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sis of Tc radiopharmaceuticals by
HPLC-ICP-MS and HPLC-ESI-HRMS

Maximilian Horstmann, a Melanie Austrup,b Felix Busch,b Andreas Faust,b

Michael Sperling, ac Uwe Karst a and David Clases *d

Its easy accessibility, ideal physical properties and the multifaceted redox chemistry made 99mTc the most

important radionuclide for SPECT (single-photon emission computed tomography) in nuclear medicine.

Unfortunately, small concentrations used in scintigraphy are also limiting analytical techniques to

perform routine quality controls and to support the development of novel tracers. In this work,

speciation analysis via liquid chromatography (LC) coupled with elemental and molecular mass

spectrometry is developed for novel and established Tc radiopharmaceuticals to enable direct

identification, characterization, and quantification. Here, an Orbitrap-based ESI-MS method was used to

attain high mass resolutions and high mass accuracies for compound identification. RP-HPLC-ICP-MS

was employed for the separation and sensitive detection of Tc species. Due to a lack of Tc standards,

the previously introduced “isobaric dilution analysis” was modified and applied in an on-line post-column

dilution approach. Besides the expected tracers, various Tc impurities were detected and calibrated in

a non-target approach. The presented methods allow fast on-site quality controls of commercially

available tracers, but further promote the characterization of novel experimental tracers in nuclear

medicine without the need of “cold” reference compounds.
Introduction
Technetium tracer

Tc is known as the lightest element without stable isotopes and
occurs naturally only in traces. Since its rst isolation by Perrier
et al., 40 different isotopes from 83Tc to 122Tc have been
discovered.1,2 The isotope 99mTc has become the preferred
choice in nuclear medicine for the formulation of radiophar-
maceuticals (tracers) and is applied annually in more than 30
million scintigraphy scans worldwide, which accounts for an
estimated fraction of 85%.3,4 99mTc decays with a half-life of
about 6 hours into its more stable nuclear isomer 99Tc while
emitting a gamma quantum with 140.5 keV, which can be
recorded for single-photon emission computed tomography
(SPECT) using scintillation cameras.5 This has a high utility in
diagnostic imaging and the broad redox chemistry of Tc can be
exploited to synthesize complexes dedicated to target specic
endogenous structures and organs.6,7 Using generators con-
taining 99Mo as mother nuclide, 99mTc can be obtained as
and Analytical Chemistry, Corrensstraße
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pertechnetate on-site via chromatography and is then processed
in kit formulations to the desired tracer.3,8 The short half-life of
99mTc requires a rapid formulation and timely conduction of the
scintigraphy, which can be a limiting factor for previous quality
controls and the generation of high contrasts. The generation
process of 99mTc and the decay scheme is shown in Fig. 1.

While the multifaceted chemistry of Tc is on one hand
relevant for the synthesis of various complexes with specicity
Fig. 1 Generation and decay of 99mTc and 99Tc.

This journal is © The Royal Society of Chemistry 2023
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for different targets, it can, on the other hand, promote various
side products due to unselective synthesis pathways and tracer
degradation.9,10 For routine applications, tracers are formulated
in kits containing lyophilized ligands, reducing agents, antiox-
idants and stabilizers. Pertechnetate from generators is directly
added to these kits and Tc is reduced to lower oxidation states
(typically Tc(I), Tc(III), Tc(IV) or Tc(V)) to form the desired
tracer.6,11,12 Nevertheless, it is suspected that the reactions are
not entirely selective, and that tracers are sometimes not as
stable and pure as desired. This is underpinned by the fact that
the short half-life of 99mTc leaves little time for ne-adjustments
of several synthesis parameters (e.g., the exact amount of
99mTc/99Tc eluting from the generator, pH, O2 partial pressure,
etc.).9,13 Tc radiopharmaceuticals may contain species in various
oxidation states, which can result in a loss of contrast in scin-
tigraphy while exposing patients to unnecessary radiation.14 The
amount and identity of impurities are oen unknown and even
slight effects and deviations during synthesis, storage and
administration may lead to a signicant quality loss in scin-
tigraphy.13,15 It is therefore highly aspired to control and opti-
mize reaction parameters with the aim to improve
radiochemical purity, maximize tracer yield and enhance
contrast in diagnostic applications.

