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and photo-triggered release of
ready-to-inject radiopharmaceuticals from the
solid phase†

Dariusz Śmiłowicz,a Shawn Eisenberg,a Shin Hye Ahn, a Angus J. Koller,a

Philip P. Lampkinb and Eszter Boros *a

The efficient, large-scale synthesis of radiometallated radiopharmaceuticals represents an emerging clinical

need which, to date, is inherently limited by time consuming, sequential procedures to conduct isotope

separation, radiochemical labeling and purification prior to formulation for injection into the patient. In

this work, we demonstrate that a solid-phase based, concerted separation and radiosynthesis strategy

followed by photochemical release of radiotracer in biocompatible solvents can be employed to prepare

ready-to-inject, clinical grade radiopharmaceuticals. Optimization of resin base, resin loading, and

radiochemical labeling capacity are demonstrated with 67Ga and 64Cu radioisotopes using a short model

peptide sequence and further validated using two peptide-based radiopharmaceuticals with clinical

relevance, targeting the gastrin-releasing peptide and the prostate specific membrane antigen. We also

demonstrate that the solid-phase approach enables separation of non-radioactive carrier ions Zn2+ and

Ni2+ present at 105-fold excess over 67Ga and 64Cu by taking advantage of the superior Ga3+ and Cu2+

binding affinity of the solid-phase appended, chelator-functionalized peptide. Finally, a proof of concept

radiolabeling and subsequent preclinical PET-CT study with the clinically employed positron emitter
68Ga successfully exemplifies that Solid Phase Radiometallation Photorelease (SPRP) allows the

streamlined preparation of radiometallated radiopharmaceuticals by concerted, selective radiometal ion

capture, radiolabeling and photorelease.
Introduction

Radiopharmaceuticals enable non-invasive patient diagnosis
and development of personalized treatment strategies for a vast
number of clinical patients globally.1–3 Consequently, there is
growing demand to develop scalable, versatile, rapid, high-
yielding chemical syntheses of radiopharmaceuticals.4,5 Radio-
nuclides for nuclear medicine applications require purication
following their nuclear synthesis to separate them from the
target material, before they can be employed in radiosynthesis
and purication prior to dose preparation.6,7 Second, due to the
short isotope half-life of many such radioisotopes of interest,
radiochemical synthesis needs to be fast, simple and modular,
while producing the target radiopharmaceutical in high chem-
ical yield, purity andmolar activity.8,9 To date, this is achieved by
a time-consuming, multi-step process that results in decay of
ersity, 100 Nicolls Road, Stony Brook, NY

ok.edu

onsin-Madison, Madison, WI 53705, USA

(ESI) available: Detailed experimental
HPLC results; characterization of
ET/CT imaging results. See DOI:

050
a signicant fraction of the radionuclide prior to its use for the
patient.10,11

As a consequence, radiosynthesis strategies that could
condense multiple steps into a simple, timesaving one-pot
procedure are desirable. We argued that isotope capture,
separation, and tracer synthesis should feasibly occur at once,
followed by efficient release of the target radiopharmaceutical
in a ready-to-inject form.12 This is inherently difficult to
implement, especially for the radiolabeling with metal-ions and
metalloids, which are usually separated under highly acidic
conditions (2–12 M HCl)13,14 from their parent nuclide using
ion-exchange chromatography but subsequently require much
milder, aqueous radiosynthesis conditions for stable chelate
formation.15–17 Specically, bifunctional chelators, peptides and
biomolecules utilized as disease-specic targeting vectors typi-
cally require a pH range of 4–8 to form stable complexes.18–22

To enable the concerted separation and labeling with radi-
ometals, we proposed the immobilization of a radiopharma-
ceutical synthesis precursor comprised of a chelator linked
peptide appended to a water-compatible solid-support with
a photo-labile amino acid. We drew inspiration from solid-
phase synthesis approaches of metal-based drugs and the
clinical, solid-phase based radiosynthesis 131I-MIBG,23,24 and
recently reported photochemical radiosynthesis strategies.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Photo-triggered radiolabeling strategies. (A) Prior work relies on multi-step preparation of radiopharmaceuticals and employs photo-
chemistry as means for selective bond formation. (B) Our approach utilizes photochemical bond cleavage as means to release the ready-made
radiopharmaceutical into solution directly amenable to in vivo injection.
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Photochemistry is an emerging radiosynthesis tool that
produces no signicant in-solution impurities or waste mate-
rials while remaining compatible with high-throughput and
automation procedures prevalent in the routine production of
radiopharmaceuticals.25,26 Indeed, photochemical radiosyn-
thesis has previously enabled bond-formation strategies that
produce radiouorinated arenes using photoredox catalysis,27

photoreactive substrate mediated substitution with radio-
uoroalkenes28 and photochemical protein ligation of radio-
metal chelates (Fig. 1A).29

Here, we report the development, optimization, and valida-
tion of Solid Phase Radiometallation and Photorelease (SPRP),
a modular radiosynthesis approach of radiometal-based radio-
pharmaceuticals. The already broadly applied, photochemically
triggered release of peptides from solid support using 3-amino-
3-(2-nitrophenyl)propionic acid (Anp)30–32 has been extensively
validated for applications ranging from on-bead analysis of
peptide sequences using MALDI to the selective capture of Cr6+

ions in drinking water.33 Other accounts report successful
implementation of the photochemical cleavage of linkers and
core peptides for concerted synthesis applications.34–36 We
argued that the traceless nature of the photochemical amide
bond cleavage of the Anp amino acid was especially well suited
to the selective release of a radiolabeled construct into
a biocompatible liquid phase such as phosphate buffered saline
(PBS) with 0–20% EtOH additive (Fig. 1B).

To this end, we designed a short, chelator-linked model tri-
peptide to optimize resin attachment, radiolabeling volume,
activity scope and photocleavage with radioactive Positron
Emission Tomography (PET) or Single Photon Emission
Computed Tomography (SPECT) radionuclides 67Ga, 68Ga and
64Cu. Subsequently, we synthesized two chelator-linked
peptides with dened, clinically relevant peptide sequences
using a pre- and post-synthetic resin linkage strategy. We
© 2023 The Author(s). Published by the Royal Society of Chemistry
demonstrated that efficient radiochemical labeling of both
constructs was feasible under previously established condi-
tions. Additionally, we show that SPRP can efficiently exploit the
differences in pH-dependent speciation of metal ion chelation
to selectively capture 67Ga and 64Cu isotopes in presence of a 5-
orders of magnitude excess of stable Zn2+ and Ni2+ isotopes. As
a proof-of-concept, we (1) demonstrate that SPRP efficiently
produces a 68Ga-labeled radiopharmaceutical with successful
subsequent validation in a preclinical animal model and (2)
performs favorably in comparison with in-solution radio-
labeling strategies using unprocessed, large 68Ge/68Ga gener-
ator eluates.
Results and discussion
Initial validation and optimization

To probe, validate and optimize the SPRP concept, we hypoth-
esized that a short model peptide sequence appended to
various, water compatible resin materials could serve as an
ideal surrogate for future proof-of-concept radiopharmaceuti-
cals. Initial screening criteria for this phase included: feasibility
of synthetic approach and resin attachment, radiochemical
purity of the labeled, photoreleased product, as well as the
inuence of reaction volume, reaction time and distance to the
photon source on radiochemical and photocleavage yield.

