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Introduction:Radiotherapy of cancer requires both alpha- and beta-particle emitting radionuclides, as these radio-
nuclide types are efficient at destroying different types of tumors. Both classes of radionuclides require a vehicle,
such as an antibody or a polymer, to be delivered and retained within the tumor. Polyglutamic acid (pGlu) is a
polymer that has proven itself effective as a basis of drug-polymer conjugates in the clinic, while its derivatives
have been used for pretargeted tumor imaging in a research setup. trans-Cyclooctene (TCO)modifiedpGlu is suit-
able for pretargeted imaging or therapy, as well as for intratumoral radionuclide therapy. In all cases, it becomes
indirectly radiolabeled via the bioorthogonal click reactionwith the tetrazine (Tz)molecule carrying the radionu-
clide. In this study, we report the radiolabeling of TCO-modified pGlu with either lutetium-177 (177Lu), a beta-
particle emitter, or actinium-225 (225Ac), an alpha-particle emitter, using the click reaction between TCO and Tz.
Methods:Apanel of Tz derivatives containing ametal ion binding chelator (DOTAormacropa) connected to the Tz
moiety directly or through a polyethylene glycol (PEG) linker was synthesized and tested for their ability to che-
late 177Lu and 225Ac, and click to pGlu-TCO. Radiolabeled 177Lu-pGlu and 225Ac-pGlu were isolated by size exclu-
sion chromatography. The retention of 177Lu or 225Ac by the obtained conjugates was investigated in vitro in

human serum.
Results: All DOTA-modified Tzs efficiently chelated 177Lu resulting in average radiochemical conversions (RCC) of
>75%. Isolated radiochemical yields (RCY) for 177Lu-pGlu prepared from 177Lu-Tzs ranged from 31% to 55%. TLC
analyses detected <5% unchelated 177Lu for all 177Lu-pGlu preparations over six days in human serum. For
225Ac chelation, optimized RCCs ranged from 61 ± 34% to quantitative for DOTA-Tzs and were quantitative for
the macropa-modified Tz (>98%). Isolated radiochemical yields (RCY) for 225Ac-pGlu prepared from 225Ac-Tzs
ranged from28% to 51%. For 3 out of 5 225Ac-pGlu conjugates prepared fromDOTA-Tzs, the amount of unchelated
225Ac stayed below 10% over six days in human serum, while 225Ac-pGlu prepared from macropa-Tz showed a
steady release of up to 37% 225Ac.
Conclusion: We labeled TCO-modified pGlu polymers with alpha- and beta-emitting radionuclides in acceptable
RCYs. All 177Lu-pGlu preparations and some 225Ac-pGlu preparations showed excellent stability in human
plasma. Our work shows the potential of pGlu as a vehicle for alpha- and beta-radiotherapy of tumors and dem-
onstrated the usefulness of Tz ligation for indirect radiolabeling.

© 2021 Elsevier Inc. All rights reserved.
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1. Introduction

Radionuclide therapy is used for the treatment of cancer by deliver-
ing a therapeutic radiation dose to malignant tissues either bymeans of
targeted delivery using intravenously injected vehicles like antibodies,
peptides or nanoparticles (i.e. targeted radionuclide therapy (TRT))
[1,2], or by directly implanting a sealed radioactive source in or near
the tumor (i.e., brachytherapy (BT)) [3].

The therapeutic radiation dose for radionuclide therapy is typically
delivered by beta- or alpha-particle emitting radionuclides, which differ
in the mean tissue range and linear energy transfer (LET) of their emit-
ted particles. Beta-emitting radionuclides are characterized by a com-
paratively long mean tissue range in the order of 1–5 mm and a low
LET of ~0.2 keV/μm. Among beta-particle emitting therapeutic radionu-
clides (i.e., 90Y, 131I, 153Sm, 177Lu, 186Re), the use of 177Lu has attracted a
growing interest for thedevelopment of radiopharmaceuticals, owing to
its suitable decay characteristics and the possibility of theranostic imag-
ing by Single-Photon Emission Computed Tomography (SPECT)
(Table 1) [4]. 177Lu is able to provide uniform dose distribution due to
the cross-fire effect of beta-particles which is advantageous for the irra-
diation of small heterogeneous tumors [5–7]. In contrast, alpha-particles
have a much higher LET (approx. 80–100 keV/μm) with a short mean
tissue range of 40–100 μm which makes it effective for the treatment
of small metastatic lesions and single-cell metastatic diseases [2,8].
This high density ionization over a short path leads to irreparable DNA
double strand breaks and an increased cytotoxicity irrespective of tissue
oxygenation, while preventing damage to the surrounding healthy tis-
sue [9]. Alpha-particles could complement therapies with beta-
particles and could be also used as a therapeutic adjuvant [10,11].
225Ac is one of the most effective alpha-emitting radionuclides for TRT
by virtue of its favorable decay characteristics (e.g., half-life, rapid and
successive emission of four alpha and two beta-particles through its
decay chain, and emission energy) (Table 1) [12]. Despite the promising
physical characteristics of 225Ac, its use in TRT has been limited by a
number of challenges including insufficient availability and limited ra-
diochemistry development and a paucity of available bifunctional chela-
tors for the complexation of 225Ac for covalent incorporation onto
molecular delivery vehicles [13]. In this work, 225Ac derived from the
decay of 229Th was used provided through collaboration with Canadian
Nuclear Laboratories (CNL) [14]. In addition to this effort in CNL, TRIUMF
has successfully produced 225Ac via several production routes (e.g., the
separation of 225Ra and 225Ac generated from ISAC beam, proton spall-
ation of 232Th target) to make it accessible for the development of
225Ac-based radiopharmaceuticals [13,15].

Bifunctional chelators are essential components of metal-based ra-
diopharmaceuticals that are able to form a stable complex with ametal-
lic radioisotope and tether it to a carrier molecule. The well-known
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
chelator has previously been used for the synthesis of 225Ac
radioimmunoconjugates [18,19]. However, the chelation of DOTA to
large 225Ac3+ ion is kinetically slow and requires high chelator concen-
tration and elevated temperatures to yield in sufficient radiolabeling [8].
Several other macrocyclic chelators (e.g., HEHA, H2macropa, H4py4pa,
crown) have been also synthesized for the chelation of 225Ac and evalu-
ated in vivo for their stability and biodistribution [20–23]. Among those,
Table 1
Decay characteristics of the radionuclides used in this study [4,16,17].

Radionuclide Decay mode Emission energy (Emean)

177Lu3+ β− emission 134 keV

225Ac3+ 4 α and 2 β−

emission
5.8 MeV (225Ac, 50.7%), 6.3 MeV (221Fr, 83.3%), 7.1 M
5.9 MeV (213Bi, 2%)

12
macropa was able to form stable complexes with 225Ac within 5 min at
room temperature [21].

