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Abstract

Introduction—It is important to identify all circulating metabolites, including free fluoride, for
accurate pharmacokinetic modeling of [18F]-labeled radiotracers. We sought to determine the most
efficient method to detect and quantify low levels of free [18F]fluoride in biological samples.

Methods—Low levels of [18F]fluoride were analyzed using two methods: A) an ion-exchange
cartridge and gamma counting; and B) radio-HPLC, to compare the detection limits of these two
analytical methods. Twenty microliters of [18F]fluoride solution was loaded onto an ion-exchange
cartridge then eluted with 20% MeCN/water (5 mL) and radioactivity trapped in the cartridge
counted on a gamma counter. [18F]-Fluoride was also determined in plasma and urine from mice
injected with [18F]-labeled thymidine analogues using method A.

Results—The detection sensitivity of method A was 9.4-fold higher than that of method B
(0.075+0.004 nCi vs. 0.71+0.02 nCi). Using method A, [18F]fluoride was determined in plasma
for [18F]FLT, [18F]FMAU, [18F]FEAU and N3-[18F]FPrT as 1.4+0.31% (n=4), 0.17+0.49% (n=3),
4.88+1.62% (n=3) and 12.94+0.48% (n=4), respectively. The amount of [18F]fluoride determined
in the urine was 11.49+1.60% (n=4) from [18F]FLT, 5.36+2.34% (n=3) from [18F]FMAU,
13.57+1.96% (n=3) from [*8F]FEAU, and 11.19+1.98% (n=4) from N3-[18F]FPrT.

Conclusion—Low levels of [*8F]fluoride in biological samples can be detected and quantified
using an ion-exchange cartridge and gamma counting. This methodology is simple, accurate and
superior to the standard use of radio-HPLC on a C1g column for metabolite analysis; and it should
be useful in pharmacokinetic modeling for animal imaging studies using an [18F]-labeled
radiotracer and PET.
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1. Introduction

Positron emission tomography (PET) is a noninvasive imaging modality for the in vivo
imaging of various metabolic processes [1], such as cellular proliferation [2], determination
of herpes simplex virus thymidine kinase (HSV1-tk) reporter gene expression [3], expression
of various receptors [4], and for the assessment of treatment response [5]. The in vivo
catabolism of radiolabeled compounds is well documented; for example, many [18F]-labeled
compounds are known to be catabolized in vivo into smaller species, including [18F]fluoride
[6, 7]. Only a few positron-emitting radiopharmaceuticals are not catabolized. Therefore, in
most instances, labeled metabolites in the plasma should be analyzed to determine the exact
input function for quantitative PET measurements [8-10].

Free [18F]fluoride, which is produced by in vivo catabolism and defluorination of an [18F]-
labeled compounds, may partially remain in circulating blood and partially absorbed into
bone; the rest is excreted through renal clearance into urine. In order to develop accurate
pharmacokinetic modeling of an [18F]-labeled radiotracer, it is necessary to measure all
radioactive species, including free [18F]fluoride circulating in blood, during PET imaging. In
the current study, we investigated the use of an ion-exchange cartridge and gamma counting
method to measure low levels of free [18F]fluoride. For comparison, we used radio-HPLC
method on a Cyg reverse-phase column that is commonly used for metabolite analysis of
[18F]-labeled compounds. Analysis of free [18F]fluoride using flash chromatography on a
C,g reverse-phase cartridge was also performed for comparison. We determined the lowest
limit of detection by the a) ion-exchange cartridge trapping and gamma counting method
and b) radio-HPLC detection method. Furthermore, we determined the recovery efficiency
of [18F]fluoride in the ion-exchange cartridge and that from the radio-HPLC system.

Analysis of the free 18F]fluoride was extended to the biological samples from mice injected
with the [*8F]-labeled pyrimidine nucleosides analogues to detect and quantify low levels of
fluoride derived from catabolism and defluorination. We report the advantages of an ion-
exchange cartridge for detection and quantification of low levels of free [18F]fluoride in
biological samples.

2. Materials and methods

2.1 Reagents and instrumentation

All reagents and solvents were purchased from Aldrich Chemical Co. (Milwaukee, WI) and
used without further purification. Purified water (resistivity 18.2 MQcm™1) was prepared
using the Millipore Milli-Q Gradient water purification system. lon-exchange cartridges
were purchased from ABX (Radeberg, Germany). Solid-phase extraction cartridges (Cg,
100 mg) were purchased from Alltech Associates (Deerfield, IL).