We prepared the model peptide NOTA-Aca-Q-W (10). The
peptide included a chelator 1,4,7-triazacyclononane-triacetate
(NOTA) linked via a short aminocaproic (Aca) linker to two
amino acids for enhanced solubilization (Gln) and visualization
(Trp) of the corresponding product following Anp-mediated
photochemical release from the solid support. To enable
selective, orthogonal deprotection and post-synthetic loading
onto various resin materials, we pursued a two-resin synthesis
approach: 3-amino-3-(2-nitrophenyl)propionic acid (Anp) as
Chem. Sci., 2023, 14, 5038–5050 | 5039

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc06977f


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 4

/6
/2

02
6 

1:
14

:5
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a photosensitive moiety was synthesized on 2-chlorotrityl resin
(CTC) using standard solid-phase peptide synthesis (SPPS)
strategies. We linked using an aminocaproic acid linker with
the orthogonally bis-protected NOTA chelator to afford pro-
tected NOTA(tBu)2-Aca-Q-W-ANP-H following mild, acid medi-
ated resin bond cleavage. The terminal carboxylic acid of this
construct was activated with N-hydroxysuccinimide (NHS) in
solution, followed by removal of orthogonal protecting groups
to produce NHS-Anp-10. Following reverse-phase chromato-
graphic purication, NHS-Anp-10 was loaded onto three
different water-compatible amine functionalized resins: tenta-
gel, agarose-based and anion-exchange resin (Fig. 2B).
Successful resin loading of Anp-10 was conrmed by photo-
cleavage at 365 nm followed by spectroscopic quantitation and
mass spectrometric conrmation of the desired NOTA-Aca-Q-W
(10) product (see ESI†).

With these compounds in hand, we conducted a rst vali-
dation of the SPRP strategy. As a surrogate for the clinical PET
isotope 68Ga (t1/2 = 1.1 h), we utilized the longer-lived SPECT
isotope 67Ga (t1/2 = 79 h) to probe and optimize reaction
parameters. Batch radiolabeling followed by photocleavage
(Fig. 2A) was conducted with 50 mCi of 67Ga at room temperature
using typical radiolabeling conditions at pH 5 (10 mM sodium
acetate). To determine radiolabeling yields, we monitored
retention of radioactivity on the resin versus ltered solution at
different time points (Fig. 2D). High radiolabeling yields (RY,
dened herein as activity retained on the resin following
ltration for SPRP experiments, or isolated radiolabeled
product obtained by direct, in-solution radiolabeling) were
Fig. 2 (A) Reaction scheme of prototype solid phase model construct
using 3 different resin material approaches (anion-exchange, agarose-b
filtrate following photocleavage showing >99% purity of the desired produ
in dependence of reaction volume and reaction times for different resin m
and photocleavage performance (10 nmol peptide), while all resins exhi
dependence of LED photon source to reaction vessel distance for 10 min
yield. Yields reported as an average of n = 3 reactions.

5040 | Chem. Sci., 2023, 14, 5038–5050
observed for all solid support materials within 10 min. Non-
functionalized resin exhibited negligible non-specic binding
of activity below 5% (ESI,† Fig. 2D, time point t = 0 min).
Further extension of the solid-phase radiolabeling time resulted
in only marginally increased radiolabeling yield, giving >90%
RY within 30 min for all solid supports.

We next probed the selective photocleavage of the radio-
labeled peptide 67Ga-10 from solid support. Following removal
of the radiolabeling solution and buffer, the resin was sus-
pended in 300 mL 1 : 9 EtOH/water and photocleavage was
initiated using a custom 3D printed photoreactor with 3 light-
emitting diode (LED) 365 nm photon sources, previously vali-
dated for in solution photochemistry and outtted with
a syringe bed (Fig. S1†).37 All photocleavage reactions were
conducted using a shaker bed to ascertain uniform mixing and
irradiation of the suspended solid support. This additional
reaction step was quantied separately for its yield, described as
photocleavage yield (PCY). PCY was determined by activity
eluted from the resin following photocleavage, divided by
initially resin-retained (chelated) radioactivity. 10 min photo-
cleavage gave moderate photochemical yield (PCY) of approxi-
mately 20%, with photochemical yields increasing following
longer irradiation times of 20 to 30 minutes, albeit results
varied signicantly in the dependence of the solid support:
agarose and anion exchange resins performed moderately,
while tentagel resin providing most efficient photorelease (60%
aer 30 minutes). Separation of solid support via ltration
produced the desired product 67Ga-NOTA-Aca-Q-W (67Ga-10)
with >99% radiochemical purity (Fig. 2D). We subsequently also
designed for 67/68Ga isotopes, 67Ga(NOTA)-Q-W-NH2 model peptide
ased and tentagel). (B) Analytical radio HPLC chromatogram of crude
ct with all resin materials tested. (C) Radiochemical and photocleavage
aterials (D) indicate that tentagel resin showsmost robust radiolabeling
bit negligible non-specific binding (time 0). (E) Photocleavage yield in
photocleavage. RY: radiolabeling yield. PCY: photochemical cleavage

© 2023 The Author(s). Published by the Royal Society of Chemistry
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probed distance effects to the LED light source and found that
photocleavage yields aer 10 minutes could be dramatically
increased to 50% if a distance of 5 mm or less was used between
reaction vessel and LED (for further detail see ESI†).

We also probed other parameters with possible inuence on
the reaction time and yield. For instance, resin-based chemistry
typically requires swelling of the resin prior to conducting
chemical reactions and extensive washing steps prior to
subsequent chemical reactions. However, when we compared
performance of dry resin, we found that pre-conditioning by
swelling and post-labeling step washing protocols had no
signicant inuence on the observed radiochemical and
photochemical cleavage yields (see ESI Fig. S39†). This is
advantageous as it further reduces the time required to conduct
radiolabeling with the SPRP approach. We concluded that the
sample peptide affixed to tentagel resin performed consistently
best among all tested resin materials with robust radiolabeling
and subsequent photochemical cleavage.
SPRP for clinical tracer synthesis

We next sought to conrm the feasibility of SPRP by conducting
the concerted radiosynthesis of established and clinically
translated pharmaceuticals. To this end, we constructed two
Fig. 3 (A) Direct, single-resin loading strategy for 64Cu/67Ga-19, a pepti
resin loading strategy for 64Cu/67Ga-31, a peptide targeting the prostate-
of crude filtrates following photocleavage showing >99% purity of the des
crude filtrates following photocleavage showing >99% purity of the des
photocleavage yields for 67Ga-31 and 67Ga-19 demonstrate robust scala

© 2023 The Author(s). Published by the Royal Society of Chemistry
peptide sequences: bombesin (BBN), targeting gastrin-releasing
peptide receptor overexpressed in prostate, glioma and gastric
cancers, as well as a modied version of a peptide targeting the
prostate-specic membrane antigen (PSMA). Both peptides
have been used for the diagnostic imaging of disease in a clin-
ical setting using gallium and copper isotopes,38,39 and therefore
represented ideal constructs to further probe the feasibility of
SPRP.

The synthesis of tentagel appended BBN-NOTA and PSMA-
NOTA was conducted using two distinct strategies (Fig. 3):
direct, sequential resin loading (A) as well as a post-synthetic,
terminal resin loading strategy (B). While the direct resin
loading strategy was straightforward and produced the product
in high purity following photocleavage from tentagel, the post-
synthetic resin loading strategy (which had already been
successfully applied for compound 10, vide supra) remains the
strategy of choice for lower yielding solid phase syntheses that
require post-synthetic purication using chromatography, as
well as chemically sensitive sequences such as proteins which
are not compatible with comparatively harsh, acidic depro-
tection conditions typical for SPPS. Ultimately, both synthetic
approaches were successful in providing the Anp-linked
precursors 19 and 31 on tentagel resin in >99% chemical purity.
de targeting the gastrin-releasing peptide receptor. (B) Post-synthetic
specific membrane antigen. (C) Analytical radio-HPLC chromatogram
ired product 64Cu/67Ga-19. (D) Analytical radio HPLC chromatogram of
ired product 64Cu/67Ga-31. (E) Activity-dependent radiochemical and
bility. RY: radiolabeling yield. PCY: photochemical cleavage yield.

