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ARTICLE INFO ABSTRACT

Keywords: Pretargeted PET imaging allows the use of radiotracers labeled with short-living PET radionuclides for tracing
PET imaging drugs with slow pharmacokinetics. Recently, especially methods based on bioorthogonal chemistry have been
Gallium-68 under intensive investigation for pretargeted PET imaging. The pharmacokinetics of the radiotracer is one of the
gg?:cc factors that determine the success of the pretargeted strategy. Here, we report synthesis and biological evaluation
Tetrazine of two ®8Ga-labeled tetrazine (Tz)-based radiotracers, [°8Ga] Ga-HBED-CC-PEG4-Tz ([°8Gal4) and [*®Ga]Ga-
IEDDA ligation DOTA-PEG4-Tz ([*®Ga]6), aiming for development of new tracer candidates for pretargeted PET imaging based
nanoparticles on the inverse electron demand Diels-Alder (IEDDA) ligation between a tetrazine and a strained alkene, such as

trans-cyclooctene (TCO). Excellent radiochemical yield (RCY) was obtained for [°8Gal4 (RCY > 96%) and
slightly lower for [68Ga]6 (RCY > 88%). Radiolabeling of HBED-CC-Tz proved to be faster and more efficient
under milder conditions compared to the DOTA analogue. The two tracers exhibited excellent radiolabel stability
both in vitro and in vivo. Moreover, [68Ga]4 was successfully used for radiolabeling two different TCO-
functionalized nanoparticles in vitro: Hepatitis E virus nanoparticles (HEVNPs) and porous silicon nano-

particles (PSiNPs).

1. Introduction

Positron emission tomography (PET) has multiple benefits in diag-
nostic applications. PET has an outstanding sensitivity compared to most
of the bioimaging techniques—such as single-photon emission
computed tomography (SPECT), fluorescence, ultrasound, and magnetic
resonance—and it is a functional imaging modality allowing quantita-
tive evaluation of imaging agent distribution in vivo [1,2]. Most of the
radionuclides utilized in PET imaging have short physical half-lives,
which limit their uses for the in vivo investigation of relatively quick
biological processes. For example, the PET evaluation of new drug
candidates with slow pharmacokinetics like antibodies requires the use
of long-living positron emitters, which can cause unnecessary radiation
exposure to the subject under study. As a solution, pretargeted PET
imaging has been investigated. In pretargeted imaging, radiolabeling of
a targeting vector or drug candidate is done in vivo by harnessing specific
reactions between the targeting vector and the radiotracer. Bio-
orthogonal chemistry-based strategies have proved their applicability,

and several successful examples on pretargeted PET imaging using an-
tibodies, nanoparticles, and other targeting vectors have already been
reported. Most have utilized the inverse electron-demand Diels-Alder
(IEDDA) ligation between a tetrazine (Tz) and a strained alkene, such as
trans-cyclooctene (TCO) [3-13]. The reaction between Tz and TCO takes
place rapidly, and the formed cycloaddition product is highly stable.
Typically, the TCO is conjugated to a targeting vector while the Tz
carries the radiolabel. Determined by the pharmacokinetics of the tar-
geting vector, sufficient time is required after the vector administration
to ensure that it has adequately accumulated to the target site and
cleared from the circulation. Clearance from circulation is important in
order to avoid radiolabeling of the vector in the blood, resulting in
increased background radioactivity levels in non-target regions. After
completed target accumulation, a second injection containing the small
molecule Tz radiotracer is given, optimally followed by rapid covalent
ligation with the vector and clearance of the unbound tracer from the
body [11-14]. This approach offers high specificity in terms of targeting
while minimizing the residence time of the radiotracer in the
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surrounding healthy tissues, hence reducing the radiation burden.
Nevertheless, there are several factors that affect the success of the
pretargeted imaging strategy, one of which is the pharmacokinetics of
the radiotracer that can influence the IEDDA reaction efficiency in vivo
as well as the non-specific background activity caused by the unreacted
radiotracer and its radio-metabolites [11,12].

Gallium-68 (°%Ga) is a small (ionic radius: 0.62 ;\) and short-lived
(half-life 67.8 min) radionuclide. ®3Ga has high positron energy (Emax
= 1.90 MeV) and positron yield of 89%. It is a hard Lewis acid, and thus
it has a coordination preference toward carboxylates, phosphonates, and
other hard Lewis bases, resulting in highly stable complex structures
[15-18]. The stability of %8Ga complexes is crucial because %8Ga%" has a
similar ionic radius to trivalent iron (Fe3+, 0.65 10\) [15]. Free %8Ga" in
the blood mimics the ferric cation and binds to transferrin. Due to the
incapability of °3Ga>" to be reduced in vivo, it remains bound to the iron-
transport protein, and thus, it gets transported throughout the body
[19,20].

Typical chelators for 8Ga®* are DOTA (1,4,7,10-tetraazacyclodo-
decane-1,4,7,10-tetraacetic acid), NOTA (1,4,7-triazacyclononane-
1,4,7-triacetic acid), DTPA (diethylenetriamine pentaacetate) and DFO
(desferrioxamine), although the last two chelators have shown subop-
timal in vivo stability and slow blood clearance [1,2,15,17,21]. In pre-
targeted PET imaging various chelator-conjugated tetrazines have been
used. For instance, tetrazines have been involved in the radiolabeling of
TCO-bearing antibodies and peptides, such as in the case of the %®Ga-
NOTA-PEG;;-Tz [22], DOTA-GA (GA: glutaric acid) and ®®Ga-NODA-GA
tracers [23]. Additionally, it has been shown that multimeric tetrazine
conjugates can improve the radiolabeling efficiency of peptides [6].

DOTA is a cyclen-based chelator and the most extensively used
chelating agent for PET imaging with ®3Ga. In theory, the cavity of
DOTA is relatively large to host a small radiometal like gallium. How-
ever, the coordination bonds between the donor atoms (N and O) and
%8Ga are strong enough for the formed complex to be sufficiently stable
in vivo. Although the ®®Ga-labeling of a DOTA complex can be very
efficient [24], no product is obtained at ambient temperature, and
typically the radiolabeling requires high temperatures and low pH for a
complete reaction to take place. The harsh conditions can cause com-
plications in biomolecule radiolabeling where disintegration or
compromise of targeting ability can occur, while radiolabeling at low
temperature decreases the radiochemical conversion and yield [2,3,7].

More recently, the HBED (N,N’-bis(2-hydroxybenzyl)ethylendiamin-
N,N'-diacetic acid) chelator was introduced for radiolabeling with %8Ga
[15,17]. HBED molecule is based on the EDTA (ethylenediaminetetra-
acetic acid, 2-[2-[bis(carboxymethyl)amino]ethyl-(carboxymethyl)
amino]acetic acid) structure with two phenolic groups substituting
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two of the carboxylic acids. The substitution increases the stability of
HBED-radiometal complexes, like in the case of [68Ga] Ga-HBED [15].
Another benefit is the capability of acyclic HBED to give rise to excep-
tionally fast and quantitative radiolabeling reactions just at room tem-
perature [25]. In addition, the observed high in vitro and in vivo stability
has prompted further optimization of the chelator structure. Closely
related to HBED, HBED-CC (N,N'-bis-[2-hydroxy-5-(carboxyethyl)
benzyl]ethylenediamine-N,N’-diacetic acid) chelator, which contains
two additional propionic acid groups, comprises all the HBED benefits
while it can act as a bifunctional chelator for 8Ga [26-35]. In terms of
complex formation kinetics, HBED-CC has been compared to the well-
established %8Ga®* chelator, NOTA. These two 58Ga-labeled complexes
have shown highly comparable properties in terms of in vitro stability,
cell uptake, and biodistribution with a lower liver uptake of [*®GalGa-
HBED-CC tracers [15,17,25,36-38].