Radioactivity was counted on a Packard Cobra Il auto-gamma counting system E500300
(Perkin-Elmer, Waltham, MA). High performance liquid chromatography (HPLC) analysis
was performed on an 1100 series pump (Agilent, Germany) with a built-in UV detector
operated at 254 nm and a dual (BGO HPLC coincidence) radioactivity detector B-FC-4100
(Bioscan, Washington, DC) using an analytical C1g column (10250 mm, Econosil,
Alltech). A solution of 10% acetonitrile (MeCN)/10 mM Na-acetate or 10% MeCN/10 mM
Na-phosphate was used as eluting solvent for the HPLC analytical studies on the Cqg
column. A solution of 10% MeCN/40 mM Na-bicarbonate or 10% MeCN/10 mM Na-
acetate was used for flash chromatographic analysis on the C,g cartridge.
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2.2 Radiosynthesis of the [18F]-labeled compounds

[18F]Fluoride (K[18F]) was purchased from Cyclotope Inc. (Houston, TX). [18F]-Labeled
compounds were synthesized according to published methods: [*8F]FLT [11]; [18F]FMAU
[12]; [*8F]FEAU [13]; and N3-[18F]Fluoropropyl thymidine (N3-[18F]FPrT) [14].

2.3: Dilution of the radiotracers

For each compound, including [18F]fluoride, dilute solutions of various concentrations were
prepared, and a known volume of each solution was counted on a gamma counter to identify
the proper activity concentration within its optimal range of counting efficiency, to avoid
saturation of the counter. All radioactive compounds were diluted to a concentration in the
range of 5-15x10% cpm/mL, and 20 pL of each solution was counted in a gamma counter to
identify the actual activity concentration suitable for counting without saturation of the
counter. Twenty microliters of this solution was used for analysis on ion-exchange or C;g
cartridge and HPLC.

2.4: Activation of the ion-exchange cartridge

All ion-exchange cartridges were activated according to the procedure described in the
manufacturer’s instructions using a clean plastic syringe. The cartridge was activated by
passing with 1 ml of ethanol followed by 1 ml of distilled water; then, after 5 minutes,
excess solvent was removed by pushing air with a syringe through the cartridge. Similarly,
the C,g cartridges were activated and equilibrated with the eluting solvent (10% MeCN/10
mM Na-phosphate).

2.5: Loading and elution of the sample on the ion exchange cartridge and Cqg cartridge

A 20-ul solution of each radioactive compound (described above) was loaded onto the ion-
exchange cartridge. The radioactivity was eluted from the cartridge with a solution of 20%
MeCN in water (except where otherwise mentioned) using a 5-ml plastic syringe. Cartridges
were washed 5 times with 1 ml of the eluting solvent (20% MeCN/water), and fractions
were collected in scintillation vials. Radioactivity in each fraction was counted on a gamma
counter, along with the cartridge and a blank vial as background. Combined radioactivity in
the washing was calculated and converted as the percent activity in the washing. The
radioactivity in the cartridge was converted as the percent of radioactivity retained, and the
combined radioactivity in the cartridge and washings was considered to be 100%. The Cqg
cartridge was eluted with 10% MeCN/10 mM Na-phosphate (5x1 mL); radioactivity in the
cartridge and washing fractions was counted on a gamma counter.

2.6: Determination of recovery efficiency of [18F]fluoride using ion-exchange cartridge and
HPLC system

A standard solution of K[*8F] (20 nCi/10 mL) was prepared. Twenty microliters of this
solution (in triplicate) was dispensed by a micro-syringe (HPLC syringe) into gamma
counting vials and the radioactivity was counted on a gamma counter. This activity (cpm)
was considered to be 100%. Twenty microliters of the same solution (in triplicate) was
dispensed by the same micro-syringe onto an ion-exchange cartridge then eluted with 20%
MeCN/water solution in 1 mL fractions (5 mL) to gamma counting vials and the
radioactivity in the cartridge and washings was counted on a gamma counter. Total
radioactivity (cpm) in the cartridge was divided by radioactivity counted in the counting vial
(directly dispensed into the counting vial) and multiplied by 100, and this value was
considered as percent recovery (trapped in the cartridge), and expressed as recovery
efficiency. Similarly, the recovery efficiency from the HPLC system was determined as
follows: 20 uL of the same fluoride solution was injected into the HPLC system, and the
total volume of solvent (eluted) was collected. A known volume of this eluent was counted
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on a gamma counter then the activity (cpm) in the total eluent was calculated. This value
(cpm) was divided by the total activity (cpm) counted in the directly dispensed counting vial
then multiplied by 100, and this value was considered as percent recovery from the HPLC
system. It should be noted that radioactivity trapped in the ion-exchange cartridge and that
recovered from the HPLC system are considered to be recovery efficiency of the respective
systems.

