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Abstract
The advancement of new Positron Emission Tomography (PET) radiotracers for differentiating bacterial infections from sterile inflammation 
is essential for accurate diagnosis and treatment monitoring. D-amino acid-based probes have shown promise for bacterial imaging due 
to their selective peptidoglycan incorporation. However, host enzyme-mediated racemization of radiolabeled D-amino acids and limited 
tissue penetration of fluorescence signal of fluorescent D-amino acids limits their in vivo performance. Herein, we report the successful 
chemical synthesis, optimized radiosynthesis, and the required first-line in vitro characterization of [68Ga]Ga-NDL-1 (NDL = NODASA 
D-lysine; NODASA = 1,4,7-triazacyclononane-1-succinic acid-4,7-diacetic acid) (the L-isomeric compound, aka. [68Ga]Ga-NLL-1 was 
evaluated in parallel as the control). Robust radiolabeling was achieved within 60 minutes using the optimized radiolabeling method, 
featuring the consistent production of very good radiochemical yields (81.7 ± 3.2%), apparent molar activities (17.1 ± 0.8 GBq/µmol) and 
with excellent radiochemical purities (97.7 ± 0.5%), free of 68Ga-colloids; therefore, deemed suitable for future intravenous administration 
and micro-PET imaging applications. [68Ga]Ga-NDL-1 was highly stable during prolonged incubation in the presence of 1000-times excess 
of EDTA (>93%) as well as a during a 2-hour exposure to plasma (>97%). [68Ga]Ga-NLL-1 and [68Ga]Ga-NDL-1 showed minimal overall 
blood cell binding (<12%) or plasma protein binding (<15%). Results justify further investigation of [68Ga]Ga-NDL-1 as a potential PET 
imaging agent of infection.

Keywords
D-amino acid, peptidoglycan, positron emission tomography, bacterial-specific, radiolabeling, radiochemical characterization, imaging of infection

Received 3 December 2024, revised 12 May 2025, accepted 19 May 2025

Introduction 

Despite advancements in antibiotic drug discovery and development 
in the last several decades, bacterial infections remain a major global 
health risk globally.1-3 With the increasing emergence of antibiotic-
resistant bacteria and the discovery of novel classes of antibiotics 
almost coming to a standstill, early detection and diagnosis of 
infections of bacterial origin is crucial to provide patients with optimal 
care and curb the unnecessary use of antibiotics.1, 4, 5 However, early 
diagnosis can be challenging owing to overlapping symptoms caused 
by infectious and inflammatory conditions, especially in elderly and 
immunocompromised patients affected by opportunistic, occult, and 
chronic infections. Conventional diagnostic approaches such as clinical 
history, physical examination, biopsies and blood cultures, sonar, and 
simple radiographs may not provide a definitive diagnosis. Thus, 
more sensitive anatomical imaging studies are recommended, such as 
Computed Tomography (CT), Magnetic Resonance Imaging (MRI), 
or molecular/functional imaging studies using nuclear medicine 
modalities such as Single-Photon Emission Tomography (SPECT) 
and Positron Emission Tomography (PET). Among these, PET is most 
frequently used in the diagnostic workup and staging of complicated 
infectious diseases and in monitoring patient responses to therapy.6 

PET enables visualisation and quantification of pathophysiological 
changes associated with infection at the molecular level, even before 
CT/MRI-detectable anatomical changes occur. PET achieves this 

by measuring the distribution and localization of an intravenously 
injected radiotracer.  The radiotracer consists of a biochemically 
active moiety (vector) that provides target specificity, tagged with a 
radioisotope that releases a positron, measurable by PET, upon decay. 
Thus, increased radiotracer localization might be associated with 
increased targeted molecular activity. To this end, currently available 
radiopharmaceuticals approved to assist diagnosis of infection, such as 
radiolabeled white blood cells (WBC), [18F]fluorodeoxyglucose ([18F]
FDG), and [68Ga]-citrate do not target bacterial-specific molecular 
mechanisms, but rather rely on secondary, host-mediated inflammatory 
molecular responses to visualize infections.7, 8 More and more initiatives 
are emphasizing the development of novel radiopharmaceuticals that 
can directly interact with causative pathogens in order to provide 
even more effective clinical tools for the diagnosis and prognosis of 
infectious diseases. Furthermore, they may also serve as research 
tools to enhance our understanding of the underlying mechanisms of 
therapeutic performance and the emergence of resistant pathogens.9-16

Peptidoglycan (PG) is an extracellular cell wall structure maintained 
by nearly all bacteria and thus offers various avenues for novel 
bacterial-specific radiotracer development. One such route is the 
bacterial use of D-enantiomer amino acids (D-AAs) as substrates 
for PG biosynthesis, since these D-AAs also have no significant role 
in the biological makeup and metabolism of Mammalia.17-21 PG is a 
complex meshwork of alternating muramic acid and glucosamine-
containing glycan chains cross-linked by short-stem peptides.22 These 
stem peptides predominantly contain D-AAs, such as D-alanine 
and D-glutamic acid, which are recognized and used by periplasmic 
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enzymes, such as L,D-transpeptidases and penicillin-binding proteins, 
to catalyse peptide crosslinking.22-26 It has also been demonstrated that 
these enzymes can incorporate non-canonical D-amino acids (such as 
D-lysine and D-methionine), and are able to modify PG with highly 
functionalised/modified D-AAs through either direct incorporation 
or through D-AA exchange reactions, even if they are conjugated to 
relatively bulky fluorescent groups.27-31 Exploitation of this mechanism 
has produced several commercially available imaging agents, also 
known as molecular probes, that enable in situ spatiotemporal 
monitoring of PG biosynthesis and regulation. Several examples of 
commercially available fluorescent D-lysine derivatives used to target 
and visualize PG assembly in vitro and in situ are displayed in Figure 
1A.29, 31 Furthermore, the undiscriminated utilisation of unnatural 
D-AAs seems to be conserved throughout the bacterial kingdom, 
including in clinically relevant pathogens, although the incorporation 
rates can vary.27, 31  

Recently, the use of radiolabeled D-amino acids as bacterial-
specific nuclear imaging agents targeting PG, has been explored.32 
This includes [11C]D-methionine and [11C]D-alanine which enables 
the detection and differentiation of actively growing Escherichia coli, 
Staphylococcus aureus, and Pseudomonas aeruginosa infections from 
sterile inflammation in murine infection models.33-36 Furthermore, in 
initial studies on patients with suspected prosthetic joint infections, 
[11C]D-methionine performed well in the identification of active 
infections. However, the short half-life of carbon-11(20.4 min), 
its associated high cost, and limited availability remain major 
drawbacks. Additionally, host-mediated racemization of L-isoforms 
and metabolism through D-amino acid oxidase activity have been 
reported to lead to high radiotracer retention in the liver.33, 36, 37 Whilst 
longer-lived fluorine-18-labelled analogues (110.2 min) of D-alanine 
and D-glutamate have been reported, significant in vivo defluorination 
and lack of homology between native and fluorine-18-analogues have 
been limiting their further usage.38, 39 With promising initial results 
using [11C]D-AAs as radiotracer vectors, there has been a quest for the 
development of 2nd generation D-AA-derived radiotracers that utilise 
alternative radionuclides to mitigate the limitations attributed to the 
radiochemistry of carbon-11.39

Based on the maintenance of PG incorporation by D-AAs 
modified with relatively bulky fluorophores (Figure 1A), we sought 
to functionalize lysine with 1,4,7-triazacyclononane-1-succinic acid-
4,7-diacetic acid (NODASA) to form the individual stereoisomers, 
NODASA-L-Lysine (NLL-1) and NODASA-D-Lysine (NDL-1) 
(Figure 1B). Functionalization of lysine with NODASA, a macrocyclic 
bifunctional chelator, should enable efficient chelation of PET-
compatible metal radionuclides, such as Gallium-68 (Ga-68).40, 41 
Additionally, NODASA chemistry affords relatively easy conjugation 
to a targeting vector.42 Importantly, Ga-68-NODASA radiocomplexes 
show high radionuclide stability, and the half-life of Ga-68 (67.7 min) 
matches well with the biological half-lives of most small biomolecules.41 
Also, daily Ga-68-chloride radioactivity is conveniently available in 
solution by ‘milking’ a germanium-68/gallium-68 generator, a cost-
efficient process featuring a facile, on-demand radioactivity production.

