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a b s t r a c t
Tetrapyrroles are multisided natural products which are of relevance in clinical medicine. Owing to their
speciﬁc accumulation in tumour tissue, porphyrins, metalloporphyrins and chlorins have been used as in
photodynamic therapy and optical imaging. Moreover, their speciﬁc uptake into inﬂammatory atheromatous
plaques via LDL endocytosis has been reported. The present study is concerned with the synthesis of 68Ga
labelled porphyrin derivatives and an in vitro assessment of the utility of radiotracers in positron emission
tomography. A set of ﬁve porphyrin derivatives were labelled using 68Ga from a commercially obtained
radionuclide generator. Dedicated post-processing of the generator eluate was conducted to allow for
labelling in aqueous media and also under anhydrous conditions. Challenge studies and incubation in human
serum conﬁrmed the stability of the tracers. Plasma protein binding was investigated in order to conﬁrm the
presence of freely diffusible radioligand in plasma. A preliminary microPET study in a tumour-bearing rat
resulted in a clear visualisation of the tumour.
© 2013 Elsevier Inc. All rights reserved.

1. Introduction
68

Ga III is a pretentious radionuclide for clinical PET imaging. In
terms of decay properties, it provides high positron abundance (89%)
together with irrelevant photon emission (1.077 keV, 3.22%) and a
half-life (68 min) compatible with the pharmacokinetic proﬁle of
most small molecule imaging agents. Being readily available from
inexpensive 68Ge/ 68Ga-radionuclide generator systems [1–3] paired
with straightforward labelling chemistry renders gallium-68 well
suited for PET imaging in peripheral tissues.
In essence, most applications of the radionuclide are based on
complexation of 68Ga III to a tetracoordinate to hexacoordinate
chelator which itself is conjugated to a bioactive targeting moiety
[4]. In the present study, however, our effort was guided by the
inherent similarity of Ga III and Fe III complexes of planar tetrapyrroles,
i.e. porphyrins and chlorins (Scheme 1).
Tetragonal pyramidal Fe III-porphyrin complexes are abundant in
nature and Fe II/Fe III redox-reactions in polypyrroles play a crucial role
in biological systems. The above mentioned similarity can be
attributed to similarities in size (van der Waals radius Ga 3+ =
⁎ Corresponding author. Tel.: +49 6131 392 5302; fax: +49 6131 392 4692.
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62 pm, Fe 3+ = 65 pm) and electron conﬁguration (Ga 3+: [Ar]3d 10;
Fe 3+: [Ar]3d 5) [5,6]. Consequently, non-radioactive Ga-porphyrin
complexes have been described in literature [7].
Porphyrin and chlorin derivatives selectively accumulate in
tumour lesions and in inﬂammatory tissue [8]. Interaction with
plasma proteins such as low density lipoprotein (LDL), transferrin and
human serum albumin (HSA) are believed to be the key mechanisms
for tumour uptake [9,10]. In this context, the use of porphyrin
derivatives is already established both in the ﬁeld of photodynamic
therapy (PDT) and optical imaging [8,11]. Moreover, tetrapyrrole
derivatives have been considered as targeting vectors for endoradiotherapy [12,13], boron neutron capture therapy [14], drug delivery
[15] or sonodynamically induced apoptosis [16]. Imaging studies
using spectroﬂuorometry or radiolabelled porphyrins have also been
described [17–20]. In these cases, 64Cu II (t1/2 = 12.7 h), 99mTc II (t1/2 =
6 h) and 65Zn II (t1/2 = 244.26 d) were used as radionuclides. Among
these radionuclides, only 99mTc is an appropriate radionuclide for
routine clinical application, 64Cu and 65Zn are of minor interest due to
their adverse radionuclide properties [21].
Based on the hypothesis that 68Ga-labelled tetrapyrroles might
provide a new option for PET imaging in oncology, we have devised a
methodology for radiolabeling and puriﬁcation of such complexes.
The in vitro stability and plasma protein binding of the novel
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Scheme 1. General scheme of the [68Ga]GaIII coordination of the tetrapyrrole system.

