessels [17]. To detect blood vessels in
the sections, we used anti-CD34 antibody for B16 and
colon26 tumors. The sections were deparaffinized and
rehydrated, and endogenous peroxidase was blocked as
described above. Antigen retrieval was performed for
15 min, and nonspecific staining was blocked as above.
The sections were then incubated overnight at 4°C with rat
antimouse CD34 antibody (HM1015; Hycult Biotechnolo-
gy, Netherlands) in 1:20 dilution with PBS. After washing
with PBS, the sections were incubated with rabbit antirat
biotinylated secondary antibody (Dako Cytomation) in
1:100 dilution with PBS for 30 min at RT, and then
incubated with streptavidin-HRP for 30 min at RT. The
detection of peroxidase activity and the counterstaining
were performed as described above.

von Willebrand factor (vWF) is synthesized by endothe-
lial celis [18] and used for blood vessel staining. Because
the anti-CD34 antibody did not work with Meth-A and
LLC1 tumor sections because of high background staining,
we used anti-vWF antibody for microvessel staining with
Meth-A and LLCI tumors. The sections were treated as
described for CD34 staining, then incubated overnight at
4°C with polyclonal rabbit antimouse vWF antibody
(A0082, Dako Cytomation) in 1:500 dilution with PBS.
After washing with PBS, the sections were incubated with
goat antirabbit immunoglobulin conjugated to peroxidase-

labeled dextran polymer (Dako EnVisiont, K4002, Dako
Cytomation) for 30 min at RT. The peroxidase activity and
the counterstaining were detected as described above.

2.4.3. Apoptotic cells

To evaluate apoptosis, we used a commercially available
kit (ApopTag Peroxidase Kit, S7100; Chemicon, Temecula,
CA), which uses the terminal deoxynucleotidyltransferase
(TdT)-mediated dUTP nick end labeling method [19].
Briefly, after sections were deparaffinized and rehydrated,
and endogenous peroxidase was blocked by 3% hydrogen
peroxide, the sections were incubated with proteinase K
(Wako, Japan) in 1:50000 dilution with PBS for 30 min at
30°C. After rinsing with PBS, the sections were incubated
with equilibration buffer at RT for 13 min, then with TdT
enzyme and reaction buffer, and mixed at a 3:7 ratio, at
37°C for 60 min. The sections were then steeped in stop—
wash buffer, prepared at 1:35 dilution with PBS, at 37°C for
30 min. After washing with PBS, the sections were
incubated with anti-digoxigenin-peroxidase at RT for
30 min. Peroxidase activity and counterstaining were
detected as described above.

2.5. Image analysis

Whole images of the serial sections stained for Ki67,
CD34, vWF and apoptosis were captured by a scanner
(Epson GT-8500) and saved in JPEG format. Composite
images were made using Adobe Photoshop to compare the
autoradiographic images with those of the stained sections.
[**Cu]Cu-ATSM and ['®F]JFDG images were stacked in
layers above the images of stained sections and made
translucent. A composite image was made for each tumor
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Fig. 2. Examples of immunohistochemical staining for CD34 (A, B), Ki67 (C, D) and Tunel (E, F) in colon26 sections at X200. Panels A, C and E show
regions with the highest '*FDG accumulation. Panels B, D and F show regions with the highest 64Cu-ATSM accumulation. Arrows indicate blood vessels (13
vessels) in panel A; single endothelial cells, which do not constitute the vessel, in panel B; and proliferating cells (198 cells) in panel C. Few proliferating cells
(0 cells) are seen in D. In E, the arrow indicates necrosis. Few apoptotic cells are seen in E. In F, arrows indicate apoptotic cells (50 cells).

mass, and three composite images were quantified for each
cell line. In each composite image, three areas from the
region of each color for [®*Cu]Cu-ATSM and ['®F]FDG
were analyzed. Digital images of the area (0.31 mm?) were
obtained at X200 magnification using a microscope
(Olympus BX50) mounted with a CCD camera and
comnected to a Windows computer. Proliferating cells,
microblood vessels and apoptotic cells were counted
manually on the computer monitor. The numbers of
positively stained cells or microvessels in the nine areas

(three areas from one section, one section from one mouse
and three mice for one tumor cell line) were averaged for
each different color indication level of [**Cu]Cu-ATSM and
["*F]FDG accumulation.

2.6. Statistical analysis

Statistical analyses were performed with StatView
software, Version 5.0. For comparison, the determination of
correlation coefficients and the Mann—Whitney U test were
applied. P < .05 was considered as statistically significant.
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3. Results

3.1. Intratumoral distribution of ["*F]JFDG and
[P Cu]Cu-ATSM

To analyze the intratumoral distribution of ['®F]JFDG and
[**Cu]Cu-ATSM, we performed dual autoradiography with
implanted mouse tumors of different origins. The represen-
tative images are shown in Fig. 1. [**Cu]Cu-ATSM mainly
accumulated at the edge of the tumors, and no accumulation
was seen in the center where the cells were necrotic. On the
other hand, the highest uptake region of ['*F]JFDG was seen
inner adjacent to that of [**Cu]Cu-ATSM. The highest

T Tanaka et al. / Nuclear Medicine and Biology 33 (2006) 743~750

747

regions of ['*FJFDG and [**Cu]Cu-ATSM, colored red,
were distributed differently in all sections studied.

3.2, Microvessel density

To assess microvessel density (MVD), we counted the
number of blood vessels per view in each region differen-
tially colored according to the tracer accumulation. In the
highest ['®F]JFDG regions, abundant vessels were spreading
into the tumor tissue and seemed to be functioning as blood
vessels (Fig. 2A). Tumor cells near the vessels contained
large and round nuclei, but small necrotic regions were
frequently observed some distance from the blood vessels.
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Fig. 3. These graphs show the number of blood vessels, proliferating cells and apoptotic cells compared with the intratumoral distribution of BEDG/%Cu-
ATSM. Three tumor sections were quantified for each cell line. Each point represents the average of positively stained cells in nine views from each region
classified by the degree of '®FDG or **Cu-ATSM accumulation. There were approximately 2000 tumor cells in the microscope view. Statistical analyses were
performed by summarizing four cell lines (¥**P < .01, *P < .05, ns indicates not significant).
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The vessel count in the highest uptake region of [**Cu]Cu-
ATSM was remarkably less than that of ['®F]JFDG, but there
was no necrosis, and abundant viable tumor cells were seen
(Fig. 2B). The tumor cells in the highest [**Cu]Cu-ATSM
region had smaller nuclei and lower chromatin concentra-
tion compared with the highest ["*F]FDG region.

