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Introduction: Early detection of liver fibrosis andmonitoring response to treatment crucial for themanagement of
patients are currently not feasible in clinical practice. Platelet derived growth factor receptorβ (PDGFR-β) expres-
sion is regarded as a potential biomarker to determine the stages offibrotic diseases including liverfibrosis. [68Ga]
Ga-BOT5035 comprising a bicyclic peptide was developed for specific targeting of PDGFR-β overexpressed in
pathologicalfibrosis. The realization ofmicrodosing phase 0 study using [68Ga]Ga-BOT5035 positron emission to-
mography required automated good manufacturing practice (GMP) compliant production of [68Ga]Ga-BOT5035
presented herein. Moreover, the investigation of radiation dosimetrywas conducted to ensure possibility ofmul-
tiple annual examinations for disease monitoring in clinical setup.
Methods: The active pharmaceutical ingredient starting material BOT5035 (GMP grade) was provided by BiOrion
Technologies BV. The 68Ga-labelling process was developed and automated using synthesis platform (Modular-
Lab PharmTrace, Eckert & Ziegler), disposable cassettes for 68Ga-labelling, and pharmaceutical grade 68Ge/68Ga

generator (GalliaPharm®) purchased from Eckert & Ziegler. Radiolysis sensitive BOT5035 required development
and systematic optimization of the labelling synthesis parameters such as time, temperature, precursor concen-
tration, radical scavenger, buffer concentration and pH. The validation process was conducted with regard to the
product quality and quantity, aswell as production reproducibility. Human organ equivalent doses and total body
effective doses were calculated using Organ Level Internal Dose Assessment Code software (OLINDA/EXM 1.1),
based on ex vivo organ distribution in Sprague-Dawley rats.
Results: The GMP compliant automated production of [68Ga]Ga-BOT5035 with on-line documentation demon-
strated high reproducibility. The time for the labelling synthesis and quality control was approximately
60 min. The non-decay corrected radiochemical yield and radiochemical purity of the radiopharmaceutical
were 43.7 ± 7.6% (n = 3, process validation) and 97.7 ± 0.4% (n = 3, process validation), respectively.
Predefined acceptance criteria were met for the sterility, endotoxins level, radionuclidic purity and residual sol-
vent content. The stability at ambient temperature was controlled for 120 min with approved results. Ex vivo
organ distribution data revealed fast blood clearance andwashout frommost of the organs. The dose-limiting or-
ganswere kidney and bonemarrow. The total effective dose as limiting parameterwould allow for up to 3–4 PET
scans per annum.
Conclusion: The fully automated and GMP compliant production of [68Ga]Ga-BOT5035 was developed and thor-
oughly validated. The radiopharmaceutical was approved by SwedishMedicinal Products Agency and the Ethical
ReviewAuthority for the Phase 0 clinical study of the quantitative imaging of liver fibrosis. Human dosimetry cal-
culations extrapolated from animal experiment indicated possibility of 3–4 PET examinations per year.

© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Liver fibrosis is an excessive accumulation of extracellular matrix
proteins that occurs in most types of chronic liver diseases. Advanced
liver fibrosis results in cirrhosis, liver failure, portal hypertension, and
ultimately leads to organ failure and death. The diagnostic tools that
are currently available to detect fibrosis are not sufficiently sensitive
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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to accurately differentiate between different stages of the disease.
Therefore, fibrosis is predominantly diagnosed by elastography and an
invasive percutaneous liver biopsy. The latter procedure is experienced
as painful in 40% of patients and has major complications in 0.5% of
patients [1]. Biopsies are followed by a histological examination to
identify the underlying cause of liver disease and to assess the
necroinflammatory grade and the stage of fibrosis.

Molecular imaging, such as positron emission tomography (PET),
would be perfectly suitable as a non-invasive diagnostic method, and
would enable earlier screening of patients at high risk for fibrosis. In
combination with a targeted therapy, this would be the premise for a
personalized, effective and safe approach for diagnosis and treatment
of fibrosis. BiOrion Technologies has developed a proprietary platform
technology centered around a bicyclic peptide, so called BiPPB that is de-
signed to bind dimerized platelet-derived growth factor (PDGF-β) re-
ceptors [2,3]. PDGF-β receptors selectively expressed in activated-
myofibroblasts have been identified as promising targets for specific im-
aging of fibrosis [4]. By conjugating a short stabilizing poly-ethylene gly-
col (PEG) linker to the bicyclic peptide BiPPB, a wide range of functional
groups can be added to create diagnostic products. The analogue used in
this study (BOT5035) comprised BiPPB for the specific binding to PDGF-
β receptors, NOTA moiety for the radiolabelling with positron emitting
gallium-68 radionuclide for PET imaging, and Sulfo-Cy7 (sCy7) moiety
for near infrared fluorescence imaging (Fig. 1).

The PETmicrodosing concept [5–11] allows conducting phase 0 clin-
ical studies very early in drug development process reducing the cost of
the clinical trial and allowing early decisionmaking for the development
direction. One of the most crucial aspects of a PET clinical study involv-
ing a novel imaging agent is development of good manufacturing
Fig. 1.A)Molecular structure of the bicyclic peptide (BiPPB) with black arrow pointing at the co
via lysine and polyethylene glycol chain; C) Ga(III)-NO2A complex moiety.
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practice (GMP) compliant production of the respective agent. Herein
we present development and validation of automated manufacturing
of [68Ga]Ga-BOT5035 intended for the phase 0 clinical study in patients
with suspected liver fibrosis.

