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platform for tailoring the
pharmacokinetics of cancer-targeted radiotracers†

Faustine d'Orchymont and Jason P. Holland *

Radiolabelled monoclonal antibodies (mAbs) are a cornerstone of molecular diagnostic imaging and

targeted radioimmunotherapy in nuclear medicine, but one of the major challenges in the field is to

identify ways of reducing the radiation burden to patients. We reasoned that a rotaxane-based platform

featuring a non-covalent mechanical bond between the radionuclide complex and the biologically active

mAb could offer new ways of controlling the biophysical properties of cancer-specific radiotracers for

positron emission tomography (PET). Herein, we present the photoradiosynthesis and characterisation of

[89Zr]ZrFe-[4]rotaxane-azepin-onartuzumab ([89Zr]ZrFe-2), a unique rotaxane-antibody conjugate for

PET imaging and quantification of the human hepatocyte growth factor receptor (c-MET). Multiple

component self-assembly reactions were combined with simultaneous 89Zr-radiolabelling and light-

induced bioconjugation methods to give [89Zr]ZrFe-2 in 15 � 1% (n = 3) decay-corrected radiochemical

yield, with >90% radiochemical purity, and molar activities suitable for PET imaging studies (>6.1 MBq

mg−1 of protein). Cellular assays confirmed the specificity of [89Zr]ZrFe-2 binding to the c-MET receptor.

Temporal PET imaging in athymic nude mice bearing subcutaneous MKN-45 gastric adenocarcinoma

xenografts demonstrated specific binding of [89Zr]ZrFe-2 toward c-MET in vivo, where tumour uptake

reached 9.8 � 1.3 %ID g−1 (72 h, n = 5) in a normal group and was reduced by ∼56% in a control

(blocking) group. Head-to-head comparison of the biodistribution and excretion profile of [89Zr]ZrFe-2

versus two control compounds, alongside characterisation of two potential metabolites, showed that the

rotaxane-radiotracer has an improved clearance profile with higher tumour-to-tissue contrast ratios and

reduced radiation exposure to critical (dose-limiting) organs including liver, spleen, and kidneys.

Collectively, the experimental results suggested that non-covalent mechanical bonds between the

radionuclide and mAb can be used to fine-tune the pharmacokinetic profile of supramolecular

radiopharmaceuticals in ways that are simply not accessible when using traditional covalent design.
Introduction

Monoclonal antibodies (mAbs) are excellent tools for the
delivery of drugs and radionuclides to tumours. Thus, a wide
variety of radiolabelled mAbs that display high tumour uptake
and specicity has been developed for diagnostic imaging and
(radio) therapeutic applications.1,2 Despite their success in the
clinic, mAb-based radiopharmaceuticals have encountered
important vulnerabilities.3 For instance, the prolonged circu-
lation of mAbs in the blood and their slow distribution,
metabolism and excretion prole causes limited clearance of
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the radioactivity from the body and high radiation doses in
healthy tissues.3 As the eld of Nuclear Medicine progresses
toward the utilisation of therapeutic radionuclides, which
involve emission of high energy a- or b-particles and increased
administered doses of radiolabelled mAbs, new methods that
minimise undesirable radiation exposure to critical organs are
essential.4,5

Radiochemists have explored different approaches to
address the dosimetry concerns of radiolabelled mAbs, which
include the use of pretargeting strategies, chelation therapy, or
mechanisms for controlling metabolic degradation.3,5–7 In the
pretargeting approach (Fig. 1A), fast bioorthogonal reactions
are used to ‘synthesise’ the radiolabelled mAb in vivo, whereby
the radioactivity is administered several hours or days aer mAb
injection. Pre-administration of the functionalisedmAb –which
oen display slow pharmacokinetics – provides time for these
macromolecules to accumulate at tumour sites and clear from
the blood pool and background tissues. Subsequent injection of
the small-molecule radiolabelled reagent – which is designed to
exhibit rapid tissue penetration and clearance – facilitates the
Chem. Sci., 2022, 13, 12713–12725 | 12713
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Fig. 1 Three mechanistically distinct approaches for reducing the dosimetry burden of protein-based radiopharmaceuticals. Schemes illustrate
the concepts of (A) pretargeting, (B) chelation therapy, and (C) controlled metabolic cleavage which harnesses catabolism in vivo to create
a radiolabelled molecular fragment that is eliminated rapidly from the body.
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use of shorter-lived radionuclides like 18F, thereby reducing
patient exposure to ionising radiation and allowing clinicians to
implement same-day imaging regimen. Chelation therapy takes
a different approach which is based on the competitive
complexation of the radioactive metal ion with a small ligand
(Fig. 1B). Here, a radiolabelled mAb is administered, and aer
waiting for optimal distribution, peak tumour uptake, and
blood pool or background tissue clearance, nuclear images are
recorded before a small-molecule chelating ligand is adminis-
tered. The chelating ligand must have a rapid pharmacokinetic
prole and is selected to ensure that it possesses a strong
thermodynamic and kinetic preference for complexation of the
radiometal ion, and whereby the new radiometal ion complex
that forms, is rapidly excreted from the body.

