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Summary. Chemokine receptor-4 (CXCR4) is involved in tumor growth and progression in several types of 
human cancer. Recently, [68Ga]-DOTA-Pentixafor has been assessed as an excellent imaging probe target-
ing CXCR4-expression using positron emission tomography (PET). Here we report on the entire production 
cycle of [68Ga]-DOTA-Pentixafor, including quality control development and process validation. Methods. 
Synthesis of [68Ga]-DOTA-Pentixafor was validated via three independent and consecutive production 
runs using an automated synthesis system. All validation runs must pass the pre-set quality control (QC) 
limits. Validation was performed for established QC tests to ensure that methods were reproducible and 
reliable in routine use. Germanium-68 breakthrough was determined for each sample. Production yield was 
calculated for each synthesis to assess the performance and efficiency of the radiolabeling process. The quality 
of the final product was determined by ITLC and HPLC methods after each synthesis. Results: The aver-
age ITLC-measured radiochemical purity was above 98.5% and HPLC-measured radiochemical purity was 
99.86%, 99,83% and 100% in the three validation runs. Germanium breakthrough was 4.8*10-5%, 4.9*10-
5% and 4.7*10-5% of total activity, far below the recommended level of 0.001%. Residual ethanol resulted 
5.22%, 5.58% and 5.32%V/V; spot of HEPES impurity was not more intense than spot of reference solution 
(200µg/V). Endotoxin level  resulted <17.5EU/ml. pH of the final product was 7 in all samples. Conclusion: 
[68Ga]-DOTA-Pentixafor fit requirements of the pre-set quality parameters of purity, efficacy and safety in  
the batches considered for this study  and fulfilled all the acceptance criteria for injectable radiopharmaceuti-
cal products. The results demonstrated a batch-to-batch reproducibility providing high radiochemical purity. 
(www.actabiomedica.it)

Key words: CXCR4 targeting, PET, radiopharmaceutical validation, [68Ga]-DOTA-Pentixafor.

Introduction

The C-X-C chemokine receptor 4 (CXCR4) and 
its ligand CXCL12 are overexpressed in in a variety 
of tumor types, strongly promoting tumor growth, 
invasiveness and  metastasis through multiple signal 
pathways [1]. 

Moreover, the CXCR4/CXCL12 axis is a key fac-
tor involved in the process of cell migration at sites of 
infection and/or inflammation [2-3].

Recently, new imaging probes targeting CXCR4 
have been developed for PET imaging of several dif-
ferent hematologic and other neoplasms including leu-
kemia, lymphoma, multiple myeloma, adrenocortical 
carcinoma or small cell lung cancer and also in other 
solid tumors and disease conditions, such as splenosis, 
stroke, atherosclerosis, and myocardial infarction in 
humans and in animals [4-6]. 

Among CXCR4-directed imaging agents, Pen-
tixafor labeled with Gallium-68 (Ga-68) has shown 
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a unique position, because of its elevate affinity and 
selectivity to CXCR4, its low unspecific binding and 
adequate distribution profile accompanied by quick 
renal excretion [7-8].

Combined with a favorable dosimetry, these 
characteristics paved the way for first currently ongo-
ing clinical studies for high contrast PET imaging of 
CXCR4 expression.

Starting on April 2019 our Radiopharmacy 
Laboratory have set up the synthesis method and 
quality control (QC) procedures of the PET probe 
[68Ga]-DOTA-Pentixafor for molecular imaging of 
the CXCR4/CXCL12 axis.

In recent years, various new diagnostic agents 
based on Ga-68 labeling have been added to the clinical 
activity, due to on-site production of Ga-68 from gen-
erators and the use of automated synthesis systems [9].

Such radiopharmaceuticals are manufactured or 
prepared in hospital radiopharmacies in accordance 
with the requirements of Good Manufacturing Prac-
tices (GMP) or Current Good Radiopharmacy Prac-
tice (cGRPP) [10-16].

Quality control of the prepared radiopharma-
ceuticals is necessary to characterize the final product 
relating to pharmaceutical parameters (to ensure that 
no microbiological, pyrogenic or particulate contami-
nation can harm patients) and radioactivity measures 
designed to ensure minimum radiation exposure of 
patients by confirming high radiochemical and radio-
nuclidic purity. 

Indeed, impurities of the radionuclide and/or its 
chemical composition may affect the biodistribution of 
the injected radiopharmaceutical and consequently the 
radiation dose to any one particular organ or the whole 
body dose.