2.7: Determination of the limits of detection of the gamma counter and HPLC radioactivity

detector

A standard solution of [18F]fluoride (20 uCi in 10 mL) was prepared as described above.
From this solution a series of dilutions were made and a known volume (20 pL) of these
dilute solutions was counted on the gamma counter. The radioactivity (cpm) counted on the
gamma counter was plotted against radioactivity (nCi) to draw a standard curve, which was
obtained as a straight line passing through the origin. From this graph the lowest limit of
detection was calculated, based on the signal-to-noise ratio as 3.00 [15]. Similarly, another
standard curve for the radioactivity (area under the peak) against radioactivity (nCi) was
drawn for the HPLC analysis of the dilute solutions. A known volume (20 uL) of the dilute
solutions was injected to the HPLC and the radioactive peak area was calculated for each
dilute solutions. The peak area was plotted against radioactivity (nCi), which produced a
straight line that did not pass through the origin, and from this graph the lowest limit of
detection was calculated based on the signal-to-noise ratio as 3.00 [15].

2.8: Injection into animals and plasma processing

3. Results

Animal studies were performed under an approved institutional animal protocol. Nude mice
were injected with each radiotracer or K[18F] (100-150 uCi) through the tail vein (i.v.).
Then, 1-2 hours after the time of injection, blood samples were collected directly from the
heart using a syringe pretreated with heparin, then transferred to a centrifuge tube and kept
on ice at 0°C. Blood samples were centrifuged at a rate of 13,400 RPM for 15 min. The
supernatant (plasma) was transferred to an eppendorff centrifuge tube. The protein content
from the plasma was separated by two different methods. Method 1: The plasma (50-100
pL) was transferred to an eppendorff centrifuging tube, and MeCN (3x volumes) was added
to the tube, then mixed well (vortexed) for 20 seconds. The mixture was cooled in ice for 5
min and then centrifuged at 13,400 rpm for 15 min. The supernatant was removed, an
aliquot was used for gamma counting and the activity was converted to %1D/g. The
remaining solution was used for analysis on an ion exchange cartridge or by HPLC, as
described above. Method 2: The plasma (50-100 pL) was treated with same volume of
trichloroacetic acid (TCA, 3N, 50-100 L), kept on ice for 5 min and centrifuged at a rate of
13,400 RPM for 15 min. The supernatant was collected, an aliquot was counted for
radioactivity and the radioactivity was converted to %ID/g. The rest of the material was
neutralized (NaHCOg3 solution) and analyzed on the ion-exchange cartridge or by HPLC.
Urine samples were diluted with water to prepare the appropriate activity concentration,
approximately 10x108 cpm/ml and then 20 pL of this solution was analyzed on the ion-
exchange cartridge.

and discussion

Radiolabeled metabolites in plasma must be analyzed to determine the exact input function
for quantitative PET measurements [8-10]. However, there is no suitable method to
determine low levels of [18F]fluoride for the [18F]-labeled radiotracers; therefore, such a
method would be highly useful for the accurate pharmacokinetic modeling of [18F]-labeled
compounds.
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For metabolite analysis, it is necessary to isolate plasma from blood and remove the protein
content. The recovery efficiency of radioactivity ([18F]fluoride or other species) in blood
samples was estimated using two different methods. After removal of the red blood cells by
centrifugation, the plasma was isolated and processed by the use of either MeCN or trichloro
acetic acid (TCA). The recovery of [18F]fluoride using MeCN precipitation was
88.64+5.19% and that using TCA precipitation was 82.52+7.07%. Thus, the MeCN
precipitation method was more efficient and superior than the TCA precipitation method.

The recovery efficiency of the radio-HPLC system and an ion-exchange cartridge system
was determined using [18F]fluoride. The recovery efficiency of radioactivity from the HPLC
system (column, guard column and injector) was 83+3%, and that of the ion-exchange
cartridge system was 97+1%. These results suggest that when the HPLC system is used,
approximately 17% of the radioactivity remains uncounted due to non-specific binding of
[18F]fluoride in the HPLC system. For ion-exchange cartridge trapping and gamma counting
only about 3% of radioactivity remains uncounted. To compare the detection sensitivity of
the gamma counter with that of HPLC radioactivity detector, standard curves for both
methods were plotted to determine the differences in lower limits of detection (Fig. 1).