Experimental implementations of the multi-step pretarget-
ing and chelation therapy strategies have demonstrated dosi-
metric advantages over conventional imaging with
radiolabelled antibodies.7–11 However, these methods suffer
from several drawbacks, including the need to produce, char-
acterise, and administer two separate drug molecules, each
having a distinct pharmacokinetic prole that complicates
dosing regimen. The separate components can be difficult to
synthesise, and expensive to characterise, potentially requiring
12714 | Chem. Sci., 2022, 13, 12713–12725
separate absorption, distribution, metabolism, excretion and
toxicological (ADME-tox) studies for each compound.7,12 Reli-
ance on chelation therapy in vivo is also likely to encounter
challenges regarding the kinetics of transchelation and
competition from endogenous metal ions, the depletion of
which may cause undesirable side-effects. The chelates them-
selves would also need to be administered at relatively high
doses, and therefore, chemotoxic side-effects stemming directly
from the administration of these drugs is also a potential
problem.

To tackle the intrinsic limitations of the multi-step targeting
strategies, an alternative approach is to re-engineer the radio-
labelled antibody with functional groups that allow for
controlled metabolism and disassembly in vivo, facilitating
whole-body excretion (Fig. 1C). The installation of metabolically
labile linkages that undergo cleavage in response to changes in
pH, redox potential, exposure to light, or enzyme-mediated
hydrolysis have been exploited in antibody-drug conjugate13,14

(ADC) and in radiotracer design.15–17 For ADC technologies, the
objectives of using cleavable linkers are to ensure that the ADC-
prodrug remains stable in vivo for sufficient time to allow
tumour-specic localisation, and that release of active drug
occurs selectively in the disease loci, thus reducing the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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chemotoxic burden to background tissues. In the context of
using metabolically labile linkers in radiotracer design, the
objectives are slightly different. First, the radiolabelled mAb
should remain stable in the circulation to provide high, tumour-
specic uptake. However, the main goal is to tailor the phar-
macokinetic prole and reduce the effective half-life (t1/2(eff)/h)
of the radiotracer in vivo by harnessing chemical or enzyme-
mediated degradation processes. Ideally, the cleavage should
operate in background tissues like the liver, spleen, and
kidneys, which are prone to accumulate dose-limiting levels of
activity when using protein-based radiotracers. Key to the
success of this strategy is to ensure that the radioactive
metabolites are eliminated rapidly from the body.

Supramolecular systems and mechanically interlocked
molecules (MIMs) present interesting opportunities in the
design of diagnostic imaging agents and therapeutic
drugs.15,18–26 Supramolecular platforms have been shown to be
viable routes for the synthesis of disease-targeted imaging
probes, with key features including synthetic exibility, rapid
synthesis, facile labelling, water solubility, and biocompatibility
of the construct. Here, we used mechanical bonding to make
a supramolecular rotaxane-based 89Zr-radiolabelled mAb for
PET imaging of the human hepatocyte growth factor receptor (c-
MET) and evaluated the impact of the non-covalent design on
the radiotracer pharmacokinetics in vivo.

Results and discussion
Synthesis and radiochemistry

Our rotaxane-based imaging agents are synthesised via a multi-
component, cooperative capture strategy involving cucurbit[6]
uril, the CB[6]-promoted ‘click’ reaction rst introduced by
Mock et al. and later developed by Stoddart and co-workers.27–29

With the objective of conjugating our radiolabelled rotaxane
construct to mAbs, we introduced a photochemically active
handle (aryl azide, ArN3) on to the b-cyclodextrin unit
(Scheme 1, b-CD-ArN3).

The [4]pseudorotaxane 1 was synthesised in 54% yield aer
purication (Scheme 1). The reaction proceeds via a one-pot,
four component self-assembly pathway aer mixing the mono-
functionalised photoactivatable b-CD-ArN3, a biphenyl-dialkyne
guest molecule, the desferrioxamine B-azido chelate, and CB
[6] in a 1 : 1 : 2 : 2 mole ratio at 70 °C for 1 minute in aqueous
media. Full details on the synthesis and characterisation of the
precursors and [4]pseudorotaxane 1, the photochemical acti-
vation step, the radiochemistry and characterisation of both the
68Ga- and 89Zr-radiolabelled compounds were reported (see also
ESI Fig. S1†).26 Simultaneous 89Zr-radiolabelling and light-
induced bioconjugation to onartuzumab – an engineered
monovalent antibody that binds the extracellular domain of the
human hepatocyte growth factor receptor (c-MET)30,31 – afforded
the [89Zr]Zr-[4]semirotaxane-azepin-onartuzumab intermediate.
Subsequent capping with FeCl3 and reaction quenching with
diethylenetriamine pentaacetic acid (DTPA) gave the bimetallic
full rotaxane-mAb conjugate, [89Zr]ZrFe-[4]rotaxane-azepin-
onartuzumab (Scheme 1, [89Zr]ZrFe-2). The light-induced acti-
vation of ArN3 used here to form the protein conjugate was
© 2022 The Author(s). Published by the Royal Society of Chemistry
demonstrated to be a viable route in the design of radiolabelled
mAbs.32,33 Following light absorption (typically at photon
wavelengths between 365 nm to 450 nm), dinitrogen N2(g) is
released, producing a short-lived and highly reactive open-shell
singlet aryl nitrene species.34,35 This aryl nitrene undergoes
a series of extremely fast reactions where intramolecular rear-
rangements lead to the formation of a 7-membered electro-
philic ketenimine ring, which reacts with nucleophiles
(including the NH2 group of lysine residues) forming an azepine
linkage between the protein and the chelate (Scheme 1,
inset).32,33

The one-pot, simultaneous 89Zr-radiolabelling and photo-
chemical conjugation of 1 to onartuzumab was performed in
accordance with the following general procedure. (i) The pho-
toactivable [4]pseudorotaxane 1 and an aliquot of the neutral-
ised stock solution of [89Zr][Zr(C2O4)4]