Chem. Sci., 2023, 14, 5038–5050 | 5041
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We subsequently tested radiochemical labeling efficiency,
radiochemical purity and photocleavage efficiency with two
radionuclides, 67Ga and 64Cu. The direct solid-phase radio-
labeling to produce 67Ga-31 resulted in high radiolabeling yield
(>85%) at pH 5.0 and incubation at room temperature, without
the need for any organic solvent additives. Similarly, high
radiolabeling yield (>88%) was obtained for radiolabeling with
64Cu using the same conditions, with radiolabeling yields
remaining >80% even aer only 20 minutes reaction time. In
accordance with optimized photocleavage conditions from
67Ga-10, we determined that while 60 min photoirradiation
produced a photocleavage yield of 60% for 67Ga-31 and 51% for
64Cu-31, the 10 min protocol resulted in 40% for 67Ga-31 and
41% for 64Cu-31 (Fig. 3). Overall, 64Cu-19 and 67Ga-19 were
synthesized in 15% over-all yield and >99% radiochemical
purity. Yield and purity were scalable, achieving molar activities
of 0.1 mCi nmol−1 with both isotopes (Fig. 3E).
Concerted ion separation and radiolabeling

As stated within the introduction section, we posited that the
SPRP method is especially well suited for concerted ion
separation/trace impurity removal and radiolabeling. To probe
this hypothesis, we investigated the tolerance of radiochemical
labeling yields to the presence of excess non-radioactive metal
ion, which could arise from residual parent target material or
decayed, stable isotope in solution (Fig. 4A). Presence of excess
64Ni with 64Cu (irradiation target and product) and excess 68Zn
with 68Ga (non-radioactive decay product and parent isotope)
can affect radiochemical labeling yields in the production of
Fig. 4 (A) Schematic description of concerted ion separation and radiol
(B) pH dependence of relative pM values of NOTA for Ga3+ and Zn2+; at ra
and 15.3 (pZn) respectively. (C) Radiolabeling and photocleavage yields fo
non-radioactive natZn carrier. (D) Radiolabeling and photocleavage yields
natNi carrier.

5042 | Chem. Sci., 2023, 14, 5038–5050
high molar activity radiopharmaceuticals; in fact, the build-up
of excess 68Zn following extended usage of the 68Ge/68Ga
generator is one of the main contributors of the generator
systems' limited lifetime in clinical radiopharmacies.

The efficient on-resin separation of metal ions requires the
resin material to exhibit different binding affinities for the ions
of interest.40,41 For the NOTA chelator, the Irving–Williams
series predicts higher binding affinity of the chelator for Cu2+

over Ni2+, as well as enhanced affinity for Ga3+ over Zn2+ due to
the difference in electrostatic interactions.42,43 Under typical
radiochemical labeling conditions that employ a 1000 : 1 ligand
to metal ratio, pM values can predict binding affinities at rele-
vant pH values (Fig. 4B and S40†). Indeed, at pH 5, NOTA
exhibits a pNi of 12.2, a pCu of 16.3, a pZn of 15.3 and a pGa of
22.6. This indicates that separation of Ni and Cu, as well as Zn
and Ga, should be feasible due to a >4 orders of magnitude
difference in affinity of NOTA to the metal ions of interest.
Indeed, when we conducted radiochemical labeling experi-
ments in presence of increasing amounts of non-radioactive
carrier for both isotopes, we observed that radiolabeling yields
were only affected once the binding affinity difference was
exceeded (104–105 excess carrier relative to radionuclide, Fig. 4D
and E and Tables S8–S10†). Quantication of trace metal ion
content using ICP-OES indicates that Zn elutes in the loading
fraction as long as the resin's binding capacity is not out-
competed. We note that use of a chelator with greater ion
selectivity than NOTA will further enhance separation capacity
of SPRP and prove especially useful for the separation of long-
lived, radioactive contaminants from complex parent isotope
mixtures.
abeling procedure with variable non-radioactive carrier concentration.
diolabeling pH and 100 : 1 ligand tometal ratio, pM values are 22.6 (pGa)
r the SPRP synthesis of 67Ga-19 in presence of increasing amounts of
for the SPRP synthesis of 64Cu-19 in presence of increasing amounts of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Optimized radiolabeling with 68Ga

To validate SPRP as an efficient strategy for preparation of
radiopharmaceuticals, we prepared and validated the 68Ga-
PSMA derivative 68Ga-31 with 68Ga sourced from a commercial
68Ge/68Ga-generator. To date, two 68Ga-based PET tracers have
reached FDA approval and utilize 68Ga provided predominantly
from the generator; the comparably large elution volumes
require fractionation and concentration of the eluted activity
using ion-exchange chromatography to ascertain high molar
activity (MA) radiolabeling in solution.44,45 Following radio-
labeling, the product is further puried with solid phase
extraction to remove unbound 68Ga. These steps are both time
consuming and can lead to additional loss of radioactivity
during separation and transfer. With SPRP, these steps can be
omitted, as concentration of activity, removal of trace metal
impurities and unbound 68Ga is achieved during the solid-
phase radiolabeling step.

We prepared 68Ga-31 by adaptation of our optimized
protocol (Fig. 5A). In brief, generator eluate was collected and
buffered to pH 5 using 1 M NaOAc buffer and loaded directly
onto the functionalized resin TG-Anp-31. Radiolabeling was
conducted at room temperature with 1.05 mCi 68Ga using 10
nmol peptide on resin. The radiolabeling step proceeded with
a high radiochemical (>80%) and moderate photocleavage yield
of 30% to produce the desired product 68Ga-31 with >99%
Fig. 5 (A) Schematic description of 68Ga radiolabeling procedure and co
coronal PET-CT image slice acquired 90 min post injection with 68Ga-31
localizes predominantly in the PSMA+ PC-3 xenograft on the right shoul
photocleavage showing >99% radiochemical purity (RCP) of the desired
PSMA-617 as the control. (D) Biodistribution data 2 hours after injection

© 2023 The Author(s). Published by the Royal Society of Chemistry
radiochemical purity and at 0.2 mCi nmol−1 molar activity
within 40 minutes of generator elution (Fig. 5A and B). No
further purication or separation was performed, and the
ltrate was used directly for subsequent in vitro and in vivo
experiments. Synthesis of 68Ga-31 using SPRP produced molar
activities comparable to those obtained using automated
synthesis procedures for clinically utilized 68Ga-
radiopharmaceuticals.46–48 Subsequent validation with cell
binding assays (Fig. 5C), PET-CT imaging (Fig. 5A, right) and
biodistribution analysis (Fig. 5D) demonstrated appropriate,
selective binding to cells expressing the PSMA target, with no
appreciable off-target binding or uptake indicative of free 68Ga.
Conclusively, 68Ga-31 synthesized using SPRP produces pre-
clinically viable radiopharmaceuticals with excellent target
localization and no signicant off-target uptake.
Comparison with in-solution 68Ga labeling