2. Material and methods

2.1. Facilities, equipment, and materials

The radiopharmaceutical, [68Ga]Ga-BOT5035 is a construct compris-
ing a 22 amino acid residue bicyclic peptide (BiPPB) conjugated via ad-
ditional lysine amino acid residue to polyethylene glycol chain carrying
1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) and to sulfo-
cyanine dye moiety (sCy7) for dual modality imaging (Fig. 1). BiPPB is
consisted of C(1)SRNLIDC(1)GGGDGGC(2)SRNLIDC(2)NH2 sequence
cyclized via two disulfide bridges (Cys1-Cys8; Cys15-Cys22). BOT5035
(Mw: 3927.4 Da) comprises BiPPB, NOTA and sCy7 (NO2A-[PEG12]K
(Sulfo-Cy7)-C(1)SRNLIDC(1)GGGDGGC(2)SRNLIDC(2)-NH2; the N-
terminal C1 is connected to the lysine (K); two disulfide bridges C1–
C1 and C2–C2. The C-terminus is an amide, Fig. 1). The active pharma-
ceutical ingredient starting material, BOT5035 (GMP grade drug prod-
uct), was synthetically produced (Pepscan Presto BV, Lelystad, The
Netherlands) and provided by BiOrion Technologies BV in compliance
with GMP guidelines, i. e. the EU directive 2003/94/EC and ICH Q7
guideline for APIs. BOT5035 was preclinically investigated with respect
to safety, pharmacology, and toxicology by Charles River Laboratories
Den Bosch BV, according to ICH microdosing guidelines. The manufac-
turer provided certificates of compliance and certificates of analysis.
The product was sterile, non-pyrogenic, and without bacteriostatic
njugation site; B) BOT5035 comprising sulfo-cyanine dyemoiety and NOTA linked to BiPPB

Image of Fig. 1
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preservatives. Purchased chemicals were used without further purifica-
tion: sterile water (Fresenius Kabi), sterile saline (0.9%, Apoteket AB),
ethanol (APL), HCl (ultrapure, Merck), sodium acetate buffer (pH 4.6,
Sigma-Aldrich), NaOH (10 M, Sigma-Aldrich), water (Fluka,
TraceSelect), trifluoroacetic acid (Merck, Darmstadt, Germany).

The 68Ge/68Ga generator (GalliaPharm, Eckert &Ziegler) and Modu-
lar PharmLab labelling synthesis platform (Eckert & Ziegler Eurotope,
Berlin, Germany) used for the aseptic production of [68Ga]Ga-BOT5035
were accommodated in a GMP gradeAworkstation (unidirectional lam-
inar airflow workbench (LAFW)) situated in a cleanroom with GMP
grade B air quality.

An ultra-high-performance liquid chromatography system (Agilent
Technologies 1200 system) consisting of a 1290 pump, 1290
Vialsampler,1260 Variable Wavelength Detector, and a radiation flow
detector (Bioscan) coupled in series was used for product quality con-
trol. Separation of the analytes was accomplished using an analytical
columnwith stationary reversed phase. The conditions were as follows:
A = 10 mM TFA in water; B = 100% acetonitrile (MeCN) with10mM
TFA with UV-detection at 220 nm; linear gradient elution: 0 min at
24% B, 0.1–3 min from 24 to 29% B, 3–5 min 29% B, 5–6 min to 80% B;
flow rate was 1.0 mL/min. Data acquisition and handling were per-
formed using the OpenLAB Software Package.

Pharmaceutical grade 68Ge/68Ga-generator (1850 MBq,
GalliaPharm®) was the source of the starting material, gallium-68 (t1/
2 = 68 min, β+ = 89%, and EC = 11%), used for the production of
[68Ga]Ga-BOT5035. Hydrochloric acid (0.1 M) was used for the elution
of 68Ga(III) presenting clear and colorless solution. The specifications
of the product provided by the manufacturer stated the amount of de-
tected metal impurities being less than the defined limit in the
European Pharmacopeia monograph [12]. For the calculation of 68Ge
content in the eluate, the radioactivity of the latter was measured di-
rectly after the elution and 48 h later using, respectively a dose calibra-
tor with NaI(Tl) scintillation detector and well-type NaI(Tl) scintillation
counter. The breakthrough of germanium-68 was calculated as a frac-
tion of the radioactivity remaining after 48 h.
2.2. Production, quality control, and validation of [68Ga]Ga-BOT5035

A fully automated production of [68Ga]Ga-BOT5035 was developed
on synthesis platform (Modular-Lab PharmTrace, Eckert & Ziegler,
Eurotope, Germany) with disposable cassettes (C4-Ga68-PP). The sys-
tem allowed real-time monitoring of the temperature and radioactivity
flow. Themanufacturingprocedure comprised labelling synthesis, prod-
uct purification, product formulation, product sterile filtration, and ster-
ile filter integrity test. The top fraction (3.2 mL) of the generator eluate
corresponded to 75% of the total radioactivity available from the gener-
ator. The cassette comprised solid phase extraction (SPE) cartridge (HLB
Light cartridge, Oasis), reaction mixture containing the reaction buffer
(1 M sodium acetate buffer, 1 M NaOH, dihydroxybenzoic acid, and
ascorbic acid) and precursor (45 nanomoles, BOT5035) that was
added to the reactor positioned in the heating block. The reaction mix-
ture was heated in a conventional heating block for 5 min at 75 °C.
ThreemLof solution containing sterile saline, sterile phosphate buffered
saline and ascorbic acid was added to the reaction mixture in order to
cool it down prior to loading onto SPE cartridge for the purification.
After loading another 2 mL, the solution was passed through the car-
tridge towash it frompossible residual free cationic 68Ga(III). Thereafter
the product was eluted with 1 mL of 50% ethanol and formulated using
the same solution resulting in total 7.0 ± 0.5 mL assuring the content of
EtOH of less than 10% in the final product. The final product was passed
through a 0.22 μm sterile filter into a sterile 27 mL capped glass bottle.
The integrity of the sterile filter was controlled in-line on the same plat-
form using a separate program. The quality control was conducted in
terms of the product identity, radiochemical purity, peptide concentra-
tion, and pH.
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Chemical purity, radiochemical purity, and determination of the
peptide concentration were determined using UV-Radio-HPLC. The de-
velopment and validation of the method was conducted using two dif-
ferent reversed-phase columns Kinetex-C8 and Xbridge BEH C4 with
mobile phases of 0.1% TFA in water as A mobile phase and 0.1% TFA in
acetonitrile as B mobile phase. The validation included investigation of
the analytical column recovery for both 68Ga(III) and [68Ga]Ga-
BOT5035 wherein the HPLC effluent with and without column was col-
lected at the outlet and measured in well-type scintillation counter for
the subsequent calculation of the recovery. Non-labeled BOT5035 was
used for the determination of linearity of the response from the UV de-
tector and the calibration for the subsequent determination of the pep-
tide concentration. Concentration levels with a range that covered
expected concentration of the peptide in the product [68Ga]Ga-
BOT5035 were considered. The resultant linear regression function
was used for the determination of the total peptide concentration in
the product. Specificity, linearity, and precision as repeatability were
validated for both UV- and Radio-detectors.

