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ABSTRACT

This research presents the development of positron emission tomography (PET) radiotracers for detecting Mycobacterium tu-
berculosis (MTB) for the diagnosis and monitoring of tuberculosis. Two phage display-derived peptides with proven selective
binding to MTB were identified for development into PET radiopharmaceuticals: H8 (linear peptide) and PH1 (cyclic peptide).
We sought to functionalize H8/PH1 with NODASA, a bifunctional chelator that allows complexation of PET-compatible radi-
ometals such as gallium-68. Herein, we report on the chelator functionalization, optimized radiosynthesis, and assessment of
the radiopharmaceutical properties of [®®Ga]Ga-NODASA-HS and [°®Ga]Ga-NODASA-PH1. Robust radiolabeling was achieved
using the established routine method, indicating consistent production of a radiochemically pure product (RCP>99.6%). For
respective [*®Ga]Ga-NODASA-HS8 and [°®Ga]Ga-NODASA-PHI, relatively high levels of decay-corrected radiochemical yield
(91.2% +2.3%, 86.7% +4.0%) and apparent molar activity (4, , 3.9+0.8 and 34.0 + 5.3 GBq/uumol) were reliably achieved within
42min, suitable for imaging purposes. Notably, [*®Ga]Ga-NODASA-PH1 remained stable in blood plasma for up to 2h, while
[8Ga]Ga-NODASA-HS8 degraded within 30 min. For both ®Ga peptides, minimal whole-blood cell binding and plasma protein
binding were observed, indicating a favorable pharmaceutical behavior. [*®Ga]Ga-NODASA-PH1 is a promising candidate for
further in vitro/in vivo evaluation as a tuberculosis-specific infection imaging agent.

1 | Introduction concern because it is one of the leading causes of global infec-
tious disease deaths in 2021, accounting for up to 1.6 million
Tuberculosis (TB) is an infectious disease caused by the patho- reported deaths [1]. More concerning, due to recent COVID-19-

gen Mycobacterium tuberculosis (MTB) and poses a global health related healthcare disruptions, a net resurgence of MTB
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infection incidence and mortality rates occurred after more
than a decade of consistent annual decline. This made infection-
related Sustainable Development Goals (SDGs), which set out
for a 90% reduction in TB deaths by 2030, realistically unattain-
able [2]. Additionally, the continuous emergence and spread of
drug-resistant MTB infections pose a significant threat to global
health and development [2].

Positron emission tomography (PET) imaging has become an
emerging, elegant tool for the diagnosis or monitoring of in-
tricate bacterial infections [3]. Its ability to detect infections
through noninvasive whole-body scans is of great value in
cases of deep-seated and occult infections [4, 5]. PET achieves
this by visualizing infection-related molecular processes
through quantitative measurements of target site-specific ra-
diotracer accumulation. This ability also makes it an efficient
research tool for treatment optimization and drug develop-
ment efforts [6, 7].

Radiotracers are typically biologically active molecules that are
designed to accumulate at a certain biochemical or (sub)cellular
target, which are radiolabeled or tagged with a PET-compatible
radionuclide (i.e., aradionuclide that emits a positron upon decay)
[8]. Radiolabeling strategies of these biomolecules involve cova-
lent linkage of, for example, either fluorine-18 (¢, ,,=110min)
or carbon-11 (¢, =20 min) but also the use of bifunctional che-
lators for chemical complexation of metal-based radioisotopes

(gallium-68, t, , =68 min or copper-64, t. ,=12.7h) 8, 9].

1/2 > 1/2

Currently, the “gold-standard” PET imaging agents for
the assessment of bacterial tissue manifestations include
2-deoxy-2['!F]F-D-glucose (["*F|FDG) and radiolabeled white
blood cells (e.g., ['"'In]In-WBC). However, these methods lack
specificity towards bacteria, as uptake is not based on a direct
interaction with bacterial pathogens, but rather on secondary
host-mediated inflammatory responses, and are therefore non-
specific for infection [10-12]. The resulting limitations associ-
ated with these radiotracers in infection imaging have been well
documented [11, 13-15]. Thus, PET imaging alone is not able
to fully diagnose all aspects of the infection, and more conven-
tional investigations, such as fluid analysis, tissue biopsies, and
bacterial culturing, need to be utilized for sufficient diagnosis
[5,7,11].

To this end, the development of desired radiotracers capable of
distinguishing between infection and sterile inflammation, as
well as the causative species of bacteria (such as MTB), has be-
come highly feasible, not only for direct and differential diagno-
sis of infection but also for managing and monitoring patients’
responses to therapy and experiments concerning the develop-
ment of new antimicrobials [5, 16-18]. Additionally, in light of
the increasing emergence of highly drug-resistant TB, early de-
tection and identification of MTB are crucial to ensure optimal
antimicrobial treatment interventions before the onset of major
tissue damage and formation of caseous granulomas, which are
notoriously difficult to treat [19, 20]. To our knowledge, no clin-
ically approved radiotracer showed evidence of specific binding
to MTB over other bacterial species in vivo [21]. Thus, the de-
sign and development of novel radiotracers, specifically for the
selective diagnosis of bacterial infections, particularly MTB, are
warranted.

Phage display technology offers a powerful platform for the dis-
covery and engineering of peptides with specific binding prop-
erties [22]. This technology involves the genetic engineering of
bacteriophages to create a library of phages that express foreign
peptides on their surfaces. In this library, phages that bind en-
tire MTB cells can be selected and isolated through directed evo-
lution by repeated exposure to the target, followed by isolation
and propagation cycles [22]. As reported, two phage display-de-
rived peptides with proven specific binding to MTB cells were
identified, thereby serving as radiotracer vector scaffolds for de-
velopment as MTB-specific PET nuclear imaging agents.

The first peptide, designated H8 (core sequence WHSGTPH), is
a linear peptide with evidence of selective binding capabilities
to the MTB H37Rv reference strain [23]. After four rounds of
biopanning against MTB H37Rv whole cells, five unique pep-
tide sequences were obtained, of which H8 showed the highest
affinity. H8 was chemically synthesized in its native and bioti-
nylated forms with a flexible linker peptide added to the N- or
C-terminal ends. The peptide was then evaluated for its binding
affinity and specificity to H37Rv and other bacteria. The mea-
sured disassociation constant of H8 for MTB H37Rv showed a
significantly stronger binding affinity as opposed to BCG vac-
cine, Pseudomonas aeruginosa, and Escherichia coli. By func-
tionalizing magnetic microspheres (MMSs) and quantum dots
(QDs) with H8, the authors could detect 10° colony-forming units
(CFU)/mL MTB H37Rv cells in sputum samples based upon the
formation and concentration of a sandwich complex composed of
bacterial cells, MMSs, and QDs (MMS-HS8 + bacteria + QD-HS).