While a successful in vivo validation of SPRP with 68Ga eluted
from a typical, commercial generator is encouraging, it is
important to validate the performance of the solid-phase
method in the context of clinically validated compounds and
radiolabeling methods. To this end, we selected to compare the
performance of TG-Anp-31 with that of PSMA-617, a well-
established precursor for radiochemical labeling with various
isotopes, including 68Ga and 177Lu for the diagnostic and
rresponding in vivo studies along with timeline; far right image shows
produced using SPRP in a PSMA+/− mouse xenograft model; activity

der. (B) Analytical radio HPLC chromatogram of crude filtrate following
product 68Ga-31. (C) In vitro cell binding data for 68Ga-31 and 68Ga-
of 68Ga-31 in PC-3 PiP/Flu tumor-bearing mice (n = 5).
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therapeutic management of prostate cancer.49,50 A common
challenge of 68Ga-tracer production from generator eluate is the
issue of decreasing activity per volume of eluate as parent 68Ge
decays on aging generators, which ultimately limits the time
that corresponding generators can be utilized in the clinic.
Potential solutions to this issue have been developed and
include fractioned generator elution, secondary concentration
of eluate using ion-exchange chromatography and purication
of radiolabeling solutions using C18-reverse-phase chromatog-
raphy (if the 68Ga-tracer is sufficiently lipophilic to not co-elute
with unreacted 68Ga-chloride).51–54 These methods all require
additional time, handling, and processing of the eluted activity,
which reduces themaximum possible attainable, ready-to-inject
dose of the radiopharmaceutical and can increase radioactive
exposure to the operator.55

We conducted a head-to-head comparison of the SPRP
approach (Fig. 6A, top) with in solution radiolabeling (Fig. 6A,
bottom) using an “aged” generator with a usage time of >200
days aer installation. At time of experiments, produced
a maximum of 6 mCi in a single, 5 mL elution fraction or 2 mCi
by collection of 1 mL fractions (fractioned elution).55 Following
adjustment of pH, radiolabeling was conducted using both
approaches. As anticipated, in-solution labeling in large reac-
tion volumes does not proceed beyond 72% or 62% respectively
Fig. 6 (A) Schematic description of 68Ga radiolabeling procedure alon
procedure and 68Ga-PSMA-617 using standard in solution protocol fo
labeling solution comparing solid phase vs. in-solution radiolabeling. (C) N
solution radiolabeling. Yields reported as an average of n = 3 reactions.

5044 | Chem. Sci., 2023, 14, 5038–5050
(Fig. 6B and Table S9,† chromatographic traces shown in
Fig. S43 and S44†), whereas SPRP retains high radiolabeling
yields essentially independent of the reaction volume (Fig. 6B
and Table S10†). Subsequent purication steps result in
a terminal, non-decay corrected yield of 32% for the fractioned
elution method (22% non-fractioned) at the end of synthesis.
However, SPRP produced considerably improved, non-decay
corrected yields of 50% and 52% respectively (non-fractioned
and fractioned elution, Fig. 6C and Table S10†). Both proce-
dures produce comparable decay-corrected (d.c.) yields: 59%
(d.c.) for in solution labeling, 70% (d.c.) for SPRP – these values
are comparable to published, automated synthesis proce-
dures.56 However, effective product quantity of the target
radiopharmaceutical differs by a factor of 2 using manual
synthesis and purication, which was required for the solution-
phase labeling due to low radiochemical purity. Additionally,
considering that a typical 68Ga-PSMA-617 dose for clinical PET
imaging is 1.8–8 mCi,50 only the herein described SPRP method
would be able to produce sufficient clinical product from an
“aged” generator using both fractioned and non-fractioned
elution protocols. Lower activity injections at 1.3 mCi and
below have demonstrated that dose reduction is not feasible
without a negative impact on image quality and lesion detect-
ability.57 In context of recent supply chain issues involving the
g with timeline for synthesis of injection-ready 68Ga-31 using SPRP
llowed by secondary purification. (B) Radiochemical purity of crude
on-decay corrected, end-of radiosynthesis yields for solid phase vs. in-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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68Ge isotope, this could represent a promising approach to
extend the lifetime of currently installed clinical 68Ge/68Ga
generator systems.

Conclusions

We have successfully developed and validated a novel, solid-
phase approach to the synthesis of radiopharmaceuticals that
employ radiometals and radiometalloids. This method, termed
SPRP, utilizes selective capture of the radionuclide by a solid-
phase appended peptide chelator conjugate. Solid phase resin
material, radiochemical labeling and photochemical cleavage
conditions were optimized using a model peptide sequence,
followed by further validation using full-length targeted peptide
sequences and radiochemical labeling with gallium and copper
radionuclides. We successfully demonstrated that the capture
by chelation allows simultaneous radiochemical labeling and
selective removal of excess trace (metal) impurities, even from
large stock volumes. Subsequently, photochemical cleavage
from the resin provides target radiopharmaceuticals in a ready-
to-inject form with >95% radiochemical purity and excellent in
vivo performance in a preclinical mouse model. A subsequent
head-to-head comparison with in-solution labeling using large
reaction volumes directly obtained from a 68Ga-generator
demonstrates the potential of the SPRP method to enhance
clinical tracer production.

Future efforts are focused on improving the thus far
comparatively low-yielding photocleavage step, combined with
adaptation of SPRP for microuidic systems and exploration of
radiochemical labeling with other isotopes of imminent
biomedical interest. We hypothesize that the implementation of
a microuidics platform will not only further shorten the time
required for synthesis, but also increase yields for individual
reaction steps. The SPRP approach has the potential to accel-
erate and simplify selective metallation beyond the radio-
chemical synthesis of radiopharmaceuticals and provide
a versatile platform technology for the development of a large
class of metal-based pharmaceuticals.

Experimental section
Materials and methods

All starting materials were purchased from Acros Organics, Alfa
Aesar, Millipore Sigma or TCI America and used without further
purication. Fmoc-protected amino acids were purchased from
Bachem. NOTA-bis(t-Bu ester) compound was obtained from
Macrocyclics. Agarose beads, amine functionalized, were
purchased from NANOCS company. AmberLite® FPA66 Anion
Exchange Resin free base and TentaGel™ S-NH2 resins were
purchased fromMillipore Sigma. 67Ga-citrate was received from
Jubilant Radiopharma. 64CuCl2 was produced and received
from the University of Wisconsin, Medical Physics Dept.,
Madison, WI. Mass spectrometry: high-resolution ESI mass
spectrometry and MALDI-TOF MS was carried out at the Stony
Brook University, Center for Advanced Study of Drug Action
(CASDA). Inductively coupled plasma spectroscopy (ICP) was
performed on an Agilent Technologies ICP-OES (Model 5110). A
© 2023 The Author(s). Published by the Royal Society of Chemistry
10-point standard with respect to gallium or copper was used
and lines of best t were found with R2 of 0.999. UV-vis spectra
were collected with a NanoDrop 1 C instrument (AZY1706045).
High-Performance Liquid Chromatography (HPLC): semi-
preparative HPLC was carried out using a Shimadzu HPLC-
20AR equipped with a binary gradient, pump, UV-vis detector,
and manual injector on a Phenomenex Luna C18 column
(250 mm × 21.2 mm, 100 Å, AXIA packed). Method A (prepar-
ative puricationmethod). A= 0.1% TFA in water, B= 0.1% TFA
in MeCN. Gradient: 0–5 min: 95% A; 5–24 min: 5–95% B
gradient. Analytical HPLC analysis was carried out using a Shi-
madzu HPLC-20AR equipped with a binary gradient, pump, UV-
vis detector, autoinjector, and PMT/NaI-1′′ remote radio-
detector (for medium energy gammas) on a Phenomenex
Luna C18 column (150 mm × 3 mm, 100 Å). Method B
(analytical HPLC analysis). A= 0.1% TFA in water, B= 0.1% TFA
in MeCN with a ow rate of 0.8 mL min−1, UV detection at 220
and 270 nm. Gradient 0–2 min: 5% B; 2–14 min 5–95% B; 14–
16 min 95% B; 16–16.5 min 95–5% B; 16.5–20 min 5% B or with
Method C (radioanalysis). A = 0.1% TFA in water, B = 0.1% TFA
inMeCNwith a ow rate of 0.8 mLmin−1. Gradient 0–2min: 5%
B; 2–14 min 5–95% B; 14–16 min 95% B; 16–16.5 min 95–5% B;
16.5–20 min 5% B.
Synthesis of NOTA-Aca-Q-W-NH2 model peptide