Three consecutive productions were conducted for the manufactur-
ing validation and analysis of the product sterility, stability during 2 h at
ambient temperature as well as germanium-68, endotoxin, and ethanol
content. Filter integrity test was performed onModularLab Pharmtracer
in-line or on a standalone device conducting bubble point test.

2.3. Preclinical studies

Approval by the local Ethics Committee for Animal Researchwas ob-
tained for all in-vivo experiments on mice and rats (number 5.8.18-
17760/2018). All experiments were performed in accordance with the
respective national Animal Welfare Agency guidelines.

2.4. In vivo organ distribution of [68Ga]Ga-BOT5035 in mice

Healthy control BALB/c mice were anaesthetized by sevoflurane
gas inhalation. An i.v. catheter was placed in the lateral tail vein.
PET images were acquired in a nanoScan PET/MRI 3T animal scanner
(Mediso, Medical Imaging Systems, Budapest, Hungary) followed by
a CT examination in a preclinical SPECT/CT (nanoScan Mediso Medi-
cal Imaging Systems, Hungary). Following imaging, the rodents were
euthanized. Organs were harvested and weighed, and an assessment
of radioactivity was performed. The kinetics of the uptake of [68Ga]
Ga-BOT5035 in organs of interest was evaluated with PET-MRI. A
total of 2 female mice were administered 0.7–5.0 MBq of [68Ga]Ga-
BOT5035 through the catheter placed in the lateral tail vein. A
dynamic PET-scan was performed for 60 min, using the abdomen as
field of view. Whole body CT scan was performed for 8 min. PET im-
ages from the Mediso system were reconstructed using a Tera-
TomoTM 3D algorithm (Mediso) with 4 iterations and 6 subsets.
PET-CT images were fused and analysed in PMOD 4.2 (PMOD tech-
nologies, Switzerland). Fused PET-CT images were presented as
maximum intensity projection in RGB arbitrary scale.

2.5. Ex vivo organ distribution in rats for the extrapolation to human
dosimetry

Tenmale (303± 26 g) and ten female (166±21 g) Sprague-Dawley
ratswere injected in the tail veinwith [68Ga]Ga-BOT5035, 1.4±0.4MBq
(male) and 2.1±0.5MBq (female) in approximately 300 μL saline in two
separate experiments. Two rats of each genderwere sacrificed after 5, 15,
45, 90, and 180 min, respectively. Organs were immediately extracted,
their radioactivitymeasured in a gamma counter and themass of the ex-
tracted tissues was weighted. The investigated organs were blood, heart,
lung, liver, pancreas, spleen, adrenal, kidney, small intestine (without its
content), large intestine (with its content), urinary bladder, testis/ovary,
muscle, bone (femur without bonemarrow), bonemarrow, site of injec-
tion and brain. At all time points the remaining carcass was also
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measured for estimates of radioactivity recovery. The organ radioactivity
readings were decay-corrected to the time of injection, and results were
expressed as standardized uptake values.

The SUV values in rat were first multiplied with the appropriate
decay factor dependent on the time point of the data post-injection to
obtain real time radioactivity values, then multiplied by standard
organ masses and divided by the standard total-body weight for the
standard adult (male & female) phantom obtained from the OLINDA
software (Organ Level Internal Dose Assessment Code, Vanderbilt Uni-
versity, USA, 2007). The obtained values corresponded to the fraction
of injected radioactivity (%IA) per organ in man as a function of time.
The %IA curve for each organ was then integrated using the trapezoid
method where a simple exponential decay was assumed to occur from
the last data point to eternity (as if there was no further biological
decay, but only physical decay), which is a conservative approach. The
time-integrated activity coefficient (TIAC, formerly residence time)
[13] for each organ is equal to the number of disintegrations (MBq-h/
MBq).

The TIACs derived from the organ distribution data were used as
input parameters together with dose rate S-values in the computation
Fig. 2. Flow chart of the automated (Modular-Lab P
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of organ and whole-body effective doses (mSv/MBq) in humans in
OLINDA/EXM package (Version 1.1, Vanderbilt University).
2.6. Ex vivo LI-COR Odyssey imaging of mouse liver with induced fibrosis

Liver fibrosis was induced in 8 C57Bl/6J male mice (10–12 weeks)
with CCl4 in mineral oil injected via the intraperitoneal route three
times per week for 4 weeks. Eight mice received mineral oil as vehicle
for controls. Ten nmol of BOT5035 (39.3 μg/mouse) was administered
with a single intravenous injection either 3 h or 18 h before sacrifice.
Liver lobes and left kidneys were snap-frozen and stored at −80 °C.
Livers were scanned using LI-COR Odyssey infrared imaging system
with offsets 1–4 at intensity 1. Kidneys were scanned using offsets 3–4
at intensity L2.0. The organs were weighed.