compounds were investigated. A preliminary micro-PET study was
conducted in a rat tumour model to proof the potential of 68Galabelled tetrapyrroles as molecular imaging probe.
2. Materials and methods
2.1. General
All chemicals were obtained from Sigma-Aldrich (Sigma-Aldrich,
Schnelldorf, Germany) and used without further puriﬁcation. Hematoporphyrin (1; 8,13-bis(1-hydroxyethyl)-3,7,12,17-tetramethyl21H,23H-porphine-2,18-dipropionic acid), protoporphyrin IX (2;
3,7,12,17-tetramethyl-8,13-divinyl-2,18-porphinedipropionic acid)
and meso-tetraphenylporphyrin (3) were purchased in the highest
available purity. The chlorins (3-(1-hydroxyheptyl)deuteron-porphyrin dimethylester (4) and ([(2R)-2-methoxycarbonylmethyl)-3-oxo2,7,12,18-tetramethyl-2,3-dihydro-21H,23H-dihydroporphyrinato13,17-diyl]dipropionic acid dimethylester) (5) were synthesised as
described previously [22,23]. The cation exchange resin AG 50W-X8
(b400 mesh) was obtained from Bio-Rad. Sep-Pak® Accell plus light
QMA cartridges were purchased from Waters (Waters GmbH,
Eschborn, Germany). Milli-Q water (18.2 MΩcm -1; Millipore GmbH,
Schwalbach, Germany) was used in all aqueous procedures. Dulbecco's phosphate-buffered saline (DPBS) was obtained from Invitrogen
(Life Technologies GmbH, Darmstadt, Germany). 68Ge/ 68Ga-radionuclide generators (50 mCi, 1.685 GBq) were obtained from Cyclotron
Co. Ltd. (Obninsk, Russian Federation). Typically, batch activities of 50
to 300 MBq 68Ga were used. Counting was performed in a well
counter (Nuklear-Medizintechnik Dresden GmbH, Germany). Radio-

281

syntheses under microwave irradiation were conducted in a CEM
Discover® focused microwave synthesis system (CEM, Kamp-Lintfort,
Germany) using dedicated 10 ml-reaction vessels. Radio thin layer
chromatography (radio-TLC) was performed on reversed phase (RP18 F254, 5 × 7.5 cm, Merck) or silica gel (silica gel 60 F254, 5 × 7.5 cm,
Merck) coated aluminium TLC-sheets and analyzed using a ﬂatbed
imaging scanner (Instant Imager, Canberra Packard, Schwadorf,
Austria). Radio-HPLC was performed using a solvent delivery system
(S1121, Sykam GmbH, Eresing, Germany) connected to a UV/VISdetector (UVIS 200, Linear, λ = 405 nm) and a radioactivity detector
at 511 keV (ISOMED 110, Nuklear-Medizintechnik Dresden GmbH).
An analytical RP-HPLC column (LiChroSorb®, RP-18, 7 μm,
250 × 4.6 mm, Merck) was used for quality control. Size-exclusion
chromatography (SE-HPLC) was performed on a Waters HPLC-system
(binary HPLC Pump 1525) connected to a UV/VIS detector (Dual
Absorbance Detector 2487, Waters; λ = 280 nm) and a radioactivity
detector (Radioﬂow Detector LB 509, EG&G Berthold, Bad Wildbad,
Germany). An SE-HPLC column (Phenomenex HiTrap™ Desalting,
5 ml) was used as stationary phase.

2.2.

68

Ge/ 68Ga generator and post-processing

A 68Ge/ 68Ga generator post-processing setup was applied as
published previously [24,25]. [ 68Ga]Ga III was eluted using 0.1 M HCl
(10 ml). The eluate was passed through a column containing AG
50 W-X8 resin (SCX; 50 mg loose packing, 3 mm column diameter),
in order to remove trace impurities of Fe III, 68Zn III , Ti IV and 68Ge IV, the
resin was rinsed with a mixture of acetone and 0.15N HCl (8:2, 1 ml)
and provisionally dried.
For labelling in aqueous media, the 68Ga trapped on the SCX
column was eluted with a solution of 0.05 M HCl in acetone (2.4%,
400 μl). To optimize the desorption of [ 68Ga]Ga III, the SCX column was
charged with the solution (150 μl) and allowed to equilibrate with the
resin-bound 68Ga for 2 min, followed by subsequent application of the
remaining 250 μl.
For labelling under anhydrous conditions [25], the SCX column was
thoroughly dried by a gentle stream of argon for 1 min to remove the
residual solvent. Subsequently, the puriﬁed 68Ga was eluted from the SCX
column using a solution of 2% acetylacetone (acac) in acetone (600 μl).