In this study, the aim was the development of two different ®3Ga-
labeled Tz-based radiotracers bearing the HBED-CC and DOTA chelators
(Fig. 1), and the comparison of their pharmacokinetics in mouse models
as a prerequisite for their future use in pretargeted PET imaging appli-
cations. Additionally, as further evidence for their potential use in bio-
orthogonal chemistry, two TCO-bearing nanoparticles (NPs) were
radiolabeled using both radiotracers. The NPs in this case were the
Hepatitis E virus nanoparticles (HEVNPs) and porous silicon nano-
particles (PSiNPs). Overall, the HBED-CC-based radiotracer was shown
to be superior to the DOTA-based radiotracer in terms of radiolabeling
efficiency and molar activity, improving the sensitivity of the tracer to
detect a targeting vector even at low TCO concentrations.

2. Materials and methods

All chemicals and solvents were obtained from commercial providers
and used without further purification. Tz-PEG4-NHy (N-(4-(1,2,4,5-tet-
razin-3-yl)benzyl)-1-amino-3,6,9,12-tetraoxapentadecan-15-amide)
was from Conju-Probe, LLC (San Diego, CA, U.S.A.). HBED-CC-tris(tBu)
ester (3-(3-{[(2-{[5-(2-tert-Butoxycarbonyl-ethyl)-2-hydroxy-benzyl]-
tert-butoxy-carbonylmethyl-amino}-ethyl)-tert-butoxycarbonylmethyl-
amino]-methyl}-4-hydroxy-phenyl)-propionic acid) was purchased
from ABX (Radeberg, Germany). DOTA-NHS ester (1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide
ester) was purchased from Macrocyclics (Plano, TX, U.S.A.), and TCO-
PEG4-NHS ester from Jena Bioscience (Jena, Germany). Other chemicals
were purchased mainly from Sigma-Aldrich (St. Louis, MO, U.S.A.). All
the water used was ultra-pure (>18.2 MQ em 1) and was prepared on a
Milli-Q (MQ) Integral 10 water purification system. For each buffer
preparation, MQ water was treated with Chelex® 100 sodium form

Fig. 1. The structures of [°8Ga]4 and [°®Ga]6 that were synthesized in this study.
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(Sigma-Aldrich) at a concentration of 5 g/1 for the elimination of trace
metals. The Sep-Pak light C18 cartridges were from Waters Corporation
(Milford, MA, U.S.A.) and preconditioned prior use with 2 ml EtOH and
5 ml MQ. The PD-10 Sephadex G-25 M desalting columns were obtained
from GE Healthcare (Chicago, IL, U.S.A.) and preconditioned prior use
with 20 ml MQ and 20 ml 0.01 M PBS (pH 7.4). HPLC (Shimadzu Cor-
poration, Kyoto, Japan) was performed using a column an Altima C18
column (5 pm, 250 x 10 mm). NMR spectroscopy was done on a Varian
Mercury 300 MHz or 75 MHz spectrometer from Palo Alto (CA, U.S.A.)
and the spectra are shown in the supplementary material (Section 2.1,
Figs. S1-S4). A Daltonics micrOTOF spectrometer from Bruker Corpo-
ration (Bremen, Germany) was used for Electrospray Ionization Time-of-
Flight (ESI-ToF) MS measurements. The MS measurements were done
under negative ionization mode and with sodium formate as the cali-
bration standard. The tip sonicator was from QSonica (Newtown, CT, U.
S.A.). For the transmission electron microscopy (TEM) measurements, a
JEOL1400 was used from JEOL Ltd. (Akishima, Tokyo, Japan). The
protein concentration was measured using a pDrop Plate on a Multiskan
Sky Microplate Spectrophotometer from Thermo Scientific (Waltham,
MA, USA). For the gallium elution, the water Tracer SELECT™ was ac-
quired from Honeywell-Riedel-de Haen™ (Seelze, Germany), and the
ultrapure 30% HCl (hydrochloric acid) was purchased from Merck
(Kenilworth, NJ, U.S.A.). A photostimulated luminescence scanner Fuji
FLA 5100 (Tokyo, Japan), was used for the digital autoradiography
using a Fuji TR323309 imaging plate. The 68Ge/%8Ga generators (1850
MBq at calibration) were GalliaPharm type generators produced by
Eckert & Ziegler (Berlin, Germany). For the semi-automated radiosyn-
thesis, a Modular-Lab system from Eckert & Ziegler was utilized. The
automatic gamma counter was 1480 Wallac Wizard® 3" (PerkinElmer™
Life Sciences, Waltham, MA, U.S.A.), and the measurement lasted for 60
s per tissue sample. The radiochemical conversion (RCC) was deter-
mined by radio-TLC (for both the Tz tracers and radiolabeled NPs) and
radio-HPLC (for the Tz tracers) analysis of the crude product in the end
of each synthesis. For the Tz tracers, the radiochemical yield (RCY) and
purity (RCP) of each isolated product was analyzed by radio-TLC and
radio-HPLC after the purification of the crude product. The minimum
molar activity (Ap,) of the Tz tracers was determined from calculations
with respect to the radioactivity of the product and the amount of the
precursor since no precursor separation was made from the radiolabeled
product.

2.1. Hepatitis E viral nanoparticles (HEVNPs)

HEVNPs were produced as previously reported with 60 lysine amino
acid residues on their surface. The size of HEVNP was approximately 27
nm in diameter [39].

2.2. Thermally hydrocarbonized porous silicon nanoparticles (UnTHCPSi
NPs)

UnTHCPSi NPs were kindly prepared and provided by Prof. Jarno
Salonen and Ermei Makila (University of Turku, Finland). The NPs
(approximately 200 nm) were produced using the pulsed electro-
chemical etching method as previously described [40]. Hereinafter, the
UnTHCPSi particles will be abbreviated as PSiNPs.

2.3. Synthesis of Tz-PEG4+HBED-CC(tBu) (3)

HBED-CC-tris(tBu)ester (1) (19.0 mg, 27 pmol, 1.5 eq.) and HATU (1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-
oxid hexafluoro-phosphate) (12.3 mg, 32 pmol, 1.8 eq.) were
weighted into an oven-dried 10-ml round bottom flask. Anhydrous DMF
(dimethylformamide) was added (2 ml) and the mixture was stirred for
10 min at room temperature (RT). Tz-PEG4-NH3 (2) (8.5 mg, 18 pmol, 1
eq.) dissolved in DMF (1 ml) was added dropwise. The mixture was
stirred for 20 min at RT after which DIPEA (N,N-Diisopropylethylamine)
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was added (9.4 pl, 54 pmol, 3 eq.) and the reaction mixture was stirred in
dark, at RT and under inert atmosphere for 48 h. The reaction was
monitored by silica TLC (DCM:MeOH, 20:1) until 2 was consumed.
EtOAc was added in the reaction flask (10 ml) and the organic layer was
extracted three times with 5 ml 5% LiCl. Magnesium sulfate was added
to dry the organic phase. The organic layer was filtered and purified
with a silica column with DCM:MeOH (20:1) as eluent. The solvent was
evaporated yielding the pink product (3) with 79% yield (15.9 mg, 14
umol). 'H NMR(3) (300 MHz, CDCls3) § 10.20 (s, 1H), 8.58, 8.56 (d, 2H),
7.54, 7.52 (d, 2H), 7.00 (br, 2H), 6.75 (br, 4H), 4.58, 4.56 (d, 2H),
3.77-3.69 (m, 8H), 3.61-3.47 (m, 12H), 3.17 (br, 6H), 2.79-2.68 (m,
8H), 2.46-2.40 (m, 6H), 1.41 (s, 27H) ppm. °C NMR(3) (75 MHz,
CDClg) § 172.98, 172.54, 171.97, 170.10, 157.91, 155.83, 131.67,
129.31, 128.43, 121.70, 116.50, 82.19, 70.59, 67.44, 58.17, 55.61,
50.52, 43.09, 39.49, 39.33, 38.99, 38.81, 37.59, 37.12, 30.40, 28.22

ppm.
2.4. Synthesis of Tz-PEG4-HBED-CC (4)