The lowest limit of detection of the gamma counter based measurement of radioactivity in
the ion-exchange cartridge was 0.075+0.004 nCi, whereas that for the HPLC detector was
0.71+0.02 nCi, on the basis of signal-to-noise ratio of 3.0 [15]. This means that the
sensitivity of the ion-exchange cartridge and gamma counter based method is 9.4-times
higher than that of the radio-HPLC. According to the manufacturer’s specification, the
lowest limit of detection (LLOD) of the gamma counter and radio-HPLC detector is 0.048
nCi and 0.09 nCi, respectively; i. e. gamma counter is approximately 2-fold higher sensitive
than the HPLC detector. However, our experimental LLOD of gamma counter is 0.075 nCi,
1.6-fold higher than the manufacturer’s specified value; and that for HPLC detector is 0.71
nCi, 7.8-flod higher than the manufacturer’s specified value. In the case of HPLC, large
difference in LLOD is possibly due to the fact that the manufacturer determined the LLOD
as a single point counting as opposed to our flow counting. Furthermore, lower recovery
efficiency (83%) from the HPLC, measurement of the area under the curve and difference
between LLOD and limit of quantitation (LOQ) may cause this significant difference. Thus,
low levels of radioactivity ([*8F]fluoride) can be better detected and quantified using an ion-
exchange cartridge and gamma counter as opposed to detection (area under the curve) by the
radio-HPLC detector.

The ion-exchange cartridge approach was chosen for this study because it traps and
concentrates [18F]fluoride very efficiently (99.41+0.42%) and the whole cartridge can be
placed directly into a counting vial for gamma counting of radioactivity. This cartridge can
trap only anionic species, including fluoride, and the neutral molecules can pass through,
except for some non-specific binding or interaction of the neutral compound. In most of the
previous studies for kinetic modeling and compartmental analysis [16-21] for interpretation
of the PET images of the [18F]-labeled compounds, metabolite analyses were performed on
HPLC using a C4g reverse phase column, relying on the percent of the parent compound and
any other metabolites that can be easily detected by the HPLC radioactivity detector. In our
experience, the C1g column generally does not produce a sharp peak for radioactive fluoride
when eluted with MeCN/water; the free fluoride elutes very slowly, producing a broad peak
that cannot be detected by the radioactivity detector of the HPLC. As a result, the free
fluoride present at low levels can easily be missed. However, when a Na-phosphate buffer
was used, the [18F]fluoride could be detected with a significant amount of activity injected
to the HPLC. A similar approach, such as flash chromatography on a Cqg cartridge (100 mg)
revealed results similar to those observed by HPLC using a C1g column. The C;g cartridge
showed that >96% of [18F]fluoride could be eluted with a buffer (Fig. 2A). However, when
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analyzed by HPLC, the amount of [18F]fluoride was too low and remained in the noise level
of the HPLC chromatogram. On the other hand, an ion-exchange cartridge can hold any
trace amount of [18F]fluoride, and its holding efficiency is > 99% (Fig.2B). Therefore, very
low levels of fluoride can be trapped on an ion-exchange cartridge and detected by a gamma
counter.

If an ion exchange cartridge is used for analysis of plasma or urine samples from animal
species, low levels of circulating fluoride can be easily detected and quantified, and more
efficiently than on a C1g column or cartridges. In animal blood or plasma samples, it is easy
to underestimate the presence of low levels of [18F]fluoride, especially when analyzed by
HPLC on a Cqg column. The trapping profile of the anion exchange cartridge for
[18F]fluoride derived from in vivo catabolism and defluorination in plasma and urine
samples is provided in Table 1.

Table 1 demonstrates that animals injected with [18F]FLT, [18F]FMAU, [18F]FEAU, and
[18F]FPrT had 1.4+0.31%, 0.89+0.29%, 4.88+1.62% and 9.31%3.11% of [18F]fluoride in
plasma. The free fluoride in urine due to in vivo defluorination was 11.49+1.6% for
[18F]FLT, 5.36+2.34% for [18FJFMAU, 13.57+1.96% for [18F]FEAU, and 11.19+1.98% for
N3-[18F]FPrT. Compared with plasma, urine had approximately 8.0 times higher fluoride for
[18F]FLT, 6.0 times higher for [18F]FMAU and 2.8 times higher for [8FJFEAU. Amount of
[18F]fluoride from [*8F]FLT in both plasma and urine was higher than that from
[18F]JFMAU. Analysis of urine and plasma on an ion-exchange cartridge suggests that part
of the free fluoride is excreted through renal clearance that goes to the urine, whereas some
fluoride remains in circulating blood prior to accumulation into bone.