The second peptide, designated PH1 (with a core sequence of
CPLHARLPC), is a cyclic peptide that demonstrated selective
binding capabilities to various mycobacteria [24]. It was dis-
covered through the process of biopanning a library of phages
against immobilized whole cells of a nonpathogenic strain of
MTB (Dleu/Dpan). PH1 was identified as the most prevalent
clone after five rounds of biopanning as determined by high-
throughput sequencing, which revealed that it accounted for
>80% of the sequenced population. PH1 was found to specif-
ically bind mycobacteria by ELISA and surface plasmon reso-
nance experiments. This includes two strains of MTB (H37Rv
and Dleu/Dpan), Mycobacterium bovis BCG and Mycobacterium
smegmatis, but did not significantly bind to other unrelated
pathogenic bacteria such as E.coli, Corynebacterium xerosis,
Streptococcus pyogenes, or Staphylococcus aureus. Additionally,
it was found that PH1 binds to a 15-kDa protein detected in
whole-cell lysates of MTB, which was not detected in the lysate
treated with protease. However, the identity of this protein has
not yet been determined.

We sought to functionalize H8 and PH1 with 1,4,7-triazacyclo
nonane-1-succinic acid-4,7-diacetic acid (NODASA), a bifunc-
tional chelator that enables efficient capture of radiometals
such as radioactive gallium-68 [25, 26]. In general, the half-
life of gallium-68 (68 min) makes it suitable for peptide phar-
macology [27]. Additionally, ®Ga activity can be acquired
from %8Ge/%%Ga generators, a cheaper and more accessible op-
tion than cyclotron-produced radionuclides, which is import-
ant for resource-limited countries where TB is more prevalent.
Herein, we report the successful conjugation of NODASA to
H8 (NODASA-HS8) and PH1 (NODASA-PH1) peptides using
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FIGURE1 |

[58Ga)Ga-NODASA

Chemical structures of 1,4,7-triazacyclononane-1-succinic acid-4,7-diacetic acid (NODASA)-functionalized H8 (NODASA-HS; linear

peptide) and PH1 (NODASA-PH1; cyclic peptide) synthesized by solid-phase peptide synthesis (also see the Supporting Information).

an on-resin solid-phase peptide synthesis method previously
published by Dutta et al. [28]. This was followed by the de-
velopment and optimization of ®Ga radiosyntheses to in-
troduce the radiotracers [®®Ga]Ga-NODASA-HS and [*®Ga]
Ga-NODASA-PH1 to initial radiopharmaceutical character-
ization (Figure 1). As the first investigative milestone, the
outcome for this study may be indicative of whether [%3Ga]
Ga-NODASA-H8 and/or [*8Ga]Ga-NODASA-PH1 may be jus-
tified tracers for further mycobacterial testing and preclinical
assessment as prospective radiotracers for PET imaging of TB
infection.

2 | Experimental
2.1 | Peptide Design

The following modifications to the peptide core sequences were
applied: (H8) based on original work [23], a structurally flexible
GGS cap was added to the C-terminal domain of the peptide to
maintain functional confirmation; (PH1) a glycine was added to
the C-terminal of the peptide to circumvent unwanted side re-
actions associated with loading resin with cysteine, such as epi-
merization [29]. For ease of synthesis and to potentially enhance
in vivo stability, C-terminal domain amination was applied to
both the peptides. The NODASA conjugation was carried out on
the N-terminal peptide domain using 6-aminohexanoic acid as
a linker and spacer to ensure that the peptide's functional con-
formation was preserved with minimal interference from the
NODASA chelator.

2.2 | Peptide Synthesis and NODASA Conjugation

9-Fluorenylmethoxycarbonyl (Fmoc)-Rink amide resin, Fmoc-
protected L-amino acids, and coupling reagents were purchased
from GLS Biochem Systems, Inc. (China). All the chemicals and

reagents were purchased from Sigma-Aldrich (United States),
DLD Scientific (South Africa), and Hangzhou Dayang Chemical
Co. Ltd. (China). All solvents used for the synthesis and purifica-
tion of the peptides were of high-performance liquid chromatog-
raphy (HPLC) grade and were purchased from Sigma-Aldrich.
All synthetic steps were characterized using a PDA-coupled
ESI-LCMS (Shimadzu, Japan) mounted with a YMC-Triart C18
(5pum, 4.6 X150 mm) column (YMC Co., LTD, Japan) to calculate
their purities and identify their respective masses.

Peptides were manually synthesized on a 0.2-mmol scale using
standard Fmoc/tert-butyl (tBu)-solid-phase peptide synthesis
protocols. The peptides were synthesized on a rink amide resin
with a loading value of 0.52mmol/g. OxymaPure and N,N’-
diisopropylcarbodiimide (DIC) were used as activator/coupling
reagents. Equal molar concentrations of Fmoc-amino acid,
OxymaPure, and DIC (1:1:1) dissolved in DMF (2.0mL) were
used in a cocktail for each coupling cycle. An excess of 5equiv-
alents (equiv.) of Fmoc-amino acid cocktail was used for initial
resin loading, followed by 3 equiv. for subsequent coupling reac-
tion cycles. Fmoc deprotection between each coupling cycle was
achieved by suspension in 5.0mL of 20% piperidine in DMF for
10min. The resin was washed with 2x5.0-mL DCM and 2 X 5.0-
mL DMF after each coupling and deprotection cycle, respec-
tively. The completion of the reactions was monitored using the
coulometric ninhydrin test [30].

On-resin  NODASA conjugation was performed accord-
ing to a procedure developed by Dutta et al. [28]. Briefly,
3-(4,7-bis(((9H-fluoren-9-yl)methoxy)carbonyl)-1,4,7-
triazonan-1-yl)-4-methoxy-4-oxobutanoic acid (an Fmoc-
protected NODASA precursor) was first synthesized off the
resin and then coupled to the amino terminus of the already-
synthesized peptide on the resin by the addition of a reaction
mixture containing a 1:1:1 ratio of precursor (3.0 equiv.):DIC
(3.0equiv.):OxymaPure (3.0 equiv.) dissolved in DMF (1.0 mL)
for 2h. Once coupled on the resin, Fmoc deprotection was
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carried out (5.0mL of 20% piperidine, 10 min), exposing the
secondary amines on the NODASA core. These were substi-
tuted with tBu bromoacetate (3 equiv.) in the presence of N,N-
diisopropylethylamine (DIPEA, 3equiv.) dissolved in 2.0mL
of N-methyl-2-pyrrolidone with a reaction time of 30min.
Finally, hydrolysis of the methyl ester on one of the NODASA
chelator arms was achieved on the resin by treatment with
5mL of 1:1 THF-MeOH (v/v) for 2 X 15min. Peptide cleavage
from the solid support and the simultaneous removal of all
protecting groups were carried out by treating the resin-bound
peptide with a 95:5 mixture (v/v) of TFA/H,0 (2.0mL/0.1-
mmol scale) for 4h at 50°C, followed by filtration. TFA was
evaporated with the aid of N,-gas bubbling until 0.5-1.0mL
remained. Peptide products were precipitated in diethyl ether
(5.0mL) and then centrifuged at 10,000rpm for 5min, after
which the diethyl ether was decanted. After two additional di-
ethyl ether washes, the resulting precipitate was dried under
vacuum to remove residual diethyl ether. HPLC and LCMS
analyses were performed to determine the purity and confirm
the correct mass of the final peptide products.