4− (also known as 89Zr-
oxalate) were added in a transparent glass vial containing H2O
and a magnetic stir bar. The reaction pH was controlled to 8–8.5
and the mixture was stirred gently at 23 °C for 1 minute. (ii) An
aliquot of onartuzumab (the antibody component of
MetMab™, Genentech, South San Francisco, USA, prepuried
by spin ltration methods and reconstituted in sterile PBS,
pH7.4) was added at 23 °C to the reaction vial with an initial
chelate-to-mAb ratio of 2-to-1. Then the reaction mixture was
irradiated at 395 nm at 23 °C for 15 minutes to ensure that the
light-induced activation step was complete. (iii) Aer irradia-
tion, FeCl3 was added to cap the rotaxane with Fe3+ ions by
formation of the bulky FeDFO complex at all non-radiolabelled
positions. This capping process was motivated by previous
reports, where full rotaxanes were demonstrated to be more
stable in comparison with the pseudo- or semirotaxane
species.36,37 Under the radiolabelling conditions used, it is
statistically unlikely that the full Zr-rotaxane is formed whereby
both ends of the axle are capped with a radioactive 89ZrDFO
complex. The 89Zr-stock solution has an effective molar activity
between 17.39–44.22 MBq nmol−1 which equates to 0.19–0.50
nmol of total material (radioactive and non-radioactive) used in
the radiolabelling reactions. However, we note that ∼8.73 MBq
of 89Zr was used which is equivalent to only 5.9 pmol of radio-
active atoms and this gives an isotopic dilution factor of
radioactive to non-radioactive atoms between 33–85. Since
a total of 13.66 nmol of [4]pseudorotaxane 1 (27.32 nmol of
DFO) was used in the reactions, then between 0.7%–1.8% of the
available DFO chelate was labelled with the combined material
present in the 89Zr-stock. The remaining chelate was quenched
quantitatively by the Fe3+ ions. Overall, we estimate that in the
reaction, the probability of dual radiolabelling one molecule of
rotaxane with two radioactive 89Zr atoms lies between 0.014%–

0.089%. Thus, aer the radiolabelling step is complete, the
[89Zr]Zr-[4]semirotaxane-azepin-onartuzumab species would be
the most likely product formed. Capping with Fe3+ has the
added benet that the product can be detected due to the
absorption of the FeDFO complex at 430 nm. Aer rotaxane
capping, the reaction was quenched with excess DTPA (500
nmol) to ensure that only 89Zr4+ and Fe3+ ions that were
specically bound to the rotaxane-mAb remained. (iv) Finally,
the crude reaction mixture was puried by using preparative
Chem. Sci., 2022, 13, 12713–12725 | 12715
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Scheme 1 Cooperative capture self-assembly and the one-pot photoradiosynthesis of [89Zr]ZrFe-[4]rotaxane-azepin-onartuzumab ([89Zr]ZrFe-
2). (Box inset) Mechanistic scheme of the photochemical activation of ArN3 showing formation of the open-shell singlet nitrene, multiple step
rearrangement to the ketenimine heterocycle, and nucleophilic attack to give the 2-aminoazepin bioconjugate (based on reactivity with the 3-
NH2 side-chain groups on surface-exposed lysine residues).
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Sephadex G-100 size-exclusion chromatography (G-100 SEC) to
afford the bimetallic product [89Zr]ZrFe-2 (Scheme 1) formu-
lated in sterile PBS (pH 7.4).

At this point we note that [89Zr]ZrFe-2 exists as two
mechanical planar epimers with absolute assignments: (D, Rmp)
and (D, Smp). These isomers arise from the xed covalent
stereochemistry of the functionalised b-[D]-CD (constructed
from enantiomerically pure [D]-glucose) which gives an
oriented macrocycle, in combination with the mechanically
planar chirality introduced by the [4]rotaxane architecture
(Fig. 2). For further details on the chirality and isomerism of
molecularly interlocked molecules, as well as rules for stereo-
chemical assignment, please refer to the reference works from
12716 | Chem. Sci., 2022, 13, 12713–12725
Goldup and co-workers.38,39 It is unclear what impact (if any)
isomerism of the rotaxane might have on the biological prop-
erties of large mAb-based radiotracers.

During the radiolabelling process, crude and puried
aliquots of the reaction mixtures were retained for subsequent
analysis by using radioactive instant thin-layer chromatography
(radio-iTLC), manual size-exclusion chromatography (SEC;
using custom-made columns containing a Sephadex G100
stationary phase eluted with sterile PBS, pH7.4), and automated
high-performance liquid chromatography HPLC coupled to
a SEC gel-ltration column (SEC-HPLC). Representative chro-
matographic data obtained during the photoradiosynthesis of
[89Zr]ZrFe-2 are presented in Fig. 3.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Illustration of the isomerism displayed by [89Zr]ZrFe-2. Stereochemical assignments for the twomechanical planar epimers were made in
accordance with the Cahn–Ingold–Prelog rules and the methodology reported by Jamieson et al. where Zr has a higher priority than Fe, and
clockwise rotation occurs for the primary face of the functionalised b-[D]-CD macrocycle.38,39