The α-amino group of D-amino acids plays a critical role in its 
biochemical interactions with PG biosynthetic enzymes.25, 26, 29 In this 
case, the functionalization does not impact the stereochemistry at the 
α-amino group and the configuration of D- or L-lysine is retained. The 
purpose is not to replicate every function of natural lysine, but to retain 
the essential aspects necessary for PG incorporation.

Herein, we report the successful conjugation of D-lysine and L-lysine 
to NODASA (NDL, targeting agent; NLL, biological negative control), 
followed by the development and optimization of the synthesis of Ga-
68-radiotracers, [68Ga]Ga-NDL-1 and [68Ga]Ga-NLL-1, for initial 
radiopharmaceutical and a first-line in vitro characterization as PET 
imaging agents. Results from this study will aid in justifying the 
validity of [68Ga]Ga-NDL-1 for preclinical assessment as a prospective 
radiotracer for PET imaging of infection.

Experimental

Syntheses

Synthesis of NDL and NLL

A procedure developed by Dutta et al.43 for synthesising NODASA-
functionalized peptides on resin was modified to functionalise 
D-lysine and L-lysine with NODASA (Scheme 1). More detailed 
information regarding the synthesis steps is provided in the 
supplementary information. All synthetic intermediates and products 
were characterised using a PDA-coupled LCMS (Shimadzu 2020 
UFLC-MS, Japan) with a YMC-Triart C18 (5 μm, 4.6 × 150 mm) 
column. NDL and NLL were isolated by diethyl ether precipitation 
to form a fine white or off-white powder. The identities of the final 
NDL and NLL products were confirmed by HRMS-TOF (ESI+): 
calculated for C20H35N5O9 [M+H] 490.2508; found 490.2456 (NDL) 
and 490.2503 (NLL), respectively (Figure S5). As discussed in the 
synthesis results section and Supplementary Scheme S1, the final 
NDL and NLL products each constitute two structural isomers, most 
probably because of an aspartimide side reaction, and will be referred 
to as NDL-1/NDL-2 and NLL-1/NLL-2. 

NDL-1/2 and NLL-1/2 semi-preparative HPLC separation, 
purification and analysis

Following synthesis, the respective NDL and NLL structural isomers 
were successfully separated and purified using a semi-preparative HPLC 
system (Shimadzu, Kyoto, Japan) coupled to an ACE C18 preparative 
column (150 × 21.2 mm) using 0.1% TFA in water as Mobile-phase 
A and 0.1% TFA in acetonitrile as Mobile-phase B. A gradient of 
0–10 % Mobile-phase B over 30 min with a flow rate of 10 mL/min 
was used with PDA detection set at 200nm and 220nm, respectively. 

Figure 1: (A) Chemical structures and molecular weight (MW, Daltons) of 
three examples of commercially available fluorescent D-lysine derivatives 
used for targeting PG in vitro and in situ.29, 31 (B): Chemical structure of 
1,4,7-triazacyclononane-1-succinic acid-4,7-diacetic acid (NODASA)-
functionalized D-lysine (NDL-1) and the corresponding 68Ga-radioconjugate. 
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NDL-1/NLL-1 eluted at a retention time of 16.3 – 17.0 min, whilst 
NDL-2 and NLL-2 eluted at 18.3 – 20.8 min. The collected fractions 
were characterised by LCMS identification of the desired product m/z 
(490.2) and chromatographic 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 or clear 
crystalline product. 

Preparation of the non-radioactive Ga-NDL-1 reference compound

NDL-1 was complexed with gallium(III)chloride (non-radioactive Ga) 
as follows: 200µl of 20mM GaCl3 dissolved in 0.6M HCl was diluted 
with 400 µl 0.6M HCl and mixed with 240µl of a 2.5 M sodium acetate 
solution (pH 4-5). Next, 100 µL 20.0mM NDL-1 (0.5 equiv. to Ga) was 
added, followed by incubation at room temperature for 15 min. 

Ga-68 radioactivity production and preparation

A tin-dioxide germanium-68(68Ge)/gallium-68(68Ga)-generator 
(iThemba LABS, Somerset West, South Africa) was used to obtain 68Ga 
for radiolabeling by using an 0.6M HCl elution fractionation method,46 

the first 1.0 ml eluate is discarded into a waste vial. The next 2.0 ml 
eluate, which contains the majority of 68Ga-activity, is collected (into a 
separate vial) for use in radiolabeling reactions. The generator line was 
then rinsed with 7.0 ml 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). Without further purification, the 68Ga-eluate acidity) was 
adjusted to pH 4-5 using 2.5M sodium acetate trihydrate, and used for 
radiolabeling experiments. 

Radio-HPLC methods for NDL/NLL characterization and radio-
analysis

Two different radio-HPLC systems (and their respective developed 
methods) were used to assess radiochemical purity (%RCP) and 
radiochemical yields (%RCY) for logistical reasons (Table 1). The HPLC 
instrumentation used for radioanalysis included an Agilent 1200-series 
(System 1) or Agilent 1260 Infinity II (System 2), both coupled to a 
Diode Array Detector and radioactive detector (Sockel 2 GABI Nova, 
Raytest, Straubenhardt, Germany). The samples were injected without 
prior purification. However, when working with methanol or ethanol, 

Scheme 1:  NDL-1 and NLL-1 synthesis. 
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the samples were thoroughly dried and resuspended in water before 
injection to avoid significant changes in retention time (RT) and peak 
shape. A wash phase consisting of 95% acetonitrile for 5 min was 
performed after the gradient, followed by 5 min of re-equilibration. 

Characterization of radiolabeled NDL-1 and NLL-1 

For radio-HPLC characterization, initial radiolabeling of NDL-1 and 
NLL-1 was performed using a 100µM ligand concentration at room 
temperature for 20 min and generator-produced, buffered 68Ga-
activity prepared as previously described. Radio-characterisation 
was performed using radio-HPLC method 1, as described in Table 
1. Confirmation of non-radioactive Ga-NDL-1/-NLL-1 (reference 
compound) m/z and purity was performed using LCMS (Agilent 
Technologies Inc., Wellington, DE, USA) coupled with a diode array 
detector using both HPLC methods specified in Table 1. Then, the 
identity of the radioactive [68Ga]Ga-NDL-1/NLL-1 was confirmed by 
comparing peak retention times observed in the radio-chromatogram 
with the peak retention times observed in the UV-chromatogram of 
the non-radioactive Ga-NDL-1 reference standards.

Development and evaluation of optimal radiolabeling parameters

Reaction series were performed in Eppendorf 1.5 mL plastic tubes 
using 0.225 ml aliquots of generator-produced, buffered 68Ga-
radioactivity (~20.0 MBq). The series of reactions were performed at 
either pH 3.5 or pH 4.5. The percentage radiochemical yield (%RCY) 
of each reaction was measured using radio-HPLC method 1. A set of 
maximum 12 reactions was performed from a single gallium generator 
elution; every data point represents an independent reaction.

Proposed NDL-tailored SPE purification method

No previous method was cited by literature, and different SPE cartridge 
sorbent types were screened. Following that, a Sep-Pak Silica SPE 
cartridge (Waters Corporation, USA) was used to purify [68Ga]Ga-
NDL-1/-NLL-1 as follows: 1) before sample loading, the SPE cartridge 
was pre-conditioned with 2.0 ml water, followed by 10.0 ml EtOH; 2) the 
radiolabeling reaction solution was diluted with 9.0 ml EtOH (1:9 water/
EtOH, v/v) and slowly loaded onto the cartridge material (flow approx. 
0.5 mL/min); 3) the reaction vial was washed with 2.0 ml 1:9 water/
EtOH and the additional volume loaded onto the cartridge; 4) different 
gradient elution profiles were established using increasing water/
EtOH (v/v) solutions to achieve gradual radioconjugate desorption. 
Desorption was monitored by measuring the activity retained on the 
cartridge after each elution fraction, using a CRC Capintec 15 beta dose 
calibrator. The percentage of captured activity was calculated after each 
elution fraction as cartridge activity divided by the total loaded activity 
measured after radiolabeled product loading. 