Fig. 1. Comparison of the time dependency of the labelling yield of [68Ga]-1 and [68Ga]-2 in HCl-acetone aqueous solution under conventional conditions (oil bath at 90 °C) and under
microwave irradiation (170 °C, max. 150 W). Mean and standard deviation (mean ± SD, n = 3) were determined.
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Fig. 2. Time dependency of the labelling yield of [68Ga]-3, [68Ga]-4 and [68Ga]-5 in chloroform solution using a constant microwave irradiation (170 °C, 300 W). Mean and standard
deviation (mean ± SD, n = 3) were determined.

In both cases, the SCX resin was reconditioned with 4 M HCl
(1 ml) followed by water (1 ml).
2.3. Radiochemistry
2.3.1. Labelling in aqueous media
Labelling precursor 1 (20 μl, 33 nmol, 1 mg/ ml acetone) or 2 (20 μl,
36 nmol, 1 mg/ml acetone) was added to a glass vial containing H2O
(5 ml) and warmed to 70 °C in an oil bath. A solution of 0.05 M HCl in
acetone (2.4%, 400 μl) containing the puriﬁed 68Ga activity (50300 MBq) was added. The mixture was heated to 90 °C for 15 min. In
case of microwave-enhanced radiosynthesis, the respective mixtures

were heated up to 170 °C in a sealed vessel using a microwave
irradiation of up to 150 W for the same period of time. Samples were
withdrawn from the reaction mixture after 1, 3, 5, 7, 10 and 15 minutes
and labelling yields were determined by radio-TLC.
2.3.2. Labelling under anhydrous conditions
Labelling under anhydrous conditions was conducted in CHCl3
using [ 68Ga](acac)3 as labelling agent, which was generated as
previously reported [25]. The CHCl3 solution, containing about 85%
of [ 68Ga]Ga(acac)3, was added to a suspension containing 5 mg
(32 μmol) 2,5-dihydroxy benzoic acid (DHBA), 20 μL of the corresponding tetrapyrrole solution (3: 33 nmol, 1 mg/ml in CHCl3; 4:
34 nmol, 1 mg/ml in CHCl3; 5: 34 nmol, 1 mg/ml in CHCl3) in 280 μL
chloroform. The labelling mixtures were heated in a sealed vessel
using a constant microwave irradiation of 300 W for 1 to 15 min.
Labelling yields after a reaction time of 1, 3, 5, 7, 10 and 15 minutes
were determined by radio-TLC.
2.3.3. Puriﬁcation of the labelled compounds
Puriﬁcation of the products was performed using an anion
exchange cartridge (QMA Sep-Pak®; preconditioned with 5 ml 1 M
K2CO3 and 5 ml H2O, followed by 20 ml air). For puriﬁcation of [ 68Ga]1 and [ 68Ga]-2, the reaction mixture was cooled to ambient
temperature, passed through the QMA cartridge, and the cartridge
was washed with H2O (200 μl). The puriﬁed products were eluted
with DPBS solution (500 μl), whereas non-chelated 68Ga-activity was
retained on the cartridge under these conditions.
Table 1
Summarized radiochemical results of porphyrin derivatives.
Compound
a

Labelling yield [%]
RCY [%]b
RCP [%]c
Total time of synthesis
[min]
Fig. 3. Radio-HPLC chromatogram of 68Ga-1 showing radiochemical purity of the tracer after
puriﬁcation by solid-phase extraction. HPLC-conditions: MeCN: H2O 95:5 (v/v)+0.1% TFA;
0.5 ml/min. UV-Trace at 405 nm (dashed line) and radio trace (solid line).

[68Ga]-1

[68Ga]-2

[68Ga]-3

[68Ga]-4

[68Ga]-5

69 ± 3
33 ± 4
95 ± 1
14

49 ± 9
22 ± 8
85 ± 10
14

82 ± 6
73 ± 6
98 ± 1
16

83 ± 6
50 ± 9
95 ± 2
16

42 ± 7
-/-/-/-

Total time of synthesis compromises post-processing of the generator eluate, labelling
and puriﬁcation process (RCY: decay corrected overall radiochemistry yield; RCP:
radiochemical purity; aTLC yields for the incorporation of 68Ga into the molecules;
b
isolated and formulated yield after SPE; cpurity of the formulation).