The relationship between MVD and the accumulation of
two tracers in each tumor mass are shown in Fig. 3A and B,
in which each point represents the mean of nine blood vessel
counts from each region. Each graph summarizes the data of
144 views in 48 regions from 12 tumor sections. Positive
correlation was found between ['*F]FDG and MVD in all
four tumor cell lines (Fig. 3A). On the other hand, the
number of vessels decreased with the increase in [**Cu]Cu-
ATSM uptake, excluding the lowest [**Cu]Cu-ATSM
uptake region (Fig. 3B). In all cell lines except colon26,
the MVD was very low in the lowest [**Cu]Cu-ATSM
region, where most tumor cells were necrotic with a
shrunken nucleus. For colon26, MVD was relatively high
compared with the other tumors in the lowest [**Cu]Cu-
ATSM region, which contained abundant blood vessels and
viable tumor cells.

3.3. Cell proliferation

To evaluate cell proliferation in each section, we
performed Ki67 immunohistochemistry. Positive nuclear
staining of Ki67 in tumor cells was abundantly observed in
the highest ['*FJFDG region, but it was hardly observed in
that of [**Cu]Cu-ATSM (Fig. 2C and D). Similar to MVD,
the number of Ki67 positive cells increased with ["*FIFDG
uptake (Fig. 3C) and decreased with [**Cu]Cu-ATSM
uptake (Fig. 3D). Cell proliferation was active in the lowest
[#*Cu]Cu-ATSM region only in the colon26 sections.

3.4. Apoptosis

To assess apoptosis, we used an ApopTag Peroxidase
Kit to stain the sections, and the number of apoptotic cells
was counted. In the highest ['*F]JFDG region, few apoptotic
cells were observed (Fig. 2E). The regions in which tumor
cells with shrunken nuclei gathered were not stained,
indicating that the regions were necrotic, not apoptotic. In
the highest uptake region of [**Cu]Cu-ATSM, more
apoptotic cells were seen compared with the ["*F]FDG
region (Fig. 2F), although the number of apoptotic cells was
less than 1% of all tumor cells. A positive correlation was
found between the apoptotic cell number and [**Cu]Cu-
ATSM accumulation (Fig. 3F), but no correlation was found
between the apoptotic cell number and ["*FIFDG accumu-
lation (Fig. 3E).

4. Discussion

In this study, we demonstrated that [**Cu]Cu-ATSM and
["*FJFDG were distributed with different gradation of the
tumor mass from all four mouse tumor cell lines (Fig. 1). At
the macroscopic level, the tumor cells of LLC1 and colon26

formed a concentric circular shape around the necrosis, with
the highest [*Cu]Cu-ATSM uptake seen in the outer region
and the highest ['*FJFDG uptake in the inner region of the
sections (Fig. 1A and D). On the other hand, with Meth-A
and B16, the tumor cells tended to form multiple tubercular
shapes when the tumor size increased and the section
diameter exceeded 2 cm. In these sections, [**Cu]Cu-ATSM
was found at highest in the outer region of the tubercles, and
["®F]FDG was found at highest in the inner region of the
tubercles bordering the region accumulating [**Cu]Cu-
ATSM (Fig. 1B and C). Thus, it seemed to be a
phenomenon shared by various tumors that ["*FIFDG and
[**Cu]Cu-ATSM were accumulated with different gradation,
forming a unique pattern of a high [**Cu]Cu-ATSM region
surrounding a high ['®FJFDG region within a tumor mass.

In the high ['*F]JFDG region, MVD was high and
abundant proliferating cells were observed (Fig. 2A and C).
A positive correlation was found between ["*F]FDG accu-
mulation and the number of proliferating cells (Fig. 3A). The
high ['®F]FDG regions seemed to be under normal oxygen
tension, because MVD was quite high and [**Cu]Cu-ATSM,
a hypoxic marker, did not accumulate in these regions. These
findings indicate that ['*F]JFDG was mainly taken up by
proliferating tumor cells, which are not so hypoxic that
[#*Cu]Cu-ATSM will accumulate. In these regions, cell death
was mainly from necrosis, which could be caused by
environmental aggravation. Because of the abnormality of
tumor vasculature and very active cell proliferation, severe
disturbance to the microcirculation and oxygen supply would
occur, leading to tumor cell death at some distance from the
vessels. Tumor cells in the high ['*FIFDG region seemed to
have characteristics specific to malignant tumors, in which
tumor cells proliferate without limit until they die. However,
there are data by Pugachev et al. [20] that suggest that the
higher FDG uptake was indicative of tumor hypoxia, but
neither blood flow nor cellular proliferation, with the nude
mice bearing Dunning prostate tumor. There are also several
articles supporting the positive correlation between FDG
uptake and blood flow in experimental and clinical settings
[21-23]. The discrepancy can be resulted from the difference
in the tumor types, difference in the techniques to evaluate the
vascularity or blood flow (perfusion by Hoechst, microvessel
density and O-15 H,O0, etc.), difference in the resolution of
the images or difference in some other conditions.

In the highest [**Cu]Cu-ATSM regions, MVD was very
low and few proliferating cells were observed (Fig. 2B
and D). A negative correlation was found between MVD
and [**Cu]Cu-ATSM accumulation (Fig. 3B), in agreement
with the hypothesis that [**Cu]Cu-ATSM accumulates in
hypoxic regions. These regions had few necrotic cells and
mostly consisted of viable tumor cells whose nuclei were
uniform but smaller than those found in the highest
['®FJFDG regions. It has been reported that some tumor
cells survive hypoxia in environmental aggravation but are
arrested in the Gy or G, phase [24,25]. There seem to be
similarities between surviving tumor cells and cells in the
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highest [**Cu]Cu-ATSM region. The high [**Cu]Cu-ATSM
region can be described as hypovascular, and the cell cycle-
arrested region is where oxygen consumption and glucose
metabolism are reduced and tumor cells quietly wait for the
environment to improve. In addition, a positive correlation
was found between [64Cu]Cu-ATSM accumulation and the
number of apoptotic cells (Fig. 3F). It should be noted that
the number of apoptotic cells in the highest [**Cu]Cu-
ATSM region, even where apoptotic cells were most
frequently observed, was less than 1% of all tumor cells,
although it was reported that hypoxia can induce apoptotic
cell death in tumor cells [10-12]. Tumor cells in the high
[**Cu]Cu-ATSM region seem to have atypical character-
istics similar to malignant tumors: they can maintain self-
control. They respond to environmental changes and stop
cell proliferation, and when they die, they die of apoptosis, a
programmed cell death.

In our study, it was revealed that there are regions
containing cells of different phenotypes in the same tumor
mass, which can be distinguished using PET tracers
['*F]FDG and [**Cu]Cu-ATSM. As the tumor mass is
formed by cells from a single cell line, different phenotypes
should have resulted from adaptation to the intratumoral
microenvironment, such as hypoxia and malnutrition. Ra-
diotherapy and some chemotherapy are effective in malig-
nant tumors against normoxic and actively dividing cells, but
are less effective against cells with low oxygen tension and
arrested cell cycle [26,27]. Our study implies that tumor cells
in the high ['®*F]FDG region are sensitive to therapy, but
those in the high [**Cu]Cu-ATSM region are resistant.