Evaluating the radiolabeling performance of the optimized 
radiosynthesis protocol

Radiolabeling was performed several times using the proposed opti-
mized radiosynthesis protocol, with the inclusion of SPE purification 

(n = 3 for [68Ga]Ga-NDL-1 and [68Ga]Ga-NLL-1, respectively) to cal-
culate key performance parameters. Radiosynthesis was performed in 
10 mL clear borosilicate glass vials. The activity involved before and 
after each radiosynthesis and SPE purification step was measured us-
ing a CRC Capintec 15 beta dose calibrator. The %RCY for the crude 
radiolabeled product and final %RCP of the SPE-purified radiolabeled 
products were calculated using radio-HPLC (Method 2). An aliquot 
of the crude radiolabeled product was taken before SPE purification 
for %RCY calculation. To calculate the SPE desorption rate, decay-cor-
rected %RCY, loss to apparatus/materials, and the sum of recovered ra-
dioactivity, the measured activity fractions were decay-corrected to the 
time of loading the crude radiolabeled product onto the SPE cartridge.

Challenge and stability studies

The ability of the produced [68Ga]Ga-NDL-1/-NLL-1 to safely complex 
and sustain 68Ga-chelation was studied under various conditions by 
adopting the method used by Dutta et al.43 Briefly, the radiochemical 
stability of  [68Ga]Ga-NDL-1/-NLL-1 was measured up to 180 min 
post-labelling and setting the following challenges: a) the final product 
solution (as is) was kept at laboratory bench-top conditions; b) product 
re-formulation and incubation in 0.1M PBS (pH 7.5); and c) product 
exposure to 1000-fold molar excess of EDTA (pH 7.4 using 1.0 M 
NaOH); settings b) and c) were incubated at 37°C. At the relevant time 
points, an aliquot of the sample was analysed using radio-HPLC to 
determine its relative stability (change in %RCP over time; [68Ga]Ga-
NDL-1  radio-HPLC method 1; [68Ga]Ga-NLL-1  radio-HPLC 
method 2). The results were expressed as % intact radioconjugate 
normalized to the initial %RCP for each radiolabeled product used in 
the experiment. Each data point represents a single reaction. 

Physico-chemical characterization (logD7.4) 

The lipophilicity of [68Ga]Ga-NDL-1 and [68Ga]Ga-NLL-1 were 
determined using an n-octanol/PBS (pH 7.4) system test, as described 
by Shi et al.71 Each radioconjugate was diluted with PBS (pH 7.4). 
For the test, 1.0 ml of radioconjugate/PBS solution (~12 MBq) was 
mixed with 1.0 ml n-octanol and vortexed for 1 min. The mixture was 
separated by centrifugation at 4500 rpm for 5 min. A 900µl aliquot 
was aspirated from each layer and transferred into separate Eppendorf 
tubes. Radioactivity for each phase was determined using a well-type 
CRC Capintec 15 beta dose calibrator. The LogD7.4 of each sample 
(n = 3) was calculated as log (ko/w), the logarithm of the ratio of decay-
corrected activity between the octanol and water layers (ko/w). 

Proteolytic stability and blood distribution assays

Blood samples were collected in heparinised vacutainer tubes kindly 
provided by the Nuclear Medicine Research Department at the 
University of Pretoria. All the samples were kept on ice until further 
use. Plasma samples were obtained by centrifugation at 4000rpm 
for 2 min (LCEN-401P digital clinical centrifuge, MRC Laboratory 
Equipment). For all experiments, vials containing blood, plasma, or 
serum were preheated to 37°C for 5 min before the addition of the 

Table 1: Respective radio-HPLC methods used to analyse [68Ga]Ga-NDL-1 and [68Ga]Ga-NLL-1 radiochemical purity (RCP)

M Stationary phase  
(type / dimension)

Mobile phase 
(cont.0.1% TFA)

Flow  
(mL/min)

Method gradient PR*  
(min)

Free-68Ga retention 
(min)

1 Poroshell 120  
EC-C18 2.7µm  
3.0 x 150 mm

A: H2O  
B: acetonitrile 

0.50 0%B to 5%B in 7 min 2.60 – 2.85 1.30 – 1.40; 1.40 - 2.40 ¥

2 Zorbax SB 
RP C-18 5µM  
4.6 x 250 mm 

A: H2O  
B: acetonitrile 

1.00 0%B to 7%B in 10 min 6.00 –7.50 3.30–3.80; 5.40–5.80 ¥

Footnotes: M) HPLC method; *) product retention time; ¥) Separation of free (uncomplexed) gallium into two peaks can be observed and is common phenomenon 
reported in literature, especially when using low-gradient elution profiles for reverse-phase chromatography. It has been proposed that such behaviour can be 
attributed to the existence of different 68Ga ionic forms, some of which are retained at the head of the reverse-phase column.54
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68Ga-radioconjugate (i.e. the [68Ga]Ga-NDL-1 /or -NLL-1 products 
with ≥95% RCP were prepared by routine radiosynthesis, as described 
in the previous section). Before adding to plasma, the pH of the 
radiolabeled products was adjusted to 7–8 using 1.0M NaOH. Assays 
were performed using sterile Eppendorf tubes.

Enzymatic plasma stability was determined according to the method 
described by Xia et al.72 Briefly, each radiolabeled product (~10MBq) was 
added to 1.0 mL plasma and mixed gently. The solution was incubated 
at 37°C. At certain timepoints (0, 30, 60, and 120 min), an aliquot of 
200 µL was taken and mixed with 1.0 ml absolute ethanol to precipitate 
plasma contents. The suspension was separated by centrifugation at 
4500 rpm for 5 min. A 100 µL aliquot of the supernatant was taken 
for radio-HPLC analysis (method 1) and first prepared by evaporating 
ethanol, followed by resuspension in 100µl water and injection into the 
HPLC. The results were expressed as % intact radioconjugate relative to 
the administered radioconjugate %RCP (n=2).

Blood cell association studies were performed as described by Shi et 
al.71 Each radioconjugate (~5.0 MBq) was added to a 1.2 mL whole-
blood cell sample, gently mixed, and incubated at 37°C. At certain 
timepoints (0, 30, and 60 min), a 300 µL aliquot was transferred to 
a yellow BD Vacutainer®  blood collection tube (containing the clot 
activator/polymer gel). This tube was centrifuged at 4500 rpm for 2 
min to separate the serum from the blood cells, which were absorbed 
into the gel layer. The serum was rinsed into separate tubes using PBS 
(3 × 0.5 ml). Radioactivity in both tubes was measured separately 
using an automated gamma counter (LabLogic, Hidex AMG, Turku, 
Finland). Blood cell association was calculated by dividing the total 
radioactivity measured in the blood collection tube with the combined 
activity of both tubes (decay corrected; n = 3).

Serum protein binding assay was performed as described by 
Mdlophane et al.73 Briefly, each radiolabeled product (~1.5 MBq) 
was added to 500 µL of plasma, gently mixed, and incubated at 37°C. 
At certain time points (0, 30, and 60 min), an aliquot of 100 µL was 
added to 500 µL absolute ethanol to precipitate the plasma contents. 
The protein precipitate was pelleted by centrifugation at 4500 rpm 
for 5 min. The pellet was further washed with 500 µL of absolute 
ethanol, and the supernatants were combined. Radioactivity was 
measured in the pellet and supernatant using an automated gamma 
counter (LabLogic; Hidex AMG, Turku, Finland). The percentage of 
serum protein binding was calculated by dividing the pellet-measured 
activity by the combined activity of the pellet and supernatant (decay 
corrected; n = 3).

Statistical Analysis

All data processing calculations were performed using Microsoft 
Office, Excel Version 2016. Results for LogD7.4, percentage of blood 
cell-associated activity, and percentage of serum protein-bound 
activity are presented as mean ± SD. For blood cell association and 
serum protein binding results, statistical significance between sample 
groups per time point of the respective [68Ga]Ga-NDL-1 and [68Ga]
Ga-NLL-1 experiments was calculated using one-tailed Student’s 
t-test. A two-tailed t-test was used to compare the [68Ga]Ga-NDL-1 
and [68Ga]Ga-NLL-1. Statistical significance was set at P < 0.05.