An indirect labeling approach based on the bioorthogonal inverse
electron-demand Diels–Alder (IEDDA) reaction has been developed.
IEDDA involves a reaction between 1,2,4,5-tetrazine (Tz) and the
dienophile, trans-cyclooctene (TCO), and has shown promising results
for the labeling of biomolecules with a variety of radioisotopes and has
been successfully applied for in vivo pretargeted imaging [24–26], radio-
immunotherapy [27–29] and radiolabeling of antibodies and peptides
[30–33]. Briefly, in this approach a bifunctional chelator is covalently
appended to Tz and labeled with a radioisotope. Subsequently, the la-
beled Tz-chelator conjugate is reacted with TCO-modified polypeptides
under mild conditions to afford the radiolabeled macromolecule
[30,32,34]. This strategy has been applied both for traditional radiolabel-
ing as well as for in vivo pretargeting. Poty et al. evaluated this strategy
for the labeling of two antibodies with DOTA-functionalized Tzs for the
complexation of 225Ac and reported higher radiochemical yield and
molar activities compared to direct labeling approaches of antibodies
with 225Ac [35].

For internal radionuclide therapy via intratumoral injection of radio-
nuclides, effective encapsulation of therapeutic radionuclides is needed
for deposition of therapeutic radiation in the tumor, while minimizing
side effects to healthy tissue. For this purpose, several delivery vehicles
including polymers [36–38], lipid nanoparticles [39,40], nanogel formu-
lations [41], or gold nanoparticles [42] have been investigated to enable
intratumoral administration of radionuclides (e.g., 90Y, 131I, 186Re, 177Lu,
103Pd).

The highly biocompatible and biodegradable poly(α-glutamic acid)
(pGlu) can be synthesized by controlled ring opening polymerization
of the correspondingα-amino acid-N-carboxy anhydride by using vari-
ous initiators, ammonium salts, or ultra pure reagents with precise con-
trol over molecular weight [43–45]. It has been already used for the
design of polymer drug conjugates (e.g., Opaxio™), which entered clin-
ical studies for the treatment of several cancer types [46,47]. In recent
studies, pGlu has been functionalized with reactive groups, such as
TCO, to allow for site-selective conjugation of bioactive molecules and
in vivo bioorthogonal ligation [48,49]. We previously showed that
TCO-modified pGlu reacted with 11C-labeled tetrazine was stably
retained in the tumor after intratumoral injection [49].We also reported
rapid in vivo ligation kinetics and SPECT imaging of a bifunctional DOTA-
Tz and a pGlu polymer modifiedwith polysarcosine (pSar) strands with
improved pharmacokinetic properties [50]. These results encouraged us
to further explore pGlu-based injectable polymers as vehicles for the de-
livery of therapeutic radionuclides 177Lu and 225Ac into the tumor.

In this work, we examined the radiolabeling of pGlu with 177Lu and
225Ac using the IEDDA reaction between TCO-modified pGlu and radio-
labeled Tz chelates (Fig. 1). Five Tz constructs containing the
heptadentate (1–3) or octadentate (4 and 5) DOTA chelator (Fig. 2)
were prepared and radiolabeledwith 177Lu and 225Ac.We hypothesized
that octadentate DOTA derivatives would provide greater chelation effi-
ciency or superior stability compared to heptadentate analogs. In struc-
tures 1 and 4, where the Tz and DOTA moieties connected without a
spacer, these moieties might exert a negative influence on each other's
reactivity. To control this potential risk, a polyethylene glycol (PEG)
linker was inserted into the structures of 1 and 4 to yield compounds
Gamma photons energy
(Eγ)

Half-life
(days)

Penetration
range in
tissue (mm)

209 keV (11%), 113 keV
(6.4%)

6.65 <2

eV (217At, 99.9%), 440 keV (213Bi, 26%)
217 keV (221Fr, 11%)

9.92 0.047–0.085



Fig. 1. Schematic illustration of 177Lu or 225Ac-labeled pGlu polymer for alpha- or beta- therapy of tumors. (A) Radiolabeling workflow to obtain 177Lu-pGlu or 225Ac-pGlu
(B) Homogeneous and diffuse distribution of the therapeutic dose in the tumor expected for 177Lu-pGlu with a maximum tissue penetration depth of 2 mm (Rmean ~ 0.5–0.6)
(C) Heterogeneous and localized distribution of the therapeutic dose in the tumor expected for 225Ac-pGlu with a tissue penetration depth range 47–85 μm.
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2 and 5, respectively. In addition to methyl-substituted Tzs (1, 2, 4, and
5), we selected a bispyridyl-substituted Tz derivative 3 with an ultra-
long PEG linker for the current study. Radiolabeling of 3with several ra-
dioisotopes (e.g., 111In, 177Lu, 68Ga, 44Sc) was previously reported to re-
sult in quantitative radiochemical conversions, and radiolabeled 3
showed fast and efficient in vivo click reactivity to TCO-functionalized
macromolecules [51–55]. Finally, a linker-free macropa-conjugated Tz
(6) was studied for the chelation of 225Ac (Fig. 2).

The workflow if this study was as follows. First, 177Lu or 225Ac-
labeled Tz constructs were prepared by chelation of the respective ra-
diometals. Second, the radiolabeled Tz derivatives were allowed to
react with the TCO-modified pGlu. Radiometal chelation efficiencies
and the obtained yields of radiolabeled pGlu conjugates for different
Tz chelates were compared. Finally, the stability of the purified radiola-
beled pGlu preparations in human serum was evaluated.

2. Materials and methods

2.1. General

All reactions involving dry solvents or sensitive agents were per-
formed under an anhydrous nitrogen atmosphere and dried glassware
prior to use. Commercially available chemicals were used as received.
Solvents were dried prior to use with an SG water solvent purification
system or dried using standard procedures. The 1H NMR spectra were
recorded on a 400 MHz Avance III or 600 MHz Avance III HD (Bruker,
Bremen, Germany). Analytical HPLC was performed using an UltiMate
HPLC system consisting of an LPG-3400A pump (1 mL/min), a WPS-
3000SL autosampler, and a 3000 Diode Array Detector installed with a
Gemini-NX C18 (250 × 4.60 mm, 3 μm) column. Solvent A:
H2O + 0.1% TFA; Solvent B: MeCN-H2O 9:1 + 0.1% TFA. For HPLC con-
trol, data collection and data handling, Chromeleon software v. 6.80
was used. Preparative HPLC was carried out on an Ultimate Thermo
13
.

.