However, the lack of peer-reviewed quality con-
trol guidelines and recommendations for their applica-
tion in human patients is a major concern. Therefore, 
it’s necessary to apply general monographs in testing 
quality of prepared radiopharmaceuticals for clinical 
and researc applications. 17 Acceptance criteria for 
quality control results require standardization and 
validation in labeling and preparation, including QC 
measurements to demonstrate that the procedure will 
reproducibly achieve its desired outcome [18].

In this manuscript we report on the entire 
 production cycle of [68Ga]-DOTA-Pentixafor 
 (Figure 1), including radiosynthesis with an automat-
ed synthesis system, quality control development and 
process validation [19-21]. 

Materials and Methods

Reagents

All reagents were high purity pharmaceutical 
grade. Hydrochloric acid solution (HCl 0.1 N) was 
obtained from Rotem GmbH. 

The reagents trifluoroacetic acid, acetonitrile, am-
monium acetate used for HPLC and ITLC phase, are 
purchased from Sigma Aldrich (Saint Louis, Missouri, 
USA) and are ultrapure or trace metal free.

The GMP-grade peptide Pentixafor, or DOTA-
(Tyr3)-pentixafor was obtained from ABX pharma-
ceuticals (ABX, Advanced Biochemical Compounds, 
Radeberg, Germany) as a 1 mg powder which is dis-
solved in 1 mL of water and used in 10 µl aliquots.

The Pentixafor was obtained as a Good Manufac-
turing Process (GMP) grade product.

Automated module and synthesis cassettes

The synthesis of [68Ga]-DOTA-Pentixafor is per-
formed using a fully automated module (Scintomics 
GRP®, Fuerstenfeldbruck, Germany) designed specifi-
cally for the synthesis of radiopharmaceuticals.

Figure 1. [68Ga]-Pentixafor chemical structure
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The module is controlled by a computerised sys-
tem which runs the valves and syringes on the cas-
settes producing the desidered radiopharmaceutical. 

There is a specific cassette for the synthesis of 
[68Ga]-DOTA-Pentixafor as well as for generator elu-
tion. The production cassettes, sterile and single-use, 
are obtained from ABX pharmaceuticals (ABX, Ad-
vanced Biochemical Compounds, Radeberg, Ger-
many). The system is actually used for the production 
of other radiopharmaceuticals, such as [68Ga]-PSMA, 
[68Ga]-DOTATOC, [68Ga]-DOTATATE, using a 
specific synthesis cassette. For each specific radiophar-
maceutical process there is a specific template com-
puter program. 

Generator

The 68Ge/68Ga generator used in our Radiop-
harmacy is a Good Manufacturing Practice (GMP) 
compliant generator (GalliaPharm® Eckert & Ziegler 
Radiopharma GmbH,Germany).

The generator used was a 1.85 GBq. Elution is 
performed on the first day of the week and on non-
synthesis days, due to the build-up of metal ions on 
the column requiring to be eluted on a daily basis and 
within 24 hours prior to any  [68Ga]-DOTA-Pentixafor 
synthesis. Elution process is performed using a 0.1 M 
HCl solution driven by the GRP™-Interface software 
in approximately five minutes. The elution volume is 
10 mL. 

Labeling procedure

Synthesis of [68Ga]-DOTA-Pentixafor was per-
formed using 10 µg of peptide.

Formula: C60H80N14O14
. x CH3CO2H

The synthesis process is shown in figure 2.
Packaging of the sterile synthesis cassette is re-

moved in laminar flow hot cell model NMC 68-GA 
and all connections tightened. Then, the cassette is at-
tached to synthesis module. Subsequently, we attach 
the empty containers, the syringe, the waste bottle, 
and reactor vial.

 The reagents (0.9% saline, ethanol, eluent, and 
DOTA-pentixafor peptide in HEPES buffer) are 

placed on the the synthesis cassette after closing all 
valves, and 68Ge/68Ga generator tube are connected.

68GaCl3 is eluted from 68Ge/68Ga generator with 
10 ml of sterile ultrapure HCl 0,1M and collected to 
the pre-purification exchange cartridge, which is then 
eluted with NaCl 5M. 

The Ga-68 chloride is released from the exchange 
column with 1,6 ml of NaCl 0,9% and added in the reac-
tion vial containing DOTA-Pentixafor peptide (20 µg in 
1.5 M 2-[4-(2-hydroxyethyl)-1-piperazinyl]-ethanesul-
fonic acid (HEPES buffer solution) at pH = 4). 