Results and Discussion

Chemical synthesis of NDL-1 and NLL-1  

Both NDL-1 and NLL-1 were successfully synthesized in sufficient 
quantities and purities using a solid-phase peptide synthesis (SPPS) 
procedure (Scheme 1).43 

The off-resin production of (4) was successful, yielding a white 
powder product in 78% yield. Photodiode array (PDA) detector 
coupled ESI-LCMS showed a single peak (>98% pure, UV detection 
at 300 nm), correlating with the protonated molecular ion of desired 
product 4, m/z 704 ([MH]+) (Figure S1).  

2-Chlorotrityl chloride (CTC) resin was preloaded with 
commercially available Boc-D-Lys(Fmoc)-OH and Boc-L-Lys(Fmoc)-
OH (5), respectively. Following Fmoc deprotection, the deprotected 
primary amine situated on the lysine side chain of 6 was amidated 
with Fmoc-protected 4-methoxy-4-oxo-3-(1,4,7-triazonan-1-yl)
butanoic acid (4), as confirmed by the LCMS analysis of an aliquot 
of cleaved resin (Figure S2). Two HPLC peaks correlating with the 
protonated molecular ion of the desired amide, [M+H]+, m/z 932, 
and the Boc-deprotected amine, [M-Boc+H]+ with m/z 832, were 
observed.  Following Fmoc deprotection to yield 7, on-resin alkylation 
of  the triazacyclononane amine groups with tert-butyl bromoacetate 
was performed to successfully produce 8. PDA-coupled ESI-LCMS 
analysis of an aliquot of the resin cleaved under mild conditions (Figure 
S3) revealed two HPLC peaks (retention times, RT, 13.8 min and 18.2 
min) correlating with the protonated molecular ion and daughter ions 
of the desired product, 8, (ESI-MS) m/z 504 ([M-Boc-2tBu+H]+) 
(RT 13.8 min), and the second peak (RT 18.2 min) corresponding to 
m/z 716 ([M+H]+, 616 ([M-Boc+H]+), 560 ([M-Boc-tBu+H]+). The 
combined peaks indicate >98% conversion to the desired product (8). 

At this point, it should be noted that significant amounts of a by-
product, most probably an aspartimide, was observed when using 
3.0 equivalents of tert-butyl bromoacetate/DIEA according to the 
reported method43 (Figure S4; Figure S8: LCMS indicating Δm/z of 
-32 compared to 8, >60% of the total peak area; Scheme S2). Using 6.0 
equivalents of base and alkylating agent minimized this side reaction 
to undetectable levels. 

Subsequent basic hydrolysis of the methyl ester of 8 by suspension 
in a 1:1 mixture of THF/MeOH saturated with LiOH for 15 min was 
successful, yielding 9 on resin. Finally, 9 was fully deprotected and 
cleaved from the resin using a 95:5 mixture (v/v) TFA/ H2O, yielding 
the final product, NDL-1 or NLL-1. NDL-1 and NLL-1 were isolated 
by diethyl ether precipitation to form a fine white or off-white powder. 
The calculated yields were 64.2% and 90.3% for NDL-1 and NLL-1, 
respectively. The identities of NDL-1 and NLL-1 were confirmed by 
HRMS-TOF (ESI+): calculated for C20H35N5O9 [M+H] 490.2508; found 
490.2456 (NDL-1) and 490.2503 (NLL-1), respectively (Figure S5). 

UV-LCMS analysis of NDL-1 revealed the presence of split peaks, 
both with m/z values corresponding to that of the desired product 
(m/z of 490.2, Figure S4). These peaks were successfully separated 
and purified using semi-preparative HPLC and designated as NDL-1 
and NDL-2, achieving purities >98%, as indicated by analytical HPLC 
(Figure 2). Similar results were obtained for NLL-1 (Figure S6). 

Differential characterization of NDL-1 and NDL-2 

The compound peaks ascribed to NDL-1 and NDL-2 were initially 
believed to be diastereoisomers of NDL-1. However, subsequent 
radio-HPLC characterization and radiolabeling optimization attempts 
revealed that NDL-2 is most probably an epimerized β-aspartyl or 
α-aspartyl rearranged by-product resulting from aspartimide by-
product formation during the synthesis of (8) and its subsequent 
cleavage during the synthesis of (9).The chemical structures of the 
two compounds featured in Figure 2 and Scheme S2 showcase the 
products of the proposed intra-molecular rearrangement, which has 
been highlighted for clarity. This side reaction is well documented in 
SPPS-related literature and is further described in the context of NDL 
in Scheme S2.44, 45 

This was further substantiated by radio-HPLC analysis of [68Ga]
Ga-NDL-1 and [68Ga]Ga-NDL-2, which revealed slightly split radio-
peaks for each radiolabeled compound (Figure S7A). If NDL-1 and 
NDL-2 were clearly separated diastereoisomers, a single radio-HPLC 
peak was to be expected. Additionally, significantly poorer 68Ga-
chelation efficiency was observed for NDL-2 when compared to 
NDL-1 under identical radiolabeling conditions (Figure S7B). This 
is most likely due to the alteration of the NODASA core structure in 
NDL-2, which negatively affected its capability to efficiently chelate 
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gallium, since the structure is optimised to the ionic radius of Ga3+.  
Lastly, the NDL-2 by-product yield at the end of synthesis correlated 
well with the increased aspartimide by-product formation observed 
during the synthesis of (8) (Figure S8). Similar results were obtained 
for NLL-1 and NLL-2 (data not shown). Thus, based on the evidence 
that indicates the formation of structural isomers during synthesis and 
poor 68Ga-chelation capability, isolated NDL-2 and NLL-2 products 
were excluded from further experimentation, and we proceeded with 
the desired NDL-1 and NLL-1 products.

Analytical characterization of [68Ga]Ga-NDL-1 and [68Ga]Ga-
NLL-1 

To assess whether NDL-1 and NLL-1 could successfully incorporate 
gallium-68, general radiolabeling was performed using a protocol 
adopted from Rossouw and Breeman,46 followed by radio-HPLC 
analysis (method 1) of the resulting radiolabeled products. The 
results are shown in Figure 3. Both NDL-1 and NLL-1 successfully 
incorporated gallium, as indicated by the specific [68Ga]Ga-NDL-1 
and [68Ga]Ga-NLL-1 peaks emerging at RT = 2.7 min (Figure 3A and 
3B, respectively) which were separated from that of the free, ionic 
68Ga-species (RT = 1.65 min, but 1.4 – 2.4 min broad, Figure S9). 
No UV signals corresponding to this peak were detected. This was 
expected, as NDL-1 and NLL-1 exhibit very limited UV absorbance. 
Furthermore, a marked difference in RT was observed between NDL-
1 and [68Ga]Ga-NDL-1 (∆t = 4.7 min) (Figure 3C). This is expected 
because of the altered physicochemical properties of NODASA upon 
radiometal chelation, which constitutes a large proportion of the 
overall molecular structure. While no additional radiopeaks were 
observed, the possibility of radiolabeled impurity co-elution due to 
the short retention time of the radioconjugate cannot be excluded. 
Thus, complementary UV-LCMS (UV 220 nm) analysis of a more 
concentrated non-radioactive reference compound (Ga-NDL-1) was 
performed to confirm the identity of [68Ga]Ga-NDL-1 (Figure 3D). 
The RT of Ga-NDL-1 (2.57 min, with a confirmed m/z of 556.2, Figure 
3E) correlated well with the RT of [68Ga]Ga-NDL-1, confirming that 
the corresponding radioconjugate was indeed obtained in the labelling 
reactions. The small difference in RT between the radiolabeled and 

cold compounds was a result of the delay time between the instrument 
detectors. No additional peaks or m/z signals were observed (except 
for a confirmed unretained buffer-related peak at RT = 2.0 min), 
indicating that a chemically pure metal conjugate was obtained. 