Signal intensities at channel 800 (Cy7) were quantified using the
Odyssey application software vs. 3.0 (LI-COR). Total fluorescence inten-
sities from 4 layers (offsets) of liver or 2 layers of kidney were normal-
ized by the organ weight. Normalized mean near infrared (NIR) signal
was expressed with standard deviation (SD) using the Prism 8 software
harmTrace) production of [68Ga]Ga-BOT5035.

Image of Fig. 2


Table 1
Summary of the product specifications and results.

Test Acceptance criteria [68Ga]Ga-BOT5035
(n = 3)

Radiochemical
purity

>90%; no unknown impurity
corresponds to >5%

97.7 ± 0.4

pH 4–8.5 7.4
Radioactivity
concentration

5–100 MBq/mL 92.0 ± 9.5

Radioactivity 50–500 MBq 655 ± 114
Volume 2–10 mL 7.1 ± 0.5
Color Transparent blue Transparent blue
Radionuclidic
purity

>99.9% 99.999996 ± 0.000003

68Ge breakthrough <0.001% 0.0000035 ± 0.000002
Stabilitya RCP > 91% within 120 min 96.97 ± 0.68
EtOH content <10% 2.98 ± 1.5
Sterility Absence of anaerobe or aerobe

bacterial growth
Absent

Endotoxins ≤0.25 EU/mL ≤0.25 EU/mL

a At radioactivity concentration of up to 101 MBq/mL.
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(GraphPad). Statistical analysis was performed using one-way ANOVA
with Bonferroni post-test.

3. Results

3.1. Production, quality control, and validation of [68Ga]Ga-BOT5035

Generator eluate fractionation method was used to produce [68Ga]
Ga-BOT5035. The critical steps of the manufacturing process are pre-
sented in the flow chart (Fig. 2). The generator elution profile was opti-
mized to collect the top fraction of 80 ± 5% (3.2 ± 0.2 mL). The 1st and
3rd waste fractions of the generator eluate demonstrated high repeat-
ability (RSD: 15%) of the eluate fractionation step. The generator
(GalliaPharm®, Eckert & Ziegler) qualification was published in details
previously [14]. The reaction buffer consisted of sodium acetate buffer
with optimized concentration of 0.3 M. The other components such as
EtOH, ascorbic acid and dihydroxybenzoic acid were used to suppress
the radiolysis of the peptide conjugate during the synthesis (Fig. 3).
The precursor BOT5035 (45 nanomoles) was added to the reaction
buffer. The reaction mixture was heated at 75–80 °C for 5 min resulting
in the radioactivity incorporation (RAI) of over 85%.

The final product was purified using reversed phase SPE cartridges
functionalized with hydrophilic-hydrophobic balanced groups demon-
strating quantitative retention and recovery of 85%. The product was
eluted with 50% EtOH and diluted with sterile sodium chloride (0.9%)
to 7.1 ± 0.5 mL. The stability of the product was improved by adding
ascorbic acid to the formulation increasing the radiochemical purity
(RCP) at 2 h post-production from 85% to over 95%. The final content
of the EtOH in the product was 2.98 ± 1.5%. The production process
was found GMP-compliant, reliable and reproducible with RCP of
97.7 ± 0.4 (n = 3). The radiochemical purity used as a measure of the
product stability at ambient temperature decreased from 97.7± 0.4 de-
termined directly after the production to 96.97 ± 0.68% determined at
2 h post-production (n= 3) (Table 1, Fig. 4). Assuming the radioactivity
of the product 655±114MBq (range 534–760), the apparentmolar ac-
tivity determined by the ratio of the radioactivity measured in a dose
calibrator and the total amount of the peptide determined by UV-
HPLC was 22.0 ± 3.8 MBq/nmol. The respective peptide content was
determined using UV-HPLC calibration plot performed on BOT5035
(Fig. 5).

The sterile filtration of [68Ga]Ga-BOT5035 product was performed
in-line using a 0.22 μm sterile filter disk. The product was found sterile
and endotoxins content was below 0.25 EU/mL. The 68Ge content in
Fig. 3. UV- (220 nm; upper panel) and Radio- (lower panel) chromatograms of [68Ga]Ga
BOT5035 (signal with retention time of 4.3min) preparedwithout radical scavengers such
as ethanol, dihydroxybenzoic acid, and ascorbic acid.
-
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the product was 0.0000035 ± 0.000002%. Tests performed on the fin-
ished product, specifications and results are summarized in Table 1.

The production in the absence of radical scavengers (ethanol,
dihydroxybenzoic acid, and ascorbic acid) resulted in large fraction of
impurities with only 45% of the main radioactive product (Fig. 3). The
UV signal followed the same pattern. When ascorbic acid (10 mg), eth-
anol (200 μL) and dihydroxybenzoic acid (300 μL of 32 mM solution)
were added the radiochemical purity of the crude product was 97.7 ±
0.4 (Fig. 4). To verify the regioselectivity of 68Ga-labelling, the BiPPB
peptidewas subjected to identical labelling conditionswhich did not re-
sult in any radioactive product or any by-products detected by the UV
detector (Fig. 6). There is a difference in the retention time as compared
to the validated product (Fig. 4) due to the analysis on anotherHPLC sys-
tem (Elite LaChrom, Hitachi, VWR) that was later substituted with a
new HPLC instrument.