2.3 | NODASA-PH]1 Cyclization

The cyclization reaction, by disulfide bond formation between
the two cysteine residues, was performed using the method de-
scribed by Calce et al. [31]. The crude peptide was dissolved in
0.05M of NH,HCO, solution in water (final concentration of
0.4mg/mL of peptide, at pH7-8) and stirred vigorously in an
open atmosphere to promote the oxidation reaction. Cyclization
progression was monitored using LCMS. After 48h (>85% cy-
clization was achieved), the reaction mixture was acidified with
acetic acid to pH4 and freeze-dried. The cyclized product was
purified by semipreparative RP-HPLC.

2.4 | Peptide Purification

Crude peptide products were purified using a semipreparative
RP-HPLC system (Shimadzu, Kyoto, Japan) coupled to an ACE
C18 preparative column (150%21.2mm) using 0.1% TFA in
water as Mobile Phase A and 0.1% TFA in acetonitrile as Mobile
Phase B, with a flow rate of 10mL/min. For NODASA-HS8 pu-
rification, a gradient of 15%B-20%B within 20min was used;

for cyclized NODASA-PH1, a gradient of 5%B-50%B within
25min was used. PDA detection was set at 220 nm. The collected
fractions were characterized by LCMS identification of the de-
sired product m/z (M+2H: NODASA-H8=739.1m/z; cyclized
NODASA-PH1=760.1m/z) and fraction purity. Fractions with
purity >95% were combined, followed by removal of residual
acetonitrile in vacuo and freezing at —80°C. Subsequent freeze-
drying yielded a white powder.

2.5 | Preparation of Nonradioactive
Ga-NODASA-HS8 and Ga-NODASA-PH1 Reference
Compounds

Peptides were complexed with nonradioactive gallium(III)
chloride as follows: 200 uL of 20mM GaCl, dissolved in 0.6 M
HCI was diluted with 400uL 0.6 M HCIl and mixed with 240 uL
of a 2.5M sodium acetate solution (pH4-5). Next, 100uL of
20.0mM NODASA-PH1 or NODASA-H8 (0.5equiv. to Ga) was
added, followed by incubation at room temperature for 15min.
Ga-NODASA-H8 and Ga-NODASA-PH1 m/z confirmation
and purity were analyzed using a LCMS (Agilent Technologies
Inc., Wellington, DE, USA) coupled with a diode array detector
(DAD) using both methods specified in Table 1.

2.6 | Gallium-68 Radioactivity Production
and [*®*Ga]Ga3* Preparation

A tin dioxide germanium-68 (®3Ge)/(°®Ga) generator initially
loaded with 1.85GBq of ®3Ge activity was maintained daily by
eluting radioactive material using 10mL of 0.6 M HCI solution.
For radiolabeling, ®3Ga activity was acquired by an eluate frac-
tionation method [32]; the first 1.0mL of eluate was discarded
into a waste vial, while the next 2.0mL, which contained the
majority of the %3Ga activity, was collected and saved in a sep-
arate vial for use in radiolabeling reactions. The generator line
was then rinsed with the remaining 7.0mL into the waste vial.
The radioactivity of both the eluate and waste fractions was
measured using a CRC Capintec 15 beta dose calibrator (CM
Nuclear Systems, Orange Grove, Johannesburg, RSA). The %8Ga
eluate was then buffered to the appropriate pH using 2.5M so-
dium acetate trihydrate and, without further purification, used
for radiolabeling experiments.

TABLE1 | Respective radio-HPLC methods used to analyze [*®Ga]Ga-NODASA-HS and [*®Ga]Ga-NODASA-PH1 radiochemical purity (4RCP).

Free %8Ga
Mobile Flow Gradient/ species R, Labeled ®3Ga
Method Column phase (mL/min) time (min) peptide R, (min)
1 Poroshell A:H,0 0.5 5%B-60%B 1.32-2.40 [*3Ga] 6.69
120, EC-C18, (0.1% TFA) in 15min Ga-NODASA-HS8
30 >2< iSO TS B acetonitrile [68Ga]Ga- 8.32
Hm (0.1% TFA) NODASA-PH1
2 Zorbax A:H,0 1.0 5%B-60%B 2.20-3.80 [8Ga] 8.35
SB C-18 (0.1% TFA) in 15min Ga-NODASA-HS
4.6 xszsli)/[mm, B: acetonitrile [°8Ga]Ga- 9.95
H (0.1% TFA) NODASA-PH1
363
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2.7 | Radio-HPLC Methods for Characterization
and Radio Analysis Radiolabeled Peptides

Two distinct radio-HPLC systems and their respective methods
were used to assess the radiochemical purity (%RCP) of radio-
labeled products for logistical reasons (Table 1). The Agilent
1200 series (System 1) and the Agilent 1260 Infinity II (System
2) HPLC instruments, both equipped with a DAD set at 220nm
and a radioactive detector (Sockel 2 GABI Nova, Raytest,
Straubenhardt, Germany), were used for radio analysis. Samples
were injected without prior purification, and those containing
ethanol were thoroughly dried and resuspended in water to pre-
vent significant changes in retention time (R;) and peak shape.
After the gradient, a wash phase consisting of 95% acetonitrile
was carried out for 5min, followed by 5min of re-equilibration.

2.8 | Characterization of Radiolabeled Peptides

For %8Ga-labeled peptide characterization, initial radiolabel-
ing of NODASA-H8 and NODASA-PH1 was performed using
a ligand concentration of 100ug/mL at room temperature for
20min using generator-produced, buffered %Ga activity pre-
pared as previously described. Radio characterization was per-
formed using radio-HPLC Method 1.

To confirm the identity of the %®Ga-labeled peptides, we first
analyzed nonradioactive reference standards of each peptide
(labeled with isotopically stable gallium) using LCMS (Agilent
Technologies Inc., Wellington, DE, United States) with a DAD
using the same HPLC method. We confirmed the identity of the
nonradioactive Ga peptide peaks through observed m/z values.
Then, we confirmed the identity of the radioactive ®Ga peptides
by comparing peak R;s observed on the radiochromatogram
with the peak R;s observed on the UV chromatogram of the
nonradioactive Ga peptide reference standards.

2.9 | ITLC Radio Analysis

Two ITLC methods were used to calculate the radiochemical
yield (%RCY) of the crude product and assess radiotracer stabil-
ity. Method 1 was used to determine the %RCY of both peptides
as described by Ebenhan et al. [33]. Briefly, 15.0-cm impreg-
nated silica gel ITLC-SG) paper strips were spiked 1.0cm from
the bottom with 2 uL of ®Ga peptide solution and then developed
in a mixture of 1.0M ammonium acetate/methanol 1:1 (v/v) as
the mobile phase. The calculated Rf values is 0.20 for %Ga col-
loids and free unreacted %3Ga species, versus 0.69 for [*3Ga]Ga-
NODASA-HS or 0.70 for [8Ga]Ga-NODASA-PHI.

In Method 2, a 0.1 M citrate solution (pH 5.0-5.5) was used as the
mobile phase to determine the percentage of free unreacted **Ga
species. For [°Ga]Ga-NODASA-HS, the calculated Rf values is
0.28 (+%8Ga colloids) versus 0.82 for free °8Ga. For [*8Ga]Ga-
NODASA-PHI, the calculated Rf value is 0.24 (+°%Ga colloids)
versus 0.79 for free ®8Ga. EDTA transchelation was also assessed
using this method, with [*®Ga]Ga-EDTA showing an Rf value of
0.65 [33]. The ITLC strips were dried and analyzed on an ITLC
scanner system (miniGITA, Raytest, Germany) coupled with
a gamma radiation detector to obtain ITLC chromatograms.