SCIENTIFIC HPLC systemwith an LPG-3200BX pump, a Rheodyne 9721i
injector, a 10 mL loop, an MWD-3000SD detector (200, 210, 225 and
254 nm), and a Gemini-NX C18 (250 × 21.2 mm, 5 μm) column. Unless
stated otherwise, solvents used for gradient elutions were as follows.
Solvent A: H2O + 0.1% TFA; Solvent B: MeCN-H2O 9:1 + 0.1% TFA. For
HPLC control, data collection and data handling, Chromeleon software
v. 6.80 was used. High resolution mass spectrometry (HRMS) was per-
formed as matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF). Analyses were performed in positive
ion mode with ionization on a ThermoQExactive Orbitrap mass spec-
trometer (Thermo Scientific) equipped with an AP-SMALDI 10 ion
source (TransmitMIT) and operated with mass resolving power
140,000 atm/z 200 and lock-mass for internalmass calibration. Samples
were dissolved in a matrix consisting of 2,5-dihydrooxybenzoic acid
(20 mg) in MeOH (1 mL). Compounds were dried under high vacuum
or freeze dried using a ScanVac Cool Safe Freeze Drier.

The analysis of the 1H NMR spectra was performed using the soft-
ware MestReNova v12.0.0 (Mestrelab Research S.L.). Analytical
hexafluoroisopropanol (HFIP) SEC was carried out at a flow rate of
0.8 mL/min at 40 °C with 3 g/L potassium trifluoroacetate added to the
eluent. The SEC system was equipped with a UV detector (Jasco UV-
2075 Plus) set at a wavelength of 230 nm and an RI detector (Jasco RI-
2031).Modified silica gel columns (PFG columns, particle size: 7 μm,po-
rosity: 100 and 1000 Å)were used. Molecularweights were determined
by using a calibration with poly(methyl methacrylate) (PMMA) stan-
dards (Polymer Standards Service GmbH) and toluene as an internal
standard. Prior to measurement, the samples were filtered through
polytetrafluoroethylene (PTFE) syringe filters with a pore size of
0.2 μm. The elution diagramwas analyzedwithWinGPC software (Poly-
mer Standards Service GmbH).

For the synthesis of pGlu, tetrahydrofuran (THF) and n-hexanewere
dried over sodiumprior to use. Diethyl ether was distilled to remove the
stabilizer. Dry N,N-dimethylformamide (DMF) over molecular sieves,



Fig. 2.Chemical structures of DOTA andmacropa-modified tetrazines (Tz) and polyglutamic acid (pGlu). The constructs used in this study are heptadentate DOTA-CH3-Tz (1), DOTA-PEG4

CH3-Tz (2), DOTA-PEG11-BisPy-Tz (3), and octadentate DOTA-CH3-Tz (4), DOTA-PEG4-CH3-Tz (5), decadentate macropa-Tz (6), and TCO-functionalized pGlu (7).
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trifluoro-acetic acid (TFA), and hydrobromic acid were purchased from
Acros. Prior to use, DMF was degassed by three freeze–pump–thaw cy-
cles to remove residual dimethyl amine. Diphosgene was purchased
from Alfa Aesar. Neopentyl-amine was purchased from TCI Europe.
Isopropylamine (Sigma-Aldrich) was dried over sodium hydroxide and
fractionally distilled on molecular sieves. L-Glutamic acid 5-benzyl ester
was purchased from ORPEGEN Peptide Chemicals GmbH, and 2-chloro-
4,6-dimethoxy-1,3,5-triazine was obtained from Carbosynth. (E)-
Cyclooct-4-en-1-yl (3-aminopropyl) carbamate (trans-cyclooctene-
amine HCl salt) was purchased from Jena Bioscience GmbH. Deuterated
solvents were obtained from Deutero GmbH (Kastellaun). Milli-Q water
(Millipore) with a resistance of 18.2 MΩ and TOC < 3 ppm was used
throughout the experiments.

For the synthesis of Tz derivatives, (4-(6-methyl-1,2,4,5-tetrazin-3-yl)
phenyl)methanamine hydrochloride salt (MeTz-NH2) was purchased
from Jena Bioscience (Germany). 2-[2-[2-[2-[4-(6-Methyl-1,2,4,5-
tetrazin-3-yl)phenoxy]ethoxy]ethoxy]ethoxy]ethanamine (MeTz-PEG-
NH2) was purchased from Combi-Blocks (USA). 1,4,7,10-Tetraazacy-
clododecane-1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide
ester (DOTA-NHS) and 2-[4,7,10-tris(carboxymethyl)-6-[(4-
isothiocyanatophenyl)methyl]-1,4,7,10-tetrazacyclododec-1-yl]ace-
tic acid (DOTA-SCN) were purchased from Macrocyclics (USA). All
other chemicals and reagents were purchased from Sigma Aldrich
and used without further modification unless otherwise noted.
Water was purified by a Milli-Q system (Millipore, MA, USA). Phos-
phate buffered saline (PBS) was prepared by dissolving the tablets
(Sigma-Aldrich) in MQ water. Human serum was purchased from
Sigma-Aldrich.

111InCl3 was purchased from Curium (Oegstgeest, Netherlands).
177LuCl3 in 0.04MHCl was purchased from ITG Isotope Technologies

Garching GmbH (Germany). 225Ac in the dry nitrate formwas provided
14
-

by Canadian Nuclear Laboratories (Chalk River, ON, Canada) from decay
of 229Th [14]. Radioactivity was measured using a CRC-55tR dose cali-
brator (Capintec, NJ, USA) and a gamma-ray spectrometer (Canberra
GR1520) using a high purity germanium (HPGe) detector calibrated
using NIST-traceable mixed 133Ba and 152Eu source. The dead time of
the detector was kept below 10%. Quantification by gamma-ray spec-
trometry was performed using Canberra Genie 2000 software (v3.4,
Canberra). To quantify 225Ac, the gamma lines at 218 keV and 440 keV
corresponding to 221Fr, and 213Bi, respectively were analyzed. Themea-
surements were conducted after >5 h which is the time required to
allow 225Ac to reach equilibrium with its daughters (221Fr and 213Bi).

Radioactive thin layer chromatography (radio-TLC) was performed
using silica gel 60 F254 plates (Merck) as a stationary phase and using
0.4 M sodium citrate buffer (pH 4.0) as a mobile phase on TLC scanner
(Eckert & Ziegler, USA). Radioactivity on the plate was analyzed using
WinScan software. Analytical radio-HPLC was performed on a Dionex
system connected to a P680Apump, a UVD170Udetector, and a Scansys
radiodetector. The system was controlled by Chromeleon 6.8 or
Chromeleon 7.2 software.

TCO-modified pGlu (Mw = 23,300 g/mol, ~30 TCOs per polymer
strand) was synthesized as previously described [49]. For the purifica-
tion of radiolabeled pGlu, PD-10 desalting columns (14.5mm× 50mm,
8.3 mL) were used (GE Healthcare). PD10 columns were equilibrated
with PBS (2 column volumes) before applying the pGlu conjugates.