The mixture is incubated at 95 °C for 10 min. 18 
After incubation the contents of the reaction vial are  re-
moved and pushed through the C18 exchange cartridge 
(initially conditioned with ethanol, followed by water for 
injection Ph. Eur.) where the  [68Ga]-DOTA-Pentixafor 
is trapped; the unlabeled Ga-68 and  DOTA-Pentixafor 
were collected to the waste.

The trapped [68Ga]-DOTA-Pentixafor is recov-
ered from the C18 column by 2 ml of Ethanol/Water 
1/1.

The final product is diluted with 10 mL of phos-
phate buffered saline (PBS) and sterilized by filtration 
through an inline 0.22 µm sterile filter with a PVDF 
membrane. 

At the end of the synthesis process a report is 
saved on the computer for the auditing trail.

The synthesis process takes approximately 33 
minutes.

Figure 2. [68Ga]-Pentixafor synthesis scheme
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Analysis and Quality Control

The requirements for quality control of radio-
pharmaceuticals are listed in the European Pharmaco-
poeia. For typical analytical methods (e.g. analysis of 
residual solvents) used for QCs and characterization of 
[68Ga]-DOTA-Pentixafor, ICH guidelines have been 
applied, while specific adjustments were performed 
for radioanalytical methods, such as radio-HPLC, 
 radio-TLC and gamma spectrometry [22-24]. 

For the identification test the “pharmaceutical” 
part of the radiopharmaceutical was identified com-
paring the chromatographic retention time of the main 
radioactive peak and the “cold” standard; radionuclide 
identification was performed using gamma spectrom-
etry analysis of the emitted energies. 

All the analytical procedures were performed as 
defined in the standard operating procedures (SOPs) 
established in our Radiopharmacy Laboratory.

Appearance

The solution was visually analyzed per batch. The 
visual inspection of in-house prepared  radiopharma-
ceuticals is necessary before injection to the patient 
being a measure of process performance and valida-
tion. Presence of particulate in the sample suggests 
possible failure during radiopharmaceutical synthesis, 
including purification, sterilizing filtration, and failed 
environmental control during the setting-up of re-
agents [25]. 

Instant Thin Layer Chromatography (ITLC)

The quality control of [68Ga]-DOTA-Pentixafor 
was performed by Instant Thin Layer Chromatogra-
phy (ITLC) and High Pressure Liquid Chromatogra-
phy (HPLC), using the 0.2 mL sample taken directly 
from the final product.

The ITLC test was used to determine the ra-
diochemical purity (RCP) of [68Ga]-DOTA-Pentix-
afor and Ga-68 impurities as Ga-68 ion and Ga-68 
colloid in the final product. The ITLC paper strips w 
counted in the gamma-counter (CycloneÒ Plus Stor-
age Phosphor system, Perkin Elmer).

To measure the percentage of Ga-68 colloid, 1 
mol/L ammonium acetate/methanol (1 : 1) / ITLC-
SG strip (Varian iTLC-SG plates) is used: Ga-68 
colloid (Rf= 0.0-0.2), Ga-68 peptide (Rf= 0.8-1) and 
Ga-68 ion (Rf=0.8–1). 

High Pressure Liquid Chromatography (HPLC)

HPLC analyses were performed on a Dionex Ul-
tiMate 3000 HPLC system (Thermo Fisher Scientific) 
equipped with an AcclaimTM 120 C18 column 3µm 
120Å (3.0 mm × 150 mm) and a UV and a γ-detector 
(Berthold Technologies, Milan, Italy). The used sol-
vents were A) water +0.1% trifluoroacetic acid (TFA) 
and B) acetonitrile +0.1% TFA. HPLC eluents, wa-
ter, acetonitrile, and trifluoroacetic acid (TFA) were of 
high-grade purity. The flow rate of the mobile phase 
was set at 0.6 mL/min, with a total run of 12 min. 

The following gradient was used upon HPLC 
analysis: 0-2.5 min 15% B, 2.5-6 min from 15% B to 
90% B, 6-8.01 min 90% B, 8.01-10 min 90% B to 15% 
B, 10-12 min 15% B.

The column temperature was established at 30°C. 
The samples were also monitored with UV detector at 
220 nm for detection of chemical impurities. The soft-
ware system Chromeleon 7 was used to put together 
the informations. 