The UV-Radio-HPLC analysis methodwas validated in terms of spec-
ificity, linearity, precision, and repeatability with respect to both UV-
andRadio-detectors, aswell as radioactivity recovery from theHPLC col-
umn (Table 2). Two reversed-phase columns (Kinetex-C8 and Xbridge
BEH C4) and two different elution systemswith differentmobile phases
and elution gradients were compared supporting high reliability and re-
producibility of the method. UV-Radio-HPLC was used for the QC in
terms of radiochemical purity, chemical purity, and peptide concentra-
tion in the final product. The calibration plot of UV-signal (coefficient
of determination (R2) of >0.9997 (Fig. 5)) obtained using BOT5035 cov-
ered the range of peptide concentration expected for the formulated
product. The quality control procedure included system suitability test
(UV-HPLC) conducting analysis using standard reference of known con-
centration. The validation included investigation of the analytical col-
umn recovery for both 68Ga(III) and [68Ga]Ga-BOT5035 to
demonstrate absence of the accumulation of the product and impurities
for adequate analysis results and accurate concentration quantification.
The recovery of radioactivity from theHPLC columnwas found over 95%
and 96% respectively for the final product and the product spiked with
[68Ga]GaCl3.

3.2. Biodistribution ex vivo and in vivo

In twenty rats (10 males and 10 females) decay-corrected SUV
values were determined as a function of time (Fig. 7). The major organs
of interest in this studywere liver, spleen, lung, heart and kidney. [68Ga]
Ga-BOT5035 displayed a pronounced washout pattern frommost of the
organs (Fig. 7). [68Ga]Ga-BOT5035 showed a rapid clearance from blood
to the extracellular space of tissue. The only organ displaying SUVs
above 70was kidney indicating renal excretion both inmale and female
rats. The highest relative uptake in the kidney was followed by bone

Image of Fig. 3


Fig. 4. Stability of the formulated product, produced in the presence of radical scavengers, at ambient temperature monitored by radio-HPLC directly after the production (A, RCP: 98.1%)
1 h (B, RCP: 97.5%) and 2 h (C, RCP: 96.7%) post-production. The largest signal corresponds to the product and the small signal in front of it corresponds to the by-product of radiolysis.
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marrow, and both organs showed an increasing uptake with time, up to
180min post injection. At 180min post injection, SUV in the kidneywas
97.4 ± 3.4, for males and 91.2 ± 10.4, for females, while SUV in bone
marrow was 11.8 ± 5.2, for males and 24, for females. Most of the
other examined organs exhibited very little uptake and showed typical
wash-out kinetics.

The dynamic scanning revealed fast clearance from healthy organs
except from kidneys (Fig. 8). The blood clearance kinetics was best de-
scribed by a two-phase exponential decay (Fig. 8C). The half-life values
Fig. 5. UV-calibration plot (R2 = 0.9997) of BOT5035 for the HPLC quality control proces
validation and determination of the peptide concentration in the product.

Fig. 6. UV- (upper panel) and Radio- (lower panel) chromatograms of the crude of 68Ga-
labelling of BiPPB peptide demonstrating the absence of radioactive product (lower
panel) and absence of radiolytic impurities of the peptide.
s
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,

for the blood clearancewere 0.29min and 7.39min, respectively for fast
and slow phases. The accumulation in the kidneys reached a plateau at
60 min (Fig. 8B). Uptake in the urinary bladder continued to increase
after 30 min indicating excretion. The wash out from the liver was fast
(Fig. 8B).

Image of Fig. 4
Image of Fig. 5
Image of Fig. 6


Table 2
Acceptance criteria and results of the UV-Radio-HPLC analysis method validation.

Description Acceptance
criteria

Result

Linearity - UV detector
Coefficient of determination (R2)

>0.99 >0.9998

Precision as repeatability - UV (Relative standard
deviation)

≤5% (n = 3) 4.6 min

Specificity - Radio detector - Retention time (Relative
standard deviation)

≤5% (n = 3) Approved

Column recovery ([68Ga]Ga-BOT5035 spiked with
[68Ga]GaCl3)

95% ≤ x ≤ 105% 96%

Column recovery ([68Ga]Ga-BOT5035) 95% ≤ x ≤ 105% 95%

Fig. 7. Kinetics of organ radioactivity uptake (SUV) obtained at 5, 15, 45, 90 and 180 min
panel) Sprague-Dawley rats.
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3.3. Human radiation dosimetry extrapolated from organ biodistribution in
rat

Human organ and whole-body radiation dosimetry estimation was
based on extrapolations of organ biodistribution data in Sprague-
Dawley rats (Fig. 7) assuming similar biodistribution pattern and SUVs
in a human. The TIAC for each organ equal to the number of disintegra-
tions (MBq-h/MBq) is presented in Fig. 9. The highest TIACs were ob-
served for kidney, bone marrow, blood, and muscle in both genders. In
general, they were similar for male and female.

The determined TIACswere used as input data inOLINDAprogram to
calculate effective dose and organ equivalent dose, the latter using the
after
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recommended tissue weighting factors from ICRP Publications 60 and
103 [15,16]. OLINDA version 1.1 uses tissue weighting factors from
ICRPPublication 60 and reports on the organ equivalent doses and effec-
tive dose (mSv/MBq) taking the type of radiation into account. When
the sum of the TIACs used as input was compared with the theoretical
maximum of the TIACmax, it was found that approximately 88% of it
could be accounted for, in both male and female. The radioactivity not
accounted for, i.e. the remaining 12% in both male and female of
RTmax, were assumed to be evenly distributed over the total body. The
remaining body TIAC was definedmeasuring the radioactivity in the re-
maining carcass, which refers to bulk radioactivity not related to the
biodistribution or excretion of [68Ga]Ga-BOT5035. The effective doses
calculated based on this approach are presented in Table 3.