2.2. Synthesis of tetrazine derivatives

2.2.1. 10-[2-[[[4-(6-Methyl-1,2,4,5-tetrazin-3-yl)phenyl]methyl]amino]-2-
oxoethyl]-1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (1)

A solution of MeTz-NH2 (5.4 mg, 22.7 μmol) in anhydrous DMF
(0.3 mL) was mixed with a solution of DOTA-NHS ester (18.3 mg,



V. Shalgunov, G. Engudar, L. Bohrmann et al. Nuclear Medicine and Biology 104–105 (2022) 11–21
24 μmol) in anhydrous DMF (0.4 mL), and triethylamine (20 μL,
143 μmol)was added to the resultingmixture. After stirring themixture
for 2.5 h at room temperature (R.T.), analytical HPLC showed the forma-
tion of a single main product. The reaction mixture was diluted with 3
volumes of water and purified by preparative HPLC (gradient condi-
tions: 15 mL/min flow, 0–2 min, 5% B; 2–37 min, 5 → 50% B). Collected
HPLC fractions containing the main product (1) were combined, con-
centrated in vacuo and lyophilized. The product was obtained as red
solid (7.0 mg, 12 μmol, 52%). 1H NMR (600 MHz, deuterium oxide) δ
8.43 (d, J = 8.3 Hz, 2H), 7.64 (d, J = 8.1 Hz, 2H), 4.59–4.50 (m, 2H),
4.20–3.14 (m, 28H), 3.10 (s, 3H). HRMS m/z (MALDI-TOF) calculated
for C26H38N9O7

+: 588.2889, found: 588.2888 [M+H]+. HPLC analysis
and 1H NMR spectrum of 1 are shown in Figs. S1 and S2, respectively.

2.2.2. 2,2′,2″-(10-(14-(4-(6-Methyl-1,2,4,5-tetrazin-3-yl)phenoxy)-2-
oxo-6,9,12-trioxa-3-azatetradecyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetic acid (2)

A solution of MeTz-PEG-NH2 (4.8 mg, 13.2 μmol) in anhydrous DMF
(0.3 mL) was mixed with a solution of DOTA-NHS ester (10.8 mg,
14.4 μmol) in anhydrous DMF (0.58 mL), and triethylamine (20 μL,
144 μmol)was added to the resultingmixture. After stirring themixture
for 2 h at R.T., analytical HPLC showed the formation of a single main
product. The reaction mixture was diluted with 4 volumes of water
and purified by preparative HPLC (gradient conditions: 15 mL/min
flow, 0–2min, 5% B; 2–37min, 5→ 50%B). CollectedHPLC fractions con-
taining themain product were combined, concentrated in vacuo and ly-
ophilized. The product (2) was obtained as red solid (4.6 mg, 6.1 μmol,
46%). 1H NMR (600 MHz, deuterium oxide) δ 8.43 (d, J = 8.8 Hz, 2H),
7.29 (d, J = 8.9 Hz, 2H), 4.41–4.36 (m, 2H), 4.02–3.99 (m, 2H),
3.93–3.75 (m, 10H), 3.74–3.68 (m, 6H), 3.64 (t, J = 5.4 Hz, 2H),
3.57–3.12 (m, 19H), 3.07 (s, 3H). HRMS m/z (MALDI-TOF) calculated
for C33H51N9O11

+: 750.3781, found: 750.3780 [M+H]+. HPLC analysis
and 1H NMR spectrum of 2 are shown in Figs. S3 and S4, respectively.

2.2.3. 2,2′,2″,2‴-(2-(4-(3-(4-(6-Methyl-1,2,4,5-tetrazin-3-yl)benzyl)
thioureido)benzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)
tetraacetic acid (4)

A solution of MeTz-NH2 (4.0 mg, 16.8 μmol) in anhydrous DMF
(0.5 mL) was mixed with a solution of DOTA-Bn-NCS (12.6 mg,
22.8 μmol) in anhydrous DMF (0.54 mL), and diisopropylethylamine
(20 μL, 115 μmol) was added to the resulting mixture. After stirring
the mixture overnight at R.T., analytical HPLC showed the formation of
a singlemain product. The reactionmixture was dilutedwith 4 volumes
of water and purified by preparative HPLC (purification in mobile
phases containing TFA was found to lead to side product formation, so
TFA in mobile phases was replaced with HCOOH, gradient conditions:
15 mL/min flow, 0–2 min, 5% B; 2–37 min, 5 → 80% B). Collected HPLC
fractions containing the main product were combined, basified to ap-
parent pH ~8 (pH strip readout) with aqueous ammonia solution, con-
centrated in vacuo and lyophilized. The product (4) was obtained as
pink solid (7.0 mg, 9.3 μmol, 55%). 1H NMR (600 MHz, DMSO‑d6 with
5% deuterium oxide) δ 8.42 (d, J = 7.9 Hz, 2H), 7.58 (d, J = 8.1 Hz,
2H), 7.55–7.05 (m, 4H), 4.87 (s, 2H), 4.05–2.15 (m, 27H), 2.98 (s, 3H).
HRMS m/z (MALDI-TOF) calculated for C34H45N10O8S+: 753.3137,
found: 753.3136 [M+H]+. HPLC analysis and 1H NMR spectrum of 4
are shown in Figs. S5 and S6, respectively.

2.2.4. 2,2′,2″,2‴-(2-(4-(3-(2-(2-(2-(2-(4-(6-Methyl-1,2,4,5-tetrazin-3-yl)
phenoxy)ethoxy)ethoxy)ethoxy)ethyl)thioureido)benzyl)-1,4,7,10-tetraa-
zacyclododecane-1,4,7,10-tetrayl)tetraacetic acid (5)

A solution of MeTz-PEG-NH2 (4.0 mg, 11 μmol) in anhydrous DMF
(0.5 mL) was mixed with a solution of DOTA-Bn-NCS (8.4 mg,
15.2 μmol) in anhydrous DMF (0.36 mL), and diisopropylethylamine
(20 μL, 115 μmol) was added to the resulting mixture. After stirring
the mixture overnight at R.T., analytical HPLC showed the formation of
a singlemain product. The reactionmixture was dilutedwith 4 volumes
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of water and purified by preparative HPLC (purification in mobile
phases containing TFA was found to lead to side product formation, so
TFA in mobile phases was replaced with HCOOH, gradient conditions:
15 mL/min flow, 0–2 min, 5% B; 2–37 min, 5 → 80% B). Collected HPLC
fractions containing the main product were combined, basified to ap-
parent pH ~8 (pH strip readout) with aqueous ammonia solution, con-
centrated in vacuo and lyophilized. The product (5) was obtained as
pink solid (8.0 mg, 8.7 μmol, 79%). 1H NMR (600 MHz, DMSO‑d6 with
5% deuterium oxide) δ 8.40 (d, J = 8.9 Hz, 2H), 7.53–7.00 (m, 4H),
7.20 (d, J = 9.0 Hz, 2H), 4.27–4.15 (m, 2H), 3.83–3.74 (m, 2H),
3.64–3.60 (m, 2H), 3.60–3.51 (m, 8H), 3.22 (d, J = 193.2 Hz, 29H),
2.96 (s, 3H). HRMS m/z (MALDI-TOF) calculated for C41H59N10O12S+:
915.4029, found: 915.4028 [M+H]+. HPLC analysis and 1H NMR spec-
trum of 5 are shown in Figs. S7 and S8, respectively.