To prepare the reference “cold” standard of Pen-
tixafor, we purchased the peptide from Scintomics 
GmbH.

Ge-68 Breakthrough

The Ge-68 breakthrough was determined in an 
elution sample, after a complete Ga-68 decay (>48 
hours), on a weekly basis. 

The γ-ray spectrometry tests included the identifi-
cation of principal γ-photon (499–521 KeV peak) and 
68Ge content (decay of 499–521 KeV peak≥48 h) using 
a large volume counter linked to a multichannel analyser 
system (HPGe detector ORTEC GEM 30P4-76). 

pH

The pH value of [68Ga]-DOTA-Pentixafor 
was measured using pH strips (0-14) which show a 
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A total of 3 development radiosynthesis runs 
were analyzed and results are summarized in table 1.

The final formulation was [68Ga]-DOTA-Pentix-
afor in a 16 mL solution of phosphate buffer saline 
(PBS). Properties of the acceptable product included 
a pH of 7, a clear colorless solution free of particles, 
<10% ethanol by volume (mean 5.37% V/V), and en-
dotoxins <17.5 EU/ml. The total automated synthesis 
time was 33 minutes.

Ge-68 Breakthrough

The Ge-68 breakthrough determined in the 
three samples was constantly far below the level rec-
ommended by Ph.Eur. (0.001% of the total radioac-
tivity) and, respectively, 4.8*10-5%, 4.9*10-5% and  
4.7*10-5%.

Radiochemical Quality Control

Assessment of radiochemical purity of the final 
product was performed using ITLC and HPLC. RCP 
as determined by HPLC in the three consecutive runs 
was 99.86%, 99,83% and 100%, respectively. Under 
the chromatographic conditions described above, 
[68Ga]-DOTA-Pentixafor peak was well resolved; the 
average retention time was 6.1 min, as illustrated in 
typical chromatogram (figure 4). The radiochemical 
purity of this radiopharmaceutical was also confirmed 
with a TLC chromatography, which showed only the 

different colour at different pH range of the samples. 
The estimated value is registered.

Endotoxin and sterility

Quantitative determination of bacterial endo-
toxins was performed by the chromogenic method, 
using an Endosafe® Portable Test System-PTS. 
 [68Ga]-DOTA-Pentixafor samples were previously di-
luted   and then applied in duplicate inside cartridges 
in parallel with positive control testing. The radio-
pharmaceutical was considered apyrogenic when the 
level of endotoxins was less than 17.5/V IU/mL.

The sterility of the [68Ga]-DOTA-Pentixafor 
solution was assessed by direct inoculation of [68Ga]-
DOTA-Pentixafor solution in a growth broth which 
was incubated at 25 ºC and 37 ºC, respectively, and 
verified daily over fourteen days. The sample was con-
sidered sterile when there microbiological growth was 
absent. 

Radionuclide identification and activity measurements

Radionuclidic purity was determined based on 
the half-lives, the type of emitted radiations and the 
energy of the radiation. 

Ga-68 was measured with a dose calibrator (Cap-
intec 25-R) in the eluate immediately after elution and 
in the radiopharmaceutical immediately after prepara-
tion. The γ-ray spectrometry tests included the iden-
tification of principal γ-photon (499–521 KeV peak) 
using a large volume counter linked to a multichan-
nel analyser system (HPGe detector ORTEC GEM 
30P4-76).

Half-life of 68Ga was calculated after measuring 
the radioactivity of a sample in the dose calibrator at 
four consecutive intervals (5, 10, 15 and 20 minutes), 
then using the equation t½ = ln(½)/λ, where λ = decay 
constant. 

Results

the synthesis unit with labeled components is de-
tailed in figure 3.

Figure 3. The automated synthesis unit
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presence of [68Ga]-DOTA-Pentixafor at a retention 
time of 0.8-1 (figure 5) in all batches.

Chemical purity

A chemical impurity which has been verified by 
gas chromatography is the presence of residual etha-
nol. As it shown in the chromatogram (figure 6), the 

peak related to the presence of ethanol is at a retention 
time of 2.10 minutes; the amount of EtOH was <10% 
in all batches (respectively 5.22%, 5.58% and 5.32% 
V/V).

Subsequently, we also evaluated the residual quan-
tity of HEPES in the final preparation by TLC, that 
was less intense than the spot corresponding to the ref-
erence solution according to Ph.Eur. (200 µg/V).