The synthesis of the NOTA-Aca-Q-W-NH2 peptide (10) was
carried out manually on a 0.2 mmol scale using a 2-chlorotrityl
chloride resin (200 mg, 1.0 mmol g−1) (Scheme S1†). 2-Chloro-
trityl resin (CTC) was swollen in DCM (3 mL) and DMF (3 mL)
for 1 min three times each. (S)-3-(Fmoc-amino)-3-(2-
nitrophenyl)propionic acid (Anp) (312 mg, 0.60 mmol) was
coupled to the resin using N,N-diisopropylethylamine (DIEA)
(139 mL, 0.80 mmol) in DCM within 12 h. The Fmoc group was
subsequently removed by treatment of the resin with 20%
piperidine in DMF (3 mL) for 20 min. Subsequent amino acids
were coupled in the same manner until the short sequence
(QW) was assembled. The peptide was elongated by coupling
the Fmoc-Aca-OH (283 mg, 0.80 mmol) using PyBOP (208 mg,
0.40 mmol) as the coupling reagent in the presence of DIEA (139
mL, 0.80 mmol) within 24 h in DMF. The Fmoc group from N-
terminus was removed by treatment of the resin with solution
of 20% piperidine in DMF for 20 min. Next, NOTA-bis(t-Bu
ester) (166 mg, 0.40 mmol) was coupled to the free amine using
PyBOP (208 mg, 0.40 mmol) as coupling reagent in the presence
of DIEA (139 mL, 0.80 mmol) within 6 h. The resin-appended
protected NOTA-Aca-Q-W-Anp (Anp-10′) peptide (200 mg, 0.20
mmol) was treated with a 1% TFA in DCM to selectively cleave
the peptide from solid phase. Subsequently, the NHS active
ester of NOTA-Aca-Q-W-Anp (NHS-Anp-10′) was synthesized by
addition of excess of NHS (460 mg, 4.0 mmol) and EDC (621 mg,
4.0 mmol) as the coupling reagent in the presence of DIEA (1.40
mL, 8.00 mmol) within 16 h. Aer coupling, the activated
peptide was treated with a mixture of TFA/TIS/H2O (95%/2.5%/
2.5%) for 5 h in order to deprotect the side chain of the peptide.
Compound NHS-Anp-10 was puried by reverse-phase semi-
preparative HPLC and subsequently re-appended to tentagel
Chem. Sci., 2023, 14, 5038–5050 | 5045
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resin, agarose-based resin or ion-exchange resin. To this end,
each resin (100 mg, 0.26 mmol g−1) was swollen in DCM and
DMF. Next, the compound NHS-Anp-10 (27 mg, 0.03 mmol) was
coupled to three types of resin using DIEA (18 mL, 0.11 mmol) in
DMF within 12 h. Eventually, the resin was washed, dried and
stored until use. Synthesis of targeting peptides 19 and 31 is
described in details in ESI.† General methods of quantitation of
ligand in solution following cleavage from resin materials using
conventional TFA cleavage or photocleavage were conducted
using a spectrophotometric and quantitative chromatographic
method described in the ESI and Fig. S5 and S6.†

Fmoc deprotection. Fmoc deprotection was performed twice
by treating the Fmoc protected peptide with 2 mL of 20%
piperidine in DMF (each time 15 min). For the synthesis of all
compounds, the N-terminal Fmoc group was deprotected, and
aer each step the resin was washed with DMF (5 × 2 mL).

TFA cleavage. The resin was suspended in a mixture of TFA/
TIS/H2O (2 mL; 95 : 2.5 : 2.5, v/v/v) at room temperature for 6 h.
Then the resin was removed and the residual TFA solution
transferred to a 15 mL falcon tube and an ice cooled mixture of
Et2O/hexane (10 mL; 1 : 1 v/v) was added to precipitate the
peptide. The supernatant was removed aer centrifugation, and
the peptide pellets were washed twice with Et2O/hexane. The
crude peptide precipitate was re-dissolved in MeCN/H2O (1 : 1,
v/v) and lyophilized, followed by purication via semi-
preparative HPLC (Method A). Pure fractions were collected
and characterized by analytical HPLC and MALDI-TOF MS.

(11S,14S)-1-(4,7-Bis(2-(tert-butoxy)-2-oxoethyl)-1,4,7-tri-
azonan-1-yl)-14-((1-(tert-butoxycarbonyl)-1H-indol-3-yl)methyl)-
17-(2-nitrophenyl)-2,9,12,15-tetraoxo-11-(3-oxo-3-(tritylamino)
propyl)-3,10,13,16-tetraazanonadecan-19-oic acid (Anp-10′). The
intermediate Anp-10′ (50 mg, 0.12 mmol) was synthesized using
standard SPPS strategy on 2-chlorotrityl (CTC) resin using
procedures outlined in Scheme S1.† The product was isolated as
a colorless solid following deprotection and characterized using
mass spectrometry and HPLC chromatography. Yield: (0.023 g,
0.016 mmol, 14%). Rt (Method A): 13.4 min. 1H NMR of ANP-10
(400 MHz, D2O) d 7.94 (d, 1H, H30), 7.54–7.40 (m, 4H,
H24,27,28,29), 7.18 (t, 1H, H21), 7.08 (t, 1H, H20), 6.97–6.92 (m, 2H,
H22,23), 5.73 (t, 1H, H25), 4.66 (t, 1H, H18), 4.22 (t, 1H, H15), 3.84
(s, 4H, H1,4), 3.65 (s, 2H, H9), 3.25–3.04 (m, 15H, H19,10,2,3,5,6,7,8),
2.86–2.69 (m, 2H, H26), 2.26–1.92 (m, 6H, H16,17,14), 1.50–1.42
(m, 4H, H13,11), 1.28–1.23 (m, 2H, H12). 13C NMR of ANP-10 (100
MHz, D2O) d 177.72 (C1), 177.23 (C6), 173.76 (C22), 172.88 (C18),
172.18 (C37), 171.89 (C23), 170.16 (C12), 163.08 (C25), 162.73
(C25), 147.27 (C39), 135.98 (C38), 135.04 (C29), 134.30 (C42),
128.85 (C41), 127.66 (C43), 126.60 (C34), 124.84 (C40), 124.28
(C28), 121.93 (C31), 120.65 (C32), 119.35 (C32), 118.07 (C33),
117.74 (C33), 114.84 (C30), 111.99 (C30), 108.01 (C27), 58.29 (C2,5),
56.08 (C24), 54.11 (C11), 53.46 (C19), 50.32 (C3,4), 49.77 (C7,8,9,10),
45.88 (C36), 39.39 (C13), 39.12 (C13), 34.97 (C17), 30.95 (C21), 27.95
(C14), 26.92 (C20), 26.45 (C26), 25.55 (C15), 24.59 (C16). HR-ESI-MS
[M + H]+ calc. for C75H96N10O15 1377.7134, found 1377.7129.