It was also interesting that lone endothelial cells
were often detected in the highest [**Cu]Cu-ATSM regions
(Fig. 2B). Hypoxia induces angiogenic factors such as
vascular endothelial growth factor and platelet-derived
endothelial cell growth factor [28,29]. If endothelial cells
grow and form functional blood vessels, the environment in
this region will be improved and tumor cells may start to
proliferate. It has been reported that, after reoxygenation,
tumor cells adapting to chronic hypoxia resume cell cycle
progression with acquired resistance against radiation and
anticancer drugs [30-32]. Tumor cells in the high [**Cu]Cu-
ATSM region are highly likely to turn into such death-
resistant cells.

Our study indicated that the high ['*FIFDG region is
where tumor cells actively proliferate and should receive
immediate anticancer treatment, whereas the high [**Cu]Cu-
ATSM region is likely to be less sensitive to conventional
antitumor treatment and needs more intensive and aggres-
sive therapy. In a clinical PET study with [*°Cu]Cu-ATSM,
tumors with high [**Cu]Cu-ATSM accumulation responded
poorly to therapy, and such tumors tended to develop local
recurrence and lymph node metastasis [33,34]. Those
reports confirm the ability of [®°Cu]Cu-ATSM PET to
predict the tumor response to therapy and the prognosis,
and support our view that the high Cu-ATSM region
responds poorly to conventional therapy and needs aggres-

T. Tanaka et al. / Nuclear Medicine and Biology 33 (2006) 743—750 749

sive treatment. As an intensive radiotherapy to the hypoxic
region, hypoxia imaging (Cu-ATSM)-guided intensity-
modulated radiation therapy has been performed for head-
and-neck cancer patients [35]. Higher doses of radiation
to the hypoxic region can overcome hypoxic resistance
and increase the anticancer effect with minimal normal
tissue complications.

Cu-ATSM itself has potential as an internal radiotherapy
agent directly targeting such hypoxic and cell cycle-arrested
regions when labeled with p™-emitting radioisotopes such
as **Cu or ®’Cu. In animal models with a tumor, [**Cu]Cu-
ATSM could improve the survival time without acute
toxicity [36,37]. When a sufficient radiation dose of
[**Cu]Cu-ATSM was taken up into the tumor cells,
apoptotic cell death was induced because of DNA damage
by radiation from ¢*Cu inside the cells [38]. Because the B~
particle, the main cytotoxic agent of **Cu, penetrates tissue
to several hundred micrometers, the cytotoxic effect of **Cu
expands to neighboring cells, which will increase the
anticancer effect.

5. Conclusion

Both ['®FJFDG and [**Cu]Cu-ATSM provide important
information about tumors, although the accumulation of
each tracer indicates different characteristics of the tumor
tissue. Information on the regional characteristics of tumors
by [**Cu]Cu-ATSM and ['*FJFDG PET will enable us to
make finely tuned and effective treatment plans for tumors,
especially when they are hypoxic and resistant to conven-
tional therapy.
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Abstract

A simple, rapid and fully automated preparation of sodium ['®F]fluoroacetate has been developed by taking advantage of the similarities
between the reaction pathways of ['®F]fluoroacetate and ['®F]-2-fluoro-deoxyglucose (FDG). The automated synthesis of sodium
['®F]fluoroacetate was achieved with a commercial [" SFIFDG synthesizer, the TRACERIab MXppg. The method produced the desired
compound in a short synthesis time (32 min) and with a high and reproducible radiochemical yield (50.2+4.8%, decay corrected). The
radiochemical purity of sodium ['®F]fluoroacetate was greater than 99%.

© 2006 Published by Elsevier Inc.
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1. Introduction

Sodium fluoroacetate (sodium monofluoroacetate, Com-
pound 1080) is well known as a salt with very high
mammalian toxicity and is often used as a rodenticide or
insecticide [1,2]. This salt is metabolized to fluorocitrate,
which cannot be further metabolized to carbon dioxide and
blocks the tricarboxylic acid cycle in the body [3,4].
Fluorine-18-labeled sodium fluoroacetate, like [''Clacetate,
has been used as a tracer for positron emission tomography
(PET) to study myocardial metabolism and cerebral
oxidative metabolism [5]. Sodium ['*F]fluoroacetate has a
longer half-life than ['!Clacetate, so it should facilitate
diagnostic studies by PET. Recent studies using sodium
['®F]fluoroacetate as a tumor imaging agent have been
reported, and the results suggested that defluorination of
sodium ['®F]fluoroacetate was species dependent and
occurred in rodents but not in primates [6]. Sodium
['®F]fluoroacetate has also been reported to be a useful
PET tracer for prostate cancer imaging [7]. It had a high

* Corresponding author. Tel.: +81 776 618430; fax: +81 776 61 8170.
E-mail address: yfuji@fmsrsa.fukui-med.ac.jp (Y. Fujibayashi).

0969-8051/$ — see front matter © 2006 Published by Elsevier Inc.
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sensitivity for detection of recurrent cancer in prostate [7]
and provided higher tumor-to-background ratio than
['Clacetate [6-8].

To realize sodium ['®F]fluoroacetate’s potential in PET
imaging, an automated synthesis carried out in a short
period and with a high yield is necessary. In the last decade,
several groups reported the preparation of sodium (or
potassium) ['®F]fluoroacetate [9-12]. However, all of these
needed a long synthesis time (>60 min) and provided a low
radiochemical yield (<34%). As a result, these methods are
unlikely to fulfill the high demand for the radiopharmaceu-
tical if used routinely. We observed that the chemical steps
to prepare sodium ['®*F]fluoroacetate were similar to those
used to prepare [18F]~2~ﬂuoro~deoxyglucose (FDG) [13].
Therefore, the instrumentation used in a ['*FJFDG synthesis
should be able to produce sodium ['*F]fluoroacetate. Many
automated ['*FJFDG synthesizers are commercially avail-
able today, each with individual characteristics and advan-
tages. Among them, the TRACERIab MXgpg, designed by
GE Medical Systems (Liege, Belgium), was reported to
provide a final injection solution of ['®F]FDG in a short time
(25 min) from the end of bombardment (EOB) with a yield
of more than 60% [14]. Therefore, we attempted to utilize
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the TRACERIlab MXgpg for our fully automatic synthesis
of sodium ['®F]fluoroacetate. Only minimal modifications
were needed to synthesize sodium ['®F]fluoroacetate, and
these modifications did not affect its intrinsic function as a
["®FJFDG synthesizer.