The individual organ doses are presented in Fig. 10. The dose limiting
organs are kidney and bone marrow. All other organs received a dose
lower than 0.004 mSv/MBq. These results limit the total amount of ra-
dioactivity of [68Ga]Ga-BOT5035 that can be given to one individual. Ac-
cording to the European Nuclear Society, the annual limit for the kidney
and bone marrow is, respectively 150 mSv/year and 50 mSv/year. Con-
sequently, the annual injected dose in MBq corresponds to approxi-
mately 5800 MBq and 6500 MBq limited, respectively by kidney and
bone marrow. Detailed dose limits of [68Ga]Ga- BOT5035 with respect
to each organ dose are presented in Fig. 10. However, since the common
European restriction for administration of radioactivity to healthy vol-
unteers is a maximum total effective dose of 10 mSv, the effective
dose becomes the limiting parameter in both genders, and the
i.v. administration of [68Ga]Ga-BOT5035 in healthy male (upper panel) and female (lowe
r
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Fig. 8. In vivoorgan distribution andpharmacokinetics of 68Ga[Ga]-BOT5035 inhealthyBALB/cmice. A)Maximum intensity projection PET/CT fused images (PET averaged from0 to 60min
of dynamic scanning in SUV units/rainbow bar) post injection of 68Ga[Ga]-BOT5035; B) Time-activity curves in liver (mouse 1 and 2) and right/left kidney (mouse 1 and 2); C) Blood
biological clearance of [68Ga]Ga-BOT5035.

Fig. 9. Graph showing the TIACs of [68Ga]Ga-BOT5035 in different organs. The values were extrapolated to human female and male from rat ex vivo organ distribution data and used fo
dosimetric calculations using OLINDA/EXM 1.1 software.
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Table 3
Effective doses (mSv/MBq) calculated by OLINDA accounting for the radioactivity fraction in relation to the theoretical maximum TIAC.

Radioactivity accounted for (%) Effective dose (mSv/MBq)

Male Female Male Female

Organ specific Remaining body Organ specific Remaining body 0.038 0.045
88 12 88 12
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maximum amount of [68Ga]Ga-BOT5035 that can be injected is approx-
imately 260MBq and 220MBq, respectively formale and female. The ef-
fective dose for a typical administration of 75 MBq is 2.9 mSv in males
and 3.4 mSv in females, allowing for up to 4 PET scans in male and 3
PET scans in female volunteers annually.

3.4. Ex vivo LI-COR odyssey imaging of mouse liver with induced fibrosis

Higher accumulation of BOT5035 was observed in fibrotic livers
compared to healthy ones 3 h post intravenous injection (Fig. 12A).
The liver of the healthy animals was considerably cleared from
BOT5035 18 h after intravenous administration while fibrotic livers
were still BOT5035-positive (Fig. 12A). Quantification of NIR signal
showed that fibrotic liver accumulated 3.8 times more BOT5035 than
the control liver after 3 h (Fig. 12B). After 18 h post administration, com-
pound appeared to be cleared from healthy liver, while fibrotic livers
retained 3.5 times more BOT5035 than controls (Fig. 12B). There was
no difference in the uptake of BOT5035 in kidneys from healthy and fi-
brotic mice with considerable wash-out 18 h post administration.

4. Discussion

The accurate localization and quantification of the fibrotic process on
its early stage is very crucial for the patient treatment regimen. Molecu-
lar imaging techniques such as PET offers added value to the
Fig. 10. Estimated organ equivalent doses (mSv/MBq) of [68Ga]Ga-BOT5035 in human females and males extrapolated from rat organ distribution data. LLI: lower large intestine; ULI
upper large intestine.
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conventional methods in terms of minimally invasive diagnostics with
real-time observation of the process biochemistry. The intrinsic high
resolution and sensitivity of PET provides detection of subtle changes
and consequently potentially allows prognosis and monitoring of the
disease progression and response to the treatment. One of the key as-
pects of PET is availability of an imaging agent with specific binding to
the biomarker target. The agent ([68Ga]Ga-BOT5035, Fig. 1) described
in this work is based on a bicyclic peptide, BiPPB that have earlier dem-
onstrated specific binding to PDGFR-β overexpressed in pathological fi-
brosis [3]. To enable the investigation of clinical value of [68Ga]Ga-
BOT5035 in phase 0 clinical study of patients affected by liver fibrosis,
a GMP compliant manufacturing of the agent was developed and
validated.

4.1. Automated production and quality control of [68Ga]Ga-BOT5035

The automation of a radiopharmaceutical production is desirable in
order to minimize the radiation exposure to the operator, improve ro-
bustness of the production, and provide on-line documentation of the
manufacturing process to assure GMP compliance required in the clini-
cal environment involving patient examinations. Modular-Lab
PharmTrace platform used in this study is based on disposable cassette
approach excluding possible cross-contamination from other produc-
tions on the same system. The key parameters and aspects thatwere ad-
dressed in the development process are acidity of the reaction mixture,
:

Image of Fig. 10
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performance of solid phase extraction cartridges for the crude product
purification, reaction time and temperature, precursor peptide concen-
tration used for the reaction, suppression of the radiolysis, radiochemi-
cal yield, radiochemical purity as well as repeatability, reproducibility
and robustness of the process.

The reaction buffer consisted of acetate buffer with optimized con-
centration of 0.3 M. The concentration of the other components such
as ethanol, ascorbic acid and dihydroxybenzoic acid were optimized
on one hand to suppress the radiolysis and on the other hand not to de-
teriorate the labelling reaction. BOT5035 comprises NOTA chelator moi-
ety that can be labeled at room temperature [17] and thus the labelling
time could be reduced to just 5 min at 75 °C increasing the product ra-
dioactivity and molar activity with approximately 10% compared to
DOTA-based radiopharmaceuticals.

The concentration of the precursor in the reactionmixture should be
balanced in order to provide on one hand sufficiently high reaction effi-
ciency and UV-HPLC detectability, and on the other hand acceptable ap-
parent molar activity to assure microdosing approach with less than 30
nanomoles per intravenous administration. The apparentmolar activity
of [68Ga]Ga-BOT5035 ranging between 10 and 50 MBq/nmol provides
large marginal of radioactivity amount per administration exceeding
the minimum amount of 50 MBq by 7–15 times. It would, in the future,
allow multiple patient examinations per single radiopharmaceutical
production.