2.2.5. 6-((16-((6-Carboxypyridin-2-yl)methyl)-1,4,10,13-tetraoxa-7,16-
diazacyclooctadecan-7-yl)methyl)-4-(3-(4-(6-methyl-1,2,4,5-tetrazin-3-
yl)benzyl)thioureido)picolinic acid (6)

6-((16-((6-Carboxypyridin-2-yl)methyl)-1,4,10,13-tetraoxa-7,16-
diazacyclooctadecan-7-yl)methyl)-4-isothiocyanatopicolinic acid
(Macropa-NCS) was synthesized and characterized as previously de-
scribed [21]. A solution of MeTz-NH2 (1.8 mg, 4.8 μmol) in anhydrous
DMF (0.18 mL) was mixed with a solution of Macropa-NHS (5 mg,
7.6 μmol) in anhydrous DMF (0.28 mL), and diisopropylethylamine
(20 μL, 115 μmol) was added to the resulting mixture. After stirring
the mixture for 3.5 h at R.T., analytical HPLC showed the formation of
a singlemain product. The reactionmixturewas dilutedwith 4 volumes
of water and purified by preparative HPLC (Gemini-NX C18 preparative
column, eluted with ACN in H2O gradient, 4 mL/min, 5 to 60% ACN over
18 min, 0.25% AcOH in both). Collected HPLC fractions containing the
main product were combined, concentrated in vacuo and lyophilized.
The product (6) was obtained as purple solid (1.7 mg, 1.9 μmol, 25%).
LR-ESI-MS (H2O/MeCN 1:1) 791.2 [M+H]+. HPLC analysis of 6 is
shown in Fig. S9.

2,2′,2″-(10-(2,40,44-trioxo-44-((6-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-
3-yl)pyridin-3-yl)amino)-6,9,12,15,18,21,24,27,30,33,36-undecaoxa-
3,39-diazatetratetracontyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)
triacetic acid (3) was synthesized and characterized as previously de-
scribed [55]. 1H NMR (600 MHz, MeOD) δ 9.08 (d, J = 2.5 Hz, 1H), 8.89
(dd, J = 4.8, 0.9 Hz, 1H), 8.80–8.74 (m, 2H), 8.49 (dd, J = 8.7, 2.5 Hz,
1H), 8.18 (td, J = 7.8, 1.7 Hz, 1H), 7.74 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H),
3.88–3.76 (m, 9H), 3.67–3.59 (m, 53H), 3.56 (q, J = 5.8 Hz, 5H), 3.39
(td, J= 5.5, 3.0 Hz, 5H), 2.55 (t, J= 7.3 Hz, 2H), 2.34 (t, J= 7.3 Hz, 2H),
2.04 (p, J= 7.4 Hz, 2H).

2.3. Synthesis of TCO-pGlu

Polyglutamic acid was synthesized as previously reported by Johann
et al. [56]. The dispersity (Ð) of the protected pGlu(OBn) polymer was
evaluated by SEC analysis and found to be 1.2 (Fig. S10). The
deprotected and lyophilized polyglutamic acid sodium salt and the
((E)-cyclooct-4-en-1-yl(3-aminopropyl)-carbamate) (TCO) were first
dissolved in water/DMSO, before the coupling agent DMTMM Cl salt
was added. Afterwards the reaction was allowed to reach full. After
24 h, additional DMTMM Cl (113.0 mg) was added. Finally, the product
was purified by dialysis against 6–8 kDa molecular weight cut-off
(MWCO) regenerated cellulose membrane for 1 week with a daily
change of water and thereafter lyophilized to obtain the final pGlu-
TCO polymer. 1H NMR analysis revealed a degree of polymerization of
98%, and the final TCO content was found to be 30% (Fig. S11).

2.4. Radiolabeling of tetrazines with 177Lu

177LuCl3 in in 0.04 M HCl (1.5–3 μL, 0.3–0.7 MBq) was added to the
DOTA-Tz chelates (0.01–10 nmol, 10 μL stock solution in MQ water)
mixed with 0.2 M ammonium acetate buffer (87–88.5 μL, pH 6.0) and
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heated at 60 °C for 10–30 min with gentle shaking. The radiochemical
conversion (RCC) was determined using radio-TLC. The radio-TLC anal-
yses were performed on silica gel plates using 0.4 M sodium citrate
buffer (pH 4.0) as eluent. To quantify the radiochemical conversion
(RCC), the radioactivity peaks corresponding to the Tz-bound and free
unchelated 177Lu radioactivity were integrated. DOTA-Tz-bound 177Lu
was found at Rf = 0, while free 177Lu moved to Rf ~ 0.5 (Fig. S12). RCC
of the Tz labeling was defined as the ratio of Tz-bound radioactivity to
the sum of Tz-bound and unchelated radioactivities [57].

2.5. Radiolabeling of tetrazines with 225Ac

225Ac in dry nitrate form was redissolved in 4 M HNO3 and purified
with DGA as previously described [23]. 225Ac (2 μL, ~100 kBq) was
added to the DOTA-Tz chelates (0.01–1 nmol, 10 μL stock solution in
MQ water) mixed with 0.2 M ammonium acetate buffer (88 μL,
pH6.0) andheated at 85 °C for 30–60minwith gentle shaking. Likewise,
225Ac (2 μL, ~100 kBq)was added to themacropa-Tz (0.01–1 nmol, 10 μL
stock solution) mixed with 0.2 M ammonium acetate buffer (88 μL,
pH 6.0) and incubated at room temperature over 30 min. The RCC at
30min and 60min was assessed by radio-TLC on silica gel plates eluted
with 0.4 M sodium citrate buffer (pH 4.0), and RCC% was quantified as
described in Section 2.4.

Radio-TLC analyses were conducted at least 6 h after developing the
plates to allow 225Ac to reach equilibrium with its daughters (221Fr and
213Bi).

2.6. Estimation of accessible TCO loading of the TCO-pGlu polymer

Accessible TCO loading of the TCO-pGlu polymer was assessed by ti-
tration with 111In-labeled tetrazine 3.