In an oven-dried 10-ml round-bottom flask 3 (3.9 mg, 3.5 pmol) was
dissolved in 3.5 ml of 20% TFA and 80% anhydrous DCM. The reaction
mixture was stirred overnight in dark, at RT, and under an inert atmo-
sphere. The reaction was monitored by silica TLC (DCM:MeOH, 1:0.1)
until it was complete. Bromocresol green stain solution in ethanol was
used for staining. 4 was isolated as a pink solid with 98% yield (3.2 mg,
3.4 pmol). 'H NMR(4) (300 MHz, CDs0D) § 10.31 (s, 1H), 8.55, 8.52 (d,
2H), 7.58, 7.55 (d, 2H), 7.10 (br, 4H), 6.81 (br, 2H), 2.23 (br, 2H),
4.13-4.07 (m, 8H), 3.67-3.60 (m, 12H), 2.81 (br, 6H), 2.56-2.41 (m,
14H) ppm. ESI-ToF-MS(4): C46Hs9NgO74 calculated m/z: 947.4229,
found m/z: 947.4266.

2.5. Synthesis of Tz-PEG4-DOTA (6)

2 (4.0 mg, 8.5 pmol, 1 eq.) and DOTA-NHS ester (5) (7.0 mg, 9.2
pmol, 1.08 eq.) were added into an oven-dried 25-ml round-bottom
flask. DIPEA (8.9 pl, 51.0 pmol, 6 eq.) and anhydrous DMF were then
added (2.0 ml). The reaction mixture was stirred overnight (16-18 h) in
dark, at RT, and under an inert atmosphere. The reaction was monitored
by silica TLC (DCM:MeOH, 10:1) until 2 was consumed. Bromocresol
green stain solution in ethanol was used for staining the TLC. The re-
action mixture was evaporated to dryness, dissolved in 30% acetonitrile,
and the final product purified with HPLC (ACN:0.1% formic acid in MQ
40:60, 2 ml/min, 15 min run, R¢(6) = 5.1). The solvent was evaporated
under reduced pressure yielding the final product (6) as a pink solid
(yield 81%, 5.6 mg, 6.9 pmol). H NMR(6) (300 MHz, CDCl53) 6 10.33 (s,
1H), 8.57, 8.54 (d, 2H), 7.58, 7.60 (d, 2H), 4.54 (br, 2H), 3.80 (t, 2H),
3.74 (br, 2H), 3.64-3.61 (m, 12H), 3.60-3.57 (m, 10H), 3.55-3.48 (m,
16H), 2.56 (t, 2H) ppm. ESI-ToF-MS(6): C36Hs5N10012 calculated m/z:
819.4079, found m/z: 819.4045.

2.6. Radiosynthesis of [?®Ga]Ga-HBED-CC-PEG 4Tz ([®*Ga]4)

4 (8 pg, 8.4 nmol) was dissolved in 0.5 ml metal-free 2.5 M sodium
acetate buffer (pH 5.5) in a 15-ml conical centrifuge tube. This was
followed by the addition of freshly eluted ®GaCls (4.5-282 MBq in 60
pl-2 ml of 0.1 M HCI). The pH of the reaction mixture was 4.5 and the
mixture was incubated on a heating block for 15 min at 25 °C with
mixing at 400 rpm. The reaction initiated immediately after the addition
of the radionuclide eluate. The product was purified by solid phase
extraction using a pre-conditioned C18 light cartridge. After loading the
reaction mixture in the cartridge, the free %3GaCl; was washed away
with 6 ml MQ. [%8Gal4 was eluted with 0.5 ml of absolute EtOH. The
radiochemical conversion and purity of [8Ga]4 were analyzed by radio-
TLC (iTLC-SA, ammonium acetate:MeOH 1:1 v/v, pre-mixed, pH 4.86,
R«([®®Ga]4) = 0.8 and Re(free ®®Ga) = 0.0) and radio-HPLC (ACN:MQ
20:80, 2 ml/min, R([®3Gal4) = 5.3 min), and were 98.6 + 0.6% (n =
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15) and 99.3 + 0.3% (n 19), respectively. The decay corrected
radiochemical yield of [68Ga]4 was 96.7%. As an example, for a starting
activity of 114 MBq, the activity of the isolated product at the end of the
purification was 88 MBq. The molar activity of [68Ga]4 was 0.5-28.6
GBq/pmol at EOS.

2.7. Radiosynthesis of (| [686a]4) after concentrating the [68Ga]GaClg
solution using strong cation exchange (SCX) chromatography

The SCX column was first pre-conditioned with 1 ml of 5.5 M HCI
followed by 5 ml of MQ water. The whole amount (10 ml) of the
generator-eluted ®®GaCls was then loaded, and the elution was done
with 500 pl of 5 M NaCl solution acidified with 5.5 M HCl (12.5 pl). This
eluted portion of °3GaCls was then added to the dissolved precursor 4 (8
pg). Moreover, 2.5 M sodium acetate buffers at pH 4.8 and 5.0 were
tested, resulting in a comparable RCC of 96.7% and 95.7% (n = 1),
respectively. The RCP in both cases was kept above 99.2% after the
purification with the C18 cartridge as described above (Section 2.6).

2.8. Radiosynthesis of [°®Ga]Ga-DOTA-PEG Tz ([°®Ga]6)

6 (0.2 mg, 243.6 nmol) was dissolved in 2.5 ml metal-free 0.25 M
ammonium acetate buffer (pH 6.8) in a 15-ml conical centrifuge tube.
This was followed by the addition of freshly eluted ®®GaCls in 0.1 M HCl
(5.5-216 MBq in 135 pl-2 ml). The reaction mixture was incubated for
15 min at 90 °C with mixing at 400 rpm on a heating block. The reaction
initiated immediately after the addition of the radionuclide eluate. The
reaction mixture was cooled down to RT after which the product was
purified with solid phase extraction by using a C18 light cartridge. After
loading the reaction mixture in the cartridge, the resin was washed with
6 ml MQ. [°®Gal6 was eluted with 0.4 ml of absolute EtOH. The
radiochemical conversion and purity of [°®Ga]6 were analyzed by radio-
TLC (iTLC-SA, ammonium acetate:MeOH 1:1 v/v, pre-mixed, pH 4.86,
R([®*Ga]6) = 0.7 and Re(free %3Ga) = 0.0) and radio-HPLC (ACN:0.1%
FA (formic acid) in MQ 40:60, 2 ml/min, Rt([GSGa]6) = 5.0 min), and
were 93.3 + 3.2% (n = 5) and 98.2 + 0.6% (n = 5), respectively. The
decay corrected radiochemical yield of [°8Ga]l6 was 88.9%. As an
example, for a starting activity of 126 MBq, the activity of the isolated
product at the end of the purification was 86 MBq. The molar activity of
[%®Ga]6 was 0.02-0.73 GBq/pmol at EOS.