F. Zoller et al. / Nuclear Medicine and Biology 40 (2013) 280–288

283

Fig. 4. Proposed structures of the 68Ga-labelled porphyrins derivatives. The axial co-ligand (Lax) is represented by chloride in [68Ga]-1 and [68Ga]-2, whereas in [68Ga]-3, [68Ga]-4 and
[68Ga]-5 the axial co-ligand is substituted by 2,5-dihydroxy benzoic acid. (1: hematoporphyrin (8,13-bis(1-hydroxyethyl)-3,7,12,17-tetramethyl-21H,23H-porphine-2,18dipropionic acid); 2: proto-porphyrin IX (3,7,12,17-tetramethyl-8,13-divinyl-2,18-porphinedipropionic acid); 3: meso-tetraphenylporphyrin (5,10,15,20-tetraphenylporphin); 4:
3-(1-hydroxyheptyl)-deutero-porphyrin dimethylester; 5: ([(2R)-2-methoxycarbonylmethyl)-3-oxo-2,7,12,18-tetramethyl-2,3-dihydro-21H,23H-dihydroporphyrinato-13,17diyl]dipropionic acid dimethylester.

For puriﬁcation of [ 68Ga]-3-DHBA and [ 68Ga]-4-DHBA, the reaction
mixtures were cooled to 50 °C and the solvent was evaporated to
dryness under a gentle stream of argon. The solid residue was redissolved in ethanol (400 μl) and passed through an anion exchange
cartridge (QMA Sep-Pak®; preconditioned with 5 ml 1 M K2CO3, 5 ml
H2O, followed by 20 ml air). The resin-bound radioactivity was washed
with water (3 ml) and eluted with DPBS solution (2 ml). In parallel,
non-chelated amounts of 68Ga-activitity were retained on the resin.
2.3.4. Quality control
Labelling yields and radiochemical purities (RCP) were determined by radio-TLC using both reverse phase and silica TLC sheets.
Five different mobile phases were used (a: silica gel, 0.01 M HCl-EtOH,
3:1; b: silica gel, 0.01 M sodium citrate; c: silica gel, CHCl3-MeOH, 9:1;
d: silica gel, CHCl3-MeOH, 7:2; e: RP-18, ethyl acetate-ethanol, 1:1).
Corresponding Rf values were: [ 68Ga]-1: Rf (a) = 0.9, Rf (b) = 0.0;
[ 68Ga]-2: Rf (a) = 0.9, Rf (b) = 0.0; [ 68Ga]-3-DHBA: Rf (c) = 0.6, Rf
(e) = 1.0; [ 68Ga]-4-DHBA: Rf (d) = 0.5, Rf (e) = 1.0; [ 68Ga]-5-DHBA: Rf
(d) = 0.9, Rf (e) = 1.0; 68Ga: Rf (a,e,d,e) = 0.0, Rf (b) = 1.0.
In addition, radio-HPLC was performed under isocratic conditions
(MeCN: H2O 95:5 (v/v) + 0.1% TFA; 0.5 ml/min). The compounds
were eluted after the following retention times (tR): [ 68Ga]GaCl3: tR =
7.8 min, 1: tR = 3.3 min¸ [ 68Ga]-1: tR = 4.5 min; 2: tR = 3.9 min;
[ 68 Ga]-2: tR = 4.4 min; 3: t R = 13.8 min; [ 68 Ga]-3-DHBA, t R =
11.3 min; 4: tR = 28.5 min; [ 68Ga]-4-DHBA, tR = 13.5 min.
2.4. In vitro stability
2.4.1. Transchelation and transmetallation
Kinetic inertness and thermodynamic stability of the labelled
products were conﬁrmed by challenge studies in DTPA solution (1 μM
and 1 mM), FeCl3 solution (1 μM) and apo-transferrin solution (1 mg/
ml in DPBS (1 ×)). Aliquots of 1-3 MBq of the puriﬁed products were
added to the appropriate solutions (200 μl) and incubated under