Di-tert-butyl 2,2′-(7-((11S,14S)-14-((1-(tert-butoxycarbonyl)-
1H-indol-3-yl)methyl)-19-((2,5-dioxopyrrolidin-1-yl)oxy)-17-(2-
nitrophenyl)-2,9,12,15,19-pentaoxo-11-(3-oxo-3-(tritylamino)
propyl)-3,10,13,16-tetraazanonadecyl)-1,4,7-triazonane-1,4-diyl)
5046 | Chem. Sci., 2023, 14, 5038–5050
diacetate (NHS-Anp-10′). Intermediate NHS-Anp-10′ was
synthesized using NHS/EDC coupling strategy from compound
Anp-10′ outlined in Scheme S1.† The product was isolated as
a colorless solid following deprotection and characterized using
mass spectrometry and HPLC chromatography. Yield: (0.025 g,
85%). Rt (Method A): 13.7 min. HR-ESI-MS [M + H]+ calc. for
C79H99N11O17 1474.7298, found 1474.7290.

2,2′-(7-((11S,14S)-14-((1H-Indol-3-yl)methyl)-11-(3-amino-3-
oxopropyl)-19-((2,5-dioxopyrrolidin-1-yl)oxy)-17-(2-nitrophenyl)-
2,9,12,15,19-pentaoxo-3,10,13,16-tetraazanonadecyl)-1,4,7-
triazonane-1,4-diyl)diacetic acid (NHS-Anp-10). Intermediate
NHS-Anp-10 was synthesized using standard deprotection
strategy outlined in Section S2.4† from compoundNHS-Anp-10′.
The product was isolated as a colorless solid following depro-
tection and characterized using mass spectrometry and HPLC
chromatography. Yield: (0.011 g, 0.011 mmol, 60%). Rt (Method
A): 8.27 min. HR-ESI-MS [M + H]+ calc. for C47H61N11O15

1020.4426, found 1020.4413.
2,2′-(7-(2-((6-(((S)-5-Amino-1-(((S)-1-amino-3-(1H-indol-3-yl)-

1-oxopropan-2-yl)amino)-1,5-dioxopentan-2-yl)amino)-6-
oxohexyl)amino)-2-oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetic
acid (10). Compound 10 was synthesized using standard SPPS
strategy followed by photocleavage outlined in Section S2.5†
from compound TG-Anp-10. The product was isolated as
a colorless solid following deprotection and characterized using
mass spectrometry and HPLC chromatography. Yield: (0.009 g,
0.012 mmol, 40%). Rt (Method A): 6.47 min. 1H NMR of 10 (400
MHz, D2O) d 7.67 (d, 1H, H24), 7.49 (d, 1H, H21), 7.25 (s, 2H,
H20,22), 7.16 (t, 1H, H23), 4.68 (t, 1H, H18), 4.18 (t, 1H, H15), 3.87
(s, 4H, H1,4), 3.68 (s, 2H, H9), 3.32–3.09 (m, 16H, H19,10,2,3,5,6,7,8),
2.19–2.11 (m, 4H, H16,17), 1.91–1.81 (m, 2H, H14), 1.49–1.43 (m,
4H, H13,11), 1.24–1.20 (m, 2H, H12). 13C NMR of 10 (100 MHz,
D2O) d 177.72 (C1), 177.10 (C6), 175.92 (C22), 173.06 (C18,23),
170.23 (C12), 162.74 (C25), 136.09 (C29), 126.87 (C34), 124.48
(C28), 121.98 (C31), 119.40 (C32), 118.29 (C33), 117.74 (C33),
114.84 (C30), 111.91 (C30), 108.79 (C27), 58.28 (C2,5), 56.15 (C24),
53.81 (C11), 53.25 (C19), 50.39 (C3,4), 49.82 (C7,8), 49.77 (C9,10),
39.35 (C13), 34.99 (C17), 30.84 (C21), 27.92 (C14), 26.84 (C20), 26.32
(C26), 25.51 (C15), 24.62 (C16). HR-ESI-MS [M + H]+ calc. for
C34H51N9O9 730.3888, found 730.3881.
Synthesis of complexes with Ga and Cu

The resin-appended peptide, TG-Anp-10 (1.0 mg, 100 nmol) was
washed with 3 mL of DCM, DMF, H2O and 10 mMNaOAc buffer
(pH = 5.0) three times each for 1 min. Next, the aqueous stock
solutions of Ga3+ or Cu2+ were prepared and an aliquot of the
resin corresponding to one equivalent was added and reacted
with the resin-appended peptide for at room temperature for
12 h in pH 5 NaOAc buffer to achieve full complexation. The
metal-peptide conjugates were subsequently photocleaved and
the formation of the complexed molecule was affirmed with
analytical HPLC and mass spectrometry (ESI-MS and MALDI-
TOF). The complex conjugates were then puried via semi-
preparative HPLC.

Gallium 2,2′-(7-((5S,8S)-5-((1H-indol-3-yl)methyl)-8-(3-amino-
3-oxopropyl)-1-carboxy-2-(2-nitrophenyl)-4,7,10,17-tetraoxo-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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3,6,9,16-tetraazaoctadecan-18-yl)-1,4,7-triazonane-1,4-diyl)
diacetate (Ga-10). Compound Ga-10 was synthesized using the
generalized complexation procedure (Section S3.1†) outlined in
Scheme S4A† followed by photocleavage (Section S2.5†) from
compound TG-Anp-10. The product was isolated as a pale yellow
solid following deprotection and characterized using mass
spectrometry and HPLC chromatography. Yield: 10 mg (91
mmol, 32%). Rt (Method A): 7.62 min. 1H NMR of natGa-10 (400
MHz, D2O) d 7.69 (d, 1H, H24), 7.50 (d, 1H, H21), 7.26 (s, 2H,
H20,22), 7.18 (t, 1H, H23), 4.69 (t, 1H, H18), 4.19 (s, 3H, H15), 3.85
(s, 3H, H9,19), 3.49–3.09 (m, 14H, H2,3,5,6,7,8,10), 2.18–2.14 (m, 4H,
H16,17), 1.90–1.81 (m, 7H, H1,4,14), 1.59–1.43 (m, 4H, H13,11),
1.25–1.19 (m, 2H, H12). 13C NMR of natGa-10 (100 MHz, D2O)
d 180.98 (C1), 177.73 (C6), 176.97 (C22), 175.96 (C18), 174.50 (C23),
173.13 (C12), 172.16 (C25), 136.12 (C29), 126.87 (C34), 124.49
(C28), 121.99 (C31), 119.40 (C32), 118.30 (C33), 111.92 (C30),
108.83 (C27), 61.91 (C2,5), 59.75 (C24), 53.76 (C11), 53.31 (C19),
53.27 (C3,4), 53.16 (C7,8), 53.11 (C9,10), 41.61 (C13), 34.83 (C17),
30.87 (C21), 26.97 (C14), 26.81 (C14), 26.32 (C26), 25.22 (C20), 24.32
(C15), 22.94 (C16). MALDI-MS [M]+ calc. for C43H56GaN10O13

989.3384, found 989.445.
Copper 2,2′-(7-((5S,8S)-5-((1H-indol-3-yl)methyl)-8-(3-amino-

3-oxopropyl)-1-carboxy-2-(2-nitrophenyl)-4,7,10,17-tetraoxo-
3,6,9,16-tetraazaoctadecan-18-yl)-1,4,7-triazonane-1,4-diyl)
diacetate (Cu-10). Compound Cu-10 was synthesized using the
generalized complexation procedure (Section S3.1†) outlined in
Scheme S4A† followed by photocleavage (Section S2.5†) from
compound TG-Anp-10. The product was isolated as a pale blue
solid following deprotection and characterized using mass
spectrometry and HPLC chromatography. Yield: (30 nmol,
30%). Rt (Method A): 6.12 min. MALDI-MS [M + H]+ calc. for
C34H49CuN9O9 791.3027, found 791.333.
Radiolabeling with 67Ga