2.9. In vitro stability of [°.Ga]4 and [%8Ga]6

The radiolabel stability of [68Ga]4 and [68Ga]6 was investigated in
sodium acetate and PBS buffers, respectively, in 20% and 50% human
plasma and in ferric chloride hexahydrate (FeCls-6H20; 18 mM in
water). All the samples (n = 3 per testing solution) were of same con-
centration (1.5 pM for [68Ga]4 and 28.4 pM for [68Ga]6) and were
incubated at 37 °C. The amount (%) of the intact radiolabeled Tz tracers
was monitored by radio-TLC up to 5 h.

2.10. Determination of logD; 4 of [%8Ga]4 and [68Ga]6

The distribution coefficients were measured between 1-octanol and
20 mM phosphate buffer (pH 7.4) using the shake flask method. Equal
volumes (5 ml) of both solvents were measured in a centrifuge tube and
200 pl of the final product were added. The tube was then shaken
vigorously for 1-2 min after which the two phases were let to separate
for 10 min. The activities of the organic and aqueous phases were
determined with a dose calibrator and with a gamma counter. The
logDy 4 was calculated using the formula:

[Alocr
[Alpas

LogD74 = Log

LogDy7 4 of [®®Gal4 was measured in triplicate and for [®®Gal6 asa single
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measurement.
2.11. Evaluation of ex vivo biodistribution of [°Ga]4 and [%®GaJ6

All animal experiments were carried out under a project license
approved by the National Board of Animal Experimentation in Finland
(ESAVI/12132/04.10.07/2017) and in compliance with the respective
institutional, national and EU regulations and guidelines. Mice were
group-housed in standard polycarbonate cages with aspen bedding,
nesting material (Tapvei, Harjumaa, Estonia) and enrichment (aspen
blocks and disposable cardboard hut). Pelleted food (Teklad 2019C diet,
Envigo, Horst, Netherlands) and tap water were available ad libitum.
Environmental conditions of a 12:12 light/dark cycle, temperature of 22
+ 1 °C, and relative humidity of 55 + 15% were maintained throughout
the study.

The ex vivo biodistribution of [®®Ga]4 and [®®Ga]6 was evaluated in
healthy female BALB/c mice (Janvier, 7-8 weeks, 16-19 g, 5 animals/
time point) at four different predetermined timepoints (15-120 min)
after intravenous injection of the radiotracers (0.5-2.0 MBq of [°%Gal4
or 0.3-1.2 MBq for [68Ga] 6) formulated in 200 pl of 0.01 M PBS (pH =
7.4)-10% EtOH via the lateral tail vein.

Mice were euthanized at 15, 30, 60 and 120 min after the injection
by CO, asphyxiation followed by cervical dislocation. Selected organs
were harvested and weighed in 5-ml liquid scintillation tubes. The
radioactivity in the samples together with five weighed standards of the
injected solution was counted by gamma counter with the decay cor-
rected to the start of the measurement. Results are expressed as %ID/g of
tissue.

2.12. Separation of blood components and analysis of their interaction
with [*3Ga]4 and [3Ga]6

Blood samples at 15, 30, 60 and 120 min time points were collected
during the ex vivo study. The samples were collected in 1.5-ml Protein
LoBind microtubes (Eppendorf) and 1 pl of heparin solution (0.1 ml
heparin 5000 IU in 9.9 ml NaCl) was added. The samples were centri-
fuged at 1300g for 10 min to obtain the red blood cells (RBCs) pellet.
Cold acetonitrile was added into the supernatant. The samples were then
centrifuged at 13,000g for 5 min to separate the pellet containing the
blood proteins from the plasma supernatant. After this treatment, the
radioactivity of the three blood fractions—RBCs, proteins and plas-
ma—was counted by the gamma counter.

2.13. Conjugation of HEVNPs with TCO-PEG4-NHS ester

The TCO-PEG4-NHS ester reagent (16.05 nmol-1.58 pmol, 5-21 eq.
per lysine, nyys = 60 per HEVNP capsid) (supplementary material Sec-
tion 1.1) was dissolved in 1 pl DMSO in 100 pl phosphate buffer (PB)
(0.01 M pH 7.4) and added dropwise into the HEVNP dispersion
(3.21-82.65 nmol, 21.4-165.3 pM in 111-250 pl PB). The mixture was
reacted at RT for 3 h and at 4 °C for 16-17 h, and the TCO-HEVNPs were
purified by size exclusion chromatography on a PD-10 desalting column
using 2.8 ml of 0.01 M PBS (pH 7.4) as the eluent. After the PD-10
elution, the NP concentration was measured with a pDrop Plate Spec-
trophotometer and was 0.8-8.7 pM or 0.041-0.5 mg/ml in 2.8 ml
depending on the initial concentration. The conservation of the NP size
and morphology was confirmed by TEM.

2.14. Conjugation of PSiNPs with TCO-PEGs-NH

PSiNPs (1.0 mg/ml in 96% EtOH) were centrifuged (10,000g, 5 min)
and the EtOH was removed. The PSiNP pellet was redispersed in 0.6 ml
anhydrous DMF using a tip sonicator at 20% amplitude for 10 s. HATU
(2.0 mg in 50 pl anhydrous DMF) and 1 pl of DIPEA were added to the
NP suspension. Lastly, TCO-PEG3-NH; (8.1 pmol, 3.0 mg in 3.0 pl dry
DMF) was added prior the overnight incubation at RT. For the
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purification, the reaction vial was centrifuged at 12,000g for 5 min and
washed with 1 ml of 96% EtOH. Another centrifugation step was fol-
lowed and the pellet this time was washed with 1 ml of MQ. The TCO-
PSiNPs were then redispersed and stored in 1 ml of 96% EtOH.

2.15. Radiolabeling of HEVNPs and PSiNPs with [*3Ga]4

[®8Gal4 (8 pmol-29.6 nmol for TCO-PSiNPs or 0.03 nmol-2.2 nmol
for TCO-HEVNPs) in 0.01 M PBS (pH = 7.4) with 10% EtOH was added
into the NP suspension (0.1-0.3 mg, nyco = 10-30 nmol of TCO-PSiNPs
or 0.01-0.2 mg, ntco = 0.55-11 nmol of TCO-HEVNPs) in 0.01 M PB
(pH 7.4). The TCO:Tz molar ratio varied and was between 1:1 and
1:0.0008. The reaction mixture was incubated at 37 °C for 10 min. The
IEDDA RCC was measured by radio-TLC (iTLC-SA and 50 mmol EDTA in
0.9% NaCl for PSiNPs, R{([%®Ga]4-TCO-PSiNPs) = 0.0 and Rg(unbound
[68Ga]4) = 0.7, or Whatman 1 paper and 0.5 mM DTPA for HEVNPs,
R([%®Ga]4-TCO-HEVNPs) = 0.0 and Re(unbound [®®Ga]4) = 0.8).