In most cases, the quantitative determination of Tc in
radiopharmaceuticals is conducted by means of scintillation
methods counting the gamma emission of 99mTc. However, this
approach is only able to detect 99mTc and not its respective
ground state 99Tc. For the characterization of established and
novel radiopharmaceuticals in nuclear medicine, more precise
qualitative and quantitative information is required to deter-
mine pharmacokinetic properties, tracer impurities and activity
parameters. Because of the selective quantum emission during
the decay of 99mTc, tracer concentrations can be kept relatively
low. This means that tracers are typically administered at
concentrations, at which they do not inuence biochemical
pathways but exclusively enrich in the target tissue for subse-
quent imaging (tracer principle). These low concentrations
challenge and sometimes prevent analytical strategies to
determine important parameters and to perform on-site quality
controls. While radioanalytical methods such as radio-thin
layer chromatography or radio-high performance liquid chro-
matography (HPLC) can sensitively detect 99mTc,16–18 mass
spectrometric methods are preferable to detect both 99mTc and
99Tc and to provide structural and quantitative information.
Only a few studies aimed to perform speciation analysis of Tc in
pharmaceuticals.9,19 Liu et al. reported a radio-LC-MS method,
which required higher concentrations of 99Tc, which was
collected as eluate within 24 h from the generator. The authors
furthermore used this method to conrm the identity of
hydrazinonicotinamide Tc complexes (HYNICtides).20,21 Ver-
duyckt et al. examined three different commonly used tracers
and for the rst time and conrmed their identity using radio-
LC-MS.22 Within an array of various other analytical techniques
Ardestani et al. and Maurin et al. used LC-MS to characterize
two novel Tc tracers and conrm their exact masses.23,24

For the development of novel Tc tracers, a non-radioactive
(“cold”) reference compound containing Re instead of Tc is
This journal is © The Royal Society of Chemistry 2023
commonly synthesized in a parallel upscaled batch. Re
possesses chemical characteristics similar to Tc and is analyzed
as a proxy for the respective Tc complex in a parallel LC-UV/vis
channel. A comparison of retention times of the Re complex in
the UV/vis channel against the Tc complex measured via radio-
LC is the basis for the subsequent identication of the tracer.18

However, in some cases, slight differences in the chemical
properties cause that respective Re complexes cannot be
synthesized and that the conduction of a non-radioactive
reference is not feasible. This is for example the case when Tc
shows the oxidation state +I as in complexes with HYNIC
ligands.25,26 Concludingly, the direct quantication, the deter-
mination of the specic activity (99Tc/99mTc) as well as the direct
identity conrmation of tracers and side products is not
possible at the moment or is at least limited.

In this work, hyphenated techniques employing LC coupled
to inductively coupled plasma – mass spectrometry (ICP-MS)
and electrospray ionization mass spectrometry (ESI-MS) are
introduced for the qualitative and quantitative evaluation of Tc
radiopharmaceuticals. High resolution molecular mass spec-
trometry was employed to gather exact masses for tentative
identication purposes. RP-HPLC-ICP-MS was used to perform
highly sensitive analyses and to enable a non-target approach to
detect Tc side products as previously discussed for other
elements.27,28 As Tc standards are not easily accessible, the
concept of isobaric dilution analysis (IBDA)29 was adapted to
enable calibration of transient Tc signals. Here, a Ru post-
column spike was continuously added aer the chromato-
graphic column generating a constant ratio of m/z 99 and 101.
The disruption of this ratio due to the elution of 99Tc was used
for quantication in an isotope dilution-like analysis. To correct
for element-specic differences in sensitivity, the response of Tc
was interpolated using sensitivities of its neighboring 4d
elements.
Experimental
Chemicals and consumables