Examples of each ITLC method's chromatogram is displayed in
Figures S8-S10.

2.10 | Development and Evaluation of Optimal
Radiolabeling Parameters

The reaction series were performed in Eppendorf 1.5-mL plastic
tubes. Appropriate peptide concentrations were prepared using
a series of stock dilutions, of which 25 4L was mixed with 225uL
of buffered ®®Ga solution (~50.0 MBq, pH 3.5-4.5) and incubated
in a water bath. Peptide stocks and buffers used in this exper-
iment were prepared using metal-free Millipore (deionized)
water. The selection of pH3.5-4.5 was based on NOTA-based
radiolabeling recommendations from the literature, citing a pH
between 3 and 5 as essential [25, 34]. A set of maximum 12 re-
actions was performed from a single gallium generator elution;
every data point represents an independent reaction. The %RCY
of each reaction product was monitored using ITLC Method 1.

The stability of both the peptides and radiometal conjugate
was evaluated through a radiolabeling reaction that was incu-
bated for up to 25min at 80°C, followed by radio-HPLC analysis
(Method 1) to determine the quantity of intact °*Ga peptide, free
%8Ga, and degraded 3Ga peptide (appearance of additional un-
known radio-HPLC peaks). A sample for radio-HPLC analysis
was taken at 5 and 25min. Radioligand concentrations of 75ug/
mL for NODASA-H8 and 25 pug/mL for NODASA-PH1 were used.

2.11 | Radiopeptide Purification

Purification of crude [*®Ga]Ga-NODASA-HS8/-PH1 products was
achieved using a method described by Ebenhan et al. [33]. Briefly,
this method utilized Sep-Pak light C18 (130 mg, Waters Corp.,
Milford, United States) SPE cartridges, which were precondi-
tioned with 2.0mL of EtOH, followed by 2x 5.0mL of Millipore
deionized water. The crude peptide samples were loaded onto
the cartridges with a flow rate of 2.0 mL/min, followed by 1.0mL
of water to rinse the reaction vial and transfer the residual ®Ga-
labeled peptide. The cartridges were then rinsed with 5.0mL of
water to remove any residual unbound ionic ®Ga3*. Desorption
of both %8Ga-labeled peptides was achieved using 2.0mL of 1:1
ethanol/water (v/v). All steps of the purification were run dry,
and the ethanol was evaporated from the final product with
gentle heating under pressurized airflow. The product fraction
was analyzed using radio-HPLC (System 2) to calculate %RCP.
The activity of both the cartridge and elution volumes was also
measured after each applied treatment using a CRC Capintec
15 beta dose calibrator to monitor the desorption of the radiola-
beled product from the SPE cartridge. If required, the 8Ga pep-
tide solutions were sterile filtered through a 0.22-um membrane
using a Millex, low-protein-binding filter (Millipore, Midrand
Johannesburg, South Africa) before application.

2.12 | Evaluating the Radiolabeling Performance
of the Optimized Radiosynthesis Protocol

The proposed optimized radiosynthesis protocol was employed
multiple times for radiolabeling, incorporating SPE purification
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to assess key performance parameters. The radiosynthesis pro-
cess was carried out in 10-mL clear borosilicate glass vials. To
compare the two peptides, we equally split the originally eluted
%8Ga activity (2.0+£0.2mL). Thus, the maximum volume of 1.0-
mL buffered gallium was used. To determine the %RCP for both
the crude and final SPE-purified radiolabeled products, radio-
HPLC (Method 2) was employed. The activity involved before
and after each radiosynthesis and SPE purification step was
measured using a CRC Capintec 15 beta dose calibrator to calcu-
late radiochemical yield (%RCY), recovered activity (%), and ac-
tivity loss to apparatus including °®Ga colloids (%). The measured
activity fractions were corrected for decay to the time when the
crude radiolabeled product was loaded onto the SPE cartridge.

2.13 | Challenge and Stability Studies

The stability of [*®Ga]Ga-NODASA-H8/-PH1 in terms of ®Ga
chelation was examined using conditions outlined by Dutta et al.
[35]. To begin, crude radiolabeled peptide product samples were
suspended in buffered reaction solution (referred to as bench-
top stability), in 0.1M PBS (pH7.4), or in the presence of 50-,
100-, and 1000-fold excess EDTA (adjusted to pH 7.4 using 1.0M
NaOH) and were incubated at either room temperature for up to
180 min (benchtop) or 37°C for up to 90min (PBS and EDTA).
For PBS and EDTA stability samples, 100 uL of °8Ga peptide was
added to 100 L of PBS or 100 uL of EDTA solution. The change
in percentage (%) of ®®Ga peptide integrity was monitored over
time using ITLC. Samples of benchtop and PBS were analyzed
using the 1.0M ammonium acetate/methanol 1:1 (v/v) ITLC
method to determine the quantity of intact ®®Ga peptide normal-
ized to the %RCP of the radiolabeled peptide product used for the
challenge. Samples of EDTA stability were analyzed using the
0.1 M citrate solution (pH 5.0-5.5) ITLC method to quantify the
emergence of free ®®Ga and °®Ga-EDTA species.

2.14 | Physicochemical Characterization (LogD, ,)

The lipophilicity of [*3Ga]Ga-NODASA-HS8/-PH1 was deter-
mined using the n-octanol/PBS (pH 7.4) system test as described
by Shi et al. [36]. Radiochemically pure (>98%) radioconjugate
was produced using the routine radiolabeling procedure, fol-
lowed by dilution with PBS to achieve pH 7.4. For the test, 1.0mL
of radioconjugate/PBS solution (~12MBq) was added to 1.0mL
of n-octanol and vortexed for 2min. The mixture was separated
into separate layers by centrifuging at 4500rpm for 5min. An
aliquot of 900uL of each layer was transferred into separate
Eppendorf tubes. The activity of each phase was determined
using a well type of CRC Capintec 15 beta dose calibrator and
used to calculate LogD,,. The LogD,, of each sample (n=3)
was calculated as Log(k, ), the logarithm of the ratio of decay-
corrected activity between the octanol and water layers (k).
The results are represented as average + SD.

2.15 | Proteolytic Stability and Blood
Distribution Assays

Blood samples were obtained through the use of heparinized
vacutainer tubes, which were graciously provided by the Nuclear

Medicine Research Department at the University of Pretoria.
These samples were kept on ice until they were needed for fur-
ther use. Plasma samples were collected through centrifugation
at 4000rpm for 2min using a LCEN-401P digital clinical cen-
trifuge manufactured by MRC Laboratory Equipment (Harlow,
United Kingdom).

For all experiments, the vials containing blood, plasma, or
serum were preheated to 37°C for 5min before the addition of
the %8Ga peptide. Both %8Ga peptides were prepared by using
the optimized radiosynthesis procedure (see previous methods
herein) and had an RCP of >95%. Before being added to plasma,
the pH of the radiolabeled products was adjusted to 7.0-8.0
using 1.0M NaOH. The assays were performed using sterile
Eppendorf tubes.