The resin-bound peptide, NOTA-Aca-Q-W-NH2 (0.1 mg, 10
nmol) was washed with 3 mL of DCM, DMF, H2O and 10 mM
NaOAc buffer (pH = 5.0) three times each for 1 min. Eventually,
the resin was stored in 10 mM NaOAc buffer until use. 67Ga-
citrate was purchased from Jubilant Radiopharma at an
average molar activity of 5 mCi mL−1. The 67Ga-citrate solution
was rst converted to 67GaCl3 using an established solid-phase
extraction protocol.58 The resulting average molar activity (MA)
of the obtained 67Ga-chloride solution used for solid-phase
radio-labelling was 1.1 mCi mL−1. For radio-labelling of TG-
Anp-10, a 10 mL aliquot containing 56 mCi of 67GaCl3 was added
to the resin-bound conjugate (10 nmol, 300 mL) in 10 mM
NaOAc buffer. The pH of the solution was adjusted to 5.0.
Radiolabeling was complete aer 20 minutes at room temper-
ature. The radiolabeled conjugates were photocleaved for
10 min and characterized with radio-HPLC.

67Gallium 2,2′-(7-((5S,8S)-5-((1H-indol-3-yl)methyl)-8-(3-
amino-3-oxopropyl)-1-carboxy-2-(2-nitrophenyl)-4,7,10,17-
tetraoxo-3,6,9,16-tetraazaoctadecan-18-yl)-1,4,7-triazonane-1,4-
diyl)diacetate (67Ga-10). Compound 67Ga-10 was synthesized
using the general radiolabeling protocol followed by photo-
cleavage from intermediate TG-Anp-10-67Ga (2.0 mg, 10 nmol).
© 2023 The Author(s). Published by the Royal Society of Chemistry
The product was isolated by direct ltration-mediated removal
of the resin support and characterized using radio-HPLC chro-
matography. Rt (Method C): 6.20 min. MA: 5.0 mCi nmol−1, RY:
95.0%, PCY: 57.9%, RCP: 99.0%.

67Gallium 2,2′-(7-((5S,8S,11S,17S,20S,23S,26S)-11-((1H-imi-
dazol-4-yl)methyl)-23-((1H-indol-3-yl)methyl)-26-(3-amino-3-
oxopropyl)-5-carbamoyl-8-isobutyl-17-isopropyl-20-methyl-
7,10,13,16,19,22,25,28,35-nonaoxo-2-thia-
6,9,12,15,18,21,24,27,34-nonaazahexatriacontan-36-yl)-1,4,7-
triazonane-1,4-diyl)acetate (67Ga-19). Compound 67Ga-19 was
synthesized using the general radiolabeling protocol followed
by photocleavage from intermediate TG-Anp-19-67Ga (1.0 mg, 10
nmol). The product was isolated by direct ltration-mediated
removal of the resin support and characterized using radio-
HPLC chromatography. Rt (Method C): 7.28 min. MA: 5.0 mCi
nmol−1, RY: 90.0%, PCY: 44.4%, RCP: 99.9%.

67Gallium (((1S)-5-(2-((1S,4S)-4-(((S)-2-(6-amino-6-oxohex-
anamido)-6-(2-(4,7-bis(carboxymethyl)-1,4,7-triazonan-1-yl)acet-
amido)hexanamido)methyl)cyclohexane-1-carboxamido)-3-
(naphthalen-2-yl)propanamido)-1-carboxypentyl)carbamoyl)-L-
glutamic acid diacetate (67Ga-31). Compound 67Ga-31 was
synthesized using the general radiolabeling protocol followed
by photocleavage from intermediate TG-Anp-31-67Ga (3.5 mg, 10
nmol). The product was isolated by direct ltration-mediated
removal of the resin support and characterized using radio-
HPLC chromatography. Rt (Method C): 7.43 min. MA: 5.1 mCi
nmol−1, RY: 92.0%, PCY: 48.9%, RCP: 99.0%.
Radiolabeling with 64Cu

The 64Cu isotope stock solution (copper-64 chloride, pH = 2)
was produced at the University of Wisconsin-Madison, Medical
Physics Dept., Madison, WI. The 64Cu-chloride was obtained at
an average molar activity of 230 mCi mL−1. For radiolabeling of
TG-Anp-19 or TG-Anp-31, a 15 mL aliquot containing 50 mCi of
64CuCl2 was added to the resin-bound ligand (10 nmol, 300 mL)
in 10 mM of sodium acetate (NaOAc) buffer. The pH of the
solution was adjusted to 5.0. Radiolabeling was complete within
20 minutes at room temperature. The radiolabeled conjugates
were photocleaved for 10 min and characterized with radio-
HPLC.

64Copper 2,2′-(7-((5S,8S,11S,17S,20S,23S,26S)-11-((1H-imida-
zol-4-yl)methyl)-23-((1H-indol-3-yl)methyl)-26-(3-amino-3-
oxopropyl)-5-carbamoyl-8-isobutyl-17-isopropyl-20-methyl-
7,10,13,16,19,22,25,28,35-nonaoxo-2-thia-
6,9,12,15,18,21,24,27,34-nonaazahexatriacontan-36-yl)-1,4,7-
triazonane-1,4-diyl)diaceticate (64Cu-19). Compound 64Cu-19
was synthesized using the general radiolabeling protocol fol-
lowed by photocleavage from intermediate TG-Anp-19-64Cu
(1.0 mg, 10 nmol). The product was isolated by direct ltration-
mediated removal of the resin support and characterized using
radio-HPLC chromatography. Rt (Method C): 7.42 min. MA: 5.0
mCi nmol−1, RY: 88.0%, PCY: 54.5%, RCP: 98.0%.

64Copper (((1S)-5-(2-((1S,4S)-4-(((S)-2-(6-amino-6-oxohex-
anamido)-6-(2-(4,7-bis(carboxymethyl)-1,4,7-triazonan-1-yl)acet-
amido)hexanamido)methyl)cyclohexane-1-carboxamido)-3-
(naphthalen-2-yl)propanamido)-1-carboxypentyl)carbamoyl)-L-
Chem. Sci., 2023, 14, 5038–5050 | 5047
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glutamic acid diacetate (64Cu-31). Compound 64Cu-31 was
synthesized using the general radiolabeling protocol followed
by photocleavage strategy from intermediate TG-Anp-31-64Cu
(3.5 mg, 10 nmol). The product was isolated by direct ltration-
mediated removal of the resin support and characterized using
radio-HPLC chromatography. Rt (Method C): 7.65 min. MA: 5.1
mCi nmol−1, RY: 88.0%, PCY: 50.0%, RCP: 99.0%.
Radiolabeling with 68Ga

The 68Ga-chloride was obtained from a 30 mCi Ga/Ge generator
(Eckert & Ziegler) at an average molar activity of 10 mCi mL−1.
For radiolabeling of TG-Anp-31, a 1.0 mL aliquot containing
1.05 mCi of 68GaCl3 was added to the resin-bound conjugate (10
nmol, 300 mL) in 1.0 M of sodium acetate (NaOAc) buffer. The
pH of the solution was adjusted to 5.0. Radiolabeling was
completed aer 20 minutes at room temperature. The radio-
labeled conjugate was photocleaved for 10 min and character-
ized with radio-HPLC.