Radio-HPLC methods 1 and 2 were sufficient for monitoring the 
radiolabeling performance (baseline separation between ionic 68Ga 
and radiolabeled compounds) and radiometal-conjugate stability from 
a radiotracer development perspective. It should also be noted that the 
developed radio-HPLC method can separate [68Ga]Ga-NDL-1 from 
excess unreacted NDL-1 ligand in a relatively short time, and thus 
may be adapted for preparative-HPLC purification. This would enable 
the production of a radiopharmaceutical product devoid of excess 
unreacted ligand that may compete with [68Ga]Ga-NDL-1 for target-
site binding in biological assays.47, 48 

Development and evaluation of optimal radiolabeling 
parameters

Developing a new radiosynthesis method includes the evaluation 
of radiolabeling parameters that warrant reliable production of a 
radiolabeled product at low ligand concentration and in the shortest 
amount of time. A series of reactions was performed to assess the 
radiolabeling outcome based on the following variables: 1) ligand 
concentration (2.5, 5.0, 10, and 20 µM); 2) eluate acidity (pH 3.5 vs. 
pH 4.5); 3) reaction temperature (room temperature vs. 80°C); and 4) 
reaction time (5, 10, and 20 min). The experimental pH values were 
selected from NOTA-based gallium-68 radiolabeling literature, citing 
a pH between 3 – 5 to be essential 41, 42. The results are presented in 
Table 2. Quantitative radiolabeling of both [68Ga]Ga-NDL-1 and 
[68Ga]Ga-NLL-1 were achieved at 80°C in as little as 10 min using a 
ligand concentration as low as 5 µM with generator eluates adjusted 
to pH 4.5. 

Remarkably poor radiochemical yields (RCY) were achieved at pH 
3.5 when compared to those at pH 4.5. This is an unexpected result, 
as most reactive Ga3+ species, such as [Ga(H2O)6]3+, predominate in 
solutions below pH 4.0, which should facilitate an improved labelling 
efficiency.41, 42 Indeed, NOTA-based chelators are known for their 
excellent chelating capacity at low pH (3.0-4.0).41 Nonetheless, at 

Figure 2: HPLC (UV 220 nm) analysis of purified (A): NDL-1 and (B): NDL-2 and their proposed chemical structures. Identical results were obtained for NLL-1 
and NLL-2 (Figure S6). 
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pH 4.5, consistent and quantitative radiolabeling yields of [68Ga]Ga-
NDL-1 and NLL-1 were achieved at concentrations as little as 5.0 
µM in less than 5 min when heated to 80°C. At this pH, quantitative 
labelling could also be achieved at room temperature, but with an 
increased incubation time of up to 20 min. being required. At NDL-1 
concentrations ≤5.0 µM, increased temperature yielded higher %RCY 
compared to room temperature, though the yield plateaued within 
5 min of reaction time. The same result was observed for NLL-1; 
however, a lower overall %RCY was achieved. This may be a result of 
inter-gallium eluate variability between the three sets of experiments 
in terms of activity and degree of metallic impurities. For example, 
significant amounts of Zn2+ are generated within the generator as 68Ga 
decays over time, thus its presence is more prominent in the first eluate 
of the day.42 For NOTA-based chelators, Zn2+ is known to compete 
with 68Ga and adversely affects 68Ga-radiolabeling performance, 
especially at low added ligand concentrations.42, 47, 49, 50 

It should be noted that for radiolabeling at pH >4.0, precipitation of 
water-insoluble  [68Ga]Ga(OH)3-species (a.k.a. colloids) is a concern, 

as this can result in a situation where the rate of gallium-chelate 
complex formation essentially competes with the rate of colloid 
formation.47 The prevalence of such colloids cannot be quantified by 
HPLC, but could be assessed in later routine labelling experiments 
using solid phase extraction (SPE) to capture and measure excess 
colloids. Nonetheless, the observed loss of activity to SPE cartridges 
was consistently relatively low (<10%, refer to the next section).  

It should also be noted that none of the samples showed any 
additional radiopeaks during radio-HPLC analysis. This indicates the 
absence of ligand impurities that may compete with NDL-1/NLL-1 
for gallium-68 chelation, whether due to ligand degradation under 
labelling conditions (oxidation or radiolysis) or the presence of UV-
inactive ligand by-products carried over from the chemical synthesis 
procedure. This also indicates that either the 68Ga-NDL-1/ or -NLL-1 
complex is highly stable and resistant to thermolytic cleavage during 
the 20 min exposure to the high-temperature period (Figure 4). 
However, the possibility of degradation and by-product co-elution 
during HPLC analysis remains, as previously mentioned. 

Figure 3: Radio-HPLC characterisation of [68Ga]Ga-NDL-1. (A) Radio-chromatogram (cps) of [68Ga]Ga-NDL-1 and (B) [68Ga]Ga-NLL-1; (C) UV220 nm 
chromatogram of an NDL-1 stock solution (1 mg/mL) used for radiolabeling (RT = 7.1–7.3 min); (D) complementary UV220 nm chromatogram of ‘cold’ reference 
natGa-NDL-1 compound (RT = 2.5–2.7 min); (E) mass spectrum of non-radioactive Ga-NDL-1. Multiple signals (m/z) are indicative for the isotopic distribution 
of natGa which includes: 556.2 (100%), 558.2 (71%), 557.2 (24%), 559.2 (17%), 560.2 (3.1%).
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SPE purification method development

To obtain a radiolabeled product suitable for injection, insoluble 
68Ga-colloids and excess reaction buffer salts must be removed 
from the radiolabeled products using SPE.40, 47 However, an initial 
comparison of such SPE cartridges recommended for purification of 
68Ga-radiolabeled products (i.e., Waters Sep-Pak C18 Light, Waters 
Sep-Pak CM (cation exchange)) failed to fully capture and retain 
[68Ga]Ga-NDL-1 or [68Ga]Ga-NLL-1 during sample loading and the 
initial wash phase (by using solvent systems recommended by the 
manufacturer).40, 47 Therefore, an original SPE purification method 
was developed in this study. 

The comparison of different SPE stationary phases revealed that 
Waters Sep-Pak Silica plus cartridges could efficiently retain the radio-
conjugates if the reaction solution was diluted with 9-times excess 

EtOH (i.e. solvent composition of 90% EtOH/water) and recovered 
with increasing water/PBS (PBS = phosphate-buffered saline) solvent 
composition. As the literature has not yet reported any protocols 
on silica-based SPE to purify 68Ga-radiodiolabeled products, we 
investigated several elution profiles to characterize target product and 
unreacted ionic-68Ga-species desorption and propose success rates for 
purification performance. Table 3 lists the solvent composition of each 
elution fraction used as part of each elution profile. Figure 5 provides 
a summary of the SPE desorption trends of [68Ga]Ga-NDL-1 activity.

For the purpose of de-salting (2.5M NaOAc was used) and removal 
of gallium-68 colloids, a 1-step recovery of major amounts of [68Ga]
Ga-NDL-1] radioactivity from the cartridge was sufficient using 
water/PBS; however, unreacted, ionic-68Ga-species may also co-
elute. As a solution, employing gradual elution profiles (e.g., profiles 

Table 2: Summarized results for 68Ga-radiosynthesis optimizations 

Name Eluate Acidity  
(pH)

Temperature  
(RT or °C)

Incubation Time  
(min)

Molarity (NDL-1/NLL-1) during radiosynthesis

2.5 µM 5 µM 10 µM 20 µM

Radiochemical purity (%)

NDL-1 3.5 RT 05   0.12 19.69 41.47 -

NDL-1 3.5 RT 10   0.23 23.97 56.73 -

NDL-1 3.5 RT 20   0.29 24.16 58.06 -

NDL-1 3.5 80 05   2.28   5.26 26.45 97.70

NDL-1 3.5 80 10   3.00   6.39 34.01 98.57

NDL-1 3.5 80 20   6.15 12.87 52.26 98.33

NDL-1 4.5 RT 05 60.63 84.43 94.66 94.22

NDL-1 4.5 RT 10 69.21 89.82 97.79 97.51

NDL-1 4.5 RT 20 65.12 96.77 97.83 97.66

NDL-1 4.5 80 05 79.28 98.63 98.23 98.26

NDL-1 4.5 80 10 78.22 98.63 98.71 97.44

NDL-1 4.5 80 20 78.62 98.36 98.38 97.49

NLL-1 4.5 80 05 55.75 98.74 97.67 97.23

NLL-1 4.5 80 10 56.67 98.44 98.95 97.20

NLL-1 4.5 80 20 57.10 98.88 99.16 96.91

Footnotes: values in gray-highlighted area featuring best radiolabeling conditions (i.e., RCP>90%) whereas values within red-highlighted areas featuring undesired 
radiolabeling conditions (i.e., RCP<60%).