The plasma stability of both peptide radioconjugates was inves-
tigated using a method described by Xia et al. [37]. °Ga peptide
(~10MBq) was added to 1.0 mL of plasma and incubated at 37°C.
At time points T=5, 30, 60, and 120min, a 200-pL aliquot was
taken and mixed with 1.0mL of ice-cold ethanol to precipitate
plasma components. The resulting suspension was separated by
centrifugation at 4500rpm for 5min, and an aliquot of 100 L
of the supernatant was collected for radio-HPLC determination
of radiochemical integrity. Before injection, the sample was pre-
pared by evaporation of methanol and resuspension in 100 uL of
water. Stability was assessed using radio-HPLC (Method 1) by
calculating the %RCP relative to the administered radioconju-
gate %RCP.

The blood cell association of both peptide radioconjugates
was investigated by the method described by Shi et al. [36]. In
brief, either [*®Ga]Ga-NODASA-PH1 or [*®Ga]Ga-NODASA-HS8
(~5.0MBq in 100uL) was mixed with 1.2mL of heparinized
whole blood. The mixture was incubated in a shaking incuba-
tor at 37°C. At T=0, 30, and 60min, a blood aliquot of 300 uL
was transferred to a yellow-cap BD Vacutainer (containing a
clot activator/polymer gel) (BD Diagnostics, Franklin Lakes,
United States). These tubes were then centrifuged at 4500rpm
for 2min to separate the serum from the blood cells, which were
absorbed into the gel layer. The serum was rinsed into a sep-
arate tube using PBS (2x0.5mL). The serum and blood cells
were measured separately using an automated gamma counter
(Hidex AMG, Turku, Finland). The blood cell association was
calculated by dividing the total radioactivity measured in the
blood collection tube by the combined activity of both tubes. The
experiment was repeated three times, and data are presented as
average + SD. Statistical significance between timepoints was
calculated using a two-tailed t-test, and a p<0.05 was consid-
ered significant.

The protein-binding assay was done as described by Mdlophane
et al. [38]. In brief, [*3Ga]lGa-NODASA-PH1 or [%Ga]Ga-
NODASA-H8 (~1.5MBq in 20uL) was mixed with 500uL of
plasma. The mixture was incubated in a shaking incubator at
37°C. At T=0, 30, and 60min, an aliquot of 100uL was taken
for sample processing. Proteins were precipitated in ice-cold
ethanol (500 uL) and centrifuged (4500 rpm, 10 min). The super-
natant was removed, and the protein pellet was washed twice
with another 500 uL of ethanol. The washed protein pellets and
supernatants were measured in an automated gamma counter
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(Hidex AMG, Turku, Finland). The percentage of labeled com-
pound that was bound to plasma protein was determined by dis-
tribution ratio between the protein pellet and supernatant. The
experiment was repeated three times, and data are presented as
average + SD. Statistical significance between timepoints was
calculated using a two-tailed ¢-test, and a p<0.05 was consid-
ered significant.

3 | Results and Discussion
3.1 | NODASA-H8 and NODASA-PH]1 Synthesis

On-resin synthesis and conjugation of H8 and PH1 to NODASA
(using 6-aminohexanoic acid as a linker) were successful using
the SPPS method adapted from Dutta et al. [28], with yields of
90.7% for NODASA-HS8 and 91.1% NODASA-PHI. After cleav-
age from the resin, NODASA-PH1 was successfully cyclized
through cysteine-disulfide bond formation by air oxidation over
48h without indications of intermolecular polymerized pep-
tide precipitates. Both NODASA-H8 and NODASA-PH1 prod-
ucts were successfully purified (>95%) using semipreparative
RP-HPLC as indicated by analytical HPLC analysis (Figure 2).
LCMS analysis indicated that the desired peptide products were
achieved (calculated M+2H: NODASA-HS8 =739.6, found 739.6;
cyclized NODASA-PH1 =760.6, found 760.6). LCMS chromato-
grams and mass spectra results acquired for the respective syn-
thesis steps are provided in Figures S1-S5.

3.2 | Radio-HPLC Characterization

Radio-HPLC analysis showed that both peptides success-
fully incorporated °®Ga, as indicated by the emerging [*3Gal]
Ga-NODASA-H8 and [®®Ga]Ga-NODASA-PH1 radio peaks
at R,=6.69min and R;=8.37min, respectively. The results
are displayed in Figure 3. No additional emerging radio peaks

were observed. The identity of both radiolabeled peptides was
confirmed with complementary LCMS (UV 220nm) analysis
of nonradioactive Ga peptide reference compounds, indicat-
ing the correct mass and isotopic pattern (Figures S6 and S7,
calculated M+2H: Ga-NODASA-H8=772.3, found 772.3; Ga-
NODASA-PH1=793.3, found 793.2) and good R, overlap with
%8Ga-radiolabeled counterparts. The small difference in R,
between the radiolabeled and nonradioactive reference com-
pounds is a result of delay time between instrument detectors.
No additional peaks or m/z signals were observed, indicating
that a chemically pure metal conjugate was achieved.

3.3 | Evaluation of Labeling Parameters

Developing a new radiosynthesis method involves assessing
radiolabeling parameters to ensure the reliable production of a
radiolabeled product with the lowest possible ligand concentra-
tion and in the shortest amount of time. This process entails per-
forming a series of reactions to evaluate radiolabeling outcomes
based on various influencing parameters. These parameters
include incubation temperature (ambient, 40°C, and 80°C) and
incubation duration (5, 10, and 20 min), which were assessed on
a series of radiolabeling reactions with different peptide concen-
trations (10, 25, 50, 75, and 100ug/mL). The experimental pH
value of 4.0+0.5 was selected based on literature recommen-
dations stating that pH levels between 3.0 and 5.0 are essential
for NOTA-based gallium-68 radiolabeling [25, 34]. The radiola-
beling performance was monitored by measuring the %RCY of
the crude product using ITLC Method 1. The influence of tem-
perature on %RCY was determined after an incubation time of
10min, and the results are displayed in Figure 4. The influence
of time on %RCY was determined at an incubation temperature
of 80°C, and the results are displayed in Figure 5.

For both peptides, optimal labeling efficiencies were achieved
at 80°C, with both peptides reaching %RCY >95% at >25ug/
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FIGURE2 | Analytical HPLC (UV 220nm) analysis of purified (A) NODASA-H8 and (B) cyclized NODASA-PH1.

