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Abstract

Ultra-performance liquid chromatographic technique was applied for the first time for determination of radiochemical and
chemical purity of [!!C]methionine with measurement time less than 2 min. The pH and eluent strength of mobile phase were
optimized to achieve a gradient elution for separation of non-radioactive impurities as well as radioactive ingredients. The
developed method was validated according to the following parameters: linearity, repeatability, recovery, limit of quantitation.
The novel chromatographic procedure with reduced measurement time could be uniquely applied for the quality control of

['!C]methionine to considerably shorten the release time and avoid radioactivity loss of radiopharmaceutical.
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Introduction

Methionine has an important role in rapid synthesis of dif-
ferent proteins in brain tumors due to increased expression
of amino acid transporters. Labeling the molecule with !'C
isotope makes methionine a useful radiotracer for imaging
oncological lesions with positron emission tomography
(PET). Malignant tumor cell is characterized with high
uptake of ["'C]methionine. On the other hand, the accumu-
lation of the radiolabeled amino acid in normal tissue is
negligible. Interestingly, the extent of uptake is proportional
with tumor grade. [!'C]methionine is applied primarily in
examination of gliomas to delineate uptake areas for surgery,
radiotherapy and to guide biopsies [1].

In most cases, the radiosynthesis of ["'C]methionine is
performed by methylation of L-homocysteine or L-homo-
cysteine thiolactone with [!'C]methyl iodide choosing vari-
ous technical solutions. Remotely controlled production is
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a convenient method to obtain [!'C]methionine with high
radiochemical yield and purity [2, 3]. Avoiding preparative
high performance liquid chromatographic (HPLC) purifica-
tion step [4] the synthesis could be accomplished using solid
phase extraction (SPE) cartridges which may also serve as a
scene for the labeling procedure [5, 6]. Even “Loop” method
could be applied successfully for routine production of [''C]
methionine [7]. Ultimately, optimized radiosynthetic proce-
dures provide reproducible production of [''C]methionine
batches for routine PET examinations [8].

The quality control of ['!C]methionine covers the deter-
mination of radiochemical and chemical purity. According to
the European Pharmacopeia (Ph. Eur.) reversed phase liquid
chromatography could be applied in order to identify the
main component as well as radioactive and non-radioactive
impurities [9]. This methodology was successfully adapted
for quantitative analysis of homocysteine, homocysteine
thiolactone and methionine by several authors [2—6]. Radi-
ochemical components, namely [''C]methionine, [''C]
methionine sulfone, [''C]methionine sulfoxide and ['!C]
methanol could be measured simultaneously [10-12]. On
the other hand, additional impurities could be found in the
final product not mentioned in Ph. Eur. monograph. Pascali
et al. [13] detected homocystine and iodide ion by a reversed
phase HPLC method. [!!C]methyl iodide could be also iden-
tified as a radiochemical impurity [11, 12]. Giglio et al. [12]
developed a gradient method for examination of the entire
impurity profile of [!!C]methionine with measurement time
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of 16 min. However, in order to avoid considerable loss of
radioactivity it is very important to have a fast QC protocol
to shorten the release time of the radiopharmaceutical [14].
Hence, the aim of this work was to develop a liquid chroma-
tographic method applying the previously not used UPLC
technique to separate radiochemical as well as chemical
compounds of [''C]methionine injection with reduced meas-
urement time. A fast chromatographic procedure could be
achieved by simultaneous analysis of !!C-labeled and non-
radioactive ingredients on a stationary phase with particle
size lower than 2 pm. Due to UPLC conditions the examina-
tion time could be decreased even by an order of magnitude
in comparison with conventional HPLC methods. Conse-
quently, the quality control protocol could be shortened and
the release time of [''C]methionine could be considerably
reduced which is a critical issue for radiopharmaceuticals
with short shelf lives.

Experimental

Reagents for synthesis of [!!C]methionine and [''C]methyl
iodide as well as for chromatographic analysis were pur-
chased from Sigma and used without further purification.
GE PETtrace cyclotron was applied for production of isotope
according to nuclear reaction of "*N(p,a)!!C at 16.4 MeV
using N, (0.2%, O,) gas mixture under 10 bar pressure. The
synthesis of ['!C]methyl iodide was carried out on a GE
PETtrace Mel Microlab module via “gas phase” method.
["'C]methionine was obtained by the reaction of [!'C]methyl
iodide with 2 mg L-homocysteine absorbed on 20 mg Al,0O;
in 1 mL ethanol according to method proposed by Schmitz
et al. [15]. The purification of crude reaction mixture was
performed on Sep—Pak C18 Plus and Sep—Pak Alumina N
light cartridges (Waters) by elution with 9 mL of saline. The
final solution was pushed through Millex GS 0.22 pum sterile
filter (Millipore).