Fig. 3 Characterisation data for the photoradiosynthesis of [89Zr]ZrFe-2. (A) Radio-iTLC chromatograms developed by using DTPA (50 mM, pH
7) as themobile phase showing the quantitative complexation of 89Zr4+ ions for the crude (dark blue) and purified (red) samples of the [89Zr]Zr-[4]
semirotaxane-onartuzumab intermediate, and the purified sample of the capped rotaxane-mAb [89Zr]ZrFe-2 (purple). The elution profile of the
control compound [89Zr][Zr(DTPA)]− (grey) showing migration of ‘free’ or non-specifically complexed 89Zr4+ ions to the solvent front is also
shown. (B) Manual analytical G100 SEC elution profiles of [89Zr]ZrFe-2 showing the purified (purple circles, RCP = 92%) and the crude samples
(blue triangles, RCP = 15%), as well as the profile obtained from the dark control reaction (black diamonds). Activity eluting in the first ∼3.5 mL is
associatedwith the high-molecular weight protein fraction, whereas the peak for small-molecule components occurs at∼6.5mL. (C) SEC-HPLC
chromatograms of the purified sample of [89Zr]ZrFe-2 showing the radioactivity channel (purple trace) and the chromatogram produced by
electron absorption at 430 nm corresponding to photon absorption by the FeDFO complex on the rotaxane axle (dark red trace). For
comparison, the electronic absorption chromatogram of the non-modified protein (green trace, onartuzumab; 280 nm) is presented confirming
co-elution with the radiolabelled product [89Zr]ZrFe-2.
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The radio-iTLC analysis conrmed that quantitative
complexation of 89Zr4+ ions occurred rapidly. Under the radio-
iTLC conditions employed, 89Zr-radiolabelled DFO samples and
proteins are retained at the baseline (Rf = 0.0–0.1), whereas
unbound or non-specically bound 89Zr4+ ions immediately form
the [89Zr][Zr(DTPA)]− complex whichmigrates to the solvent front
(Rf = 0.8–1.0). Complexation of 89Zr4+ ions occurs immediately
upon addition of [89Zr][Zr(C2O4)4]

4− to the solution of [4]pseu-
dorotaxane 1, giving the photoactivatable intermediate species
[89Zr]Zr-[4]semirotaxane-ArN3 ([89Zr]Zr-1; see ESI Fig. S1†).26

Subsequent addition of protein to the reaction mixture (using an
initial rotaxane-to-protein ratio of ∼2 : 1), followed by pH
© 2022 The Author(s). Published by the Royal Society of Chemistry
adjustment,32 and irradiation of themixture with a powerful light
emitting diode (LED, 395 nm, 15 min, 23 °C) leads to quantitative
photochemical activation of the ArN3 group, and stable protein
ligation to give the [89Zr]Zr-[4]semirotaxane-azepin-onartuzumab
intermediate. Radio-iTLC chromatograms of the crude (Fig. 3A
dark blue trace) and puried (Fig. 3A red trace) samples of [89Zr]
Zr-[4]semirotaxane-azepin-onartuzumab conrmed that the
activity remained bound to the DFO chelate and was also
attached to the protein aer irradiation. Subsequent addition of
FeCl3 capped the rotaxane to give the desired product [89Zr]ZrFe-
2, and importantly, did not induce any dissociation (via
Chem. Sci., 2022, 13, 12713–12725 | 12717
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transmetallation) of the 89Zr4+ from the rotaxane-mAb (Fig. 3A
purple trace).

Manual SEC analysis of the crude sample of [89Zr]ZrFe-2
(Fig. 3B blue trace) indicated that the photo-induced protein
ligation step had a conjugation efficiency of ∼15%. Aer
preparative isolation, the puried sample of [89Zr]ZrFe-2
(Fig. 3B purple trace) had a radiochemical purity of ∼92%. In
a representative pilot experiment starting from 10.49 MBq of
[89Zr][Zr(C2O4)4]

4− and a total of 7.26 nmol (0.72 mg) of
onartuzumab, the isolated product had a decay-corrected
radiochemical yield (d. c. RCY) of 13.3%, an RCP of 92%,
and a molar activity (Am) of 0.11 MBq nmol−1 of protein
(equivalent to 1.108 MBq mg−1). The reaction was then
repeated with three independent replicates, giving an average
radiochemical conversion of 15 � 1% (n = 3) of [89Zr]ZrFe-2
(see ESI Fig. S2†). Importantly, control reactions performed in
the dark, which produce the [89Zr]Zr-1 intermediate,
conrmed that no protein binding occurred in the absence of
light (Fig. 3B black trace, where <0.5% 89Zr-activity was
measured in the 1.0–3.5 mL fraction). Denitive conrmation
of protein labelling was obtained from the SEC-HPLC analysis
of [89Zr]ZrFe-2, which showed that for the puried sample, the
radioactivity (Fig. 3C purple trace, peak retention time ∼14.1
min) coeluted with the peak observed from electronic
absorption chromatogram measured at either 430 nm corre-
sponding to absorption by the FeDFO complex (Fig. 3C dark
red trace, peak retention time ∼13.9 min), or at 280 nm
showing the elution prole of the protein component (Fig. 3C
green trace, peak retention time ∼14.2 min). Interestingly, no
increase in the proportion of aggregated protein, which elutes
at an earlier time point (∼12.8 min) than the monomeric
protein peak (∼14.2 min), was observed conrming that the
light-induced protein ligation reaction is mild and does not
compromise the structural integrity of the mAb.