The labeling of 3 with 111In was performed as described previously
with minor modifications [54]. Briefly, [111In]InCl3 in HCl was mixed
with ammonium acetate buffer (pH 5.5), then 3 (2–5 nmol, 2–5 μL
stock solution in MQ water) was added, and the mixture was heated
at 60 °C for 5 min with gentle shaking. The radiochemical conversion
was determined using radio-HPLC. Aeris Widepore C4 3.6 μm
150 × 4.6 mm column was eluted with a gradient of MeCN (solvent
B) in water (solvent A) with 0.1% TFA in both solvents. Gradient condi-
tions: 0–1min – 5% B, 8–9min – 75% B, 9.5–10min – 5% B. The flow rate
was set at 1.5 mL/min. Representative chromatogram of [111In]3 is
shown in Fig. S13.

Aliquots of [111In]3 (20 nmol/mL solution)weremixedwith aliquots
of TCO-pGlu solution (0–40 μg/mL inwater), incubated at room temper-
ature for 30 min and analyzed by radio-TLC on polyethyleneimine-
cellulose plates eluted with 0.1 M sodium citrate (pH 8.4). Under these
conditions, [111In]3 moves to Rf ~ 0.7–0.9. The major part of [111In]
pGlu remains at Rf = 0, but some percentage travels to higher Rf,
hence complete separation of [111In]3 from [111In]pGlu is not possible.
Therefore, the TCO loading of TCO-pGlu was estimated by finding the
concentration of TCO-pGlu at which the fraction of radioactivity at
Rf = 0 ceased to grow. This concentration results in full consumption
of [111In]3, hence the accessible concentration of TCO is 20 nmol/mL.

2.7. Radiolabeling of TCO-modified pGlu with 177Lu or 225Ac

TCO-modified pGlu stock solution at the concentration of 1 mg/mL
(~1.3 mM TCO) was prepared in PBS. Solutions of crude 177Lu or
225Ac-labeled Tz derivatives (180–270 μL) were mixed with TCO-
modified pGlu (20–30 μL from stock solution) and incubated at room
temperature for 30 min. The molar ratio of TCO-pGlu to Tz was 10:1
and 25:1 for labeling with 177Lu and 225Ac, respectively.

Radiolabeled TCO-pGlu was purified by passing through PD-10 de-
salting column to remove the unreacted radiolabeled Tz and unchelated
free radiometals. Unreacted radiolabeledDOTA-Tz and unchelated 177Lu
and/or 225Ac were assumed to be retained on the column. PD-10
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columnswere elutedwith PBS, two 1000 μL fractions and six 500 μL frac-
tions were collected. The isolated radiochemical yield (RCY) was calcu-
lated as the ratio of radioactivity found in fractions 5 and 6 (both 500 μL)
to the total radioactivity in all fractions collected and retained on the col-
umn (Figs. 3C and 4C) [57]. RCC of the click reaction was calculated as
the ratio of the isolated RCY for [177Lu/225Ac]pGlu to the average RCC
of the [177Lu/225Ac]Lu/Ac-DOTA-Tz samples used for the click reaction
(Figs. 3D and 4D).

2.8. In vitro stability assay

177Lu-labeled pGlu (150 μL, 40–70 kBq) or 225Ac-labeled pGlu
(150 μL, 5–8 kBq) was mixed with an equal volume of human serum
(150 μL) and incubated at 37 °C with gentle shaking. Aliquots
(10–20 μL) were withdrawn at various time points (from 1 h until
seven days after the assay start) and analyzed by radio-TLC (SiO2 plates
elutedwith 0.4M citrate buffer pH4.0). Experimentswere performed in
duplicate.

3. Results

3.1. TCO-pGlu reactivity toward [111In]3

The accessible TCO loading of the TCO-pGlu polymer determined by
the titration with [111In]3 was 0.93 nmol/μg (Fig. S14), which corre-
sponds to 72% of the nominal TCO loading (1.29 nmol/μg) calculated
from the chemical structure of the polymer.

3.2. Radiolabeling of TCO-modified pGlu with 177Lu

Radiolabeling of DOTA-conjugated Tz chelates with 177Lu
(0.3–0.7 MBq) was optimized over a chelator concentration range
from 10−7 to 10−4 M and a reaction time of 10 to 30 min using DOTA-
Tz 2 as a model. Chelation RCCs increased sharply as the concentration
of 2was raised from 10−6 M to 10−4 M, while prolongation of the reac-
tion to 30 min stabilized the RCC values (Fig. 3A). Therefore, DOTA-Tz
concentration of 3 · 10−5 M and reaction time of 15 min were chosen
as optimal. All DOTA-Tz chelateswere radiolabeledwith 177Lu at the op-
timized conditions (pH 6.0, chelator concentration of 3 · 10−5 M,
15 min, 60 °C). Chelation RCCs varied from 78 ± 29% (n = 5) for
[177Lu]2 to 96 ± 1% (n = 3) for [177Lu]5. Heptadentate DOTA-Tz che-
lates (1, 2 and 3) and octadentate ones (4 and 5) showed comparable
RCC. We did not observe any effect of PEG linker on 177Lu3+ chelation
efficiency for heptadentate and octadentate chelates (Fig. 3B).

177Lu-labeling of TCO-modified pGlu resulted in isolated RCYs rang-
ing from 31% to 55% for different DOTA-Tz chelates (Fig. 3C). Calculated
RCCs for the click reaction ranged from 44% to 57% (Fig. 3D). The most
efficient labeling of TCO-pGlu, both in terms of isolated RCY and RCC,
was achieved with [177Lu]3 (55% and 57%, respectively). For
heptadentate [177Lu]Lu-DOTA-Tzs 1 and 2, the activity eluted from the
PD10 column peaked in later fractions compared to other DOTA-Tz
(Fig. 3E).

The radiochemical purity of all the purified 177Lu-labeled pGlu were
>99% as confirmed by radio-TLC.

3.3. Radiolabeling of TCO-modified pGlu with 225Ac

Initial optimization of 225Ac-labeling of DOTA-conjugated Tz che-
lates was performed using 2 as a model. In the chelator concentration
screen (10−7–10−5 M), only the highest investigated concentration
gave RCC higher than 50% after 60 min reaction at 85 °C (Fig. 4A). Che-
late concentration screen for the macropa-Tz 6 at ambient temperature
and 30min reaction time produced a very similar trend (Fig. 4A). There-
fore, the chelate concentration for both DOTA-Tzs and macropa-Tz was
fixed at 10−5 M. Radiolabeling of DOTA-Tzs, 1–5, was then investigated
at 30 and 60 min reaction time (Fig. 4B). At both reaction times, DOTA-