Chromatographic measurements were performed on
Waters Acquity I Class UPLC system. UV-Vis detector was
used for detection of non-radioactive ingredients. Radioac-
tive components were identified by radioactive detector
(Nal (TI)/PMT, Hamamatsu). Elution was carried out at
0.6 mL min~! and 225 nm detection wavelength with 1 pL
injected volume. Components were separated on Acquity
BEH C18 column (1.7 pm, 2.1 100 mm, 130 A, 18% car-
bon load). Column oven was adjusted to 25 °C.

The following samples were used for the method devel-
opment. Stock solutions of the examined ingredients were
prepared by dissolution of appropriate mass of solid mate-
rial in water. The concentration of reference components
in test solutions was adjusted to 120% of the allowable
concentration of non-radioactive ingredients, namely to
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250 pg mL~! for homocysteine, homocystine and methio-
nine, 10 pg mL~! for iodide ion and 80 pug mL™' for
homocysteine thiolactone unless otherwise stated. The
concentration of non-radioactive analogs of radiochemi-
cal components, namely methionine sulfone, methionine
sulfoxide, methanol, methyl iodide and methionine, were
adjusted to 250 pg mL~!. The radioactive concentration
of [!'C]methionine batches was up to 500 MBq mL™".
Samples of ['!C]methyl iodide were prepared with radio-
activity of up to 2 GBq. All the examined solutions were
filtered through 0.22 pm Millex-GV PVDF cartridge
(Merck). The analysis of samples was repeated three times
and average values were used for the evaluation of results.

The validation of the developed analytical method was
performed according to ICH Q2(R1) guideline [16]. The
linearity measurement of the chemical purity test was per-
formed in the range of LOQ to at least 120% of the allow-
able concentration of non-radioactive ingredients. Accord-
ingly, samples were prepared separately and analyzed with
concentrations as follows: 0.07-0.5-0.7-1.8-3.5-5.3-7.1—
17.7-35.4-53.1-70.8-88.5 pg mL~! for homocysteine thi-
olactone, 0.5-1.5-2.0-4.9-9.8-14.8-19.7-49.2-98.4-147
.6-196.8-246.0 pg mL~"! for homocysteine, 0.5-1.5-1.9-
4.8-9.7-14.5-19.4-48.4-96.8-145.2-193.6-242.0 pg m
L~! for homocystine and 0.5-1.5-2.0-4.9-9.8-14.7-19.6—
48.9-97.8-146.7-195.6-244.5 pg mL~! for methionine.
Accuracy and precision were determined by consecutive
analysis of a sample with maximum allowable concentra-
tion of ingredients, namely, 200 pg mL~! for homocyst-
eine, homocystine and methionine as well as 60 pg mL™!
for homocysteine thiolactone. The measurement was
repeated six times. Relative standard deviation (RSD) and
recovery values were calculated from the obtained con-
centrations of the ingredients. LOQ was determined based
on the Standard Deviation of the Response and the Slope.
The validation of radiochemical purity test was performed
using samples spiked with [''C]methionine and [''C]
methyl iodide. The radioactivity ratio of ['!C]methionine
to ['!C]methyl iodide was 91.5% The injected radioactiv-
ity values were adjusted by analyzing samples at differ-
ent times. The radioactivity linear range was examined
from 1.2 kBq to 499.8 kBq for [''C]methionine and from
3.7 kBq to 45.4 kBq for [''C]methyl iodide. Linearity was
determined using the following injected radioactivities:
1.2-10.4-20.6-30.5-40.3-48.8-69.1-95.6-132.3-161.7—
205.8-242.6-294.0-408.7-499.8 kBq for ['!C]methionine
and 3.7-4.4-6.3-8.7-12.0-14.7-18.3-22.1-27.2-37.2-45
.4 kBq for [''C]methyl iodide. Accuracy and precision of
the radiochemical purity test were determined by evalua-
tion of measurements of linearity test. Recovery and RSD
values were calculated from the obtained radioactivity
ratio of [!!C]methionine to ['!C]methyl iodide.
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Results and discussion
Chemical purity