Table 1. QC results of  [68Ga]-Pentixafor synthesis

Quality Control data Run 1 Run 1 Run 3

Appearance Colorless, no particles Colorless, no particles Colorless, no particles

Radionuclidic Identity 67.71 min 67.71 min 67.71 min

Radionuclidic Purity 100,00% 100,00% 100,00%

Radiochemical Identity RT = 6.313 min RT = 6.360 min RT = 6.351 min

Radiochemical Purity 99.86% 99,83% % 100%

Chemical Purity compliant compliant compliant

68Ge Impurity 0.0000041% 0.0000041% 0.0000041%

pH 7 7 7

LAL Test <17.5 EU/ml <17.5 EU/ml <17.5 EU/ml

Residual EtOH content 5.22% V/V 5.58% V/V 5.32% V/V

Yield (%) 56.7 56.9 57.3

Activity (MBq) 459 MBq 461 MBq 464 MBq

Figure 4. HPLC traces of [68Ga]-Pentixafor
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Radionuclide identification

The spectrum obtained by gamma spectroscopy 
showed peaks at energies equal to 0.511 MeV and 
1.077 MeV corresponding to Ga-68.

It was also confirmed by the calculation of the 
half-life of Ga-68 with the formula:

t 1/2 = 0.693 t / (ln A0 / At)
Approximate half-life of Ga-68 was 67.71 min.

pH and sterility

The pH was 7 in all the validation runs and LAL 
test for bacterial endotoxin resulted <17.5 EU/ml in all 
the three synthesis samples.

Reproducibility

The activity of the final product (Ga-68 labeled 
DOTA-Pentixafor) depends on the Ga-68 activity 

Figure 5. TLC of [68Ga]-Pentixafor

Figure 6. Gas chromatography analysis of [68Ga]-DOTA-Pentixafor
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eluted from the 68Ge/68Ga generator. From the eluate 
(68GaCl3) of our generator of 810±10 MBq the auto-
mated synthesis module can produce 450-480 MBq of 
[68Ga]-DOTA-Pentixafor.

The total production time of Ga-68 labeled pep-
tide was ~45 min including initial setup and all QC 
testing needed for the release. The mean yield in the 
validation runs was 57% and the mean radiochemical 
purity was 99.90%.

Discussion and Conclusion

The continuing development of new tools for 
molecular imaging is not accompanied by a coherent 
effort in development, standardization, and validation 
of quality control methods to guarantee high-quality 
radiopharmaceutical production, especially in the rou-
tine clinical setting. 41 Validation of the procedures 
used in the radiopharmacy is therefore the means for 
providing assurance that products will be of the re-
quired quality.

During years we have set up a few SPECT and 
PET tracers for research or clinical purpose [21], 
therefore it became mandatory to define a valida-
tion master plan, covering all the intended  validation 
/ qualification activities for radiopharmaceutical 
preparations, according to the existing guidelines  
[26-29].

The increasing number of different radiophar-
maceuticals creates challenges for the production 
process at radiopharmacies. Recent commercial 
automated synthesis systems based on disposable 
cassettes for each radiolabeled probe simplify the 
production of multiple tracers avoiding the need of 
tracer-specific customization. A major advantage of 
an automated system over manual synthesis is the 
increased reproducibility by reducing operator vari-
ability [30-32]. These systems enabling the operator 
to develop and optimize synthesis protocols of ra-
diopharmaceuticals to achieve the desired yield and 
purity. Then, a validation of the synthesis process has 
to be performed for the production of clinical-grade 
tracers.

This is particularly important in clinical use, both 
with respect to GMP compliance and for maintaining 

the high specific activity requirement for accurate PET 
quantitation.

Our validation runs demonstrated highly repro-
ducible synthesis yields (mean value 57%).

The radiochemical purity of [68Ga]-DOTA-Pen-
tixafor was measured using both ITLC and HPLC 
techniques and results showed that the synthesi-
zed product was well above the recommended level 
(99.90%) in all the validation runs.

The high radiochemical purity of the final product 
demonstrated a consistent quality production system 
that guarantees patient safety, image quality and accu-
rate quantification of tracer accumulation.

The next goal will be the development and vali-
dation of the high-pressure liquid chromatography 
method for the determination of chemical purity and 
radiochemical purity of [68Ga]-DOTA-Pentixafor.
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