68Gallium (((1S)-5-(2-((1S,4S)-4-(((S)-2-(6-amino-6-oxohex-
anamido)-6-(2-(4,7-bis(carboxymethyl)-1,4,7-triazonan-1-yl)acet-
amido)hexanamido)methyl)cyclohexane-1-carboxamido)-3-
(naphthalen-2-yl)propanamido)-1-carboxypentyl)carbamoyl)-L-
glutamic acid diacetate (68Ga-31). Compound 68Ga-31 was
synthesized using the general radiolabeling protocol followed
by photocleavage from intermediate TG-Anp-31-68Ga (2.0 mg, 10
nmol). The product was isolated by direct ltration-mediated
removal of the resin support and characterized using radio-
HPLC chromatography. Rt (Method C): 7.40 min. MA: 0.1 mCi
nmol−1, RY: 98.0%, PCY: 40.8%, RCP: 99.0%.
Photocleavage procedure

A 3D printed, open source photoreactor was employed for all
photocleavage procedures (for more detail see Lampkin et al.).37

The appropriate Anp-linked resin was suspended in 300 mL 1 : 9
EtOH/water in a lter frit endowed plastic syringe. The syringe
was subsequently placed inside the photoreactor and reacted
under gentle agitation and cooling with the built-in fan and
photoirradiation with a 365 nm LED light source. Aer photo-
cleavage, the product was ltered and characterized by HPLC
(or radio-HPLC) HR-ESI-MS or MALDI-TOF MS.
Radiolabeling of fractionated/non-fractionated elution with
68Ga

For radiolabeling with non-fractionated elution, 6 mCi of 68Ga-
chloride was obtained from a Ga/Ge generator (Eckert & Ziegler)
in 5 mL. The 68Ga-chloride solution in 0.1 M HCl, at an average
molar activity of 1.2 mCi mL−1, was pH adjusted to 5 with 1 M
NaOAc buffer solution (1 mL) and added to the TG-Anp-31
(2.0 mg, 10 nmol), resin-bound conjugate. Radiolabeling was
complete aer 20 minutes at room temperature. The radio-
labeled conjugate was photocleaved for 10 min and character-
ized with radio-HPLC. Rt (Method C): 7.40 min. MA: 0.6 mCi
nmol−1, RY: 88.0%, PCY: 57.2%, RCP: 90%. For radiolabeling in
solution, the 68Ga-chloride at the same average molar activity
was used. The PSMA-617 ligand (10 nmol) was synthesized as
5048 | Chem. Sci., 2023, 14, 5038–5050
reported previously.59 Radiolabeling was carried out at 80 °C for
30 min, followed by sep-pak purication and solvent evapora-
tion and resuspension in PBS for formulation. Rt (Method C):
7.65 min. MA: 0.6 mCi nmol−1, RY: 22.3%, RCP: 62.7%.

For radiolabeling with fractionated elution, 2.0 mCi of 68Ga-
chloride was obtained by fractioned elution of the 68Ga/68Ge
generator (Eckert & Ziegler) in a 1 mL fraction. The 68Ga-
chloride solution was eluted in 0.1 M HCl, at an average
molar activity of 2.0 mCi mL−1. Following adjustment of pH by
addition of 1 M NaOAc buffer solution (0.25 mL), the mixture
was loaded onto a plastic reaction vessel containing TG-Anp-31
(2.0 mg, 10 nmol) resin-bound conjugate. Radiolabeling was
complete aer 20 minutes at room temperature. The radio-
labeled conjugate was subsequently photocleaved in 10min and
characterized with radio-HPLC. Rt (Method C): 7.40 min. MA:
0.2 mCi nmol−1, RY: 90.0%, PCY: 58.6%, RCP: 94%. For radio-
labeling of PSMA-617 ligand (10 nmol) in solution, the 68Ga-
chloride at the same average molar activity was used. The
radiolabeling was carried out at 80 °C for 30 min. Radiolabeling
was carried out at 80 °C for 30 min, followed by sep-pak puri-
cation and solvent evaporation and resuspension in PBS for
formulation. Rt (Method C): 7.65 min. MA: 0.2 mCi nmol−1, RY:
32.3%, RCP: 72.7%.

Excess metal experiments

The resin-bound peptide, TG-Anp-19 (0.1 mg, 10 nmol) was
washed with 3 mL of DCM, DMF, H2O and 10 mMNaOAc buffer
(pH = 5.0) three times each for 1 min. For radio-labelling of TG-
Anp-10 with 67Ga, a 10 mL aliquot containing 57 mCi of 67GaCl3
was pre-mixed with natural ZnSO4 salt in ratio 1 : n (n = 10–
10000) and eventually the mixture was added to the resin-bound
conjugate (10 nmol, 300 mL) in 10 mM of sodium acetate
(NaOAc) buffer. For radiolabeling of TG-Anp-10 with 64Cu, a 15
mL aliquot containing 50 mCi of 64Cu was pre-mixed with natural
NiSO4 salt in ratio 1 : n (n = 10–10000) and eventually the
mixture was added to the resin-bound conjugate (10 nmol, 300
mL) in 10 mM of sodium acetate (NaOAc) buffer. Radiolabeling
was complete aer 10 minutes at room temperature. Finally, the
labeling solution was removed followed by resuspension in
EtOH/H2O and irradiation at 365 nm. Aer photocleavage, the
product was ltered and characterized by radio-HPLC. The
concentration of free Zn2+ was determined by ICP-OES
measurements for 250–30,000 equivalent excess.

Calculation of pH dependent pM values of NOTA

Fig. 4B details the determination of pM in the dependence of
pH. Plots of the variation of pM values with pH were computed
using previously reported stability constants of ligand proton-
ation and metal complexation of Ga3+,60 Zn2+, Cu2+, and Ni2+.61

Values were computed using HySS62 HYSS potentiometric data
tting soware with [Mn+] = 10−6 M, and [NOTA3−] = 10−4 M,
and pM dened as: pM = −log([Mfree

n+]) at the pH of interest.

Cell binding assay

Cells were maintained in DMEM with 5% FBS at 37 °C and 5%
CO2. PC-3 PiP or PC-3 Flu cells were seeded in 24-well plates (∼5
© 2023 The Author(s). Published by the Royal Society of Chemistry
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× 105 cells in 2 mL standard growth medium/well) allowing
adhesion and growth overnight. The cells were washed twice
with PBS, prior to the addition of DMEM cell culture medium
(950 mL per well) and the corresponding radioligand 68Ga-31 (50
mCi, 50 mL per well, diluted in saline containing 0.05% bovine
serum albumin). The well plates were incubated for 90 min at
37 °C and 5% CO2. To determine the uptake of radioligand, the
cells were washed three times with ice-cooled PBS. All cell
samples were lysed by addition of NaOH (1M, 1mL) to each well
and the radioactivity was quantied by gamma counting and
expressed as % IA per 106 cells.
Biodistribution study

All animal experiments were conducted according to the
guidelines of the Institutional Animal Care and Use Committee
(IACUC) at Stony Brook Medicine. Male NCr nude mice (12
weeks, Taconic Biosciences) were implanted subcutaneously on
the right shoulder with 0.9–1.0 × 106 PC-3 PiP cells (PSMA(+))
and on the le shoulder with 0.5–0.6 × 106 PC-3 Flu cells
(PSMA(−)). When the tumors reached 80–100 mm3, the mice
were anesthetized with isourane and injected with 72–104 mCi
of 68Ga-31 at 0.2 mCi nmol−1 molar activity using a tail vein
catheter. At 90 min, mice were sacriced, and select organs were
harvested. Radioactivity was quantied by gamma counting,
and the radioactivity associated with each organ was expressed
as % ID per g.
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