It is well known from the literature that [''C]methio-
nine injection may contain the following non—radioac-
tive impurities: homocysteine, homocysteine thiolactone,
homocystine, methionine and iodide ion [9, 13]. How-
ever, homocysteine thiolactone can be only detected in
the final product providing that it is used as a precursor
for the radiosynthesis. On the other hand, [''C]methio-
nine may contain homocysteine in every case, since it is
used either directly as starting material for labeling pro-
cedure or obtained by basic hydrolysis of homocysteine
thiolactone [12]. Although in this work homocysteine
thiolactone was not used for precursor and therefore not
expected to identify as non-radioactive impurity in ana-
lyzed drug batches, our goal was to develop a generic fast
liquid chromatographic method for determination of the
content of potential chemical impurities in [!'C]methio-
nine radiopharmaceutical produced by using either homo-
cysteine thiolactone or homocysteine. For this purpose a
reversed phase chromatography was applied which was
also recommended by the Ph. Eur. monograph of [''C]
methionine injection [9]. According to this guidance octa-
decylsilyl silica gel stationary phase and phosphate buffer
eluent should be used. Adapting these recommendations
to UPLC system an Acquity BEH C18 column (1.7 pm,
2.1x 100 mm) was applied and eluted initially with 10 mM
KH,PO, solution. One of the main goals of this study was
to examine the effect of pH of the mobile phase on the
separation of non-radioactive ingredients. Hence, the pH
of the eluent was adjusted either with NaOH or H;PO,
in the range of 3— 9 for monitoring the selectivity of the
method. Initially, reference solutions of the components
were examined separately for identification of impuri-
ties by retention time. Finally, mixture of ingredients was
injected and peak resolutions were determined. It was
found that at pH 9 only homocysteine, homocystine and
methionine could be identified and separated with resolu-
tion greater than 1.5 (Fig. 1). At the same time iodide ion
was co—eluted with the solvent front. Additionally, homo-
cysteine thiolactone had greater retention time than 1 min.
This might be in connection with its highest lipophilicity
among examined impurities (logP=-0.51). The pK,=7.1
value of homocysteine thiolactone also indicated that
under basic conditions the ion suppressed molecular form
had increased lipophilicity which might have led to the
increased retention. With decreasing the pH of the mobile
phase to 8 only a slight decrease of retention times of the
previously detected components could be observed and the
quantitation of homocysteine thiolactone and iodide ion

was still not possible. At neutral conditions only methio-
nine could be identified as a pure peak with retention time
of 0.606 min. At pH 7 the co—elution of homocysteine and
homocystine was observed at 0.434 min.

Increasing the acquisition time of measurements at pH
7-8-9 revealed that homocysteine thiolactone could be
eluted with retention time from 1.514 to 2.024 min (Fig. 2).
Decreasing the basicity of mobile phase from pH 9-7 led to
decrease the retention time with 0.5 min.

Presumably further decrease of pH of the eluent would
promote the elution of homocysteine thiolactone and ulti-
mately the analysis could be performed in 1 min. Indeed,
increasing the acidity of the mobile phase to pH 6 and 5 indi-
cated a considerable change in the selectivity of the method
(Fig. 1). Namely, beside methionine as well as the co—eluted
homocysteine and homocystine pair, homocysteine thiolac-
tone could be identified with retention time of 0.832 min and
0.551 min which was decreased further with decreasing the
pH to 4. The co—elution of homocysteine and homocystine
was also observed at pH 3 and the retention time of homo-
cysteine thiolactone was decreased to 0.483 min. At the
same time the retention time of methionine was increased to
0.645 min. The resolution between homocystine and homo-
cysteine thiolactone as well as homocysteine thiolactone and
methionine was 1.58 and 7.34, respectively. Finally, the pH 2
value of mobile phase was adjusted with 0.1% (m/m) H;PO,
solution instead of 10 mM KH,PO, buffer. However, it was
initiated a drastic effect on the selectivity of the method,
since apart from iodide ion every component could be identi-
fied and separated with acceptable resolution (R,>1.5). The
retention time of homocysteine thiolactone was decreased
slightly in comparison with results obtained at pH 3 (Fig. 3).
On the other hand, homocysteine and homocystine were
resolved completely and interestingly its elution order was
changed. The resolution between homocysteine thiolactone
and homocysteine, homocysteine and homocystine as well
as homocystine and methionine was 1.56, 1.91 and 9.36,
respectively. The measurement time was only 1 min.