2.16. In vitro IEDDA reactions between TCO-PSiNPs and [68Ga]4 after
treating the NPs in tumor-mimicking conditions

TCO-PSiNPs were incubated up to 24 h in either sodium acetate pH
5.3 or 10% fetal bovine serum (FBS) in sodium acetate pH 5.3. Following
the incubation in the tumor-simulated fluids at the different time points,
0.1 mg of TCO-PSiNPs (ntco = 10 nmol) were reacted with [*®Ga]Ga-
HBED-CC-PEG4-Tz (0.099 nmol, 0.01 eq.). The IEDDA RCC was
measured by radio-TLC as described above for [®8Ga]4-TCO-PSiNPs and

A

was kept constant at approximately 22% (in the range of 19%-24%) in
all conditions and time points.
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2.17. Statistical analysis

The mean values of the quantitative data were analyzed for statistical
significance using an unpaired two-tailed t-test on GraphPad Prism 9
(San Diego, CA, USA), with a P value equal or less than 0.05 considered
as statistically significant (*P < 0.05, **P < 0.01,***P < 0.001, ****P <
0.0001 and ns (non-significant) when P > 0.05).

3. Results and discussion

Two Tz based radiolabeling precursors, Tz-PEG4-HBED-CC (4) and
Tz-PEG4-DOTA (6), were successfully synthesized (Scheme 1). The se-
lection of the chelators was made regarding the efficient and stable
complexation with %%Ga that has been indicated in various studies
[2,15,17,24,25]. Although DOTA has been widely used in many appli-
cations [2,3], HBED-CC has shown faster radiolabeling kinetics with
58Ga, resulting in high RCYs (>98% within 5 min) under milder reaction
conditions (RT) and in higher molar activities (usually 10-37 GBq/
pmol), rendering it ideal for the labeling of reactive compounds such as
tetrazines, or sensitive macromolecules like proteins [41-43].

Precursor 4 was synthesized with a two-step sequence starting from
Tz-PEG4-NHj (2) and HBED-CC-tris(tBu)ester (1). The primary amine of
2 was reacted with the single free carboxylic acid group of the chelator
(1) using the HATU coupling agent. The reaction was monitored up to
two days when the highest yield was obtained. After the purification
step, the intermediate (3) was isolated with 79% yield. The IH NMR
characterization revealed the characteristic peaks of Tz at 8.57 and 7.53
ppm (Fig. S1). For the deprotection of the tert-butyl protecting groups,
TFA was used, yielding the final product (4) at 98% isolated yield. The
'H NMR characterization of 4 revealed disappearance of 27 protons

J‘\/\
O P;ﬁ]m

[RA
COOH COOH
DIPEA
DMF
O/N, RT
Dark, N (g)

NT X

"\,,N

Weg %V%Jgtﬂﬁ

[
6. 81% COOH COOH

Scheme 1. Synthesis of the precursors (A) Tz-PEG4-HBED-CC (4) and (B) Tz-PEG4-DOTA (6). O/N: overnight and RT: room temperature.
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originating from the three tert-butyl esters at 1.41 ppm (Fig. S3), con-
firming successful deprotection.

Precursor 6 was synthesized in a one-pot reaction starting from the
coupling of the commercially available DOTA-NHS ester (5) with the
primary amine of 2, obtaining 81% yield (‘H NMR in Fig. S4). This was
an overnight reaction and the work up and purification step of 6 were
more straightforward and faster compared to 4. The NHS ester group in
the case of precursor 6 makes the coupling regioselective, and there is no
need for using protected carboxylic acids and for adding a consequent
extra step for the deprotection as it is required for the production of 4.

The DOTA chelator has been a gold standard in *®Ga-chemistry and
has been studied extensively, including in Tz-conjugated derivatives and
clinically used radiotracers [3,9,10,13]. More recently, the HBED-CC
chelator has been investigated due to its higher coordination effi-
ciency as a result of its high stability constant and acyclic nature
[15,37]. It is already utilized for chelating gallium-68 in clinical pro-
duction, as exemplified by [®®GalGa-PSMA-11 (PSMA: prostate-specific
membrane antigen), the first FDA approved PET radiopharmaceutical
for prostate cancer imaging [44]. Therefore, in this study we were
interested in comparing the synthesis and biological evaluation of Tz
conjugates bearing these chelators. Various conditions were tested for
the selection of the appropriate buffer and precursor amount for the
68Ga-labeling of 4. Promising results were got from the 0.1 M MES buffer
(pH 4.8). The RCC was kept over 80% for almost all tested amounts of
the HBED-CC precursor (4) as shown in Fig. 2. The amount of the pre-
cursor (4) for the trial reactions was varied between 10 and 700 pg,
resulting in RCCs between 80 and 95%. Even higher RCCs were achieved
in 2.5 M sodium acetate (pH 5.5) when using a precursor (4) amount
between 10 and 250 pg. The resulted RCCs were over 98% even with the
lowest precursor (4) concentration. Consequently, even lower amounts
of the HBED-CC precursor (4) could be examined. Therefore, trials were
also made using 8, 5, 1 and as low as 0.8 pg of precursor (Fig. 2). Already
in the first 5 min of incubation, the RCC was >94% (97.6%, 97.6%,
96.7% and 94.3% for 8, 5, 1 and 0.8 pg, respectively), but increasing to
>96% when incubated at RT up to 15 min. To achieve the maximum
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Fig. 2. The influence of the reaction buffer and precursor amount on the *®Ga-
radiolabeling of HBED-CC-PEG4-Tz. Otherwise, the reaction conditions in all
cases were the same: 0.5 ml 2.5 M sodium acetate (pH 5.5) or 0.1 M MES (pH
4.8) buffer, 60 pl ®3GaCl; (4.5-4.9 MBq), RT, 15 min. The RCCs were obtained
from radio-TLCs. The insert represents the RCC values of the HBED-CC-PEG4-Tz
precursor equal to or below 10 pg in sodium acetate buffer and is denoted with
a square in the main graph. The results represent the mean values (n = 1-2).
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radiolabeling efficiency with RCY > 96%, 15 min of reaction time was
used and a minimum 5-8 pg of precursor (4) was needed for a complete
reaction. In the optimized conditions, 8 pg of precursor 4 was dissolved
in 500 pl 2.5 M sodium acetate (pH 5.5) following the addition of the
required volume of ®®GaCls. Depending on the experiment, the volume
could be altered without influencing the RCC. In most cases, 2 ml eluate
fraction containing the highest amount of radioactivity from a
68Ge/%8Ga generator was used without further concentration. The C18
cartridge purification of the final product was done semi-automatically
using a remote-controlled syringe. The RCP of the final cartridge puri-
fied product [*8Gal4 was 98.8%-99.9%.

The need to use a relatively large volume of *3GaCl3 solution could
be overcome with concentration using an SCX (strong cation exchange)
cartridge. This is an alternative method to concentrate the high volume
of the eluate fraction. In this way, the whole eluted °®GaCl; activity can
be utilized for the reaction, and the variability in the reaction volume is
negligible. 8Ga is more concentrated and purer when it is added into the
precursor solution. The use of the SCX cartridge enabled the setup of an
automated system for the [68Ga]Ga—HBED—CC—PEG4—TZ ([68Ga]4) pro-
duction (supplementary material Section 1.2 and Table S1). The same
reaction conditions were used as previously stated (Sections 2.6 and
2.6.1) for the manual radiosynthesis. The buffer's pH was adjusted to
4.8. The C18 cartridge purification of the final product was done semi-
automatically as in the manual radiolabeling. The RCC obtained from
the semi-automated synthesis of [°8Gal4 was 97.4 + 0.7% (n = 2),
matching what other research groups have reported for the 68Ga-label-
ing of various HBED-CC precursors. Typically, the radiolabeling of
HBED-CC conjugates with %8Ga proceeds with an RCC of 89-98% and
yields A, = 10-37 GBq/pmol. This is the case, for instance, when an-
tibodies and antibody fragments have been labeled [37,41,45]. Other
examples of 58Ga-radiolabeled HBED-CC include peptides, such as
HBED-CC-c(NGR) [43,46] and HBED-CC-c(RGD) cyclic peptide conju-
gates [46].