gentle agitation at 37 °C. The composition of the mixtures was
monitored by analysing 1 μl aliquots with radio-TLC at selected time
points for up to 2 hours.
2.4.2. Serum stability
Human serum was isolated from heparinised full blood by
centrifugation at 5000 rpm for 5 min. 1-3 MBq of the respective
puriﬁed product solution was added to human serum (200 μl) and
incubated under gentle agitation at 37 °C. The composition of the
samples was monitored by analysing 1 μl aliquots with radio-TLC at
selected time intervals for up to 2 hours.
2.5. Plasma protein binding
For the determination of HSA binding, an aliquot of the respective
puriﬁed 68Ga-polypyrrole (100 ml, 1-3 MBq) was added to a HSA
solution (1 ml, 1 mg/ml in DPBS (1×)) and incubated under gentle
agitation at 37 °C for 2 hours. At selected time points, 100 μl samples
Table 2
Complex stability of the labelled tetrapyrrole derivatives in terms of transchelation
(incubation in DTPA solutions, n = 3) and transmetalation reactions (incubation in
FeCl3 solution, n = 3).
Incubation
solution

Labelled
Intact labelled compound/%
compound
0 min
15 min 30 min 60 min

[68Ga]-1
[68Ga]-3
[68Ga]-4
1 mM DTPA [68Ga]-1
[68Ga]-3
[68Ga]-4
1 μM FeCl3 [68Ga]-1
[68Ga]-3
[68Ga]-4

1 μM DTPA

100 ± 0
100 ± 0
100 ± 0
100 ± 0
100 ± 0
100 ± 0
100 ± 0
100 ± 0
100 ± 0

91 ± 9
99 ± 0
94 ± 6
94 ± 6
97 ± 1
87 ± 2
93 ± 1
98 ± 1
89 ± 5

93 ± 7
97 ± 1
95 ± 5
95 ± 5
99 ± 0
86 ± 7
92 ± 1
99 ± 0
95 ± 2

88 ± 0
98 ± 1
94 ± 6
87 ± 12
93 ± 3
84 ± 5
92 ± 1
96 ± 3
99 ± 4

90 min 120 min
95 ± 4
97 ± 1
93 ± 3
92 ± 8
97 ± 0
76 ± 6
92 ± 1
96 ± 1
96 ± 4

91 ± 5
93 ± 3
92 ± 4
96 ± 3
98 ± 1
77 ± 2
88 ± 0
98 ± 0
93 ± 7
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Fig. 5. Complex stability of the 68Ga-labelled tetrapyrrole derivatives and behaviour of non-chelated 68Ga in the presence of apo-transferrin (n = 3). The ability of apo-transferrin to
chelate 68Ga under these conditions has been validated by incubation with an aliquot of the generator eluate.

were withdrawn from the mixture and injected into an SE-HPLC,
phosphate buffer (0.1 M, pH 7.2; 0.5 ml/min) was used as mobile phase.
A sample of non-chelated gallium-68 was treated in the same way. For
assessment of LDL uptake, the same procedure was followed as described
for HSA binding, using 1 ml of an LDL solution (0.5 mg/ml in DPBS (1×)).
The porphyrin protein aggregates formed were detected as
follows: HSA porphyrin complex: tR = 3.8 min; LDL-porphyrincomplex: tR = 3.7 min. The unbound tracers eluted after the
following retention times (tR): 68Ga III: tR = 8.2 min¸ 68Ga-1: tR =
8.0 min; [ 68Ga]-3-DHBA, tR = 8.4 min; [ 68Ga]-4-DHBA, tR = 8.2 min.
The aggregation of each compound to the proteins was evaluated
by integration of the relevant radioactivity peak of the corresponding chromatogram.

Fig. 6. Stability of
determined.