For online IBDA, a Ru single element standard for ICP-MS
(10 mg L−1) was purchased from High-Purity Standards
(Charleston, SC, USA) and diluted to a nal concentration of 1
mg L−1 in an aqueous 2% nitric acid solution (w/v). Nitric acid
(65%, Suprapur, (w/v)) was purchased from Merck KGaA
(Darmstadt, Germany). Water was puried by an Aquatron
water still purication system model A4000D (Barloworld
Scientic, Nemours, France). Ammonium acetate (50 mM, pH
adjusted to 4 by means of acetic acid) (Eluent A, from Fluka
Chemie GmbH, Buchs, Switzerland) and acetonitrile (ACN)
(Eluent B, from Merck KGaA, Darmstadt, Germany) were used
as mobile phases. Samples and stock solutions were diluted and
stored in vials and tubes made of polypropylene (PP) in order
avoid adsorption effects.
Sample preparation

Tc radiopharmaceuticals were provided by the European Insti-
tute for Molecular Imaging (EIMI) (University Hospital Münster,
J. Anal. At. Spectrom., 2023, 38, 2038–2045 | 2039
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Germany). For the synthesis of commercial tracers, [99mTc]per-
technetate was eluted from a generator and added to the
respective kits. Aer the radiotracer formulation, all radio-
tracers were frozen and stored for at least 60 hours at −20 °C
until no increased gamma radiation could be detected. For
speciation analysis, the commercial tracers were thawed and
200 mL were directly transferred and stored in N2 ushed PP
vials during analysis without further dilution. Experimental Tc
radiotracers were synthesized at the EIMI and immediately
frozen in −20 °C N2 ushed PP vials. Prior to analysis, tracers
were thawed, diluted 1 : 5 in acetonitrile and transferred into
N2-ushed vials for analysis.
Instrumentation and experimental parameters

The chromatographic separation was carried out with a HPLC
system consisting of two LC-10ADVP pumps, a DGU-13A
degasser, a SIL-10A autosampler, a SCL-10AVP system
controller and a CTO-10ASVP column oven (all from Shimadzu,
Duisburg, Germany). The system was operated with LCSolution
soware version 1.2.2 (Shimadzu). A gradient based separation
method was developed and optimized using an Accucore C18
column (particle size 2.6 mm, length 150 mm, carbon load 7%)
(Thermo Scientic, Bremen, Germany). To separate a broad
range of potential species with different polarities present in the
tracer solution, a broad binary gradient was applied. The initial
composition of the eluent was 90% A (aqueous eluent) and 10%
B (organic eluent), which was subsequently proportionally
changed to 10% A and 90% B over a time range of 10 minutes.
Aer holding 10% A for 25 minutes, the mobile phase compo-
sition was changed back to initial conditions in 5 minutes and
hold for 5 minutes prior to the next injection. The injection
volume was optimized to be 10 mL and the ow rate was
adjusted to 150 mL min−1. To investigate a potential solvent-
depending element specic response in ICP-MS, a standard
containing 1 ng g−1 Ru and approximately 1 ng g−1 Tc was
prepared.

All ICP-MS experiments were carried out with a 7500ce
quadrupole ICP-MS system using a platinum sampler and
skimmer (Agilent Technologies, CA, USA). The system was
operated with Chemstation soware (Agilent Technologies). A
quartz injector pipe with an inner diameter of 1.0 mm was
used for sample introduction. The measurements were con-
ducted using the following conditions: RF power, 1600 W;
cool gas ow, 14 L min−1; auxiliary gas ow, 0.9 L min−1;
nebulizer gas ow, 0.6 L min−1; optional gas (O2), 0.05
L min−1; dwell time of m/z 99 and m/z 101, 20 ms each; peak
measurement protocol, peak hopping mode. For all experi-
ments, a cooled (−5 °C) cyclonic spray chamber (Glass
Expansion, Melbourne, Australia) with a PFA MicroFlow
nebulizer (Elemental Scientic, Omaha, NE, USA) was used
for aerosol generation. Data evaluation was carried out using
OriginPro (OriginLab Corporation, Northampton, MA, USA).
Signals were smoothed with the Savitzky–Golay lter using
a second order polynomial regression over 50 data points. For
online IBDA, the spike was introduced via an external peri-
staltic pump whereas the exact mass ow of the spike was
2040 | J. Anal. At. Spectrom., 2023, 38, 2038–2045
continuously recorded using a digital analytical balance
(Mettler Toledo AB 204, Am Greifensee, Switzerland). The
acquisition of transient data signals was received via RS-232
and transformed into keystrokes with the soware 232 key
(Born, Luxembourg).