After the optimization of mobile phase composition,
the developed UPLC method was validated. Linearity was
verified in the concentration range of 0.07-88.5 pg mL~!
for homocysteine thiolactone, 0.5-246.0 pg mL~! for
homocysteine, 0.5-242.0 ug mL~! for homocystine and
0.5-244.5 pg mL~! for methionine. The regression coeffi-
cients (r?) were obtained between 0.9989 and 0.9994 (Sup-
plementary Information, Fig. S1-S4). The repeatability
was determined by injection of six replicates of reference
solution with maximum allowable concentration of ingre-
dients as follows: 60 pg mL~! (homocysteine thiolactone),
200.0 pg mL~! (homocysteine), 200.0 pg mL~! (homo-
cystine) and 200.0 pg mL~! (methionine). The obtained
RSD for homocysteine thiolactone, homocysteine, homo-
cystine and methionine was 0.09%, 0.23%, 0.15% and
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Fig. 1 Effect of pH of mobile phase in the range of 3-9 on the separation of non-radioactive components. (1: solvent front+iodide ion; 2: homo-

cysteine thiolactone; 3: homocysteine; 4: homocystine; 5: methionine)

0.10%, respectively. The concentration recoveries were in
the range from 100.8% to 102.2%. The quantitation limit
based on the Standard Deviation of the Response and the
Slope was 0.07 pg mL™", 1.05 pg mL~!, 1.10 pg mL~" and
0.73 pg mL~! for homocysteine thiolactone, homocysteine,
homocystine and methionine, respectively (Supplementary
Information, Fig. S5-S8).

The developed UPLC method was applied for analysis of
a crude radiosynthesis mixture to identify and quantify of
non-radioactive impurities. According to the results among
the previously examined ingredients homocysteine, homo-
cystine and methionine could be detected with retention
times of 0.516 min, 0.576 min and 0.814 min, respectively
(Fig. 5). The concentration of homocysteine, homocystine
and methionine in the crude mixture was 94.5 ug mL™!,
80.3 ug mL™" and 4.1 pg mL~!, respectively. Homocysteine
thiolactone was absent in the sample, since in our case it was
not used as precursor for the radiosynthesis. The chemical
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purity of [!!C]methionine batches from five consecutive pro-
ductions was also determined by the novel UPLC method.
It was found that the concentration of homocysteine varied
from 80.1 to 128.4 pg mL~'. At the same time, the homo-
cystine content was in the range of 91.4-137.2 pg mL~" and
methionine was detected with concentrations from 10.1 to
30.4 pg mL~!. The chemical purity of the examined batches
fulfilled the Ph. Eur. requirements, since the concentrations
of the non-radioactive impurities were below the allowable
level of 200 pg mL~!.

Radiochemical purity

Beside the active ingredient of ['!C]methionine other
radioactive components could be identified in the final
radiopharmaceutical solution [9, 12]. Namely, [”C]
methionine sulfone, [''C]methionine sulfoxide, [''C]meth-
anol and ['!C]methyl iodide may effect considerably the
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Fig.2 Variation of retention time of homocysteine thiolactone at pH 7-8-9 of mobile phase. (2: homocysteine thiolactone)

radiochemical purity of the preparation. To determine the
radiochemical purity ['!C]methionine should be separated
from other !'C-labeled impurities. In this work we aimed
to perform the determination of chemical and radiochemi-
cal purity simultaneously. Hence, the previously developed
method for chemical purity test was applied for the analy-
sis of radiochemical compounds. Non-radioactive analogs
were used as reference compounds during the develop-
ment of radiochemical purity test for the sake of simplic-
ity, since their chromatographic properties were identical
with ''C-labeled ingredients. It was found that methionine
sulfone, methionine sulfoxide and methanol was co—eluted
with solvent front at 0.404 min. On the other hand, methio-
nine was eluted with retention time of 0.798 min. The
observed resolution between the identified peaks was 5.3.
At the same time methyl iodide could not be eluted within
1 min due to its high lipophilicity. In order to simultane-
ously determine the chemical and radiochemical purity the
elution should be started with 0.1% (m/m) H,PO, solution.
On the other hand, increased eluent strength should be
applied for elution of methyl iodide with short retention
time. It was achieved using acetonitrile during optimized
gradient elution as follows (Table 1).