Aer demonstrating that [89Zr]ZrFe-2 could be isolated, the
photoradiosynthesis was scaled-up to provide sufficient activity
for in vitro and in vivo experiments. In a scaled-up reaction, the
initial amount of [89Zr][Zr(C2O4)4]

4− activity was increased to
63.99 MBq but the total amount of protein (7.26 nmol), and the
initial rotaxane-to-protein ratio (∼2 : 1) were kept constant. [89Zr]
ZrFe-2was isolated with a d. c. RCY of 10.6%, an RCP of 90%, and
an approximate 6-fold higher molar activity, with Am = 0.61 MBq
nmol−1 of protein (6.176 MBq mg−1 of protein). The scaled-up
reaction conrmed that the photoradiochemistry can be adapt-
ed to produce useful quantities of rotaxane-based radiotracers.
Radiotracer stability and cellular binding experiments

To evaluate the stability of [89Zr]ZrFe-2, the puried and
formulated sample was stored for 72 h in PBS under ambient
conditions. Manual SEC analysis of the product reveal that
∼53% of the 89Zr-activity remained bound to the mAb (ESI Fig.
S3†) conrming that the radiotracer remains intact for suffi-
cient time to perform longitudinal studies in cells and animals.
The potential chemical and metabolic degradation of the 89Zr-
labelled rotaxane-onartuzumab conjugate is discussed in later
sections.
12718 | Chem. Sci., 2022, 13, 12713–12725
To conrm that conjugation and radiolabelling of onartu-
zumab did not compromise the binding specicity for c-MET,
cellular binding (Lindmo-type)40 experiments were performed
by using MKN-45 (c-MET positive) human gastric adenocarci-
noma cells (ESI Fig. S4†). Cellular assays conrmed that [89Zr]
ZrFe-2 remained biologically active and displayed specic
binding to the c-MET receptor with an estimated immunore-
active fraction of ∼35%. We note that in our experiments, only
an expired ex-clinical and pre-puried sample of onartuzumab
(Genentech/Roche, South San Francisco, USA) was available,
whereby the absence of formulation buffer is the likely cause of
the lower immunoreactive fraction. Nevertheless, the observed
specic binding provided condence in pursuing further bio-
logical experiments with [89Zr]ZrFe-2 in animal models.
Small-animal PET imaging and biodistribution studies

Following the successful results obtained in vitro, PET imaging
experiments were conducted in female athymic nude mice
bearing subcutaneous MKN-45 tumours on the right ank (n =

5 mice/group). Mice were randomised into two groups and
administered either a high molar activity formulation of [89Zr]
ZrFe-2 (normal group, Am = 6.176 MBq mg−1, 0.192–0.198 MBq,
31–32 mg of protein, in 200 mL sterile PBS) or a low molar activity
formulation of [89Zr]ZrFe-2 (blocking group, Am = 0.188 MBq
mg−1, 0.219–0.229 MBq, ∼1.02 mg of protein, in 200 mL sterile
PBS). For the standard competitive inhibition (blocking) group,
the molar activity of [89Zr]ZrFe-2 was reduced by adding non-
radiolabelled onartuzumab (MetMAb) to each dose of radio-
tracer to modulate the tumour uptake by saturating the avail-
able c-MET receptors. We note that the ∼97% reduction in
molar activity of the blocking group (equivalent to ∼32-times
increase in the administered protein mass) represents a stan-
dard difference when modulating radiotracer uptake and
demonstrating specicity in vivo in tumours that express high
levels of the target protein. Representative PET images recorded
between 1 and 72 h post-intravenous teil-vein administration of
[89Zr]ZrFe-2 are presented in Fig. 4, and maximum intensity
projections are shown in ESI Fig. S5.†

Volume of interest (VOI) analysis was used to quantify
radiotracer distribution in different tissues based on the cali-
brated PET images (Fig. 5, ESI Fig. S6 and Table S1†). The mean
tumour uptake of [89Zr]ZrFe-2 was signicantly higher for the
normal group (9.8� 1.3 %ID cm−3, 72 h, n= 5) when compared
with the uptake observed in mice that received the blocking
formulation (4.3 � 0.3 %ID cm−3, 72 h, n = 5, 56% reduction,
Student's t-test P-value < 0.001). These data indicate that [89Zr]
ZrFe-2 displayed specic uptake in the MKN-45 tumours in vivo.
The difference in kidney accumulation between groups was also
shown to be statistically signicant with a lower uptake of 9.7 �
0.4 %ID cm−3 (n = 5, P-value < 0.001) observed for the normal
group compared with of 17.6 � 1.3 %ID cm−3 (n = 5) in the
blocking group. This higher kidney accumulation with
increasing administered protein dose is a known dose-
dependent phenomenon for onartuzumab.41–43

To establish the effect of the rotaxane scaffold on the
radiotracer pharmacokinetics, we monitored the whole-body
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Representative PET images showing the distribution of [89Zr]ZrFe-2 in mice bearing subcutaneous MKN-45 tumours on the right flank.
Images show coronal and axial tomographic views taken through the centre of the tumour for a mouse that was imaged at five time points
between 1–72 h after radiotracer administration. T = tumour, H = heart, L = liver, B = bladder, K = kidneys.