Instrumental mass bias effects were avoided by recording
isotopic abundances with the same instrument and using
determined values for the calculations of the mass ow as
specied later. The detector dead time was calibrated analyzing
a diluted Er standard and compensated by the ICP-MS soware
(ChemStation, Agilent Technologies).

All ESI-MS experiments were carried out with an Orbitrap-
based mass spectrometer (Exactive, Thermo Fisher Scientic)
using the following conditions: scan range, m/z 98.0–1500.0;
resolution, ultra high (100 000 @ 1 Hz), AGC target, balanced
(106), maximum inject time, 1000 ms. Data were acquired and
evaluated with Xcalibur 2.1 soware (Thermo Fisher Scientic).
On-line isobaric dilution analysis

On-line calibration of transient Tc signals was achieved via an
isobaric dilution analysis (IBDA) approach adapted from Clases
et al.29 Here, the Tc mass ow was calculated according to eqn
(1), where MFS,Sp was the mass ow and MS,Sp the correspond-
ing atomic weights in the sample and spike, respectively. cSp
was the concentration of the spike and Rm was the measured
isotope ratio. RS and RSp were dened as AS

b/AS
a (isotope ratio b/

a in the sample) and ASp
a/ASp

b (isotope ratio a/b in the spike),
respectively.

MFS ¼ cSpMFSp

MS

MSp

A
Sp
b

AS
a

�
Rm � RSp

1� RmRS

�
(1)

To address differences in element response, a correction
factor Fr was dened (eqn (2)) as ratios of the element-specic
response factors.

Fr ¼ rRu

rTc
(2)

This factor was subsequently used to determine a response-
corrected R0

m as shown in eqn (3). I99Tc and I99Ru were the indi-
vidual intensities from 99Tc and 99Ru. Im99 and Im101 were absolute
intensities determined for m/z 99 and m/z 101.

R
0
m ¼ Fr$I99Tc þ I99Ru

Im101
¼

Fr$

�
Im99 � Im101$

A99Ru

A101Ru

�
þ Im101$

A99Ru

A101Ru

Im101

(3)

Due to the lack of adequate Tc standards, r99Tc was interpo-
lated using determined responses of adjacent 4d elements
according to a previous report.29 The response could be esti-
mated with an expected uncertainty of 6%.

Mass-based limits of detection (LOD) were calculated
according to eqn (4) and translated into molar-based LODs.
Here, only the spike containing Ru was analysed and the
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Structural formula of the two experimental radiotracers ([Tc]
MEA223, left) and ([Tc]FEB105, right) investigated by means of RP-
HPLC-ICP-MS and RP-HPLC-ESI-HRMS.
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standard deviation at m/z 99 was considered. The limit of
quantication was determined as 3.3LOD.

LOD ¼
3s�m

z
99
�

rTc
(4)

The LOD was 0.05 ng Tc g−1 which corresponded to 0.5 nmol
L−1. The LOQ was 0.17 ng Tc g−1 corresponding to 1.7 nmol L−1.

Results and discussion
On-line calibration of transient Tc signals

To investigate Tc species in tracer formulations quantitatively
as well as to interrogate molecular compositions, speciation
analysis by means of RP-HPLC-ICP-MS and RP-HPLC-ESI-MS
was conducted. As subjects of this study, four commercially
available as well as two experimental tracers were characterized.
A reversed C18 phase was applicable to separate most species in
all investigated tracer solutions. A previously reported IBDA
approach for the determination of Tc29 was adapted to calibrate
transient signals derived from chromatography. IBDA is a cali-
bration technique that derived from isotope dilution analysis
(IDA). While in IDA, the sample is mixed with a spike solution
containing the same elements with an altered isotopic abun-
dance, IBDA uses a spike containing a chemically similar
element with an isobaric isotope. However, slight differences in
the element response had to be considered to enable accurate
calibration of the mass ow. Eqn (1) is commonly used for on-
line species-unspecic IDA and was used for IBDA by imple-
menting a correction factor that compensated element-specic
differences as shown in eqn (2) and (3). Given that the response
of Tc cannot be measured due to the lack of suitable and
traceable standards, an interpolation approach was used. Here,
adjacent 4d transition metals were recorded as analogues of Tc
with similar ionization potential and instrumental responses.
Subsequently, the 99Tc response was tted with an expected
uncertainty of 6%. Additionally, the standard deviation for
isotope ratios was 2%. Other potential sources for uncertainty
(e.g., scale) were signicantly smaller and were therefore not
further considered.