The purificationwas accomplished on hydrophilic-lipophilic balance
SPE with over 90% retention and over 75% recovery of the radioactive
product that was eluted with 1 mL of 50% ethanol. Thus, the balance
was achieved between the acceptable level of the product recovery
from the SPE and less that 10% of ethanol in the formulated product
that was diluted up to 7 mL with saline. The robustness of the
manufacturing process was demonstrated by 100% success rate in
terms of radiochemical yield and purity during the validation process
and productions thereafter (n= 6). The distribution of the radioactivity
in the Modular-Lab PharmTrace cassette was also highly reproducible
supporting these results.

The approval and release of the radiopharmaceutical for clinical use
considers quality control by a thoroughly validated UV-Radio-HPLC
method (Table 1) wherein the UV-signal from the reference standard
(BOT5035) and radio-HPLC signal from [68Ga]Ga-BOT5035 should co-
eluted with the correction for the delay due to the difference in the vol-
ume of the tubing between the detectors and retention time of BOT5035
and [68Ga]Ga-BOT5035 (within ±1 min). The radioactivity recovery
from the HPLC column was studied for both free 68Ga(III) and [68Ga]
Ga-BOT5035 (Table 1) in order to assure adequate interpretation of
the quality control results. The high recovery also indicated reproduc-
ibility of the peptide concentration determination using UV-HPLC cali-
bration plot made for the range of peptide amount expected in the
product HPLC sample (Fig. 5). UV-Radio-HPLC was also used to follow
the product stability in terms of RCP.

4.2. Radiolytic oxidation suppression

The radiolysis especially under labelling conditions using a high
amount of radioactivity makes the production of sensitive compounds
with high purity rather challenging thus compromising the purity of
the radiopharmaceutical and production robustness. Formation of a
considerable number of byproducts was observed in the initial labelling
synthesis of [68Ga]Ga-BOT5035. The content of the main product in the
crude was only 45% in the absence of radical scavengers (Fig. 3). The
possible reasons for the impure product could be the instability of the
peptide construct, weak chelation of gallium-68 by the cyclic peptide,
and radiolysis. The UV- and radio-signals demonstrated a very similar
pattern indicating that the origin of the by-products was most likely
the decomposition of the sCy7 moiety while the peptide and chelator
conjugate moiety was stable. Further evidence to support the hypothe-
sis was obtained from the labelling of the peptide without chelator and
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dye moieties (BiPPB) that served two-fold aim: 1) to confirm the label-
ling regioselectivity of BOT5035; and 2) to investigate the radiolytic sta-
bility of the peptide moiety. The regioselectivity of the labelling was
assessed since theoretically the chelation of 68Ga(III) by the proteins
containing tyrosine, histidine, and aspartic acid in close vicinity is plau-
sible especially for cyclic constructs. However only aspartic acid is pres-
ent in this peptide and a pilot labelling of BiPPB did not result in any
radioactive product (Fig. 6). Moreover, the UV-profile did not show
any detectable by-products. The exposure of the molecule to higher
temperature or light did not show decomposition indicating sufficient
stability of the compound in the absence of radioactive 68Ga and thus in-
directly confirming the radiolysis of BOT5035 occurring at sCy7 moiety.

Ethanol, ascorbic acid, dihydroxybenzoic acid, thiols, human serum
albumin, and HEPES are a few examples of radical scavengers that can
be used for the suppression of the radiolysis [18,19]. In some cases it
might be sufficient to use only ethanol [20]. The fine tuning of the
amount of radical scavengers, e.g. ascorbic acid, used in the reaction is
very critical since they can interfere and deteriorate the labelling reac-
tion efficiency [14]. In case of [68Ga]Ga-BOT5035, ethanol had verymar-
ginal effect with main product corresponding to approximately 50%
determined directly after the labelling synthesis and 40% after storage
at ambient temperature. The complete suppression of the radiolysis
was achieved using relatively high concentration of ascorbic acid
(2 mg/mL) and dihydroxybenzoic acid (1.5 mg/mL). This, however, re-
duced the labelling efficiency resulting in a lower apparent molar activ-
ity of [68Ga]Ga-BOT5035 of about 22 MBq/nmol. The further
optimization provided non-decay corrected RCY of 43.6 ± 7.6% on the
expense of 1–2% of radiochemical impurity (Fig. 4). The radiolysis con-
tinued after the production in the formulation buffer even in the pres-
ence of 4–5% ethanol, wherein the RCP dropped below 90% after 1 h
post-production. Thus, it was necessary to add ascorbic acid
(~1.1 mg/mL) also to the formulation buffer to assure stability demon-
strated as RCP of 96.97 ± 0.68 after 2 h storage at room temperature.

4.3. Preclinical studies and dosimetry calculations

Non-specific organ distribution, blood and whole-body clearance as
well as excretion were investigated in order to ensure low physiological
uptake and thus potentially sufficient contrast between specific binding
to fibrotic tissue and surrounding normal tissue. Themajor organs of in-
terest in this study were liver, spleen, lung, heart and kidney. The study
was conducted both ex vivo in rats and in vivo in mice with conforming
results (Figs. 7 and 8). [68Ga]Ga-BOT5035 displayed a rapid clearance
from blood to the extracellular space of tissue and a pronounced wash-
out frommost of the organs in a similar pattern for female andmale an-
imals. The SUVs of liver, spleen, lung, heart were below one after 15min
timepoint in the ex vivo organ distribution experiments. Essentially, the
only organ displaying SUVs above 25 (91.2 ± 10.4 (female), 97.4 ± 3.4
(male)) was kidney indicating renal excretion. It was followed by bone
marrow with SUVs of 24.0 and 11.8 ± 5.2, respectively for females and
males. The kidney along with the bladder was the only organ visualized
by PET-CT scanning (Fig. 8) showing otherwise very fast blood and tis-
sue clearance from the radioactivity in the rest of the body. Thus, no up-
take significantly higher than the background signal could be detected
for liver, spleen, lung, heart.