Fig. 5 Bar chart showing time-activity profile data in various tissues obtained from the quantitative VOI analysis of [89Zr]ZrFe-2 PET images for
the normal group (colour bars) and the blocking group (grey-to-white bars). Data are displayed in units of percentage injected dose per cubic
centimetre (%ID cm−3) with data obtained from the calibrated PET images. Student's t-test: (*) P-value < 0.05, (**) P-value < 0.01. An equivalent
representation of these VOI data as time-activity curves is presented in ESI Fig. S6.†
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excretion prole by using dose calibrator measurements to
determine the effective (t1/2(eff)/h) and biological (t1/2(biol)/h)
half-lives of our rotaxane-based imaging agent [89Zr]ZrFe-2.
These data were compared to two separate onartuzumab-based
radiotracers, which were synthetised previously by using either
conventional or photochemical conjugation methods to create
covalent linkages between the 89Zr-labelled DFO complex and
the mAb (Fig. 6A). [89Zr]Zr-DFO-Bn-NCS-onartuzumab (orange)
was obtained via standard (clinically used) methods involving
thiourea formation,44 whereas [89Zr]Zr-DFO-azepin-
onartuzumab (blue) was produced by our photoradiosynthesis
method to create the equivalent 2-aminoazepin linker that also
features in the structure of [89Zr]ZrFe-2 (Fig. 6A).42 It is impor-
tant to emphasise that for [89Zr]Zr-DFO-Bn-NCS-onartuzumab
and [89Zr]Zr-DFO-azepin-onartuzumab, a covalent linker
connects the mAb directly to the 89Zr-labelled DFO complex,
unlike our rotaxane-based agent where the radiolabelled
rotaxane axle is connected to the mAb by a mechanical bond.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The rotaxane-based radiotracer [89Zr]ZrFe-2 gave measured
t1/2(eff) values of 8.9� 1.6 h (n= 5) for the normal group and 7.6
� 2.4 h (n= 5) for the blocking group (no signicant difference).
In contrast, the measured t1/2(eff) values for the covalently-
linked radiotracers [89Zr]ZrDFO-Bn-NCS-onartuzumab (31.9 �
5.6 h, n = 4) and [89Zr]Zr-DFO-azepin-onartuzumab (21.8 �
4.3 h, n = 4) indicated a prolonged retention of the activity in
the whole-body of the animals. As anticipated, the same trend
was also observed in the calculated biological half-lives of the
different radiotracers. These data conrmed that 89Zr-labelled
rotaxane-onartuzumab displays a favourable whole-body
dosimetry prole whereby the 89Zr-activity localised speci-
cally in the tumours generating high tumour-to-tissue contrast,
but the radiotracer displayed faster clearance leading to
reduced exposure of the background organs to the potentially
damaging effects of ionising radiation.

Aer the nal imaging time point at 72 h post-radiotracer
injection, mice were euthanised and biodistribution studies
Chem. Sci., 2022, 13, 12713–12725 | 12719
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Fig. 6 Influence of the non-covalent mechanical bond on the whole-
body effective half-life of the rotaxane-based radiotracer [89Zr]ZrFe-2
versus two covalently-modified radiotracers. (A) Structures of [89Zr]
ZrDFO-Bn-NCS-onartuzumab and [89Zr]ZrDFO-azepin-onartuzu-
mab. (B) Plot of the normalised whole-body activity retained in the
animals versus time, after administration of [89Zr]ZrDFO-Bn-NCS-
onartuzumab (orange), [89Zr]ZrDFO-azepin-onartuzumab (blue), or
[89Zr]ZrFe-2 showing data obtained from both the normal group
(purple) and the blocking group (grey). Curves show the one-phase
exponential fit of the data with regression coefficients given in the
table.
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were performed to quantify the radiotracer uptake across 15
different tissues and to determine the tumour-to-tissue ratios
(Fig. 7 and ESI Table S2†). Ex vivo analysis conrmed that most
of the activity remained in the tumour and kidneys for the
normal group of mice injected with [89Zr]ZrFe-2 (Fig. 7A, purple
bars), which was consistent with the PET image analysis.
Accumulation of radioactivity in the MKN-45 tumours was 9.9�
2.8 %ID g−1 (n = 5). In contrast, tumour-associated uptake of
[89Zr]ZrFe-2 decreased by ∼76% to 2.4 � 0.3 %ID g−1 (n = 5,
Student's t-test P-value < 0.01) in the blocking study (Fig. 7A,
grey bars). Hence, the blocking study conrmed the specic
targeting of c-MET by [89Zr]ZrFe-2 in vivo. As expected from the
PET images, the kidney accumulation was found to be statisti-
cally higher in the blocking group where an uptake of 25.4� 3.0
%ID g−1 (n = 5) was measured, compared with 13.1 � 1.5 %ID
g−1 (n = 5, P-value < 0.001) in the normal group. Except for the
12720 | Chem. Sci., 2022, 13, 12713–12725
tumour and the kidneys, no other differences were observed in
the biodistribution data sets for the normal and blocking
groups that received [89Zr]ZrFe-2. We also compared the ex vivo
data of our rotaxane-based imaging agent with equivalent data
obtained for [89Zr]Zr-DFO-Bn-NCS-onartuzumab and [89Zr]Zr-
DFO-azepin-onartuzumab (Fig. 7, orange and blue bars
respectively).42 Comparison of the tumour-associated activity for
the three radiotracers showed no statistically signicant
difference. However, we note that the tumour uptake of [89Zr]
ZrFe-2 in the normal group tends toward a lower value than the
two covalently-linked radiotracers with values of 9.9 � 2.8 %ID
g−1 for [89Zr]ZrFe-2 versus 21.4 � 11.6 %ID g−1 for [89Zr]Zr-DFO-
Bn-NCS-onartuzumab, and 15.4 � 5.2 %ID g−1 for [89Zr]Zr-DFO-
azepin-onartuzumab. This observation is consistent with the
lower effective and biological half-life values measured experi-
mentally for [89Zr]ZrFe-2.

An overall decrease of activity was observed in background
tissues for the normal group that received [89Zr]ZrFe-2
compared with mice that received either [89Zr]Zr-DFO-Bn-NCS-
onartuzumab or [89Zr]Zr-DFO-azepin-onartuzumab. The lower
retention of [89Zr]ZrFe-2 activity was statistically signicant in
the spleen, stomach, pancreas, and large intestine when
compared against both the covalently-linked radiotracers. In
addition, accumulation of activity in the liver – which is
frequently the dose limiting organ for 89Zr-radiolabelled mAbs
used in the clinic45 – was signicantly lower for [89Zr]ZrFe-2
versus [89Zr]Zr-DFO-Bn-NCS-onartuzumab (P-value < 0.05).