Following the calculation of the MFs, integration of chro-
matographic signals enabled the calculation of the Tcmass. It is
worth mentioning that element specic responses were also
depending on plasma conditions, which varied using a solvent
gradient. A solution containing both Tc and Ru was continu-
ously spiked post-column during the performance of the
gradient to investigate potential elemental discrimination.
However, the ratio of m/z 99 to m/z 101 appeared to be constant
at all times indicating that the relative response factors of Tc
and Ru did not need to be adjusted for different gradient
solvent compositions.

Speciation analysis of experimental Tc tracer

Two experimental tracers developed for the scintigraphy of
tumors (Fig. 2) were investigated using RP-HPLC-ICP-MS and
ESI-HRMS. For the development of novel tracers, a non-
This journal is © The Royal Society of Chemistry 2023
radioactive (“cold”) Re reference compound is usually synthe-
sized to conrm the identity of a target tracer in a parallel
analysis. Unfortunately, Re proxies are not adequate as refer-
ence for Tc complexes with an oxidation state of +I (e.g., HYNIC
complexes) due to slight differences in their chemical and
physical properties. [99Tc]MEA223 (ref. 30) (Fig. 2) is such a Tc-
HYNIC complex which cannot be modelled with a cold Re
reference compound. [99mTc]FEB105 (ref. 31) (Fig. 2) is a novel
tracer for which a synthesis of a non-radioactive reference is at
least challenging. The combined use of RP-HPLC-ICP-MS and
RP-HPLC-ESI-HRMS provided some critical advantages for the
analysis of these radiotracers. First, RP-HPLC-ICP-MS enabled
a highly sensitive non-target analysis of Tc compounds and
species-unspecic quantication of all compounds via on-line
IBDA. As such, simple elemental standards could be used to
determine the concentration of even unknown Tc species.
Species selectivity could be achieved in RP-HPLC-ESI-HRMS.
While here the limits of analyses depended on the chemical
species, sensitivity was sufficient to analyze dominant Tc
compounds. For a tentative compound identication, exact
masses were acquired for mass defect analysis and sum formula
annotation.

Fig. 3 shows the 99Tc mass ow of experimental radiotracer
[Tc]MEA223 obtained via RP-HPLC-ICP-MS with post-column
IBDA. Two major signals were detected at tr = 5 min and tr =
14 min. Signal A at tr = 5 min had a concentration of 0.7 mmol
L−1, whereas signal B at tr = 14 min was calibrated to be 14.8
mmol L−1 Tc.

To identify the compounds corresponding to the detected Tc
signals, the RP-HPLC separation method was subsequently
used in conjunction with ESI-HRMS. Summing up mass spectra
at the elution time of species A (Fig. 3) enabled the detection of
J. Anal. At. Spectrom., 2023, 38, 2038–2045 | 2041
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Fig. 3 99Tc mass flow chromatogram of experimental radiotracer Tc-
MEA223. Two different signals could be detected and calibrated.

Fig. 5 Mass flow chromatogram and mass spectrum of Tc-FEB105.
The identity confirmation of the experimental radiotracer Tc-FEB105
could be achieved by means of the isotopic pattern of the protonated
tracer and the exact mass with a low mass deviation of +0.6 ppm. The
additional signals in the mass spectrum originated from contaminants.
The first signal was assigned to pertechnetate.
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the exact mass m/z 162.8866 in negative mode. With a mass
deviation of +1.0 ppm the mass corresponded to the [99Tc]per-
technetate anion. Pertechnetate is the most thermodynamically
stable Tc species under aerobic conditions and is used as
precursor for all Tc-labelled radiotracers. Therefore, the present
pertechnetate was most likely either not converted into the
target radiotracer or was a degradation product. Mass spectra
summed over species B at tr = 14 min enabled identication of
the radiotracer in both positive and negative ionization mode.
Experimental and theoretical spectra (red) are depicted in Fig. 4.
In negative ionization mode, the deprotonated form of Tc-
MEA223 (99TcC58H64O22N9S3P

−) was detected with a mass
deviation of −0.4 ppm, and the protonated species (99TcC58-
H66O22N9S3P

+) was observed in positive ionization mode with
a mass deviation of +1.5 ppm. In both cases, the experimental
and theoretical masses and the isotopic patterns were in good
accordance.