The most widely known example is the radiolabeling of HBED-CC
coupled with Glu-ureido-Lys, the PSMA-targeting pharmacophore,
where 0.1 nmol of precursor is used for radiolabeling with %8Ga,
resulting in an exceptionally high RCY (>99%) and A, (500 GBq/pmol)
[47]. The radiosynthesis resulted in the very well-known [68Ga]Ga—
PSMA-HBED-CC prostate cancer PET tracer, currently an FDA-approved
radiopharmaceutical [44]. The same group worked on the systematical
comparison of [®8Ga]lGa-HBED-CC with [°®Ga]Ga-NOTA for the radio-
labeling of the integrin «,B3 peptide, RGD. Both chelators yield %8Ga
complexes at RT with high RCYs, but the HBED-CC labeling is more
efficient and faster at low concentrations and temperatures (0.1-1.0
nmol peptide conjugates; 5 min reaction time; HBED-CC-c(RGDyK):
RCY = 99%, and NOTA-c(RGDyK): RCY > 60%). Furthermore, HBED-
CC has shown a higher avidity toward ®Ga®" at RT in direct chal-
lenge with NOTA [25]. The above observations agree with another study
that compared the %8Ga-labeling efficiency of recombinant proteins for
PET imaging of the VEGF receptors in angiogenic vasculature using the
scVEGF-PEG-HBED-CC (3 nmol, 8 min reaction time, RCY > 98%, A, =
15 GBq/pmol) and scVEGF-PEG-NOTA (3 nmol, 8 min reaction time,
RCY > 70%, Ay, = 10-15 GBq/pmol) conjugates [48]. Lastly, the long-
term stability of radiolabeled cyclic-NOTA (NOTA-c(RGDyK)) and
acyclic-HBED-CC (HBED-CC-c(RGDyK)) chelators was examined using
%7Ga (t,, = 3.26 d). The results showed a similar pattern of radiolabel
stability of the two chelating agents in human serum at 37 °C. After 48 h
of incubation, there was no demetallation from either of the chelates
[25]. Overall, we could say that our results either concur with the ones
obtained by other groups or they are of higher RCY and Ap,.

In the case of the [68Ga]Ga-DOTA-PEG4-Tz ([°%Gal6) tracer, pre-
cursor 6 was dissolved in 0.25 M ammonium acetate (pH 6.8) buffer. The
first attempts with 100 pg and 200 pg of precursor 6, gave a RCC of
80.4% and 97.5%, respectively. This outcome contributed to the selec-
tion of the desired amount of 6 (200 pg) for the following radiosyntheses
(RCY > 88%). In a study reported by Kjaer et al., [®8Ga]Ga-DOTA-
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PEGq;-Tz was produced with RCYs between 48% and 78% when using
the precursor amounts between 50 and 100 pg (RCP > 90%) [3]. The
results are in well accordance to our results with lower precursor
amounts.

The aim of our study was to make comparison of pharmacokinetics
between Tz conjugated with the two radiometal chelators. Although
both precursors 4 and 6 were synthesized with high yields and leaded in
straightforward radiosyntheses with high RCCs and RCYs, it is worth
noticing that HBED-CC-PEGy4-Tz showed significantly faster reaction
kinetics in terms of complexation with ®8Ga while achieving complete
reactions at RT and at lower precursor concentrations, resulting also in
higher molar activities. The latter would be vital for pretargeted PET
imaging purposes. It would mean a lower amount of non-radiolabeled Tz
molecule, thus, minimizing the consumption of TCO due to the reaction
between the non-radiolabeled Tz and the TCO-functionalized macro-
molecule. On the other hand, for the 68Ga-labeling of DOTA-PEG4-Tz,
higher precursor concentrations were necessary for attaining high RCCs
and RCYs. Additionally, as it is well known, inevitably the °3Ga-DOTA
complex formation cannot take place at RT and for a complete reaction
to occur a high temperature is required due to its macrocyclic configu-
ration. These findings agree with the reported information on the la-
beling kinetics and RCYs with respect to the chelator moiety of various
68Ga-labeled tracers [2,10,15,21].

After confirming the reproducibility of the high yield radiolabeling
of both tracers, the in vitro stability was evaluated. The stability was
investigated in sodium acetate buffer in the case of the HBED-CC tracer
and in PBS for the DOTA tracer. The difference in the buffer selection
was due to the excellent RCC of [°®Ga]4 where no further purification
was needed (thus, the reaction buffer was used), whereas in the case of
[%8Gal6 a C18 cartridge purification was required. The stability of the
radiolabel was also assessed in 20% and 50% human plasma. Further-
more, the iron challenge was performed to investigate possible trans-
chelation between %8Ga®* and Fe®* cations. In addition to their charge,
the two trivalent metal cations have a very similar size. Fe>* is exces-
sively present in the blood and in the event of in vivo demetallation, the
Fe3" ion has the potential to displace %®Ga in the chelator binding
pocket, resulting in release of free %8Ga®* [19,20]. To investigate the
competition, a high concentration of iron(IIT) was used (18 mM) to count
as an excess for the normal iron levels in the blood (maximum physio-
logical amount in blood for males: 32 pM [49]). [*8Gal4 gave consistent
results for all the different conditions up to 5 h of incubation (Figs. 3 and
S5). In all the samples, [°8Ga]4 remained equal to or above 96.8% intact
with only one case at 96.0% (5 h, 50% plasma). This revealed excellent
in vitro stability for [°8Ga]4. The stability of [®8Ga]6 was slightly lower;
however, 90% of intact [68Ga]6 was maintained in each sampleupto5h
of incubation (Fig. 3). A single exception at 87.5% was noted for the 20%
plasma sample in 5 h after the initiation of the incubation (Fig. S5).
However, it should be noted that in each of the testing conditions, the
[®8Ga]6 was intact (equal to or above 92.7%) up to 1 h of incubation and
the stability was found sufficient to proceed with the in vivo evaluation.
[°8Gal4 logD7 4 was —1.28 £ 0.19 (n = 3) and for [°8Ga]6 it was slightly
lower —1.45 (n = 1).

The ex vivo biodistribution of both [®®Ga]4 and [°®Ga]6 tracers was
evaluated in BALB/c mice (Fig. 4 and supplementary material Section
2.3, Figs. S6 and S7 and Tables S2 and S3). Both tracers exhibited fast
renal excretion with the highest tracer elimination between 30 and 60
min. Apart from the high activity in the gallbladder, [%Ga]4 showed
increasing activity in the small intestine with a maximum %ID/g at 30
min post-injection (35.35 + 5.07%ID/g). At the 2-hour time point
(Fig. S6), an increase in accumulation was similarly observed in the
large intestine (23.06 + 2.73%ID/g). The high binding of [®8Ga]4 in the
intestines was the largest difference in tissue binding compared to
[®8Ga]6. The denoted intestinal elimination of [*8Ga]4 was due to the
less hydrophilic character of the tracer ([68Ga]4 logD7 4 was —1.28 +
0.19 (n = 3) and [*®Gal6 logD7.4 —1.45 (n = 1)). The structure of the
HBED-CC chelator contains aromatic rings, which increase the
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Fig. 3. In vitro stability of [°®Ga]Ga-HBED-CC-PEG,-Tz ([°®Ga]4) and [®®Ga]
Ga-DOTA-PEG4-Tz ([°®Ga]6) under different conditions at 37 °C. The testing
conditions were the buffer used either for the radiolabeling in the case of the
HBED-CC tracer (2.5 M sodium acetate, pH 5.5) or for the formulation in the
case of the DOTA tracer (10% EtOH in PBS 0.01 M, pH 7.4), 50% human
plasma, and Fe* (FeCls-6H,0, 18 mM in MQ) for the iron challenge. The first
time point was in 5 min, the next in 1 h and the reactions were monitored up to
5 h. The RCCs were obtained from radio-TLCs. The values represent the mean
+ standard deviation (n = 1-3).