Fig. 3. Radiolabeling of TCO-functionalized pGlu with 177Lu. (A) Relationship between chelation RCC (%), concentration of 2 and reaction time (n= 2). The results are reported as mean± SD
(B)RCC (%) ofDOTA-Tz chelates1–5under optimized chelation conditions (15min reaction time, n=3 for 1,3,4,5, andn=5 for2). The results are reported asmean±SD. (C) IsolatedRCY (%
of 177Lu-labeled pGlu preparedwith different DOTA-Tz chelates. (D) Calculated RCC (%) of the click reactions between 177Lu-DOTA-Tzs and pGlu-TCO. (E) Elution profiles for 177Lu-labeled pGlu
Percentage of total radioactivity collected per fraction plotted against cumulative eluent volume (mL). Radiolabeling of pGlu was performed once with each 177Lu-DOTA-Tz (n = 1).
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Tz derivatives with a PEG linker ([225Ac]2 and [225Ac]5) showed lower
and more variable RCCs compared to Tzs without a linker ([225Ac]1
and [225Ac]4). Prolonging the reaction time 60 min provided more ro-
bust RCCs for [225Ac]2 (78 ± 26% at 60 min vs 48 ± 39% at 30 min)
and [225Ac]5 (61 ± 34% at 60 min vs 23 ± 21% at 30 min), while the
RCCs for linker-free [225Ac]1 and [225Ac]4 were nearly quantitative
(Fig. 4B). Average chelation RCC for DOTA-Tz [225Ac]3 was somewhat
lower at 60 min (88 ± 19%, n = 6) than at 30 min (99 ± 1%, n = 2).
No considerable difference could be observed between chelation RCCs
for octadentate and heptadentate DOTA-Tzs. Chelation RCC for
macropa-Tz [225Ac]6 was nearly quantitative.

225Ac-labeling of TCO-pGlu with methyl-Tz-DOTA chelates (1, 2, 4,
and 5) resulted in isolated RCYs of 28–51% (Fig. 4C) and calculated
click RCCs of 42–76% (Fig. 4D). DOTA-Tzs with a PEG linker, [225Ac]2
and [225Ac]5, provided higher RCCs (59% and 76%, respectively) than
DOTA-Tz without a linker [225Ac]1 (RCC 52%) and [225Ac]4 (RCC 42%).
However, the isolated RCYs of 225Ac-pGlu were still higher for linker-
free Tzs (RCCs 51%, 42%, 33% and 28% for [225Ac]1, [225Ac]4, [225Ac]2
and [225Ac]5, respectively). The purification of 225Ac-pGlu obtained by
clicking 225Ac-radiolabeled bispyridyl-Tz-DOTA, [225Ac]3, to pGlu-TCO,
produced an elution profile only marginally different from a negative
control experiment using crude [225Ac]3 (Fig. 4E). Both isolated RCY
and calculated click RCC equaled 20%. For [225Ac]6-pGlu obtained from
the macropa-Tz [225Ac]6, both isolated RCY and RCC were 42%.

[225Ac]1-pGlu, [225Ac]3-pGlu, [225Ac]4-pGlu, and [225Ac]6-pGlu
were obtainedwith radiochemical purity of >95% based on the integrity
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assessment by radio-TLC. The radiochemical purity of [225Ac]2-pGlu and
[225Ac]5-pGlu were 88% and 65%, respectively.

3.4. In vitro stability of pGlu

Incubation of 177Lu-labeled pGlu in 50% human serum at 37 °C
showed excellent retention of the 177Lu nuclide. TLC analyses detected
<5% transchelation of 177Lu for all 177Lu-pGlu preparation over seven
days with only one exception: being 177Lu-pGlu-TCO prepared from
DOTA-Tz [177Lu]1, which showed ~15% unchelated 177Lu on the 7th
day of the incubation (Fig. 5A).

225Ac-labeled pGlu, polymer conjugates prepared with DOTA-Tz
[225Ac]1, [225Ac]2, [225Ac]3 and [225Ac]4 showed stable retention of
225Ac: >90% of 225Ac (>88% for [225Ac]2-pGlu) remained chelated
over six days. pGlu labeled with [225Ac]5 contained only 72% chelated
225Ac at the start of the incubation, but did not decrease over the course
of the assay. [225Ac]6-labeled pGlu contained virtually no free 225Ac at
the beginning of the assay but showed a steady release of 225Ac over
the course of the incubation – up to 37% after six days (Fig. 5B).

4. Discussion

In this study, we report the radiolabeling of chelator-modified Tzs
with therapeutic radioisotopes 177Lu and 225Ac and their subsequent
use for the preparation of 177Lu and 225Ac-labeled polypeptide pGlu
via Tz-TCO ligation. The radionuclide 225Ac has gained increasing



Fig. 4. Radiolabeling of TCO-functionalized pGlu with 225Ac. (A) Relationship between chelation RCC (%), concentration of 2 or 6 and reaction time (n = 2). The results are reported a
mean ± SD. (B) RCC (%) of Tz chelates at 10−5 M concentration, 85 °C (1–5) or ambient temperature (6) and reaction time of 30 and 60 min. The results are reported as mean ± SD
(C) Isolated RCY (%) of 225Ac-labeled pGlu prepared with different chelates. (D) Calculated RCC (%) of the click reactions between 225Ac-labeled Tzs and pGlu-TCO. (E) Elution profiles
for 225Ac-labeled pGlu. Percentage of total radioactivity collected per fraction plotted against cumulative eluent volume (mL). Radiolabeling of pGlu was performed once with each
225Ac-Tz (n = 1).
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attention due to its decay characteristics and successful clinical results of
225Ac-PSMA-617 for treating advanced, metastatic castrate-resistant
prostate cancer [58,59]. 225Ac-labeled immunoconjugates were previ-
ously synthesized using a similar approach for targeted alpha radioim-
munotherapy by Poty et al. [35]. However, the use of Tz-TCO ligation
for 177Lu and 225Ac labeling of engineered polymers, which could be
used as radiopharmaceuticals for radionuclide therapy, has not been re-
ported so far. TCO-functionalized pGlu polymer used in this study was
previously shown to have excellent tumor retention upon intratumoral
injection [49]. Similar TCO-functionalized pGlu polymers, with pSar
strands grafted onto the pGlu backbone, showed highly efficient EPR-
mediated tumor targeting [50].
Fig. 5. In vitro stability of 177Lu-pGlu (A) and 225Ac-pGlu (B) in human serum based on radio-TLC analysis. The experiments were performed in duplicate and are reported as mean ± SD
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An important advantage of engineered polymers over antibodies is that
the number of TCO groups can be varied more widely to control the
IEDDA ligation kinetics and radionuclide load [60]. For example, Rossin
et al. demonstrated that increased hydrophobicity resulting from exten-
sive TCO-modification of the antibody CC49 was detrimental to its per-
formance in IEDDA-based pretargeting [61]. Furthermore, additional
functionalities on pGlu could allow for multimodal imaging and thera-
nostic applications [62–67]. In this work we deliberately used an excess
of TCO-pGlu (10–25-fold) relative to chelator-Tz in order to leave most
of TCO moieties intact. These extra TCOs can be used to attach imaging
probes or extra therapeutic payload for combination therapy either be-
fore the intratumoral injection or after it by means of pretargeting. For
.
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example, Tz-drug conjugates releasing drugs upon TCO-Tz click are al-
ready known [68].