Figure 3 demonstrates the amount of [18F]fluoride derived from each compound and
retained in the ion-exchange cartridge; the values shown are net radioactivity trapped after
subtraction of the nonspecific binding of each compound.

Urine had greater amount of [*8F]fluoride retained in the cartridge as compared to plasma
for [18F]FLT, [18F]FMAU, and [*8F]JFEAU; however, [18F]fluoride for N3-[18F]FPrT was
comparable in plasma and urine. The amount of [*8F]fluoride in the plasma and urine
samples in mice injected with [18F]FLT was approximately 2-fold higher than that of
[18F]FMAU, which suggests that [L8F]FMAU is relatively more stable in vivo in mice.
Although the levels of [18F]fluoride were quite low, they may be sufficient to accumulate in
bone. In previous studies, it was reported that [18F]JFLT was incorporated into bone marrow
at much higher rates than [18F]FMAU in dogs [16, 19, 20]. According to our results, it is
conceivable that the total accumulation of radioactivity in dog’s bone marrow may have
been a combination of [*8F]FLT in the marrow and [18F]fluoride in the bone. However,
further studies are required to establish whether [18F]FLT uptake in marrow is a
combination of both the parent compound [*8F]FLT and [*8F]fluoride in the bone.

Our analysis of the free [18F]fluoride (K[18F]) and [*8F]fluoride from the [18F]-labeled
compounds in plasma and urine on the ion-exchange cartridge, Cqg column, and Cqg
cartridge suggests that the ion-exchange cartridge with gamma counting is the best tool to
detect and estimate low levels of [18F]fluoride. Low levels of fluoride in plasma can be
easily missed during metabolite analysis by HPLC on a C4g column, because levels of
[18F]fluoride can be below the limit of detection by a HPLC radioactivity detector; as a
result, the presence of fluoride can be missed and data misinterpreted. Therefore, neither the
Cjg column on an HPLC nor a Cyg cartridge on a flash chromatography system is suitable
for accurate detection and quantification of circulating [18F]fluoride in plasma or urine
samples, especially at low levels. By contrast, an ion exchange cartridge traps the fluoride
ion very effectively (>99%), so any trace of circulating [18F]fluoride can be trapped and

Nucl Med Biol. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Paolillo et al. Page 7

measured accurately on a gamma counter. Therefore, this approach using ion-exchange
cartridge with gamma counting should be highly useful for plasma or urine analysis of
[18F]fluoride in biological samples.

4. Conclusions

The method using an ion-exchange cartridge and gamma counting provides an accurate and
efficient determination of low levels of [18F]fluoride in biological samples. This method is
superior to the conventional radio-HPLC with a Cqg reverse phase column and could be
widely used for quantification of [18F]fluoride in plasma and urine samples after
administration of various [18F]-labeled pyrimidine nucleoside analogues and other [18F]-
labeled imaging agents.
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Figure 1.

Standard curves for detection of [18F]fluoride radioactivity trapped on an ion-exchange
cartridge then counted on the gamma counter (red) or calculated area under the curve
derived by the HPLC radioactivity detector (blue).
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Figure 2.
Percent radioactivity retained in the cartridge and in the wash: A, C4g cartridge, 96.86%

activity washed out; B, ion-exchange cartridge, 99.41% activity retained. Bars: averages +
standard deviation.
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Figure 3.

Percent of free [18F]fluoride produced from the corresponding compounds due to catabolism
and defluorination in plasma and urine samples. Results are averages with standard
deviation.
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Percent radioactivity (8F-fluoride), derived from [18F]-labeled compounds estimated by in the ion-exchange

cartridge and gamma counting. Data: average + standard deviation.

Compounds | % Fluoride in plasma | % Fluoride in urine | No of expts
[8FJFLT 1.4+0.31 11.49+1.6 4
[8F]FMAU 0.89+0.29 5.36+2.34 3
[t8F]FEAU 4.88+1.62 13.57+1.96 3
N3[18F]FPIT 12.93+.48 11.19+1.98 4
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