366

Journal of Labelled Compounds and Radiopharmaceuticals, 2024

85UBD17 SUOULLIOD BAITER.D 3|1 [dde 3Ly Aq pausenob @e sape YO 88N Jo s3I 104 ARIQIT BUIUO A8]IM UO (SUORIPUOI-PUR-SWLIRIALOD" AB] 1M AReIq 1 [Bu1|UO//SHRL) SUORIPUOD PUE SIS L 8U} 89S *[5202/E0/6T] U0 ArIqITaulUO AB]IM ‘UoIessRY BOIPSIN UBILISY UINOS AQ 02T 101[/200T OT/10p/LI0D" A3 1M ARRIq 1 BUIIUOS [EUINO BOUB S O NAeUR/SANY WO} popeojumoa ‘TT ‘7202 ‘PrETE60T



FiXprod_Blood_plasma | DADTC Sig=2204 Ref=off

DHBAHXprod_Blood_plasma | DADID Sig=214 4 Ref=off

A PHBAHXprod_Blood_plasma | ADC1A,Channel A BHEA
a0

q1.405*

[%*Ga]Ga-NODASA-H8
R;=6.69 min

05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10105 11 115 12 125 13 135 14 145 15 155 16 165 17 17.5 18 185 19 19.5 20 205 21 215 22 225 23 235 24 245

2.00{mMAU *1000 DAD: Signal B, 220 nm/Bw:4 nm|
Ga-NODASA-HS
100 R;=6.52 min
0.00 R
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
00"00 02'00 0400 06'00 0800 10'00 12'00 14'00 16'00 18'00 20'00  22'00 min
[%Ga]Ga-NODASA-PH1
2 R =8.37 min
mAU *1000 DAD: Signal B, 220 nm/Bw:4 nm
oo Ga-NODASA-PHI
R;=8.21 min
0.00 —/_'_‘A—X/
L L N N N N N A N AN AN AN A H AN NN BN BN BN B |
00"00 02'00 04'00 06'00 08'00 10'00 12'00 14'00 16'00 18'00 20'00 22'00 min

FIGURE 3 | Radio-HPLC characterization of [**Ga] peptides and complementary LCMS characterization of nonradioactive Ga peptides. (A)
Radiochromatogram (cps) of [**Ga]Ga-NODASA-HS (top) and UV (220nm) chromatogram of Ga-NODASA-HS (bottom) and (B) [**Ga]Ga-NODASA-
PH1 (top) and Ga-NODASA-PH1 (bottom). Good retention time overlap between radiolabeled [**Ga] peptides and nonradioactive Ga peptide
reference compounds. Radiolabeling reactions were performed with 100 uM peptide concentration at room temperature and analyzed using radio-

HPLC Method 1.
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Effect of temperature and on ®Ga labeling for NODASA-conjugated peptides at a range of added peptide concentrations. Every data

point represents an independent reaction. %RCY was determined using ITLC Method 1 (1.0 M ammonium acetate/methanol, 1:1) after an incubation

time of 10 min.

mL (17 uM) within 10min of incubation time. At ambient tem-
perature and 40°C, NODASA-PH1 was able to chelate %Ga
more efficiently than NODASA-HS, which is evident from the
higher %RCY achieved at lower peptide concentrations. In

terms of incubation duration, results indicate a clear increase
in %RCY from 5 to 10min when incubated at 80°C but then
remaining unchanged. At lower concentrations (<25pg/mL),
the benefit of extended incubation duration beyond 10min is
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FIGURE 5 | Effect of incubation duration and on %Ga labeling for NODASA-conjugated peptides at a range of added peptide concentrations.

Every data point represents an independent reaction incubated at 80°C. %RCY was determined using ITLC Method 1 (1.0M ammonium acetate/
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more pronounced. It should be noted that while initial results
indicated that both peptides achieved %RCY greater than 95%
at >25ug/mL within 10 min, subsequent radiolabeling reactions
revealed that NODASA-HS could be reliably radiolabeled quan-
titatively only at 75 ug/mL (data not shown). The reason for this
variability is unclear, but it aligns with the more moderate ra-
diolabeling performance observed for NODASA-H8 when com-
pared to NODASA-PHI at lower temperatures.

Because optimal %RCY was achieved at 80°C, the thermolytic
stability of the peptide and radiometal conjugate was also as-
sessed for up to 25min with radio-HPLC to confirm the appli-
cability of using higher temperatures. The results are displayed
in Table 2. [®Ga]Ga-NODASA-PH1 maintained chemical integ-
rity and continuously chelated additional ®Ga over time. On the
other hand, [*8Ga]Ga-NODASA-HS8 degradation could be ob-
served at 25min. Thus, radiolabeling [*®*Ga]Ga-NODASA-HS at
high temperatures should be restricted to shorter reaction times.

3.4 | Optimized Radiosynthesis Protocol
and Performance

Based on results from the evaluated radiolabeling, the follow-
ing parameters were selected for routine radiolabeling: a ligand
concentration of 25 ug/mL (17 uM) for [**Ga]Ga-NODASA-HS or
5.0ug/mL (3.3uM) for [*8Ga]Ga-NODASA-PH1. These concen-
trations are added to 1.0mL of a pH 4.5 buffered ®3Ga eluate and
incubated at 80°C for 10 min. It should be noted that, for the op-
timized method, reactions were performed in borosilicate glass
vials provided by NTP Radioisotopes (Pelindaba, South Africa)
instead of Eppendorf tubes. With borosilicate glass vials, quanti-
tative labeling yields (>95% RCP) were more reliably achieved at
a much lower ligand concentration for both peptides (e.g., from
75 to 25pug/mL for [*®Ga]Ga-NODASA-HS and from 25 to 5ug/
mL for [*®Ga]Ga-NODASA-PH1). This may be the result of a re-
duced adherence of peptide to the borosilicate glass surface in
comparison to the plastic surfaces [39].

A C18-SPE method used for the purification of NOTA-based
peptides was employed to eliminate excess buffer salts,

unreacted free °3Ga species, and ®Ga colloids in order to pro-
duce a radiolabeled product suitable for in vitro and in vivo
assays, experimental applications, or patient imaging [17, 40].
The presence of colloidal ®Ga activity in the final product can
negatively impact the available radiochemical yield and the
quality and accuracy of PET images [41-43]. The C18-SPE
method was successfully implemented, resulting in radiola-
beled peptide products with a %RCP of over 98% (select ex-
amples of crude and SPE-purified radiolabeled products are
shown in Figures S11 and S12). The C18-SPE cartridge was
efficient in retaining the radiolabeled peptides during the
loading and wash steps, effectively separating the unreacted
free %8Ga activity from the radiolabeled products. It was de-
termined that at least 10% of EtOH/water (2.0 mL) solution is
required to initiate the desorption of [*®Ga]Ga-NODASA-HS,
while a minimum of 20% EtOH/water (2.0 mL) is needed for
[*3Ga]Ga-NODASA-PH1. Quantitative desorption of either
peptide was achieved using 50% EtOH/PBS (2.0 mL).

Next, key radiolabeling performance parameters such as
%RCY, %RCP, product activity at the end of synthesis (EOS),
and apparent molar activity (A,) were calculated by perform-
ing consecutive radiosyntheses with the inclusion of SPE pu-
rification. Table 3 provides outcome of the repeatability of the
radiosynthesis method by summarizing results gathered from
consecutive preparations of [*®Ga]Ga-NODASA-PH1 and [**Ga]
Ga-NODASA-HS8 using this radiosynthesis protocol. Robust pro-
duction yields of radiochemically pure [*®Ga]Ga-NODASA-HS
and [°®Ga]Ga-NODASA-PH1 products suitable for further
in vitro and in vivo applications were achieved [17, 40].