We have established a new automated method to
prepare sodium ['®F]fluoroacetate using the TRACERIab
MXppg, the complex of K'®F and kryptofix 2.2.2 as
nucleophile for the fluorination and ethyl O-mesyl-
glycolate as the precursor.

2. Experiments
2.1. Materials and apparatuses

Ethyl glycolate and methanesulfony! chloride were
obtained from Tokyo Kasei Kogyo (TCI, Tokyo, Japan).
Ethyl fluoroacetate and sodium fluoroacetate (as reference
standards) were purchased from Wako Industries (Tokyo,
Japan). Potassium carbonate, sodium hydroxide, anhydrous
magnesium sulfate, hydrochloric acid, anhydrous acetonitrile
and methylene chloride were purchased from Sigma-Aldrich
Japan K.K. (Tokyo, Japan). Triethylamine and sodium
bicarbonate were purchased from Kanto Kagaku (Osaka,
Japan). Ethanol [99.5% for high-pressure liquid chromatog-
raphy (HPLC)] was purchased from Nacalai Tesque (Kyoto,
Japan). All reagents and solvents were of the highest purity
available and used without further purification unless
specifically stated. Sep-Pak QMA Light cartridges, C18
cartridges, Alumina-N cartridges and Oasis HLB Plus
cartridges were purchased from Waters (Milford, MA, USA).

Eluent
Kryptofix 2.2.2
+K,CO, in 506%
MeChiem

18 inlet
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Analytical HPLC was performed on a Waters 600E
system equipped with Waters 490E programmable multi-
wavelength UV detector set at 210 nm and a Bioscan Flow
counter (Washington, DC, USA). A reversed phase Hydro-
sphere C;g column (4.6 150 mm, YMC, Kyoto, Japan) was
used with C,HsOH/H,O (10/90) as the liquid phase at a
flow rate of 1.0 ml/min.

Gas chromatography (GC) was performed using a
Shimadzu 14A system equipped with a flame ionization
detector. NMR spectra were obtained for solutions in
acetonitrile-d3, using a JEOL’s JNM-400 NMR spectrom-
eter (Tokyo, Japan). Radiometric thin-layer chromatogra-
phy (TLC) was performed in a developing solvent of
CH;CN/H,O (95/5) with 0.25 mm Silica Gel 60 Sheets
Fys4 purchased from Nacalai Tesque. The TLC plates were
analyzed using a Bioscan System AR-2000 imaging
scanner (Washington, DC, USA).

Millex GS-vented 0.22-um sterile filters were obtained
from Millipore (Bedford, MA, USA). The LAL kits were
purchased from Wako Industries. The pH of the solution
was measured using a digital pH meter from Nidden
(Tokyo, Japan). The disposable kits were purchased from
GE Medical Systems. No-carrier-added ["®*F]fluoride was
produced via the %0 (p, n) '®F reaction in a CTI RDS-
eclipse cyclotron (11.0 MeV protons) on an enriched
80 water target. The enriched 80 water (atom 97%+)
was purchased from Rotem Ind. (Beer Sheva, Israel).

2.2. Modifications to the TRACERIab MXrpg

As the TRACERIab MXgpg was designed solely for the
production of ['*F]FDG, some modifications were required

BO-Water

Fig. 1. Schematic diagram of TRACERlab MXgpg for the preparation of [**FJFDG. One Sep-Pak C-18 cartridge was placed at position 11 and another at
position 13. The arrows indicate the parts to be replaced for the preparation of sodium [*®Ffluoroacetate.
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for the preparation of sodium ['®Ffluoroacetate. The
standard disposable kit and the arrangement of chemical
reagents for the preparation of ['*F]FDG are shown
schematically in Fig. 1. The disposable kit and the arrange-
ment of chemical reagents after the necessary changes for
the preparation of sodium ['*F]fluoroacetate are shown in
Fig. 2. Other parts were not altered except for those
documented in Table 1.

A new program file was written to control the auto-
mated synthesis of sodium ['®F]fluoroacetate. This program
is similar to that used for ['*F]FDG synthesis, except for
changes in the labeling reaction time (from 1 to 5 min), the
reaction temperature (from 85°C to 105°C) and the
hydrolysis reaction time for the intermediate (from 2 to
5.5 min).

2.3. Preparation of ethyl O-mesyl-glycolate
(ethyl o-methanesulfonyl-glycolate)

The synthesis of ethyl O-mesyl-glycolate was accom-
plished following previous methods [9,15] with some
modifications. Ethyl glycolate (5.0 g, 48.0 mmol) and
methanesulfony! chloride (6.5 g, 56.7 mmol) were dissolved
in 50 ml of methylene chloride in a 200-ml round bottom
flask. The solution was cooled to 0°C and triethylamine
(5.0 ml, 35.8 mmol) was added dropwise with stirring. After
stirring for 80 min at room temperature, the reaction mixture
was extracted with ice-cold 1.0 M HCI (70 ml). The organic
layer was washed twice with ice-cold water (70 ml) and
dried over anhydrous magnesium sulfate. The solution was
concentrated by a rotary evaporator and further distilled

Eluent
Kryptofix 222
| +K,CO, in 56%

3
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Table 1
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Content changes performed in the TRACERIab MXgpg from [("*FIFDG to

sodium ['*Ffluoroacetate syntheses

['*F]fluoroacetate

Position ['*FIFDG

3 CH,CN (7 ml)

5 Mannose triflate

8 CH,CH,OH

9 Buffer

10 2.0 M NaOH (1.0 ml)
i1 Sep-Pak C18 (X 1)
13 Sep-Pak CI18 (X 1)

CH3CN (3.5 ml)

Ethyl O-mesyl-glycolate
NaHCOj3 (aq)

1.0 M HCI (3.0 m})

1.0 M NaOH (2.7 ml)
Oasis HLB Plus (X 1)
Oasis HLB Plus (X 3)

under reduced pressure. A colorless liquid (6.2 g) was
collected at 149°C and 12.0 mm Hg. The liquid was
identified as ethyl O-mesyl-glycolate with 70.1% yield. 'H
NMR (400 MHz, CDCl;, TMS): ¢ 1.31 (t, 3H, J=7 Hz),
3.22 (s, 3H), 4.25 (q, 2H, J=7 Hz), 4.76 (s, 2H [16]).