lipophilicity of the structure directing elimination to hepatobiliary
excretion. Very low accumulation of radioactivity was observed in the
rest of the tissues. Thus, there was no unexpected or unusual tissue
uptake. Additionally, urine samples were taken for radio-TLC mea-
surements and there was no indication of demetallation or radio-
metabolites as only the intact tracer was detected. Moreover, free
gallium would appear mainly in the bones, liver and lungs as well as in
other undesired sites. Therefore, the in vivo stability of both tracers was
confirmed.

Furthermore, Fig. 5 demonstrates the radioactivity that was obtained
in the blood at the designated time points after the injection of either
[%8Gal4 or [®3Ga]6. The same trend was observed for the two tracers. A
slightly higher amount of [°®Ga]4 remained in the circulation compared
to [68Ga]6 revealing a faster elimination of the latter which was ex-
pected due to the higher hydrophilicity. The highest radioactivity in the
blood was obtained as expected in the first 15 min where the radioac-
tivity of [®®Ga]4 was 1.95 + 0.47%ID/g and 1.36 + 1.26%ID/g for
[®®Gal6. The major reduction in %ID/g was observed after 1 h post-
injection. Both tracers were still circulating in the blood at 1 h post-
injection ([®®Ga]4: 0.78 + 0.32%ID/g and [*®Ga]6: 0.36 + 0.20%ID/
g). After 2 h of the injection, the tracer amount remaining in the blood in
both cases was negligible. Overall, these findings can be translated in an
appropriate timeframe regarding pretargeting. The tracers would have
enough time to react in vivo and at the same time they would be excreted
from the organism fast enough eliminating the radiation burden.

In addition, blood samples were taken from the mice after the in-
jection of [®8Ga]4 or [®®Ga]6 tracer at each designated time point and
the different blood components—RBCs, proteins and plasma—were
separated. The percentage of radioactivity in each blood component was
calculated with respect to all three components from the total activity in
the sample. The results revealed a similar pattern of distribution be-
tween the blood components for the two Tz tracers (Fig. 6). The overall
trend for both tracers was that the activity was gradually decreasing in
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Fig. 4. Comparison of the ex vivo biodistribution of [ﬁsGa]Ga-HBED-CC-PEG4-
Tz ([°®Ga]4) and [*®GalGa-DOTA-PEG,-Tz ([*®Ga]6) at 30 and 60 min after the
i.v. injection in BALB/c mice. The columns represent the mean + standard
deviation (n = 3-5). %ID/g: percent of injected dose per gram of tissue, Gall.:
gallbladder, S.I.: small intestine, L.I.: large intestine, Occ. Bone: occipital bone,
and B.M.: bone with marrow. Unpaired t-test was performed to assess the sta-
tistical significance of the difference in the two tracers (P = 0.0514 (ns), **P =
0.0049). The whole biodistribution profiles are shown in the supplementary
material (Figs. S6 and S7).
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Fig. 5. Comparison of the %ID/g in blood for [68Ga]Ga—HBED—CC—PEG4—Tz
([®®Gal4) and [°®Ga]Ga-DOTA-PEG,-Tz ([®®Ga]6). The values represent the
mean =+ standard deviation (n = 3-5). %ID/g: percent of injected dose per gram
of tissue. Unpaired t-test was performed to assess the statistical significance of
the difference between two tracers (P = ns).
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Fig. 6. The calculated activity (%) in each of the blood components after the ex
vivo biodistribution of [®®Ga] Ga-HBED-CC-PEG4-Tz ([°®Gal4) (n 3) and
[®%Ga] Ga-DOTA-PEG,4-Tz ([°®Ga]6) (n = 1-5) in BALB/c mice. The results show
the estimated binding of the tracer in RBCs (red blood cells), blood proteins and
plasma with respect to time. The columns represent the mean + standard de-
viation. Unpaired t-test was performed to assess the statistical significance of
the difference in the two tracers (****P < 0.0001).

the plasma and subsequently increasing in the blood proteins. The
detected activity levels in the RBCs were comparable for each time
point. Most of the obtained values were similar in all cases; around or
lower than 40% was the activity obtained at all time points for both
tracers in the three blood components. Exception to this observation was
the activity at 15 and 60 min post-injection for both tracers in the plasma
([®3Gal4: 51.04 + 3.37% and [*®Ga]6: 44.78 + 6.97%) and the blood
proteins ([°8Ga]4: 47.31 + 5.25% and [®®Ga]6: 63.25%), respectively,
and at 120 min for [®®Ga]4 in the proteins ([*®Ga]4: 58.36 + 3.93%).
The highest activity was found in the blood proteins due to the [*3Ga]6
tracer at 60 min post injection, and this was even higher than the activity
at 120 min after the [°®Ga]4 injection. Overall, the activity due to the
[%8Gal6 tracer was higher compared to [8Ga]4 in the RBCs and lower in
both the blood proteins and the plasma with the exception at 60 min in
the proteins where, however, n = 1 for [®8Ga]6. These observations
agree with the blood and biodistribution profiles of the two tracers
(Figs. 4 and 5, Figs. S6 and S7) which show a faster blood elimination
and a lower degree of tissue binding of °8Gal6 compared to [°%Gal4
with the exception in the spleen where the opposite was observed.
Using a short-lived radionuclide, like %8Ga, to radiolabel NPs is
beneficial because it provides a lower radiation burden to the subject
under study (especially important in the case of long-lived macromol-
ecules), and substantial flexibility in terms of the imaging time points.
Moreover, in the case of the pretargeting concept, where the NPs are
already located at the target, a short half-life radionuclide is sufficient
for imaging even challenging lesions. The IEDDA reactivity of the two
tracer candidates was explored using two different types of TCO-bearing
nanoparticles. The nanoparticles were the porous silicon nanoparticles
(PSiNPs) and Hepatitis E virus nanoparticles (HEVNPs). HEVNPs origi-
nate from the virion icosahedral HEV capsid. The NPs are RNA-
independent, safe, small (<30 nm) and stable. They can be self-
assembled and re-assembled, and a high accessibility for surface alter-
ations is allowed, such as introducing an imaging agent, a targeting
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ligand, or a peptide immunogen [39,50]. PSi is also a biocompatible
material that can be used for the construction of engineered nano-
systems. PSiNPs have a large surface area and easily adjustable pore and
particle size. PSiNPs can be safely biodegraded in vivo into silicic acid
and the rate of biodegradation can be controlled by modifications on the
surface or porosity of the NPs. The surface functionalization capability
differentiates PSi from other mesoporous materials. These properties
make the PSiNP system suitable for applications in drug delivery and
diagnosis [10,40].