Almost all DOTA-modified Tz derivatives efficiently chelated
177Lu resulting in average RCC of >80% (Fig. 3B). The lowest average
RCC was observed for [177Lu]2 (78 ± 29%, n = 5), which is more
likely the result of greater RCC variance that manifested itself
when more independent labeling experiments were performed.
Heptadentate (1–3) and octadentate (4–5) DOTA-Tzs showed com-
parable chelation RCCs.

Isolated RCYs for 177Lu-labeled pGlu-TCO conjugates were 40% or
more for 4 out of 5 investigated [177Lu]Lu-DOTA-Tzs (Fig. 3C). Calculated
RCCs for the click reactions between crude [177Lu]Lu-DOTA-Tzs and
pGlu-TCOpolymerwere on the order of 50%, i.e. only half of the chelated
177Lu radioactivity could be isolated in the form of 177Lu-labeled poly-
mer (Fig. 3D). This might be evidence of partial loss of click reactivity
by the DOTA-Tzs during the labeling, but is possibly also due to insuffi-
cient recovery of the pGlu-TCOpolymer from the PD10 sorbent. [177Lu]3
showed the most efficient conjugation to TCO-pGlu among 177Lu-
labeled DOTA-Tz chelates used in this study.

The RCCs for 225Ac chelation by DOTA-Tzs (Fig. 4B) were lower and
more variable than for 177Lu chelation. This can be due to 225Ac being
more difficult to chelate than 177Lu and to the fact that theDOTA-Tz con-
centration selected for 225Ac experiments was 3-fold lower than the
concentration used for 177Lu experiments (1 · 10−5 M and
3 · 10−5 M, respectively). In particular, chelation RCCs for DOTA-Tzs
with a PEG linker (2 and 5) were considerably lower than for structur-
ally related linker-free DOTA-Tzs (1 and 4, Fig. 4B). One could argue
that, contrary to our expectations before the study, the PEG chain in 2
and 5 might sterically hinder the chelation of 225Ac by DOTA instead of
preserving its chelating properties by moving the Tz moiety farther
away. However, DOTA-Tz 3, with a much longer PEG linker compared
to 2 and 5, showed chelation RCCs similar to 1 and 4. In contrast to
DOTA-Tzs, macropa-Tz (6) showed excellent chelation of 225Ac at ambi-
ent temperature after 30min (RCC of >98%).Macropamaintains a large
macrocyclic cavity suitable for the 225Ac3+ ion (1.12 Å; CN=6) andwas
reported to be a highly promising chelate compared to DOTA [21,69].

As a consequence of lower chelation RCCs for 225Ac compared to
177Lu, isolated RCYs of 225Ac-labeled pGlu-TCO conjugates exceeded
40% for only 3 out of 6 225Ac-labeled chelator-Tzs (Fig. 4C). As with
[177Lu]Lu-DOTA-Tzs, only about half of the chelated 225Ac activity, on
average, could be isolated as 225Ac-labeled polymer. An outlier in this re-
gardwas [225Ac]3, which showed click RCC of only 20% (Fig. 4D), despite
having an almost quantitative chelation RCC. One possible explanation
of this finding is that [225Ac]3 could become partially decomposed and
lose its click reactivity during prolonged incubation at high temperature
(60min at 85 °C) required for 225Ac chelation of DOTA. This explanation
is indirectly supported by previous studies, where bispyridyl-Tzs such as
3was reported to be more reactive but less stable compared to methyl-
Tzs such as 1, 2, 4 and 5 [70]. Another explanation could be that [225Ac]3,
having a relatively high molecular weight (~2 kDa), could not be effi-
ciently separated from the corresponding [225Ac]3-pGlu conjugate by
the PD10 column. Another outlier is [225Ac]5, which showed an unusu-
ally high click RCC (76%, Fig. 4D), but the purified [225Ac]5-pGlu conju-
gate was later found to contain 28% unchelated 225Ac. Summing up,
PD10 column purification did not work well enough for the isolation
of [225Ac]3-pGlu and [225Ac]5-pGlu conjugates.

All 177Lu-labeled pGlu conjugates showed excellent stability in
plasma – less than 5% unchelated 177Lu over six days (Fig. 5A). For
225Ac-labeled pGlu prepared from linker-free DOTA-Tzs ([225Ac]1-pGlu
and [225Ac]4-pGlu), as well as for [225Ac]3-pGlu prepared from the
extra-long-linker DOTA-Tz, [225Ac]3, unchelated 225Ac content stayed
below 10% over six days of incubation (Fig. 5B). For another DOTA-Tz
with a PEG linker, [225Ac]2, the corresponding pGlu conjugate was less
pure (~12% unchelated 225Ac), but did not release any more 225Ac dur-
ing the incubation in plasma. For the DOTA-Tz conjugate with the
highest content of unchelated 225Ac, [225Ac]5-pGlu, no further
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degradation could be detected throughout the duration of the stability
assay. Thus, there seemed to be no difference between the stability of
heptadentate and octadentate DOTA complexes of 177Lu and 225Ac.
[225Ac]6-pGlu conjugate prepared from the macropa-Tz [225Ac]6
showed measurable loss of 225Ac activity over six days in plasma, with
unchelated 225Ac content reaching 37% on day 6 (Fig. 5B). Therefore, al-
though the macropa chelator showed efficient 225Ac chelation at much
milder labeling conditions compared to DOTA, its ability to retain
225Ac was clearly inferior to DOTA in our study.

5. Conclusion

We investigated the radiolabeling of the chelator-modified Tz deriv-
atives with 177Lu and 225Ac, and their IEDDA conjugations to TCO-
modified pGlu. Efficient chelation of 177Lu (RCC > 80%) was achieved
with all DOTA-modified Tz derivatives except one. Efficient chelation
of 225Ac was achieved with linker-free DOTA-Tz derivatives (1 and 4)
as well as with macropa-Tz 6. The latter did not require heating for the
chelation of 225Ac. No difference in chelation efficiency between
heptadentate and octadentate DOTA were observed.

Conjugation of 177Lu and 225Ac labeled Tzs produced radiolabeled
polymer conjugates in acceptable RCYs of up to 55% (over two steps).
Radiolabeled 177Lu-pGlu conjugates obtained from all DOTA-Tzs and
225Ac-pGlu conjugates obtained from linker-free DOTA-Tzs showed ex-
cellent stability in human plasma.

The results obtained herein are promising and indicate the advan-
tage of using Tz-TCO ligation for the radiolabeling of pGlu with 177Lu
and 225Ac. Further in vitro cell uptake and in vivo evaluation of the pre-
pared 177Lu-pGlu and 225Ac-pGlu conjugates are being planned in order
to demonstrate their value as radiotherapeutic agents.
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