68

2.6. MicroPET imaging
Solid tumours grew subcutaneously following injection of a
suspension of DS sarcoma cells into the hind foot dorsum of the left
and right leg of a male Sprague-Dawley rat (Charles River Wiga, Sulzfeld,
Germany) with a body weight of approximately 200 g. Tumours grew
for seven days prior to PET imaging. On the day of the PET scan the
animal was anaesthetized with an intra peritoneal injection of sodium
pentobarbital (40 mg/kg, Narcoren®, Merial, Germany), with further
doses of anaesthetic being given as necessary during the imaging
procedures. A catheter was then placed in the left carotid artery for
tracer administration. The animal was placed on the bed of a Siemens/
CTI Focus 150 small animal PET scanner. The animal received an infusion

Ga-labelled porphyrin derivatives and non-chelated gallium-68 in human serum incubated at 37 °C. Mean and standard deviation (mean ± SD, n = 3) were
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of 19 MBq [ 68Ga]-1 in 0.9 mL PBS via the arterial catheter and dynamic
PET data was acquired for 60 min. Afterwards, a 20-min whole body
scan was performed from the same animal placed. The reconstructed
PET data was analysed using pmod software. List-mode data acquisition
was used for PET image and reconstruction of time-activity-curves.
Three-dimensional regions of interest (ROI) were drawn onto the PET
data and the radioactivity concentration per volume (%ID/ml) of tumour
tissue was computed. The testes were chosen as regions of reference.
Whole body PET image were generated 60-80 min p.i. performing data
reconstruction using OSEM-mode algorithm.
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rats (Charles River WIGA, Sulzfeld, Germany). At deﬁned time
points post injection, the n (n = 3) were sacriﬁced, and selected
tissue samples (heart, lung, spleen, liver, kidney, muscle,
intestine, brain and duodenum) were removed, drained of
blood, weighed, and the radioactivity measured with a g-counter
(Perkin-Elmer 2470 Wizard). The percentage of injected dose per
gram of tissue (%ID/g) was calculated. Mean and standard
deviation (mean ± SD) were determined.

2.8. Ethics statement
2.7. Ex vivo biodistribution
Radioactivity amounts of 10 to 20 MBq of [ 68Ga]-1 in PBS
were injected via the tail vein of female 4- to 6-week old XY

All procedures had previously been reviewed by the responsible
regional Ethics Committee, and were carried out in strict accordance
with the UKCCCR guidelines [26].

Fig. 7. Binding of the 68Ga-labelled tetrapyrrole derivatives to human serum albumin and low-density lipoprotein. Compounds were incubated in a buffered plasma protein solution
at 37 °C. The amounts of the compound plasma protein bonded were determined by size exclusion HPLC.
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3. Results and discussion
3.1. Radiochemistry
Initial labelling experiments of the water-soluble compounds 1
and 2 using the post-processed aqueous generator eluate and
conventional heating (oil bath at 90 °C) produced only a low labelling.
Only 3 ± 1% and 19 ± 5% were achieved for [ 68Ga]-1 and [ 68Ga]-2,
respectively, within 15 min of heating (Fig. 1). Thus, a modiﬁed
labelling protocol was required for a more efﬁcient labelling.
Microwave irradiation facilitates a high-energy inﬂux into chemical reactions. According to the Arrhenius equation, a higher energy
transfer to the reactants generally results in shorter reaction times
and increased chemical yield. Hence, this powerful tool is also highly
practical in radiochemistry, especially when short-lived radionuclides
are used [27].
Using a microwave-enhanced approach, labelling yields of 69 ± 3%
for [ 68Ga]-1 after 5 min and 49 ± 9% for [ 68Ga]-2 after 7 min were
obtained. Extended reaction times resulted in a deceased labelling
yield which is most likely being caused by decomposition of the
compound. The time dependency of labelling yields was signiﬁcantly
improved by a factor of four for [ 68Ga]-2 and of about 46 for [ 68Ga]-1
using the same concentration of labelling precursor in the labelling
mixture (Fig. 1). In these cases, the use of microwave irradiation leads
to a signiﬁcant improvement in labelling yields.
In contrast, 68Ga-labelling of the lipophilic porphyrin derivatives 3,
4 and 5 was achieved using n.c.a. 68Ga(acac)3 as the labelling agent.
68
Ga(acac)3 was obtained from the generator eluate using a modiﬁed
post-processing protocol. Microwave assisted radiosynthesis under
anhydrous conditions was conducted as published previously [25].
This approach resulted in a rapid labelling reaction with a labelling of
82 ± 6% for [ 68Ga]-3. In parallel, a labelling of 83 ± 6% was obtained for