The experimental radiotracer Tc-FEB105 (Fig. 2) was inves-
tigated accordingly. The results are depicted in Fig. 5. Again,
respective concentrations were calculated via integration of the
Tc mass ow. The exact mass allowed the identication of the
rst signal as pertechnetate anion with a mass deviation of
0.0 ppm in negative ionization mode. The second signal was
assigned to the desired radiotracer (99TcC40H47O9N7

+) by means
of its isotopic pattern as well as the high mass accuracy of
Fig. 4 High resolution mass spectra. The identity confirmation of the e
isotopic pattern and the exact mass with a high mass accuracy of−0.4 pp
The theoretical isotopic pattern is shown in red.

2042 | J. Anal. At. Spectrom., 2023, 38, 2038–2045
+0.6 ppm in the positive ionization mode. The radiotracer was
not observed in negative ionization mode.
Speciation analysis of commercial Tc tracer

Commercial Tc tracers are prepared directly prior to their
administration and the conduction of the scintigraphy to obtain
a high specic activity. 99mTc is routinely generated in a chro-
matographic 99Mo/99mTc generator and eluted using an isotonic
saline solution into a sealed ask containing the necessary
educts for the synthesis of the target tracer (kit formulation).
The gamma radiation is measured to control the amount of
99mTc. However, the total Tc mass comprising of both 99mTc and
99Tc eluting from the generator (and therefore the specic
activity) is unknown and is therefore complicating control of
reaction selectivity and yield. To study the abundance of
impurities, four different commercial Tc tracers have been
investigated (Fig. 6).

Speciation analysis was conducted as described for the
experimental tracers to reveal the presence of Tc-based species.
The mass ow chromatograms of the respective tracer are
shown in Fig. 7. Pertechnetate is frequently used for the scin-
tigraphy of thyroids and was observed in negative ionization
mode. Tc-MAG3 is widely used for the scintigraphy of kidneys
xperimental radiotracer Tc-MEA223 can be achieved by means of the
m and +1.5 ppm in positive and negative ionizationmode, respectively.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Structural formulae of four commonly administered commercial Tc radiotracers.
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and was monitored in negative ionization mode. Tc-
Tetrofosmin and Tc-MIBI are radiotracers commonly adminis-
tered for myocardial scintigraphy and were both monitored in
positive ionization mode.
Fig. 7 Mass flow chromatograms determined via RP-HPLC-ICP-MS and
matogram (a) shows the speciation analysis of pertechnetate (PT) (signa
Two major signals were detected and assigned to pertechnetate (B) an
analysis of [99Tc]-Tetrofosmin. Different signals indicated the presence of
were identified as pertechnetate (D) and the desired tracer (E). Chromatog
signals were identified as pertechnetate (F) and the target Tc tracer (G). In
ESI-HRMS with deviations below 4 ppm.

This journal is © The Royal Society of Chemistry 2023
Chromatogram (a) shows the mass ow of the commercial
[99Tc]pertechnetate. In case of this tracer, Tc is already obtained
as pertechnetate from the generator and was not further
modied. By running the same RP-HPLC method in
mass spectra determined separately via RP-HPLC-ESI-HRMS. Chro-
l (A)). Chromatogram (b) shows the speciation analysis of [99Tc]MAG3.
d the respective tracer (C). Chromatogram (c) shows the speciation
significant amounts of unknown Tc species. The two dominant signals
ram (d) shows the speciation analysis of [99Tc]-MIBI. The two dominant
all cases, the identity of each species was confirmed using RP-HPLC-
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Table 1 Overview of the found signals in the respective chromatograms. The determined concentrations, purities and column recoveries are
assigned. Uncertainties were estimated using method uncertainties (8%). The column recovery was calculated via FI-ICP-MS