The initial eluent composition was 0.1% (m/m) H;PO, (A
eluent). Acetonitrile (B eluent) was added to mobile phase
instantly after 0.3 min of the sample injection. The content
of the organic modifier was adjusted to 90% (v/v). Due to
the gradient delay time (ca. 0.7 min) the effect of B elu-
ent could be observed only at about 1 min after the sample
injection. Consequently, the chemical purity could be deter-
mined according to the previously optimized conditions. At
the same time due to the effect of acetonitrile methyl iodide
could be eluted with retention time of 1.351 min. The resolu-
tion between methionine and methyl iodide was 7.2 (Fig. 4).
The measurement time was 2.0 min which was sufficient
for conditioning the stationary phase with A eluent to the
initial conditions. It is worth to note that a shift in retention
times of a compound in non-radioactive and ''C-labeled
form could be observed due to the connection of UV-Vis
and radioactivity detector in sequence within the UPLC sys-
tem. The difference of retention times was 0.2 +0.04 min at
0.6 mL min~! flow rate. For instance, the retention time of
['>C]methyl iodide and [''C]methyl iodide was 1.132 min
and 1.352 min, respectively.

The validation of the developed gradient elution
method was accomplished using samples spiked with ['!C]

@ Springer



1242

Journal of Radioanalytical and Nuclear Chemistry (2020) 324:1237-1244

0.153

0.136

0.119

0.102

0.085

AU

0.068

0.051

0.034

0.017

0.000 J

— v — v v g — T T T N T T T T g T
0.00 005 0.10 0.15 020 025 030 035 040 045 050 055 060 065 070 0.75 0.80 0.85 0.90 0.95 1.00

Minutes

Fig.3 Separation of chemical impurities using 0.1% (m/m) H;PO, solution (pH 2) for mobile phase. (2: homocysteine thiolactone; 3: homocyst-

eine; 4: homocystine; 5: methionine)

Table1 The final UPLC conditions proposed for determination of
radiochemical and chemical purity of [''C]methionine

Column Acquity BEH C18 column
(1.7 pm, 2.1 x 100 mm, 130A, 18%
carbon load)
Flow 0.6 mL min~!
Run time 1 min
Detection wavelength 225 nm
Injected volume 1L
Column temperature 25 °C
Solvent A 0.1% (m/m) H;PO, (pH 2)
Solvent B acetonitrile
Gradient %A %B
0-0.30 min 100 0
0.30-0.31 min 10 90
0.31-2 min 10 90

methionine and [! 1C]methyl iodide as radioactive reference
components. The linearity was acceptable in the range of the
injected radioactivity from 1.2 kBq to 499.8 kBq for [''C]
methionine and from 3.7 kBq to 45.4 kBq for [!'C]methyl
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iodide (Supplementary Information, Fig. S9-S10). The
obtained r* value was 0.9996 and 0.9993 for [''C]methio-
nine and [''C]methyl iodide, respectively. The LOQ based
on the Standard Deviation of the Response and the Slope
was 6.1 kBq for [!!C]methyl iodide. The obtained RSD and
recovery values of radioactivity ratios of ['!C]methionine
to [''C]methyl iodide were 0.3% and 100.5%, respectively.

The crude radiosynthesis mixture was analyzed by the
novel UPLC method to identify the radioactive compo-
nents. From the obtained chromatogram only the peaks of
[''C]methionine and [''C]methyl iodide could be identified
(Fig. 5). [''C]methanol and the oxidation products of [''C]
methionine, namely ['!C]methionine sulfoxide and ['!C]
methionine sulfone could not be detected in the raw mix-
ture. It was found that the 98.5% of the total radioactivity
of the sample belonged to [!'C]methionine. Additionally,
the radiochemical purity of five ['!C]methionine batches
were determined. The content of [''C]methionine in sam-
ples was in the range of 98.0% to 98.9%. Interestingly, from
the known radiochemical impurities only [!!C]methyl iodide
could be detected in the final samples during the shelf life of
[''C]methionine batches.
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Conclusions

The developed UPLC method is eligible for fast determina-
tion of radiochemical and chemical purity of ['!C]methio-
nine simultaneously. The measurement time is significantly
shorter than that of proposed by European Pharmaco-
peia monograph. Despite of the gradient elution method
the recondition of the system for repeated measurements
could be achieved rapidly. The radiochemical purity could
be determined accurately by complete separation of ['!'C]
methionine from partly co—eluted radioactive impurities.
Baseline separation of non-radioactive ingredients could
be also achieved which is one of the main requirements for
the determination of their concentration in the final product.
Unfortunately, this UPLC method is not capable for quantita-
tion of iodide ion. This parameter should be determined by
another analytical procedure. Ion pair reversed phase chro-
matography might be applicable. However, UPLC method
may be also promising if an analytical column with lower
carbon load is used. In this case due to the greater number of
silanol functional group of the stationary phase the increased
polar selectivity may increase the retention of iodide ion.
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