2.4. Preparation of sodium [3Flfluoroacetate

Fluorine-18-labeled sodium fluoroacetate was synthe-
sized by a nucleophilic substitution of the precursor, ethyl
O-mesyl-glycolate, with potassium ['®Ffluoride/kryptofix
2.2.2, followed by a hydrolysis with aqueous sodium
hydroxide solution on Oasis HLB Plus cartridges in the
TRACERIab MXFDG-

No-carrier-added aqueous ['*F]fluoride solution (1.35 ml,
740 MBq to 14.8 GBq) was added to a reserve vessel in
the TRACERIlab MXgpg, and then the automated syn-
thesis was started. The [!®F]fluoride in enriched 'O water
was transferred into a Sep-Pak QMA Light cartridge, which
had been converted to the CO3~ form by treatment with
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l | ]
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BO-Water

Fig. 2. Schematic diagram of TRACERIlab MXgp for the preparation of sodium ['®F]fluoroacetate. Instead of Sep-Pak C-18 cartridges, one Oasis HLB Plus

cartridge was placed at position 11 and three at position 13.
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an aqueous solution of 0.1 M K,COs. [*®F]Fluoride was
extracted from the enriched '®0 water and trapped on the
QMA cartridge, and the enriched '*0 water was recovered in
the reservoir. A mixed solution of kryptofix 2.2.2 (6.4 mg) in
acetonitrile (0.4 ml) and potassium carbonate (0.6 mg) in
water (0.3 ml) was employed to elute the trapped ['®F]fluo-
ride from the QMA cartridge. The eluate with radioactivity
was introduced into the reaction vessel. Water was azeotropi-
cally evaporated three times at 95°C under nitrogen gas flow
and anhydrous acetonitrile (60 u1x3). After the drying step,
6.2 mg of ethyl O-mesyl-glycolate dissolved in 2.2 ml of
anhydrous acetonitrile was added to the dried residue in the
reaction vessel. The labeling reaction was conducted at
105°C for 5 min in the closed reaction vessel to give rise to
ethyl ['®F]fluoroacetate. The reaction solution was diluted
with 10 ml of distilled water and transferred to Oasis HLB
Plus cartridges. The reaction vessel and the cartridges were
washed with an additional 30 ml of distilled water to remove
the nonreacted [ ®F]fluoride. The reaction intermediate, ethyl
['®F]fluoroacetate, was trapped on the Oasis HLB Plus
cartridges. After drying with nitrogen gas flow, 2.7 ml of
1.0 M sodium hydroxide solution was added into the Oasis
HLB Plus cartridges, and ethyl ['®F]fluoroacetate was base
hydrolyzed in the presence of aqueous sodium hydroxide
solution. After 5.5 min, the solution in the cartridges was
drawn into a 30-ml syringe, and 3 ml of 1.0 M aqueous
hydrochloric acid solution was added into the syringe to
neutralize the sodium hydroxide. Then, 5 ml of 0.2 M
sodium bicarbonate solution was added to adjust the final pH
to 5.0-8.0. The solution in the syringe was purified by
passage through a Sep-Pak Alumina-N cartridge and filtered
through a 0.22-um sterile filter into a 25-ml sterile vial with
7.4 ml of distilled water. The final solution was analyzed by
TLC. The product was also analyzed by HPLC. The total
synthesis time was about 32 min.

3. Results and discussion
3.1. Synthesis of ethyl O-mesyl-glycolate

The precursor, ethyl O-mesyl-glycolate, was prepared
through a nucleophilic substitution reaction. Unlike reported
methods [9], instead of using a silica gel column afier the
reaction, the precursor was directly distilled from the
reaction mixture under reduced pressure. This modifi-
cation simplified the synthesis and avoided introduction
of impurities.

3.2. Radiosynthesis of ethyl [ 8 FIfluoroacetate

Ethyl ['*F]fluoroacetate is the intermediate produced by
the fluorine-18-labeling reaction in the radiosynthesis of
sodium ['®F]fluoroacetate. During the first attempt to use
the complex of K['®F]F and kryptofix 2.2.2 as the
nucleophilic agent, we investigated the effects of several
reaction conditions, including reaction temperature, reaction
time and the amount of the precursor, on the labeling yield.

First, using 60 mg of the precursor dissolved in 2.2 ml
of anhydrous acetonitrile, we studied the labeling yield at
three temperatures: 75°C, 90°C and 105°C. After the
labeling reaction had proceeded for 20 min, the reaction
solution was rapidly analyzed by TLC. We conducted three
hot runs at each reaction temperature. The labeling
efficiencies of ethyl ['®F]fluoroacetate were 40.1+8.5%,
57.7+3.6% and 75.4+6.3% at 75°C, 90°C and 105°C,
respectively. As a result, a reaction temperature of 105°C
was chosen for the radiosynthesis.

Next, we investigated the labeling reaction at four
different reaction times (5, 10, 15 and 20 min) in the
presence of 60 mg precursor at 105°C. Thin-layer chroma-
tography analyses revealed that the labeling efficiency of the
substitution reaction was more than 70% for all four reaction
times (Table 2). So a reaction time of 5 min was chosen for
the labeling reaction.

Finally, the amount of the precursor needed was
evaluated. Using 6.2, 30 and 60 mg of the precursor at
105°C and a reaction time of S min, the labeling efficiencies
by fluorine-18 were 71.84+8.7% (n=3), 70.5+£3.6% (n=3)
and 73.4+2.7% (n=3), respectively. As a result, the
smallest amount, 6.2 mg, was chosen.

Based on our past experience, the amounts of kryptofix
2.2.2 and potassium carbonate used were 6.4 and 0.6 mg,
respectively, in each run in the synthesis. Reduction in the
amount of potassium carbonate and kryptofix 2.2.2 did not
affect the labeling efficiency.

3.3. Purification and hydrolysis of ethyl [ B Ffluoroacetate

As done during the synthesis of ["*FIFDG in the
TRACERIab MXgpg, we purified the intermediate before
its hydrolysis. First, the ethyl ['®F]fluoroacetate intermedi-
ate was trapped on the reversed phase cartridges. Cartridges
containing radioactivity were washed with 30 mi of distilled
water to remove nonreacted ['*F]fluoride anion, acetonitrile
and kryptofix 2.2.2. In the case of ['®F]FDG synthesis, two
Sep-Pak C18 cartridges were used in this step, and most of
the radioactivity was extracted by the cartridges. However,
only 3-5% of the radioactivity was trapped when Sep-Pak
C18 cartridges were used in the preparation of sodium
['®F]fluoroacetate. In previous reports [17,18], Oasis HLB
Plus cartridges had higher capacity and selectivity than
Sep-Pak C18 cartridges. By using two Oasis HLB Plus

Table 2
The effect of reaction time on the labeling efficiency of ethyl
[18F]ﬂuoroacetate

Time (min) Labeling Efficiency (%)
5 734127

10 72.7+6.0

15 70.1+4.8

20 754%6.3

The precursor (60 mg) was dissolved in anhydrous CH3CN (2.2 ml) and
heated at 105°C. The labeling reaction was performed three times in each
reaction time.
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cartridges instead of two Sep-Pak CI18 cartridges, the
extraction efficiencies improved to 27.2+2.8%. To avoid
the dead volume of a larger cartridge (500 mg or larger), we
employed multiple Oasis HLB Plus cartridges of the smaller
size (225 mg) to increase recovery of the intermediate.
When three Qasis HLB Plus cartridges were used, one
at position 11 and two at position 13, the extraction
efficiencies improved to 43.142.2%. Using four, five or
six Oasis HLB Plus cartridges all improved the efficiency to
greater than 50%. As a consequence, we decided to use four
Oasis HLB Plus cartridges, one at position 11 and three at
position 13, as shown in Fig. 2.