Figure 4: Radio-HPLC analysis of [68Ga]Ga-NDL-1 recorded after (A) 5 min and (B) 20 min of incubation at 80°C in the reaction solution, indicating sustained 
resistance to thermolytic cleavage. 
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3-5) provided pure fractions devoid of ionic-68Ga, thereby affording 
radiochemical purity (RCP) >99.8% from 97.2% crude (for example:  
Profile 3: F1 = 97.2%; F2/3 = >99.8%, Figure 6), but at the expense of 
the overall RCY.  A minimum of 80% EtOH/water (20% water) was 
required to recover activity from the cartridge. 

As mentioned, for radiolabeling at pH >4.0, precipitation of 68Ga-
colloids is a concern.47 SPE is a well-accepted method used to capture 
and remove chemically inert and insoluble 68Ga-colloids from the final 
product.42 Fortunately, we found that the apparent loss of radioactivity 

to the SPE (including colloids) at the end of purification remained 
relatively low for all SPE settings investigated (9.7 ± 2.8%, n = 8). 

It should be noted that, interestingly, use of silica-based SPE 
purification of 68Ga-radiopharmaceuticals has not been reported in 
literature. In fact, limited information is available on the mechanism 
in which the sorbent material of commonly used SPE cartridge-
types is involved (whether it be due to a filtering effect, or chemical 
affinity).47-49, 51-54 Thus, to confirm that silica-SPE also has the capacity 
to capture and remove 68Ga-colloids, a control experiment was 

Table 3: Solvent composition of each Waters Sep-Pak Silica plus SPE cartridge elution profile *.

Elution Fraction 1 Elution Fraction 2 Elution Fraction 3 Elution Fraction 4 Elution Fraction 5

Elution Profile 1 1.0 mL PBS  

Elution Profile 2 2.0 mL H2O  

Elution Profile 3 2.0 mL 60% EtOH/ H2O 2.0 mL 40% EtOH/ H2O 2.0 mL H2O  

Elution Profile 4 1.0 mL 70%  EtOH/ H2O 1.0 mL 50% EtOH/ H2O 0.5 mL 50% EtOH/H2O 0.5 mL 50% EtOH/ H2O  

Elution Profile 5 1.0 mL 90%  EtOH/ H2O 1.0 mL 80%  EtOH/ H2O 1.0 mL 70%  EtOH/ H2O 1.0 mL 60%  EtOH/ H2O 1.0 mL 50%  EtOH/ H2O

Footnotes: *) elution profiles 1-5 all contained a wash/rinse step with 2.0 mL 90% EtOH/H2O prior to elution.

Figure 5: Summary of the [68Ga]Ga-NDL-1 activity recovery from Waters Sep-Pak Silica plus SPE cartridges using five different elution profiles. The elution 
profiles are listed in Table 3. 

Figure 6: Radio-HPLC analysis (method 2) of Waters Sep-Pak Silica plus SPE elution profile 3: F1 (A) and F2 and F3 combined (B), indicating successful removal 
of unreacted, ionic 68Ga.
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performed on a sample containing predominantly colloidal-68Ga 
species. The sample’s 68Ga-colloid content was quantified using an 
iTLC-SG (silica gel) method: 0.1 M sodium citrate (pH 5) as mobile 
phase to separate 68Ga-colloidal species (Rf = 0.1) from free ionic-
68Ga3+ that migrate with the solvent front (Rf = 0.8).53 This control 
experiment demonstrated that silica-SPE also captures and removes 
chemically inert and insoluble 68Ga-colloids, as after cartridge loading, 
no desorption occurs irrespective of eluting solvent strength applied. 
Therefore, the proposed SPE protocol is suitable for providing 
radiochemically pure [68Ga]Ga-NDL-1 and [68Ga]Ga-NLL-1 as 
starting materials for different characterisation assays (and future 
administration to live species). 

Nonetheless, as a potential alternative to SPE, the developed radio-
HPLC methods could also sufficiently separate [68Ga]Ga-NDL-1/
NLL-1 from excess unreacted ligand (Figure 3) in a relatively short 
run-time. Thus, these methods may also be adapted to isolate [68Ga]
Ga-NDL-1 from excess NDL-1 (which may compete with the 
mechanisms governing enzymatic incorporation of D-AA into PG in 
biological assays).47, 48

Optimized radiosynthesis protocol performance

Based on results from the evaluated radiolabeling and SPE parameters, 
the following radiosynthesis protocol has been adopted for routine 
radiolabeling: a ligand concentration of 5 µM in buffered 68Ga-eluate 
(pH set at 4.0-4.5) is incubated at 80°C for 10 minutes.  To remove 
excess buffer salts and colloidal-68Ga3+, the radiolabeled product is 
subsequently cleaned with a Water’s Sep-Pak Silica SPE using either 
2.0 ml water or 2.0 mL PBS as desorption agent. 

Key radiolabeling performance parameters such as %RCY, %RCP, 
product activity at the end of synthesis (E.O.S), and apparent 
molar activity (Am) was calculated by repeated radiosyntheses 
with the inclusion of SPE purification. Table 4 provides a summary 
of the results gathered from consecutive preparations of [68Ga]
Ga-NDL-1 and -NLL-1 using this novel radiosynthesis protocol. 
Data were pooled based on identical physicochemical properties 
and similar radiolabeling parameters. In comparison, results from 
several radiolabeling reactions performed at lower NDL-1 / NLL-1 
concentrations (2.5µM and 1.0µM) are also provided. 

Reliable radiolabeling was achieved with the proposed protocol, 
indicating the successful, high-quality preparation of a radiochemically 
pure product (%RCP >95%). Relatively high levels of %RCY and Am 
were consistently achieved in under 60 minutes of total radiosynthesis 
time. By using silica SPE, radiochemically pure products that are 
suitable for further in vitro and in vivo application-based experimental 
assays can be produced with molar activities (Am) similar to other 
reported 68Ga-radiolabeled NOTA-based chelator-functionalised 
peptides, such as [68Ga]Ga-NOTA-UBI (13.8 ± 1.9 GBq/µmol),55 
[68Ga]Ga-NOTA-RGD-GE11 (>35.2 GBq/µmol),56 and NODAGA-
functionalized peptide heterodimer derivatives (25-61 GBq/μmol).57

It should be noted that the relatively lengthy radiosynthesis time 
caused substantial decay-related loss in product Am. However, the 
total radiosynthesis can be substantially reduced by applying a faster 
loading/elution flowrate,58 an automated radiosynthesis modality that 
exclude operator-related limitations,51 or through pre-concentration 
of 68Ga-eluate before radiosynthesis to allow for smaller reaction 
volumes.49 For example, the bulk of added radiosynthesis time could 
be attributed to SPE purification (37.1 ± 3.8 min), where almost a half 
(17.0 ± 2.5 min) could be attributed to loading the cartridge with the 
ethanol-diluted crude product at a low flowrate (10.0 mL at 0.5 – 0.8 
mL/min). By reducing the radiolabeling reaction volume, or applying a 
faster and more consistent loading/elution flowrate (e.g. between 1 – 5 
mL/min as commonly reported in literature), the total radiosynthesis 
time could be majorly reduced.58

An added benefit of using the herein developed silica-based SPE 
together with water or PBS as stronger desorption solvent may be 
a possible production of a radiotracer product ready for injection 

without the need of EtOH evaporation (a lengthy step required 
when utilizing C18- or Hydrophilic-Lipophilic Balanced (HLB)-
SPE) or dilution.47 Injection of a radiopharmaceutical with high 
ethanol content may cause side effects such as pain and hemolysis, 
thus radiopharmaceutical solutions are generally limited to only 10% 
(v/v) ethanol.59 EtOH evaporation also increases the risk of radioactive 
contamination and radiation exposure to operators, and may be 
accompanied by partial decomposition of the tracer via radiolysis.47, 