The interaction of labeled and unlabeled peptides with the same
target binding site can hinder the accumulation of radiotracers,
limiting the applicability of in vitro and in vivo assays that assess
their viability. Thus, it is crucial to provide a radiotracer with a
high molar activity when creating a target-specific radiotracer
for PET imaging [44]. High levels of %RCY (at the end of synthe-
sis) and molar activities were achieved within 42min (post pu-
rification, without the inclusion of ethanol evaporation). Molar
activities achieved for [®®Ga]Ga-NODASA-PH1 was similar to re-
ported ®8Ga-radiolabeled NOTA-based chelator-functionalized
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TABLE 2 | Determined radio-HPLC stability of peptide conjugates carried out at 80°C.

Integrated radio-HPLC peak area (%)

80°C incubation Degraded %Ga
Peptide time (min) Intact %Ga peptide Free %Ga peptide
[¢8Ga]Ga-NODASA-HS8 5 90.90 9.06 nd
25 86.40 5.98 7.32
[*®Ga]Ga-NODASA-PH1 5 96.46 3.54 nd
25 98.63 1.37 nd

Abbreviation: nd, not detectable.

TABLE 3 | Radiolabeling features and outcome of the repetitive °®Ga peptide radiolabeling performance.

[8Ga]Ga-NODASA-HS [8Ga]Ga-NODASA-PH1
Number of radiosynthesis (n) n=8 n=7
Generator elution
%8Ga activity eluted (2.0-mL 612.4+69.2MBq 708.6+35.8 MBq
fraction)
Waste fraction (%) 8.1% +3.3% 5.7%+1.4%
Buffer solution 2.5-M sodium acetate 2.5-M sodium acetate
Radiolabeling reaction
1.0-mL added activity (MBq) 180.4+36.9MBq 203.9+12.5MBq
Peptide concentration 25.0pug/mL (16.7 uM) 5.0ug/mL (3.3uM)
Reaction temperature 80°C 80°C
Reaction time 10min 10min
Product crude RCP>90%: n (%)? 8/8 (100%) 5/7 (71.4%)
Measured pH 4.0+0.5 4.0£0.5
Number of SPE purifications n=7 n=>5
SPE unit type Waters SEP-PAK light C18 (130mg)
SPE elution mixture (v/v) 1:1 EtOH/PBS (2.0mL)
Crude RCP (%)? 96.7+0.7 96.6+1.7
Purified product RCP (%)* 99.7+0.1 99.6+0.2
Product activity at EOS (MBq) 96.7+20.1 105.4+9.2
Non-decay-corrected RCY (%) 55.6+6.0 54.8+2.4
Decay-corrected RCY (%) 91.2+2.3 86.7+4.0
A_ at EOS (GBg/umol) 3.9+0.8 34.0+5.3
Total synthesis time (min) 41.3+6.8 41.8+5.6
SPE desorption (%) 93.7£1.2 91.4+£2.5
Loss to apparatus including colloids 8.6+2.1 12.0+3.2
(%)
Recovered activity (%) 99.8+1.0 98.7+1.3

2Radio-HPLC (Method 2) analysis was used.

peptides, such as [*3Ga]Ga-NOTA-UBI (13.8+1.9 GBg/umol) (25-61GBqg/umol) [46]. Although a lower-than-usual molar
[33], [*®Ga]Ga-NOTA-RGD-GE11 (>35.2GBq/umol) [45], and activity was achieved for [*®Ga]Ga-NODASA-H8 compared to
NODAGA-functionalized peptide heterodimer derivatives other NOTA-derived peptides, it is still comparable with other
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radiotracers used in clinical practice [39]. The reason for the
lower molar activity is unclear, but future experiments could ex-
plore modifications to the radiolabeling process, such as modify-
ing pH, which was not assessed as part of the scope of this study.

We evaporated the ethanol content in the final radiolabeled prod-
uct rather than dilute it to levels below 10% (as recommended for
in vivo administration) [47] as high ethanol levels can directly
influence radio-HPLC analysis in terms of ®*Ga peptide R and
peak shape. Additionally, evaporation helped to concentrate the
%8Ga peptide activity to ensure a product suitable for future bio-
logical in vitro testing and small animal in vivo investigations.
This approach also prevents ethanol from influencing LogP cal-
culations and ensures the product's suitability for in vitro bacte-
riological assays.

3.5 | Radiochemical and Thermodynamic Stability
Characterization

The development of a new radiosynthesis protocol involves car-
rying out a feasibility study to identify potential challenges for
the compound's intended use. This includes evaluating the sta-
bility of the radiopharmaceutical product [17], a critical factor as
it determines the timeframe within which a new radiotracer can
be safely used for its intended purpose, for example, the tracer
integrity from the time of labeling until it is administered to the
patient. In addition, the radiometal-chelator complex should re-
main stable or irreversible in the presence of competitive chelating
agents that mimic biologically occurring metal scavengers [48]. If
radiometals such as %8Ga are significantly released once injected
into living species, it may result in nonspecific biodistribution,
off-target pharmacology, or compromised PET image quality [49].

To assess its general stability, a sample of radiolabeled [*®Ga]Ga-
NODASA-HS8 and/-PH1 products were left in reaction solution
(i.e., benchtop stability at pH4.5) for 180 min and in PBS (pH 7.4)
for 90 min followed by ITLC analysis (Method 1) to quantify any
significant recurrence of free ®Ga activity or %3Ga colloids [17].
To assess the kinetic inertness of the radioconjugate, a transche-
lation challenge using up to 1000-fold molar excess of EDTA was

applied for up to 90min [50]. Potential ®®Ga release and EDTA
transchelation were assessed using SG-ITLC (0.1M citrate
method). Transchelation of peptide-bound %3Ga towards EDTA
could be observed using this radio-ITLC method as free 8Ga3+
and [%8Ga]Ga-EDTA shared similar Rf values and are equally
separated from radiolabeled peptides (Figure S10).

The outcomes of all three challenges are presented in Table 4.
Both 8Ga peptides exhibited a considerable degree of stability
during the benchtop stability assessment, with only a minor
reduction in [°8Ga]Ga-NODASA-PH1 integrity (~4%) observed
after 180 min. Additionally, both compounds remained stable in
PBS, as no significant changes in the integrity of the ®®Ga peptide
were observed over a period of 90min. These results suggest that
the produced and formulated %8Ga peptides are stable and reliable
for in vitro and in vivo applications for at least 1.5h post labeling.
It is important to note that values greater than 100% can be at-
tributed to continuous chelation occurring over time, resulting
in a higher percentage of labeling within the challenge duration
compared to the original radiolabeled product. Lastly, for both
peptides, no substantial release and transchelation of 8Ga activ-
ity were observed in the presence of EDTA over time, indicating
the excellent kinetic stability of the radiometal-chelator complex.

3.6 | Physicochemical Characterization
and Proteolytic Stability

To ensure optimal image quality in PET imaging, it is crucial
that radiotracers, which are designed with high target speci-
ficity, remain stable in the bloodstream until they reach their
intended target [49]. If a radiotracer is not stable due to prema-
ture degradation or metabolism in blood plasma, it can lead to
the formation of fragments that exhibit altered biodistribution
and nonspecific off-target binding, which can ultimately com-
promise PET image quality. Therefore, it is essential to maintain
the stability of radiotracers in blood circulation to achieve accu-
rate and reliable PET imaging results. Thus, the blood plasma
enzymatic stability of [*8Ga]Ga-NODASA-H8 and [°®Ga]Ga-
NODASA-PH1 was tested for up to 120min to determine their
clinical translation potential.