Following the purification, the hydrolysis of ethyl
['®F]fluoroacetate was carried out on the cartridges. For
['®F]JFDG synthesis, this hydrolysis is accomplished at room
temperature. Although the hydrolysis of ethyl ['*F]fluoro-
acetate was reported to be performed at 60°Cin 3 ml of 1 M
aqueous potassium hydroxide solution in a previous paper
[9], we anticipated that the hydrolysis of ethyl ["®F]fluo-
roacetate on the cartridges also might proceed at room
temperature. Therefore, we examined the hydrolysis of ethyl
['®F]fluoroacetate on the cartridges at two temperatures,
60°C and room temperature, and obtained the kinetic curves
of hydrolysis (data not shown). In the presence of 1.0 M
sodium hydroxide, ethyl ['®F]fluoroacetate was completely
hydrolyzed in 3.5 min at 60°C and 5.5 min at room
temperature. Because longer than 5.5 min was never
required, the hydrolysis of ethyl ['®F]fluoroacetate was
performed at room temperature for 5.5 min.

Because more HLB Plus cartridges were being used, the
amount of aqueous sodium hydroxide was increased to
2.7 ml based on experimental results. The concentration of
aqueous sodium hydroxide solution, 1.0 M [19], was used
without further investigation. About 3.0 ml of 1.0 M
aqueous hydrochloric acid solution was required to
neutralize the base. The pH of the final solution was
adjusted to 5.0-8.0 with 5 ml of 0.2 M aqueous sodium
bicarbonate solution, instead of the citrate buffer solution
used in the ['*FJFDG synthesis.

3.4. Influence of initially added radioactivity

In the present work, different amounts of fluorine-18
radioactivity, from 740 MBq to 14.8 GBq, were used in the
radiosynthesis. Radiochemical yields (decay corrected) were
calculated to be 49.7+£6.0%, 50.9+6.1%, 49.5+5.6% and
50.3+3.7%, in the cases of 740 MBq, 33.7 GBq, 7.4 GBq
and 14.8 GBq, respectively (n=3). The data indicate that the
radiochemical yield of the final product, sodium ['®F]fluo-
roacetate, did not depend on the initial amount of fluorine-
18 radioactivity.

3.5. Analyses of sodium ['®F]fluoroacetate

The final solution was analyzed by TLC and HPLC. No
fluorine-18 anion was detected in the final solution, and the
radiochemical purity of sodium ['®F]fluoroacetate was
confirmed to be more than 99%. The total radiochemical
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yield was 50.24+4.8% (n=10, decay corrected). The
chemical purity was also assessed by HPLC, and no specific
peaks were found except for that of sodium bicarbonate.
The pH of the final solution was 7.5+0.2. The total
synthesis time was about 32 min. The final solution was
also analyzed with GC to show that it contained less than
10 ppm acetonitrile. The pyrogenicity check was carried out
using an LAL kit and showed satisfactory results. The
absence of Kryptofix 2.2.2 was confirmed with a previously
reported method [20]. All the results from the preparation of
sodium ['®F]fluoroacetate using the TRACERlab MXppg
presented here showed dramatic improvement compared to
previous works [9-12].

4. Conclusion

The automated synthesis of sodium ['*F]fluoroacetate
has been successfully accomplished. Using the commercial
['8FIFDG synthesizer TRACERlab MXgpg, the final
solution can be obtained in 32 min after EOB with a
radiochemical yield of 50.2+4.8% (decay corrected). This
work widens the application of the TRACERIlab MXgppg
and should provide users of the TRACERIlab MXppg with
easy access to sodium ['*F]fluoroacetate for PET imaging.
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Abstract

160-['*F]fluoro-17p-estradiol (['F]FES) is a radiotracer for imaging estrogen receptors by positron emission tomography. We developed
a clinically applicable automatic preparation system for [**F]FES by modifying a cassette-type ['*Fifluorodeoxyglucose synthesizer, Two
milligrams of 3-O-methoxymethyl-16,17-O-sulfuryl-16-epiestriol in acetonitrile was heated at 105°C for 10 min with dried ['*F]fluoride.
The resultant solution was evaporated and hydrolyzed with 0.2 N HCI in 90% acetonitrile/water at 95°C for 10 min under pressurized
condition. The neutralization was carried out with 2.8% NaHCOs, and then the high-performance liquid chromatography (HPLC) purification
was performed. The desired radioactive fraction was collected and the solvent was replaced by 10 ml of saline, and then passed through a
0.22-um filter into a pyrogen-free vial as the final product. The HPLC purification data demonstrated that ['*F]FES was synthesized with a
yield of 76.4+1.9% (n=>5). The yield as the final product for clinical use was 42.443.2% (n =35, decay corrected). The total preparation time
was 88.2+6.4 min, including the HPLC purification and the solvent replacement process. The radiochemical purity of the final product was
>99%, and the specific activity was more than 111 GBg/umol. The final product was stable for more than 6 h in saline containing sodium
ascorbate. This new preparation system enables us to produce ['8FIFES safe for clinical use with high and reproducible yield.
© 2006 Published by Elsevier Inc.

Keywords: [ISF]FES; Estrogen receptors; Automatic synthesis; Radiopharmaceutical; PET; Cassette-type FDG synthesizer

1. Introduction information may predict the response of the advanced breast
cancer to hormonal therapy and may be useful for guiding
better treatment. Therefore, ['*FJFES is one of the most
promising radiopharmaceutical for monitoring of ER status
in breast cancer; however, it is not widely used because of
the difficulty of the synthesis. The first synthesis of
['8F]FES was reported by Kiesewetter et al. [8], and the
application of robotic synthesis was evolved [9]. Their
procedure involved reduction by LiAlH; and liquid Na.
Another procedure was reported, which uses 3-O-methox-
ymethyl-16,17-O-sulfuryl-16-epiestriol (1) as a precursor
[10,11]. The advantages of the latter procedure are that the
nucleophilic substitution by ['*F]fluoride proceeded rapidly
with good yield, and this precursor is commercially
available. It is also advantageous that the hydrolysis

* Corresponding author. Tel.: +81 776 61 8491; fax: +81 776 61 8170. reactions were performed under mild condition [12].