While no statistically signicant differences were observed
in the measured tumour-to-tissue contrast ratios between [89Zr]
Zr-DFO-Bn-NCS-onartuzumab and [89Zr]Zr-DFO-azepin-
onartuzumab, tumour uptake of [89Zr]ZrFe-2 showed higher
contrast over background organs, particularly in the blood,
stomach, large intestine, and fat (Fig. 7B, purple bars). These
results suggest that the mechanical bond of the rotaxane-mAb
construct has a positive inuence over the radiotracer distri-
bution and pharmacokinetics, where the data indicate that high
target specicity, tumour uptake, and tumour-to-tissue contrast
ratios can be retained whilst simultaneously enhancing the
excretion rates and reducing the dose exposure of background
organs.

Data from the PET imaging, biodistribution, and whole-body
excretion measurements of [89Zr]ZrFe-2 suggest that this
radiotracer undergoes metabolic degradation via mechanisms
that are not accessible to the covalent radiotracers [89Zr]Zr-DFO-
Bn-NCS-onartuzumab or [89Zr]Zr-DFO-azepin-onartuzumab. In
addition, the data suggest that catabolic degradation does not
release free 89Zr4+ ions – which would localise in the bone – but
instead produces small, radiolabelled fragments that are elim-
inated rapidly from the animal (consistent with the mechanism
shown in Fig. 1C).

To assess the potential mechanisms for chemical or meta-
bolic degradation, we considered several plausible sites for
bond disconnection/fragmentation in the structure of [89Zr]
ZrFe-2 (Fig. 8, disconnections indicated by the dashed red lines
at positions 1–6). As for all radiotracers bearing a 89Zr-
radiolabelled DFO complex, a decrease in thermodynamic and
kinetic stability can occur when the chemical structure of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Bar charts showing (A) the full ex vivo biodistribution profile (in units of percentage injected dose per gram of tissue, %ID g−1), and (B) the
tumour-to-tissue contrast ratios measured after the final imaging time point at 72 h post-injection in MKN-45 tumour bearing mice for [89Zr]
ZrDFO-Bn-NCS-onartuzumab (orange), [89Zr]ZrDFO-azepin-onartuzumab (blue), and for [89Zr]ZrFe-2 in the normal (purple) and blocking
groups (grey). Student's t-test: (*) P-value < 0.05, (**) P-value < 0.01.
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coordination complex is compromised (Fig. 8, disconnections
1–4).46,47 The release of “free” Zr4+ ions by demetallation (or
transmetallation, Fig. 8, disconnection 1) was demonstrated
previously to induce higher retention in the bones and joints.48

Bond cleavage at disconnections 2, 3, or 4 break the mechanical
bond and would produce semirotaxane species where deth-
reading of the macrocycles from the rotaxane axle is expected to
release radioactive fragments that would likely be eliminated
rapidly from the body.48