[ 68Ga]-4 within only 5 min (Fig. 2). The lipophilic porphyrin
derivative 5 was labelled in a labelling yield of 42 ± 7% within 7 min.
Puriﬁcation of the labelled porphyrins and chlorins was readily
achieved by solid-phase extraction on an anion exchange resin. Nonchelated amounts of 68Ga-activity were retained on the cartridge
when the labelled product was eluted with phosphate-buffered
saline. In this manner, [ 68Ga]-1, [ 68Ga]-3 and [ 68Ga]-4 were formed
at a radiochemical purity of N 95%, ready for intravenous administration (Fig. 3). Conversely, the derivatives [ 68Ga]-2 and [ 68Ga]-5 could
not be puriﬁed in a sufﬁcient quality for in vitro or in vivo applications.
Summarized results for the radiolabelling and puriﬁcation of the
porphyrin derivatives are listed in Table 1. The structures of the 68Galabelled tetrapyrrole derivatives are shown in Fig. 4.
Since gallium-68 is predominantly used for indirect radiolabelling
of targeting vectors via conjugation to macrocylcic chelators such as
DOTA or NOTA [4], the reported labelling approach represents a direct
68
Ga-complexation of the targeting molecule by itself. By adaptation
the analogy of 68Ga III to Fe III metal complex chemistry of the
tetrapyrrol system, ﬁve different porphyrin derivatives could be
labelled with generator-derived gallium-68. This achievement is a
new exploration of a direct 68Ga-labelling of natural products
potentially suitable for PET.
3.2. In vitro complex stability
To examine the 68Ga-porphyrin complex stability, transmetallation and transchelation experiments were conducted with [ 68Ga]-1,
[ 68Ga]-3 and [ 68Ga]-4. Transchelation of 68Ga to DTPA (Table 2) or to
apo-transferrin (Fig. 5) was not observed over a period of two hours.
Moreover, a high complex stability in terms of displacement of the
68
Ga III core via transmetallation reactions was observed in the
presence of Fe III ions (Table 2).

Fig. 8. PET/PET co-registration (10 min p.i) of the hind legs and testes after the injection of [68Ga]-1 (top). (A) Coronal, (B) sagittal and (C) transversal view. (t) denotes the tumour
lesions, (r) denotes the reference region. Dynamic PET data were collected over 60 min. Representative static whole body PET image were obtained 60–80 min after tracer
administration (D). Rats were injected with 19 MBq [68Ga]-1 (5-15 nmol), anesthetized with sodium pentobarbital (40 mg/kg).
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No substantial release of 68Ga from the lipophilic chelates [ 68Ga]-3
and [ 68Ga]-4 was observed in blood serum over a period of two hours.
In contrast, a half-life of only 72 min in human serum was determined
for the hydrophilic compound [ 68Ga]-1. This however has to be
attributed to rapid metabolism of the native porphyrin in blood and is
probably unrelated to actual transchelation. Thus, the tested compounds possessed a sufﬁcient complex stability for further investigation in in vitro or in vivo applications (Fig. 6).
3.3. Plasma protein binding
Uptake of the 68Ga-labelled tetrapyrroles into LDL and HSA was
determined using size-exclusion chromatography (Fig 6). As
expected, comparison of radioactive and UV detection revealed the
same retention time for the formed 68Ga-labelled proteins and the
pure protein sample. These ﬁndings indicate that both proteins, HSA
and LDL, remain unchanged upon interaction with the 68Ga-labelled
tracer. For this reason it is to be expected that HSA and LDL may serve
as vehicles for the 68Ga-labelled tracers, thereby mediating radioac-
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tivity uptake into tumour lesions and inﬂammatory tissue. An HSA
binding of up to 97% of the applied dose and a LDL uptake of more than
75% over a period of 120 min was found for the lipophilic porphyrin
complexes [ 68Ga]-3 and [ 68Ga]-4 (Fig. 7). In contrast, the more polar
compound [ 68Ga]-1 showed a HSA binding of only 26 ± 9% and an
insigniﬁcant LDL binding.
Contrary to our earlier report [25], this study was devoted to
in vitro characterisation of a variety of 68Ga-labelled tetrapyrroles.
So far, the mechanism of tumour uptake of intact porphyrins and
chlorins is only poorly understood and most attempts to increase
tumour uptake have thus far focused on increasing the lipidsolubility. Both plasma protein and lipoprotein mediated endocytosis and an enhanced permeation and retention effect have been
discussed as accumulation mechanism [17–20]. Our study conﬁrmed that the 68Ga labelled metalloporphyrins still show a
pronounced uptake into the LDL-vehicle, implying that further
investigation of this class of compounds is warranted. Thus, these
ﬁnding combined with our radiochemical procedures might spark
interest in 68Ga-tetrapyrrole PET.