60 In our developed silica-based SPE method, maximum desorption 

Table 4: Result summary from upscaled radiosyntheses for [68Ga]Ga-NDL-1 
and [68Ga]Ga-NLL-1 preparation (pooled data*) 

Total number of radiosyntheses 26

Generator elution technique Eluate fractionation (EF)
68Ga-activity yield (2.0 mL EF fraction) (MBq) 709 ± 115

68Ga-waste fraction (%) 8.1 ± 3.3

Buffer solution for eluate acidity adjustment 2.5M Sodium Acetate

Buffered eluate acidity measured (pH value) 4.5 ± 0.5

Optimal reaction temperature (°C) 80

Reaction time (min) 10

Radiolabeling reproducibility

Scaled to 1.0 mL EF activity reactions: (n) 18

Added radioactivity (MBq) 201 ± 23

5.0 µM NDL/L : (n) 10

RCY ≥95%: n (%) 10 (100)

RCY (%) 97.3 ± 0.2

2.5 µM NDL/L: (n)   6

RCY ≥90%: n (%)   4 (67)

RCY (%) 95.7 ± 2.6

1.0 µM NDL/L: (n)   2

RCY ≥90%: n, (%)   0 (0)

RCY (%) 27.0 ± 19.9

Scaled to 0.5 ml EF activity reactions: (n)   8

Added radioactivity (MBq) 106 ± 31

5.0 µM NDL/L: (n)   8

RCY ≥90%: n, (%)   7 (88)

RCY (%) 98.3 ± 0.9

Robustness SPE purifications (n)   6

Radio-HPLC method used Method 2 (see Table 1)

SPE cartridge type Sep-Pak Silica plus

Sample volume (mL) 10.0

Sample composition EtOH/reaction solution 
(9:1 v/v)

Product elution agent (mL) Water or PBS (1.8 – 2.1)

Desorption rate (%) 85.3 ± 2.8 

Crude RCY (%) 97.3 ± 0.4

Post-Purification RCY (%) decay-corrected 81.7 ± 3.2

Post-Purification RCP (%) 97.7 ± 0.5

Am (E.O.S; GBq/µmol) 17.1 ± 0.8

Loss to apparatus / materials (%) 18.3 ± 1.6

Radioactivity cartridge matrix (colloids) (%)   9.1 ± 2.2

Preparation time (min) 37.0 ± 7.0

Recovered radioactivity (%) 99.0 ± 1.5

Footnotes: *) results from repeated radiosyntheses are expressed as mean ± SD 
(n≥3) (if not stated otherwise).
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was achieved with 100% water or PBS, thus eliminating the need for 
ethanol in radiolabeled-product preparation for injection.  

One of the limitations of the silica-based SPE method is its reliance 
on the crude product RCP being of acceptable quality, i.e., it is often 
referred to “instant” radiolabeling (≥95% RCY), as this method was not 
fully able to eliminate ionic 68Ga-species. As demonstrated, ionic 68Ga-
species are also retained on the silica-SPE cartridge and can only be 
separated from [68Ga]Ga-NDL-1/NLL-1 by applying a gradual elution 
profile of increasing water strength. Although separation is achievable, 
it is at the sacrifice of some RCY due to a degree of overlapping elution.

It should be noted that the lack of reported use of silica-based 
SPE may be due to the retention of free ionic-68Ga3+, as well as 
the fact that larger molecular scaffolds are typically used in 68Ga-
radiochemistry due to the requirement of bifunctional metal-chelator 
functionalization for metal-based radionuclide incorporation. As 
a result, reverse-phase and ion exchange resins have been sufficient 
for separating [68Ga]Ga-radiolabeled compounds in general.48 An 
additional concern is the incomplete removal of ionic germanium-68 
from the final product using silica-based SPE, but this can be 
avoided by including pre-purification/concentration as part of the 
[68Ga]-production process before radiolabeling application, such 
as ion-exchange chromatography, extraction chromatography, 
solvent extraction, precipitation, and electrochemical methods.51 
Nonetheless, due to the limited reported use of silica-based SPE 
purification of gallium-68 radiopharmaceuticals in literature, and its 
potential benefits as an alternative SPE for concentrating/purification 
of highly polar and hydrophilic compounds as demonstrated in this 
study, further investigations are warranted to characterize the capture 
and desorption behaviour of free ionic 68Ga species and generator-
produced metal-contaminants.

Finally, it was demonstrated that quantitative labelling yields 
(>90% RCY) could also be achieved with 2.5 µM NDL-1 to further 
increase the Am; however, due to variability, more comprehensive 
testing should be performed to support the preliminary results. This 
may include using more standardized production of 68Ga-activity by 
using a newer generator, or by means of activity concentration and 
pre-purification that limits metal contaminants as this could directly 
affect the radiolabeling efficiency.51-53

Challenge and stability studies 

Developing an original radiosynthesis protocol for a new compound, 
such as NDL, is commonly followed by a feasibility study that will cover 
the challenges for its general intended use, that is, radiopharmaceutical 
product integrity. Therefore, essential and often considered a go 
vs. no-go criterion, the concern of radiochemical product stability 
defines the time period in which the new [68Ga]Ga-NDL-1 or [68Ga]
Ga-NLL-1 can be safely used for the intended purpose (e.g., integrity 
post-labelling until patient administration occurs). Results displayed 
in Table 5 show a maintained 68Ga-chelation when challenged for up 
to 180 min and by using quantitative radio-HPLC analysis (at bench-
top condition, PBS formulation; Figure S10). No apparent reduction 
in the % intact radioconjugate as well as visible re-occurrence of 
uncomplexed 68Ga-species or other by-product radio-peaks were 
observed. Percentage intact radioconjugate values higher than 100% 
were attained, most likely because of continuous chelation occurring 

over time. These results, in combination with maintained quantitative 
radiolabeling being achieved and maintained for more than 20 
minutes at 80°C, indicates a high level of thermodynamic stability.61

Another key criterion is that once the radiometal-chelator 
(NODASA) complex is formed, it should remain stable or irreversible, 
even in the presence of competitive chelating agents (mimicking 
biologically occurring metal scavengers).61 If radiometals such as Ga-
68 are significantly released once injected into living species, it may 
result in non-specific biodistribution, off-target pharmacology, or 
compromised PET image quality.13 Thus, to assess the kinetic inertness 
of the radioconjugate, a trans-chelation challenge using up to 1000-
fold molar excess of EDTA is considered a powerful way to test 
efficient gallium-chelation.62 The results of quantitative HPLC radio-
peak analysis are also displayed in Table 5. Only a 6-7% reduction 
in the amount of intact radioconjugate for both [68Ga]Ga-NDL-1 and 
NLL-1 were observed due to exposure to EDTA over 180 min. This is 
reasonable proof that NDL-1 and NLL-1 (by way of NODASA) form 
excellent, stable complexes with gallium-68, and radioisotope release 
(or leeching) is negligible to minimal over an appropriate duration 
or once administered in vivo, which are all sought-after properties of 
NOTA-based chelators (Figure S11). 