E-mail address: morit@fmsrsa.fukui-med.acjp (T. Mori). Although the automatic synthesis of [lsF]FES using

The estrogen receptor (ER) status is an important
prognostic factor in breast cancer because the ER positive
cancers are less aggressive in clinical course and likely to
respond to hormonal therapy [1]. The ER expression can be
estimated with biopsied material; however, sampling errors
may occur when patients have large or multisite tumors.
160c-[**F]fluoro-17@-estradiol (['*F]FES) has been devel-
oped as a tracer for imaging ER by positron emission
tomography (PET) [2,3]. In clinical studies, the uptakes of
['®F]FES were proportional to the ER concentration in both
primary and metastatic breast cancers [4-7]. FES-PET

0969-8051/$ - see front matter © 2006 Published by Elsevier Inc.
doi:10.1016/j.nucmedbio.2005.11.002
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['®F]fluorodeoxyglucose (FDG) synthesis module was
reported [13], reproducible yield of ["®F]FES could not be
realized because of the complex reaction conditions and
purification processes.

['®F]fluorodeoxyglucose synthesis has become a stan-
dard practice in clinical PET centers for diagnosis of cancer.
To make a radiotracer to be widely used, it is necessary to
establish a system that can produce high-quality product
with the operation easy enough for routine work. We chose
TRACERIab MXgpg as the module for ['®F]FES synthesis
because it is widely used as a simple automatic FDG
synthesizer and it has the flexibility in programming and
accepts modification to the cassette. However, this module
does not have a cooling function, and the cassette has low
chemical resistance. In this study, we studied the hydrolysis
condition on this module and performed the synthesis
without changing the hardware, and also established a
formula of high-quality product for clinical use.

2. Materials and methods
2.1. Reagents and equipment

All chemicals were obtained from commercial sources
and used without further purification. The precursor (1) and
the authentic 16a-fluoro-17p-estradiol were purchased from
ABX (Radeberg, Germany). The sodium bicarbonate
solution and the sodium ascorbate solution used were of
pharmaceutical grade. The other reagents and solvents were
obtained from Sigma-Aldrich (St. Louis, MO). The synthe-
sis was performed using TRACERIab MXgpe (GE Medical
Systems, Milwaukee, WI), which is one of the automatic
FDG synthesizers. The high-performance liquid chromatog-
raphy (HPLC) system was consisted of a pump (LC-10AD,
Shimadzu, Kyoto, Japan), a UV detector (SPD-10AVP,

o @f?ﬁ
S0,0H
(b) “‘
S
HO'

{a) Fluorination

{b) Hydrolysis

{¢) HPLC purification
{d) Formulation

Shimadzu) and a Nal(Tl) radioactive detector (RLC-700,
Aloka, Tokyo, Japan).

2.2. Process of [*F]FES preparation

The total procedure of ['®F]FES preparation consisted of
four steps as follows: (a) fluorination, (b) hydrolysis, (c)
HPLC purification and (d) formulation (Fig. 1). The
automatic synthesis of ['*F]FES including Steps a and b
were performed on TRACERIab MXgpg. The diagram of
the ['®F]FES preparation system is shown in Fig. 2.

2.2.1. Synthesis module

TRACERIab MXgpg is a disposable cassette-type
module realizing easy modification of chemical process as
well as easy operation as routine work without requiring
expert knowledge in chemistry. The synthesis program
consists of a Microsoft Excel file defining synthesis
parameters such as temperature, time, vacuum pressure,
three-way cocks and syringe positions.

2.2.2. Preparation of reagents and cassette

The reagents for ['*F]FES synthesis were contained in a
set of six vials. The content of each vial was as follows: A,
22 mg of Kryptofix 2.2.2 and 7 mg of potassium carbonate
mixture in 50% acetonitrile/water (0.6 ml); B, anhydrous
acetonitrile (2 ml); C, 2 mg of the precursor in anhydrous
acetonitrile (2 ml); D, 0.2 N hydrochloric acid in 90%
acetonitrile/water (2 ml); E, 2.8% sodium bicarbonate in
water (2 ml); and F, 70% ethanol/water (2 ml). The reagents,
except for A, were sealed in standard 10-ml glass vials. The
reagent A in 1.2-ml vial was the same to the one used in
FDG synthesis.

The cassette was prepared from the FDG synthesis
cassette with a little modification keeping aseptic condition
(Fig. 2). The alumina N and two C18 Sep-Pak cartridges,

ESO;OK
\O/\O

['8F]FES
for clinical use

[*FIFES

Fig. 1. Scheme of ["®FIFES synthesis for clinical use starting from 1.
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Fig. 2. Schematic diagram of the ['®F]FES preparation system for clinical use.

unnecessary for ['®F]JFES synthesis, were removed from
the cassette. The water bag connection tube, attached
at position 7, was utilized for the central and right
manifold connection (positions 10 and 11) after adjustment
of the tube length. To add another vial, we moved the
male-to-male connector, which had been attached to the
C18 Sep-Pak, to position 7 and connected it to an 18G
needle. Prior to the synthesis, an activated QMA Sep-Pak
light cartridge and two 30-ml polyethylene syringes were
jointed to the cassette.

2.2.3. Synthesis of ['*F]FES

The synthesis of ['*F]JFES was modified from the method
of Romer et al. [12]. Fluorine-18 was produced by the
80(p,n)'®F reaction using an ultrasmall cyclotron OSCAR
(JFE P&S/Oxford, Yokohama, Japan) or RDS eclipse RD/
HP (Siemens/CTI, Knoxville, TN) in the PET center of the
University of Fukui. The irradiated '®0 water, which
contained a carrier-free ['SF]fluoride, was transferred to
the module automatically and passed through the QMA
cartridge. The trapped ['*F]fluoride on the cartridge was
eluted by A into the reaction vessel and dried three times
adding small amount of B. The precursor in acetonitrile, C,
was added to the reaction vessel for fluorination and heated
at 105°C for 10 min. After the fluorination, the solution was
transferred to the syringe 1 to release the increased pressure
and then returned back to the reaction vessel. The solvent
was evaporated to decrease the total volume. To start the
hydrolysis, we added D to the reaction vessel and heated it
at 95°C for 10 min with the valves closed, which brought a
pressurized condition. To stop the hydrolysis, we performed
neutralization in syringe 1. The base reagent, E, was
transferred to syringe 1 during the hydrolysis, and then
the reaction solution was drawn in the same syringe. The

mixture was pushed out to the reaction vessel to recover
the remaining radioactivity and was drawn again. The
radioactive solution was pushed out into the crude FES
collection vessel for HPLC purification. The acetonitrile in
B (about 1 ml) was used to flush the reaction vessel and the
cassette, and added to the crude FES vessel. The reagent F
was used for flushing the cassette.