Experimental data were obtained for both disconnections 5
and 6 (Fig. 9). Hydrolysis of the 2-aminoazepin linker leads to
the formation of [89Zr]ZrFe-[4]rotaxane-2-hydroxyazepin ([89Zr]
ZrFe-3, Fig. 9A), which is also an observed byproduct of the
photoradiosynthesis of [89Zr]ZrFe-2 that was synthesised, char-
acterised and found to exhibit rapid hepatobiliary and renal
clearance with t1/2(eff) value 0.58 � 0.13 h (Fig. 9B, green dia-
monds and curve).26 A small fraction (approximatively 6% of the
total injectate) of [89Zr]ZrFe-3 was found to be retained in the
kidneys as shown by the ex vivo biodistribution data collected at
24 h post-injection (Fig. 9C, green bars).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Another important bond fragmentation considered for [89Zr]
ZrFe-2 is the hydrolytic ring-opening of b-CD (Fig. 8, discon-
nection 6). This degradation pathway is specic to the rotaxane
design and leads to a dissociation of the radiolabelled [89Zr]
ZrFe-[3]rotaxane ([89Zr]ZrFe-4) from the mAb. [89Zr]ZrFe-4 is
a [3]rotaxane species composed of the DFO-guest-DFO axle and
the two CB[6] macrocycles (Fig. 9A). The radiolabelling
precursor, [3]pseudorotaxane 4, was synthesised and charac-
terised by using 1-dimension and 2-dimensional multinuclear
1H- and 13C{1H}-NMR spectroscopy, high-resolution mass
spectrometry (HRMS), and HPLCmethods (ESI Fig. S7–S14†). In
addition, the non-radiolabelled species natZr-4 was synthesised
and characterised by HPLC and HRMS (ESI Fig. S15 and S16†),
which conrmed that the [3]rotaxane can be synthesised by
using standard metallation reactions. 89Zr-radiolabelling
produced [89Zr]ZrFe-4 which was characterised by radio-iTLC
(ESI Fig. S17†) and was administered to mice (n = 4) via intra-
venous teil-vein injections to measure the whole-body effective
half-life and the biodistribution prole (Fig. 9B red circles, and
Fig. 9C red bars, respectively). Whole-body excretion
Chem. Sci., 2022, 13, 12713–12725 | 12721
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Fig. 8 Chemical structure of the rotaxane-mAb construct [89Zr]ZrFe-2 showing the potential sites of chemical or catabolic degradation (dashed
red lines positions 1–6). Resultant metabolites and the observed or anticipated pharmacology of the radiolabelled fragments are given in the
table.
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measurements of [89Zr]ZrFe-4 gave an t1/2(eff) value of 0.50 �
0.1 h, conrming that this potential metabolite is rapidly
eliminated from the mice. In addition, the biodistribution
studies performed 25 h post-injection conrmed that [89Zr]
ZrFe-4 displays similar clearance characteristics to [89Zr]ZrFe-3,
with only minor retention of activity observed in the liver and
kidneys, and <4% of the total injected activity retained in the
whole animal (ESI Table S3†). We note that in both cases
(Fig. 9B), a simple one-phase exponential model was used to t
the activity versus time data, giving a reasonably accurate esti-
mation of the clearance prole for [89Zr]ZrFe-3 and [89Zr]ZrFe-4,
and conrming that the behaviour of these ‘metabolites’ is
completely different from that observed for the parent rotaxane-
mAb, [89Zr]ZrFe-2. However, more detailed study of the elimi-
nation kinetics of these species is likely to require biphasic or
multi-compartmental modelling in the future. As an example,
a two-phase excretion model was applied to the data sets ob-
tained for [89Zr]ZrFe-3 and [89Zr]ZrFe-4 (ESI Fig. S19†). In both
cases, biphasic modelling also gave reasonable ts with the
experimental data, resulting in correlation coefficient R2 values
of 0.9831 for [89Zr]ZrFe-3 and 0.9449 for [89Zr]ZrFe-4. In this
biphasic model, a fast elimination process is assigned to renal
clearance which dominates, and a slower excretion pathway is
tentatively assigned to a fraction of the activity (approximatively
15%) which is cleared via a hepatobiliary route. Further inves-
tigations are underway to explore the stability prole and
metabolic fate of various rotaxane-based radiotracers.
12722 | Chem. Sci., 2022, 13, 12713–12725
Cyclodextrins (CDs) are cyclic oligosaccharides consisting of
six or more a-1,4-linked glucose units (n $ 6), which can be
degraded via enzyme-mediated hydrolysis to produce the cor-
responding maltooligosaccharides.49,50 Further hydrolysis
results in smaller molecules, mainly maltotriose, maltose, and
glucose, which are eventually absorbed and metabolised into
CO2 and H2O.51–55 Known CD-hydrolysing enzymes include
cyclomaltodextrinases and a-amylases.49,50 Chemical condi-
tions, including low pH with Brønsted acids, or the use of Lewis
acids, were also reported to catalyse the hydrolytic ring-opening
of CDs.50 Cyclodextrins have found wide-spread application as
excipients in pharmaceutical formulations of many drugs, and
hence, the degradation of CDs in vivo has been a subject of long-
standing interest.56–58 The three most common cyclodextrins, a-
CD (n = 6 glucose monomers), b-CD (n = 7), and g-CD (n = 8)
were found to display different rates of degradation when
exposed to gastric acid, or amylases from saliva or pancreatic
tissue in vivo.55,59–62 While a-CD displays resistance and negli-
gible degradation, and g-CD is essentially completely digested
in the small intestine, b-CD (as employed in our radiotracer
design for [89Zr]ZrFe-2) follows an intermediate degradation
pathway. Experiments reported that a fraction between 10% and
20% of administered b-CD is digested in the small intestine
aer 24 h.63,64 Major degradation of b-CD occurs in the micro-
ora of the intestine or colon.55,64 b-CD also showed a trend
towards renal enrichment,55 which could explain the higher
accumulation of [89Zr]ZrFe-3 (the [4]rotaxane species that
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A) Chemical structures of the metabolites [89Zr]ZrFe-[4]rotaxane-2-hydroxyazepin ([89Zr]ZrFe-3) formed by 2-aminoazepin hydrolysis
and [89Zr]ZrFe-[3]rotaxane ([89Zr]ZrFe-4) formed by ring-opening hydrolysis of the b-CD macrocycle. (B) Plot of the measured whole-body
excretion profiles of [89Zr]ZrFe-3 (green diamonds and curve) and [89Zr]ZrFe-4 (red circles and curve) versus the profile obtained for [89Zr]ZrFe-2
(purple diamonds and curve). (C) Bar chart showing the ex vivo biodistribution profiles obtained in mice for [89Zr]ZrFe-3 (green bars) and [89Zr]
ZrFe-4 (red bars) in selected tissues (in units of percentage injected dose per gram of tissue, %ID g−1) at 24 h and 25 h post-injection, respectively.
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contains a b-CD unit) over [89Zr]ZrFe-4 (the [3]rotaxane model
‘metabolite’ without b-CD) in the kidneys (12.0� 2.5 %ID g−1 [n
= 3] versus 5.4� 1.4 %ID g−1, [n= 4]). Additionally, we note that
different biological behaviour and slower elimination rates were
generally reported for the drug-b-CD inclusion complexes
compared with free b-CD.55

Conclusion

Collectively, our experimental data from the radiosynthesis,
PET imaging, biodistribution studies, and measurements of the
whole-body excretion proles of [89Zr]ZrFe-2, and several key
‘metabolites’ provide compelling evidence that mechanical
bonding in the design of rotaxane-based radiotracers can be
used to control the tumour-specicity, the organ distribution,
and the mechanisms of metabolism and excretion. We believe
that supramolecular chemistry harbours untapped potential in
the development of molecular imaging agents and targeted
therapeutics (particularly ADCs). Importantly, mechanical
© 2022 The Author(s). Published by the Royal Society of Chemistry
bonding offers new ways of tailoring the pharmacokinetics of
radiotracers and drug molecules in vivo.
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