Fig. 9. Pharmacokinetic proﬁle of the radiolabeled tetrapyrrole [68Ga]-1. PET time-activity-curve (A) for the tumour lesions (diamonds) and the reference region (squares) were
generated form reconstructed PET data 0-60 min after tracer injection. Ex vivo biodistribution studies were evaluated in health rats (B). Mean and standard deviation (mean ± SD,
n = 3) were determined.
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3.4. MicroPET imaging and biodistribution studies

Acknowledgments

A preliminary micro-PET study was conducted in a SpragueDawley rat bearing a DS sarcoma on each hind foot dorsum. The
reconstructed PET images suggest increased uptake of the injected
[ 68Ga]-1 in both tumour lesions (Fig. 8A,B,C). Whole body PET
data were obtained from the same animal scanned 60-80 min post
tracer administration. This PET image clearly visualised the hind
legs bearing the tumour lesions as compared to the front legs,
where no tumour tissue was inoculated (Fig. 8D). Renal clearance
of the labelled compound was indicated by highly focal radioactivity concentration in the kidneys and the bladder. To determine
the in vivo pharmacokinetic proﬁle of [ 68Ga]-1, the time-activitycurve were reconstructed from the 60-min dynamic PET scan
(Fig. 9A). A maximum tumour uptake of about 0.5% of the injected
dose per cm 3 (%ID/ml) was reached 7 min after injection. The
concentration of radioactivity in the tumour tissue equilibrates
after 10 min. However, the uptake and washout rate of the
radiotracer is signiﬁcantly slower for the tumour tissue than for
the reference region in the testes. Compared to the reference
region, a stable tumour to tissue ratio of 2 ± 0.3 is achieved. In
addition, the whole body biodistribution of [ 68Ga]-1 was investigated in healthy rats. As already indicated by PET imaging, a rapid
clearance of the tracer from the blood pool and non-targeted
tissue via the kidneys was observed. No speciﬁc accumulation in
the organs was detected (Fig. 9B).
For comparison, tumour tissue accumulation studies with gallium
metalloporphyrins in hamsters demonstrated comparable ratios
24 hours after compound administration [18]. The obtained distribution is furthermore different from the pharmacokinetic proﬁle
obtained for ‘free’ 68Ga III [28]. While a fast blood pool clearance as
essential parameter for contrast imaging could be clearly demonstrated, an optimization of the accumulation and retention of the
radiotracer in the tumour lesion has to be achieved.
Motivated by this preliminary feasibility study, more detailed
investigations and validations of radiolabeled tetrapyrroles are
therefore warranted to verify their potential as PET imaging agent
for tumour and inﬂammation in vivo. For this purpose, a set of both
water-soluble and lipophilic porphyrin derivatives that was successfully radiolabelled are hereby available for further studies.
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support and to C. Burchardt for helpful discussions. We gratefully
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4. Conclusion
Five porphyrin derivatives were labelled with 68Ga in a
microwave-enhanced radiosynthesis, both under aqueous and
anhydrous conditions. This radiosynthesis technique provided
rapid 68Ga incorporation in high RCY using nanomolar concentrations of tetrapyrrole precursor. Evidently, the use of n.c.a. [ 68Ga]Ga
acetylacetonate as the labelling agent allows the formation of
68
Ga-labelled complexes from lipophilic, water-insoluble chelators.
Puriﬁcation and formulation of the labelled products for biological
evaluation were readily achieved by solid-phase extraction. In vitro
evaluation illustrates kinetic inertness and high thermodynamic
stability over a period of 2 h. Moreover, as basic requirement for
in vivo application, the labelled products remained intact in human
serum over the same period of time. In a proof of concept PET
study, the 68Ga-labelled tetrapyrrole complexes suggest the
suitability of these novel tracer candidates for PET imaging.
However, these compounds are yet to be subjected to detailed
validation studies to determine the exact nature of uptake in the
target region. Thus, the reported achievements will contribute to
further developments of 68Ga-labelled porphyrins as molecular
imaging probe.
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