2.2.4. The HPLC purification and the formulation steps

The HPLC purification was performed using a Cosmosil
5C;5-AR-2 column (20-mm IDXx250-mm, Nacalai Tesque,
Kyoto, Japan) with acetonitrile/water/ethanol (30:40:30) at a
flow rate of 6.0 ml/min. For the HPLC injection, we used a
5-ml sample loop and automatic injector (Rheodyne,
Rohnert Park, CA). The desired radioactive fraction was
collected in a round-bottom flask containing 0.1 ml of
sodium ascorbate (250 mg/ml) in the solvent replacement
unit (JFE P&S). The solvent was removed in vacuo and the
residue was dissolved in 10 ml of saline, and then passed
through a sterile 0.22-pm filter (Millex-GS, Millipore, MA)
to a pyrogen-free vial as the final product.

2.3. Evaluation of the products

The radiochemical purity of the product right after the
synthesis and in the final product for clinical use was
determined by HPLC analysis using a Cosmosil 5C;5-MS-2
column (4.6-mm IDx150 mm, Nacalai Tesque) with 40%
acetonitrile/water at a flow rate of 1.0 ml/min. In this
system, ['*F]JFES was eluted for 8.1 min. To determine the
yield of fluorination, we measured the free ['*F]fluoride in
the crude ['*F]FES solution by radio thin-layer chromatog-
raphy (radio TLC) method. The radio TLC was performed
on Merck aluminum backed silica gel 60 plates with
chloroform/methanol (4:1). The Rf values of ['®F]fluoride
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Fig. 3. The chromatograms of the crude ['®F]FES at the HPLC purification. Top, radioactivity; bottom, UV absorbance at 280 nm. The retention time of
['®F]FES was 16.2 min, which corresponded to the authentic unlabeled 16a-fluoro-17p-estradiol.

and ['®FJFES were 0.00 and 0.75, respectively. The other
two unknown labeled compounds had Rf values of 0.30
and 0.40.

3. Results and discussion

In this study, we established the optimal procedure for
['®F]FES preparation for clinical use through investigating
the condition for the synthesis, the purification and the
formulation steps. We chose the synthesis method using 1 as
the precursor because the reaction can be carried out under
mild condition, which is suitable for our module. In
addition, 1 is commercially available. The process of
["®F]FES synthesis is outlined in Fig. 1. Steps a and b were
performed in TRACERlab MXgpg. There were only three
points different between the ['*F]FES synthesis and the
FDG synthesis as follows: the synthesis program, the
regents and the cassette layout. The advantage of this
method was that the synthesis of ['*F]FES and FDG can be
performed using the same machine without a change to
the hardware.

The fluorination of 1 was performed by the nucleophilic
substitution reaction by K'|F and accomplished with
high yield (89.5+0.8%, n=5). The next hydrolysis step
consists of two consecutive reactions. Romer et al. [12]
reported two methods of the hydrolysis for their automated
module: the pressure hydrolysis method using HCI and the
multiple azeotropic evaporation method using hydrochloric

acetonitrile. They recommended the latter because it had
an advantage of removing the acid and the unreacted
["®F]fluoride at the same time. We tried this method, but the
radioactivity in the reaction vessel varied between the
different runs (40.0+27.3%, n=>5). We suspected that the
main reason for the inconsistency was decomposition of
['®F]FES during the azeotropic evaporation, though it might
have depended on the module we used. As it seemed that
the decomposition occurred under water-rich condition, we
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Fig. 4. The stability of ['®F]FES in the final product for clinical use.
16a-['*F}fluoro-17p-estradiol was rapidly degraded in saline without
sodium ascorbate.
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speculated that maintaining acetonitrile/water ratio during
the reaction would lead to high and reproducible yield of
['|FJFES. In order to keep the acetonitrile component, we
carried out the reaction using 90% hydrochloric acetonitrile
in closed valve condition. In this condition, ['*F]FES was
formed within 6 min after the start of hydrolysis at 95°C,
and the yield reached the plateau level within another 4 min.
Therefore, we decided the reaction time to be 10 min. In this
way, most of the radioactivity in the reaction vessel was
maintained during the hydrolysis. Fig. 3 shows the
chromatogram of the HPLC purification. The retention time
of ['®F]JFES was 16.2 min, which corresponded to that of
unlabeled authentic FES. The chromatogram demonstrated
that the ['®F]JFES synthesis was accomplished with a yield
of 76.4+1.9% based on the crude ['®FJFES solution (n=5).
It indicated that the fluorination and the hydrolysis were
achieved properly. This method realized sufficiently high
and reproducible yields for clinical use as we had intended.
The volume of the crude ['*FJFES solution was about 3 ml
without the reagent F, and the pH of this solution was 8. The
purified ['®FJFES was stable when the mobile phase of
HPLC contained 30% ethanol.

The formula of the final product was also examined.
Several researchers provided the final product of ["*FIFES
as an ethanol/saline solution, probably because of easy
preparation from HPLC eluate and high lipophilicity of
['8F]FES. However, ethanol causes unacceptable side
effects in some patients. Thus, we attempted to prepare
the final product as saline solution. However, the radio-
chemical purity of the product declined rapidly. The
percentage of intact ['®FJFES was 87% at 2 h (Fig. 4). It
indicated that ethanol might be working not only as a
solvent but also as a radical scavenger. When sodium
ascorbate was added as a radical scavenger instead of
ethanol to prevent the decomposition, the radiochemical
purity of ['®F]FES in saline was over 98% after 6 h. In the
filtering process, about 10% of the radioactivity based on
input ['*F]fluoride was trapped on the membrane filter.
Fortunately, the final product through the filter was not
trapped much in the final glass vial and the polyethylene
syringe used for injection. The radioactivity trapped on the
filter could be eluted by 70% ethanol and was confirmed as
an intact ['*FJFES. Even though our formula causes the
decrease of the final product in the filtering process,
however, it has the advantage of avoiding the side effects
in clinical use. The final product was obtained with a yield
of 42.4+32% based on input ['*Ffluoride (decay cor-
rected, n=>5). The specific activity was calculated by the
analytical HPLC system (the detection limit was 0.1 ug/ml),
and the value was more than 111 GBg/pmol.

The total preparation time was 88.2+6.4 min. The
automated synthesis on TRACERIlab MXgpg was complet-
ed in 50 min. The HPLC purification took 20 min, and
another 20 min was required for the formulation process. If
the final product was prepared in ethanol/saline solution like
in other reports, the ethanol/water solution can be used as
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the mobile phase in purification, and the following
formulation process can be omitted.

4, Conclusion

In this study, we demonstrated that the ['*FJFES for
clinical use can be prepared with high and reproducible
yield using a commercial FDG synthesizer. The merit of our
method is that ['®F]FES can be easily prepared in a PET
institution without a chemist because it does not require
expertise in chemistry. Our preparation system enables
routine use of ['*F]JFES in clinical PET centers.
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