Fig. 7 Signal Compound/sum formula
Concentration
[nmol L−1] Tracer purity Column recovery

(a) A Pertechnetate/(TcO4
−) 480 � 40 97% 108%

(b) B Pertechnetate/(TcO4
−) 16 � 1.2 93% 69%

C [99Tc]MAG3/
99TcC8H9O6N3S1 530 � 40

(c) D Pertechnetate/(TcO4
−) 930 � 80 48% 90%

E [99Tc]Tetrofosmin/99TcC36H80O10P4 3300 � 300
(d) F Pertechnetate (TcO4

−) 87 � 7 67% 79%
G [99Tc]MIBI/99TcC36H66N6O6 300 � 20
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a combination with an Orbitrap-based mass spectrometer in
negative ionization mode, the exact mass of pertechnetate was
conrmed with a high mass accuracy (+1.1 ppm). In chro-
matograms (b)–(d), the signals B, D and F had the same reten-
tion time as found for pertechnetate in chromatogram (a). The
retention time as species-specic parameter as well as exact
masses with accuracies between −3.2 ppm and 0.4 ppm
conrmed the presence of pertechnetate. The abundant per-
technetate may have been the result of incomplete conversion
to the desired tracer. This hypothesis is endorsed by the fact
that the Tc concentration during the formulation can easily be
underestimated, when only gamma counting is performed.
Chromatogram (b) shows the analyte mass ow of the
commercial tracer [99Tc]MAG3. The desired tracer was identied
by its isotopic pattern in as 99TcC8H9O6N3S1 at a retention time
of 11 min with a mass deviation of +0.7 ppm. Accordingly, [99Tc]
Tetrofosmin ((c): tr = 23 min, Dm = −0.8 ppm) and [99Tc]MIBI
((d): tr = 25 min, Dm = −3.2 ppm) were investigated as
99TcC36H80O10P4 and 99TcC36H66N6O6, respectively, in positive
ionization mode. In particular for [99Tc]Tetrofosmin and [99Tc]
MIBI, several different unknown species could be detected
indicating the presence of side products originating from an
unselective synthesis or tracer degradation. In case of [99Tc]
Tetrofosmin it was furthermore observed that the abundance of
respective species was highly time dependent. Depending on
the conditions, the abundant species degraded within hours to
the thermodynamically more stable pertechnetate. The results
are summarized in Table 1 showing also the calculated purity,
annotated sum formulae and the column recovery determined
via ow injection (FI)-ICP-MS. Purities deviated between 47.6–
96.9% and column recoveries were between 69–108%.

Conclusion

In this work, a RP-HPLCmethod was used to separate Tc species
present in four different commercially available tracers and two
experimental tracers. Quantication of each separated species
was carried out with a new online IBDAmethod set up in a post-
column approach. Differences in sensitivity of Tc and Ru were
corrected by approximating the elemental sensitivity of Tc in
ICP-MS using the responses of adjacent 4d-elements. The
separation method was coupled to an ESI-Orbitrap mass spec-
trometer for the tentative identication of the desired tracer via
exact masses with high mass accuracies and respective isotopic
2044 | J. Anal. At. Spectrom., 2023, 38, 2038–2045
patterns. In both experimental tracers, the tracer compound
could be separated from pertechnetate. The quantication by
means of post-column IBDA allowed determination of the
respective concentrations and therefore enabled evaluating the
tracer purities. Since the activity (gamma radiation) is routinely
measured during the radiopharmaceutical formulation, further
important parameters such as the specic activity are now
accessible. Four different commercially available tracers have
been studied accordingly. The desired tracers could be sepa-
rated from Tc-based impurities in the radiopharmaceuticals
and their identity was conrmed. Pertechnetate was found to be
present as impurity in all formulations and was identied with
high mass accuracies as well as by comparison of retention
times. Further unknown impurities were detected for some
tracers.

The presented methods enable a fast and on-side quality
control and provide access to important parameters relevant for
quality controls and tracer development. The developed
methods pose an adjuvant tool to determine important activity
parameters and for the identication and quantitation of
experimental tracers without the need of cold reference
compounds.
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