The initial step was the TCO-functionalization of the NPs. The sur-
face of the protein-based HEVNPs contains 60 lysine amino acids [39].
The primary amine of lysine can efficiently react with NHS ester, and
thus, the TCO-PEG4-NHS ester molecule was used to obtain the TCO
group around the NP. Similarly, the TCO-functionalization of PSiNPs is
based on the reaction between the carboxylic acid groups that are pre-
sent on the PSiNPs and the TCO-PEG3-NHj; reagent. Different conditions
were investigated to find the optimal amounts and molar ratios of the
NPs and the TCO reagents.

Consequently, the in vitro Tz-TCO ligation reaction was explored in
both NP cases. When the [GSGa]Ga-DOTA-PEG4-TZ ([°®Gal6) was used,
the IEDDA RCCs were only 7.7-9.6%. The low IEDDA RCC could be a
consequence of the lower molar activity of [®®Gal6 compared with
[®®Ga]4. A higher amount of the precursor 6 is needed for achieving
high %8Ga-labeling yields, leading to a lower molar activity. In the
IEDDA reaction, this would result in a higher amount of non-
radiolabeled Tz that would be available to block the TCO binding sites
while reacting with them in place of the radiolabeled Tz, thus, greatly
influencing the IEDDA reaction efficiency. Moreover, the most common
TCO:Tz ratio in pretargeting (1:1) in the case of TCO-conjugated anti-
bodies, is not always ideal for TCO-conjugated NPs [53]. Therefore, in
our study, different TCO:Tz ratios were used to examine the in vitro
IEDDA ligation aiming at the highest TCO:Tz ratio possible. Because of
the low IEDDA RCCs resulting from [%8Ga] 6, most of the radiolabeling of
the NPs was done with [®8Ga]Ga-HBED-CC-PEG,4-Tz ([®®Ga]4). For this
reason, the discussion from this point will be based on the [68Ga]4-
labeled NPs. The IEDDA reaction kinetics for [?®Ga]4 was monitored by
radio-TLC from 10 min and up to 1 h (examples of chromatograms:
supplementary material Section 2.4, Fig. S8). However, because no
difference was noticed in the RCC at longer incubations, the 10 min
reaction time was chosen. Fig. 7 illustrates the main findings regarding
the influence of [68Ga]Ga—HBED—CC—PEG4—TZ amount on IEDDA while
keeping the same amount of NPs. From the graph (Fig. 7), the TCO moles
could be estimated with respect to the Tz moles when the amount of the
Tz used gave a plateau of the lowest RCC values. Thus, the TCO moles
were at least 100 nmol per mg of PSiNPs (for min. 10.3 nmol of Tz) and
minimum 55 nmol per mg of HEVNPs (for min. 2.2 nmol of Tz). For both
NPs, a higher RCC was achieved with a decreasing amount of the Tz
tracer (higher TCO:Tz ratio), and thus, a higher molar activity. Addi-
tionally, for higher than 1 nmol of Tz, the [®8Ga]4-TCO-HEVNPs RCCs
were lower than 5% following the 10 min reaction time. The majority of
the highest [®8Ga]4-TCO-HEVNPs RCCs (around 20%) were very closely
associated to the lowest RCC of [°®Ga]4-TCO-PSiNPs. Moreover, the
highest RCC for the [®8Ga]4-TCO-PSiNPs was confirmed to be around
60% in multiple trials. More consistent results were obtained from the in
vitro reaction between the TCO-PSiNPs and [*®Gal4 compared to the
TCO-HEVNPs and [%8Ga]4 case. Despite the fact that the conjugation
between the TCO molecule and HEVNPs was attempted using numerous
different reaction conditions by altering the buffer (phosphate buffers,
borate, sodium carbonate) and the purification techniques (dialysis
membranes, HPLC (with a size exclusion chromatography column) and
desalting columns with either glucan (Sephadex) or polypropylene
resin), there was no improvement in the reaction efficiency as it was
noticed from the obtained RCCs following the consequent IEDDA trials.
Therefore, because the conjugation was more effective for PSiNPs, they
were further tested in tumor-mimicking conditions for illustrating the
potential of [®3Gal4 for pretargeted imaging applications. The TCO-
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Fig. 7. The influence of the tetrazine [®®Ga]4 amount on the RCC obtained
from the in vitro IEDDA while keeping the amount of NPs, and thus TCO,
constant (10 min reaction time). The illustration shows the outcome from the
reaction using both NP types, HEVNPs and PSiNPs. The data represents single
values. IEDDA RCC represents the RCC obtained after inverse electron demand
Diels-Alder reactions between the Tz tracer ([*®Ga]Ga-HBED-CC-PEG,-Tz) and
the functionalized NPs (TCO-HEVNPs or TCO-PSiNPs).

PSiNPs were incubated up to 24 h in either sodium acetate pH 5.3, or
10% FBS in sodium acetate pH 5.3. Both buffers mimic the human tumor
microenvironment. The acetate buffer (pH 5.2 + 1) has been used to
mimic the acidic late endosome intracellularly [54], and FBS has
routinely been utilized for culturing various cell types due to its known
effects on cell growth [55]. Following the incubation of the NPs in the
tumor-simulating fluids at different time points, TCO-PSiNPs were
reacted with [68Ga]Ga-HBED-CC-PEG4-Tz. The outcome (supplemen-
tary material Section 2.5, Fig. S9) showed that IEDDA was still feasible
even after treating the NPs in tumor-mimicking conditions, and thus, it
can be concluded that [°®Ga]4 looks promising regarding the in vivo
preclinical imaging applications. Stéen et al. recently reported, that the
reduced lipophilicity of a Tz-tracer and high IEDDA reactivity are the
key parameters for the in vivo performance of tetrazines in pretargeted
PET imaging [51,52]. The observation was based on their investigation
on several tetrazine derivatives in pretargeted PET imaging of LS174T
tumor xenografts after injection of CC49-TCO. The measured tumor-to-
muscle ratios were significantly lower for tetrazines with clogD7 4 > 0.
The highest ratios were reported for tetrazines with clogD7 4 between
—0.99 and (—1.53). The measured logDy 4 of [°®Ga]4 = —1.28 + 0.19 is
between this range further warranting future evaluation of [68Ga]4 asa
tracer for pretargeted PET imaging.

4. Conclusions

In conclusion, two ®3Ga-radiolabeled tetrazine tracers were synthe-
sized and their biodistribution was evaluated in mice. Excellent RCCs
and RCYs were obtained especially for [°®Ga]Ga-HBED-CC-PEG4-Tz.
High radiolabel stability of [®®Gal4 or [°®Ga]6 at physiological condi-
tions was reported. The ex vivo biodistribution of [*®Ga]4 and [*®Ga]6
revealed fast renal excretion. Additionally, in the case of %8Gal4
increased radioactivity was detected in the intestine due to the more
hydrophobic character of this tracer (logDy4 of [68Ga]4 = -1.28 +
0.19). Lastly, the in vitro IEDDA reaction between the two tetrazine
tracers and two different types of NPs was assessed. Using a short-lived
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radionuclide like ®3Ga to radiolabel NPs is beneficial because it offers a
lower radiation burden to the organism, and substantial flexibility in
terms of the imaging time points. The in vitro IEDDA reactivity was
confirmed although optimization of the reaction conditions is still
needed. Overall, [°8Ga] Ga-HBED-CC-PEG4-Tz was shown to be superior
compared to [68Ga]Ga-DOTA-PEG4-Tz in terms of radiolabeling effi-
ciency and molar activity, increasing the sensitivity of the tracer to
detect a targeting vector even with a low TCO concentration.
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ethylenediamine-N,N’-diacetic acid

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
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