TABLE 4 | Stabilities for [**Ga]Ga-NODASA-HS and [*®*Ga]Ga-NODASA-PH1 calculated from ITLC analysis.

Normalized? percentage(%) of intact 8Ga peptide

Incubation Incubation PBS EDTA EDTA EDTA

Peptide time (min) Benchtop® time (min) pH7.4>  (50%)° (100x)° (1000x)°
[°3Ga]Ga-NODASA-H84 30 100.7% 20 100.3% 94.3% 95.2% 95.0%
60 100.7% 45 101.5% 94.3% 95.2% 95.0%
180 100.2% 90 101.8% 94.5% 95.3% 94.6%
[¢8Ga]Ga-NODASA-PH1¢ 30 100.6% 20 105.7% 91.0% 93.2% 92.8%
60 100.5% 45 105.2% 89.8% 92.0% 91.8%
180 96.2% 90 104.4% 91.5% 91.8% 91.4%

2Normalized to the %RCY of the crude product used for the experimental challenge, determined by ITLC analysis and peak quantification.

bCalculated using ITLC Method 1 (1.0M ammonium acetate/methanol, 1:1).
Calculated using ITLC Method 2 (0.1 M citrate, pH 5.0).

d68Ga activity intervals used: benchtop (HS8, 163-174 MBq; PH1, 159-171 MBq); PBS (HS8, 48-53 MBq; PH1, 46-51 MBq); and EDTA challenges (HS, 48-53 MBq; PH1,

46-51MBq).
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Blood plasma stability results are displayed in Table 5, and
comparative examples of radiochromatogram results for
both radioconjugates between T, and T, ,, are displayed in
Figure 6. No apparent change in %RCP were observed for

TABLE 5 | Observed plasma stability of radioconjugates determined
by radio-HPLC (Method 1).

[(8Ga]Ga- [¢8Ga]Ga-
Serum stability NODASA-H8? NODASA-PH1?
Product %RCP 97.3% 99.8%
Tyin 89.4% 100.0%
Tyomin 31.2% 100.0%
Tomin 20.0% 100.0%
T omin 14.1% 100.0%

2Approximately 10 MBq of each °Ga peptide was utilized.

[*3Ga]Ga-NODASA-PH1 up to 120 min. On the other hand, the
majority of [**Ga]Ga-NODASA-HS8 degraded within 30 min. A
complementary assay using nonradioactive Ga-NODASA-HS8
and LCMS mass identification revealed that when scanning
for an isotopic pattern of nonradioactive gallium, peptide
cleavage occurs between histidine and serine (NODASA-
Ahx-WH/SGTPHGGS-NH2, m/z=684.3). The high stability
of cyclic peptide [*®Ga]Ga-NODASA-PH1 as opposed to the
linear peptide [*®*Ga]Ga-NODASA-HS8 may be expected. Some
linear peptides are more prone to degradation by enzymes
such as proteases or peptidases contained in blood plasma,
and in that, cyclization of peptides is an established strategy
to increase plasma stability. The high stability of [*8Ga]Ga-
NODASA-PH1 (radioconjugate and molecular stability) indi-
cates suitability for in vivo application, while application of
[63Ga]Ga-NODASA-HS8 may be limited.

Key characteristics such as lipophilicity, polar surface area,
and net charge play a crucial role in determining the radiotracer's
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FIGURE 6 | Plasma stability radiochromatograms of [**Ga]Ga-NODASA-HS (left) and [**Ga]Ga-NODASA-PH1 (right) obtained for T, (top) and
T,,, (bottom). At T, , the majority of [**Ga]Ga-NODASA-H8 degraded into a single radiolabeled by-product with a shifted retention time of 0.4 min

(from 6.8 to 7.2min).
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FIGURE 7 | Measured percentage of [*®Ga]Ga-NODASA-HS and [*Ga]Ga-NODASA-PH1 whole-blood cell binding (left) and plasma protein
binding (right) up to 60-min incubation at 37°C. A two-tailed t-test indicated a significant decrease in blood cell and plasma protein-bound [*4Ga]

Ga-NODASA-HS8 over 60min. *p <0.05.
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ability to cross the blood-brain barrier or reach tissues with ac-
tive infections [51-53]. Highly lipophilic small molecules with
high plasma protein binding often lead to slow clearance rates,
while hydrophilic and positively charged radiotracers are elim-
inated quickly. Consequently, the degree of a compound's lipo-
philicity and its binding to blood cells and plasma proteins can
predict its bioavailability and determine its potential for clinical
application [54]. In this study, we quantified blood cell associa-
tion, serum protein binding, and LogD, , (lipophilicity) to assess
the blood residence time.

Quantified blood distribution and plasma protein-binding re-
sults are displayed in Figure 7. Both [*3Ga]Ga-NODASA-HS8
and [°8Ga]Ga-NODASA-PH1 showed low levels of blood cell
and protein binding, indicating promising bioavailability when
injected intravenously as a radiotracer. A significant decrease
in both blood cell and protein-bound [*3Ga]Ga-NODASA-HS8
activity was observed over 60 min (p <0.05), while [*3Ga]Ga-
NODASA-PH1 remained constant. This decrease over time
may be the result of radiotracer degradation by-products that
interact with blood cells and plasma protein to a lesser extent.
These results are in line with the high hydrophilicity calculated
for both [®8Ga]Ga-NODASA-HS and [*®*Ga]Ga-NODASA-PH1
(LogP,,=-2.32+£0.02 and -2.50+0.05, respectively). The
degree of hydrophilicity is a surprising observation. While it
is known that conjugation of biomolecules with macrocyclic
bifunctional chelators such as NOTA and DOTA can increase
hydrophilicity [55], a less hydrophilic compound was expected
given that both peptide core sequences constitute a major-
ity of hydrophobic amino acids (4/7 for H8 and 6/9 for PH1).
This may ultimately be a factor that diminishes MTB target-
ing capability, given the hydrophobic nature of its cell walls.
Additionally, the authors of peptide PH1 cited that target bind-
ing is most likely governed by hydrophobic interactions [24].

4 | Conclusion

The peptide syntheses, the development, the radiosynthesis
performance, and a first-line in vitro assessment of pharma-
ceutical potential are presented for [*8Ga]Ga-NODASA-HS8 and
[*3Ga]Ga-NODASA-PH1. Each of the molecules comprised a
previously approved MTB targeting phage display-generated
peptide and NODASA as the functionalizing moiety for ®3Ga
radiolabeling. The presented optimized radiosynthesis method
can be used to reliably produce radiochemically pure products
with sufficient activity yields suitable for future in vitro and
in vivo application. Additionally, [®®Ga]Ga-NODASA-PH1 has
high biological stability and favorable bioavailability, while
[¢8Ga]Ga-NODASA-H8 demonstrated compromised biologi-
cal stability. The results presented herein are sufficient proof
to enroll [*3Ga]Ga-NODASA-PH1 as the candidate PET ra-
diotracer for further assessment, including bacterial uptake
studies in vitro and mouse PET imaging studies, to assess
MTB-derived infections noninvasively.
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