It is an essential aspect of a radiopharmaceutical development to in-
vestigate the potential radiotoxicity of the radiopharmaceutical to the
radiosensitive organs, organs with physiological uptake, and excretory
organs. Since the possible high radiation dose may preclude the use of
the radiopharmaceutical, it is rational to conduct the study as early on
the development stage as possible to prevent unnecessary expenses.
Organ distribution of [68Ga]Ga-BOT5035 in healthy rats was studied
ex vivo both inmales and females for the extrapolation to the human ra-
diation dosimetry. The calculation of the organ equivalent doses and ef-
fective dose is based on the assumptions that biodistribution pattern is
similar in a human and rat, and that radioactivity is distributed
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homogeneously throughout a given organ. The biodistribution experi-
ments were conducted for up to 180 min covering over 3 effective
half-lives (comprising both radioactive decay and biological clearance)
of gallium-68 and thus providing high accuracy of the TIAC and effective
dose estimations. The highest TIACs were observed for kidney, bone
marrow, blood, muscle, and remaining carcass in both genders with
similar values (Fig. 9). The relatively high values of TIAC for blood and
muscle are seemingly in discrepancy with low radioactivity uptake. It
can be explained by the fact that the TIAC depends both on the radioac-
tivity concentration and the size of an organ, herein reflecting the large
size of these organs.

In this case of peptide-based construct, [68Ga]Ga-BOT5035, renal ex-
cretionwas observed, resulting in the highest uptake in kidneys and ex-
posing them to the highest radiation dose amongst all organs. The
dosimetry calculations indeed presented kidney along with bone mar-
row as dose-limiting organs for both female and male with similar
values of equivalent dose. All other organs received a dose lower than
0.004 mSv/MBq (Fig. 10). Nevertheless, the dose to bone red marrow
(0.010 mSv/MBq, female and 0.006 mSv/MBq, male) and kidney
(0.026 mSv/MBq, female and 0.030 mSv/MBq, male) was not the
restricting parameter. Given the annual dose limit of 150 mSv and
50 mSv, respectively for kidney and bone marrow, the maximum total
amount of administered [68Ga]Ga-BOT5035 radioactivity was estimated
to approximately 5800 MBq and 6500 MBq (Fig. 11).

The effective dose of 0.038 mSv/MBq (male) and 0.045 mSv/MBq
(female) was found the limiting parameter with maximum amount of
[68Ga]Ga-BOT5035 that could be intravenously administered of approx-
imately 260 MBq (male) and 220 MBq (female) before reaching the
limit of 10 mSv for healthy volunteers. The total effective dose for a typ-
ical administration of 75 MBq is 2.9 mSv in males and 3.4 mSv in fe-
males, thus allowing for up to 4 PET scans in male and 3 PET scans in
Fig. 11. Estimated administered dose limit per year with respect to ea
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female volunteers in a year. However, it should be taken into consider-
ation that computed tomography examination (CT), which provides
morphological information and is used for attenuation correction,
would, if performed, result in additional 1 mSv per total examination.

The specificity of the ligand, BOT5035 accumulation was investi-
gated ex vivo in normal mice and mice with induced liver fibrosis
(Fig. 12). The apparent accumulation of the ligand in the healthy liver
was most probably a result of unspecific absorption and excretion
through liver. The uptake in the diseased liver was over 3-fold higher
than that of normal liver both at 3 and 18 h post administration
(Fig. 12B) indicating that apart from the unspecific absorption and ex-
cretion the apparent uptake in the fibrotic liver comprised a binding
component mediated by PDGFRβ. Moreover, there was no difference
in the uptake of BOT5035 in kidneys from healthy and fibrotic animals
with considerable clearance 18 h post administration thus indirectly in-
dicating that the uptake in the fibrotic liver was PDGFRβ-mediated.

The validation of [68Ga]Ga-BOT5035 manufacturing method along
with preclinical studies was submitted to the SwedishMedical Products
Agency as a part of investigational medicinal product dossier of clinical
phase 0 study under microdosing concept. The study was approved
and assigned EudraCT 2019–004590-97number. The dosimetry calcula-
tions indicated potential for safe and repeated annual PET-CT examina-
tions. However, it should be kept in mind that the biodistribution
patternmight be influenced by the disease and thus dosimetrymonitor-
ing should be conducted during the clinical examinations as well.

5. Conclusions

A GMP-compliant automated production of [68Ga]Ga-BOT5035 was
developed, implemented, and validated demonstrating high reproduc-
ibility with an RCP over 97% and an apparent molar activity over
ch organ effective dose. Note the logarithmic scale on the y-axis.

Image of Fig. 11


Fig. 12. A) Accumulation of BOT5035 in the liver visualized by LI-COR Odyssey imaging system with rainbow plugin. B) Mean NIR signal from the Cy7 (800) channel quantified using the
Odyssey application software (v. 3.0, LI-COR) and normalized by liver weight (n = 3). The signs “−” and “+” denote, respectively the healthy and fibrotic livers.
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20 MBq/nmol. Biodistribution studies in vitro and in vivo showed low
uptake and fast clearance in normal organs of interests such as liver,
lung, pancreas and the heart. The dosimetry investigation found kidneys
and bone marrow being dose-limiting organs and the total effective
dose being dose-limiting parameter allowing for 3–4 PET examinations
annually. An application for a First-In-Man Phase 0 clinical trial with
[68Ga]Ga-BOT5035 in patients with liver fibrosis and control subjects
was approved by the Swedish Medical Products Agency (EudraCT
2019-004590-97) and the Ethical Review Authority.
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