Physico-chemical characterization and proteolytic stability

Key properties such as lipophilicity, polar surface area, and net charge 
play pivotal roles in influencing the radiotracer’s ability to permeate 
the blood–brain barrier or otherwise be delivered to tissues that may 
harbour active infection.63-65 For instance, information gathered from 
numerous pharmacokinetic studies involving radiolabeled antibiotics 
underscores that delivery to body sites that show bacterial tissue 
manifestation can frequently be limited, primarily due to factors such 
as poor vascularisation, the presence of necrotic tissue, and elevated 
cellular density.4, 66 Additionally, elevated plasma protein binding 
is often observed for highly lipophilic, small molecules, resulting 
in unfavourably slow clearance rates, while positively charged and 
hydrophilic radiotracers may be eliminated too swiftly. Thus, the 
degree of compound lipophilicity and binding to blood cells and 
plasma proteins are good predictors of its bioavailability and help 
enable (or may discourage) clinical translation.67 

Herein, radio-conjugate blood cell association, serum protein 
binding and LogD7.4 (lipophilicity) were quantified to identify the 
blood residence time and test proteolytic stability. Both radio-
conjugates showed low levels of blood cell and serum protein 
binding (Figure 7), which is a promising feature allowing for the 
prediction of potential in vivo behaviour following intravenous 
injection of [68Ga]Ga-NDL-1 or [68Ga]Ga-NLL-1. These results are 
in line with the low lipophilicity observed for both radio-conjugates 
(LogD7.4 =-2.78 ± 0.12 and -2.78 ± 0.06, respectively). While the low 
blood-content binding is encouraging, the LogD7.4 value indicates 
that these compounds are extremely hydrophilic, which may restrict 
penetration of the hydrophobic bacterial outer-membrane (OM) in 
order to reach the target bacterial PG, prevent access to intracellular 
pathogens through lack of cell-wall penetration, or prevent sufficient 
interaction/binding with the target penicillin binding proteins (PBP) 
or transpeptidase proteins responsible for D-AA incorporation due 
to its polar surface area. Membrane-transport, however, may still be 
possible owing to the low molecular weight (MW) of the NDL-1/NLL-
1 compounds. For instance, the outer membrane of gram-negative 
bacteria contains porins that allows import of water-soluble materials 
with a reported MW cargo-cutoff size of ~600 g/mol, larger than the 
MW of radiolabeled and unlabelled NDL-1/NLL-1.31, 68 

Interestingly, for [68Ga]Ga-NLL-1, a significant increase in blood 
cell association was observed after 60 min (P< 0.05). In terms of 
serum protein binding, a significant decrease was observed at 60 min 
for both radioconjugates (P< 0.05). However, a significantly larger 
decrease was observed for [68Ga]Ga-NLL-1 within 30 min compared 

Table 5: Result summary on radiochemical stability for [68Ga]Ga-NDL-1 and 
[68Ga]Ga-NLL-1 from radio-HPLC analysis 

Radiochemical stability [68Ga]Ga-NDL-1 [68Ga]Ga-NLL-1

Bench-top (T180) 100.9% 100.1%

PBS; pH 7.4 (T30/T180)¥ 98.9%/ 99.0% 100.5% / 100.5%

1000-fold excess EDTA (T30/T180)¥ 98.0% / 94.3% 97.8% / 93.4%

Footnotes: ¥) samples incubated at 37°C.
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to its D-stereoisomer. Thus, it is plausible that some form of molecular 
interaction specific to L-amino acids may contribute to the observed 
differences in binding. 

Since radiotracers are designed with high target specificity, it is 
important that the radiotracer remains stable in blood circulation until 
it reaches the target. If a radiotracer is not stable in blood plasma due 
to premature degradation or metabolism, the resulting fragments may 
exhibit altered biodistribution and non-specific off-target binding which 
can compromise PET image quality. Thus, the blood plasma enzymatic 
stability of [68Ga]Ga-NDL-1 and [68Ga]Ga-NLL-1 were tested for up to 
120 min to determine their clinical translation potential.13

Both compounds remained stable throughout the duration of the 
challenge, with no emergence of free 68Ga-species or 68Ga-labeled by-
products being observed. The results are displayed in Table 6, and 
comparative examples of the radio-chromatogram results for both 
radio-conjugates between T0 and T120 are displayed in Figure 8. It should 
be noted that, owing to the inherent limitations of our radio-HPLC 
method, the possibility of co-eluting degradation by-products cannot be 

excluded. It should also be noted that degradation of the radio-conjugate 
may lead to the release of 68Ga, followed by sequestration by blood 
contents through either trans-chelation or electrostatic interaction 
between plasma proteins and degradation by-products through co-

Figure 8: Plasma stability radio-chromatograms of [68Ga]Ga-NDL-1 (left) and [68Ga]Ga-NLL-1 (right) obtained at T0 (top) and T120 (bottom). 

Table 6: Results on proteolytic plasma stability for [68Ga]Ga-NDL-1/ -NLL-1 
using radio-HPLC analysis

Serum stability* [68Ga]Ga-NDL-1 (RCP%) [68Ga]Ga-NLL-1 (RCP%)

Rep 1 Rep 2 Rep 1 Rep 2

T0 n.d. 98.9 100.4 98.9

T30 97.2 101.2 98.6 98.6

T60 99.4 97.6 98.0 98.4

T120 97.1 96.6 98.2 99.4

Footnotes: *) normalised; n.d.) not determined; T) timepoint for sample 
preparation and analysis (0-120 min); Rep) individually repeated experiment 
(details see method section)

Figure 7: Percentile fraction of [68Ga]Ga-NDL-1 and [68Ga]Ga-NLL-1 associated with whole-blood cells (left) and plasma protein binding (right) following up 
to 60 min incubation at 37°C measured by automated gamma counting. Results are expressed as mean %Bound/Total activity ± SD (n=3). A one-tailed paired 
student test comparing different time points of the same radiotracer (solid half-bracket) returned (*) P< 0.05, and a two-tailed paired student test comparing 
[68Ga]Ga-NDL-1 and [68Ga]Ga-NLL-1 time points (dashed half-bracket) returned (*) P< 0.05.  
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precipitation with EtOH during sample preparation. However, this 
scenario seems highly unlikely because the quantified percentage of 
protein-bound radio-conjugates significantly decreased over time for 
both [68Ga]Ga-NDL-1 and [68Ga]Ga-NLL-1 (Figure 8). This aspect is 
important, as the research scope for future studies is to evaluate whether 
[68Ga]Ga-NDL-1 is a bacteria-selective imaging agent. In contrast, 
[68Ga]Ga-NLL-1 is utilised as the negative control to demonstrate 
unwanted distribution and unspecific accumulation in bacteria based 
on the knowledge of the compound selectivity and specificity of PG 
biosynthesis, turnover, and remodelling.26, 31, 69

Conclusion

To summarize, conjugation of small molecules with a metal-chelator 
to facilitate 68Ga-radiolabeling is still a relatively unexplored concept 
due to the obvious change the relatively bulky chelator imparts.61, 70 
However, the unselective nature of D-AA utilization and incorporation 
into bacterial PG, even when functionalised with relatively bulky 
fluorophores, provides a unique opportunity to explore 68Ga-
radiolabeling of a single amino acid.31 Thus, we developed a chemical 
synthesis for NODASA-functionalised D-lysine/L-lysine derivatives, 
and tested 68Ga chelation to form a radiolabeled product stable enough 
for further assessment as novel bacterial-specific radiopharmaceutical. 
The radiolabeling strategy was thus tested and optimized to achieve 
high RCY (81.7 ± 3.2%) and Am (17.1 ± 0.8 GBq/µmol).

Our research shows that radiolabeling small, hydrophilic molecules 
using gallium radiochemistry methods poses its own challenges when 
it comes to purifying the resulting radiolabeled compounds. We 
highlighted that silica-SPE may prove useful in 68Ga-radiochemistry 
as an alternative to reverse-phase and ion-exchange resins by showing 
that separation of [68Ga]Ga-NDL-1/NLL-1 from colloidal-68Ga-
species and unreacted ionic 68Ga-species is possible. However, further 
investigation is warranted to characterize the capture and desorption 
behaviour of free, ionic 68Ga species and generator-produced metal-
contaminants, as according to our knowledge, no literature on this 
topic is available.

Through preliminary assays, we demonstrate that the [68Ga]
Ga-NDL-1/NLL-1 compounds possess favorable physiochemical 
properties, such as high thermodynamic stability, kinetic inertness, 
proteolytic stability, and minimal blood content binding. These 
properties support future evaluation of [68Ga]Ga-NDL-1 as a bacterial-
specific PET imaging agent, which will be assessed through in vitro 
bacteria cell uptake studies and small animal PET imaging studies.

Supplementary Information

The radio-HPLC, ITLC and LCMS data of synthesized radiotracer 
precursors and crude radiolabeled products are available in the 
supporting information.
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