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Anchoring Group Mediated Radiolabeling for Achieving

Robust Nanoimaging Probes
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and Mingyuan Gao

Radiolabeling counts for much in the functionalization of inorganic nanopar-
ticles (NPs) because it endows NPs with high-sensitive imaging capacities
apart from providing accurate pharmacokinetic information on the labeled
particles, which makes the development of relevant radiolabeling chemistry
highly desirable. Herein, a novel Ligand Anchoring Group MEdiated RAdi-
olLabeling (LAGMERAL) method is reported, in which a polyethylene glycol
(PEG) ligand with a diphosphonate (DP) terminal group plays a key role. It
offers possibilities to radiolabel NPs through the spare coordination sites of
the DP anchoring group. Through X-ray absorption spectroscopy studies, the
coordination states of the foreign metal ions on the particle surface are inves-
tigated. In addition, radioactive Fe;O, NPs are prepared by colabeling the
particles with '2°| at the outskirt of the particles through a phenolic hydroxyl
moiety of the PEG ligand, and **™Tc at the root of the ligand, respectively.

In this way, the stabilities of these types of radiolabeling are compared both
in vitro and in vivo to show the advantages of the LAGMERAL method. The
outstanding stability of probe and simplicity of the labeling process make the
current approach universal for creating advanced NPs with different combina-
tions of functionalities of the inorganic NPs and radioactive properties of the

Their intrinsic physical properties allow
not only for advanced imaging with
remarkably improved precision, but also
for beneficial combinations of different
types of imaging modalities, and even
the combination of diagnosis and thera-
pies.'* 1%l To this end, the radiolabeling
of functional inorganic NPs is of clinical
significance.’% On the one hand, it pro-
vides accurate pharmacokinetic informa-
tion about the functional NPs delivered
into the body, and on the other hand it
offers imaging capacities with extremely
high sensitivity, quantifiable information,
and unlimited penetration depth.2021]
Therefore, a facile, reliable, rapid, and effi-
cient method for the radiolabeling of NPs
is essentially needed.

Generally, the methods for radiolabe-
ling NPs can be divided into two catego-
ries, i.e., incorporating the radionuclides
into the crystalline lattice of the inorganic

metal radioisotopes.

1. Introduction

Functional inorganic nanoparticles (NPs) such as magnetic
iron oxide NPs,'-%l quantum dots,”8! rare-earth NPs,1% noble-
metal NPs,[''12l and transition metal chalcogenide NPs[**l have
shown great potentials for versatile biomedical applications.

L. Chen, J. X. Ge, B. X. Huang, D. D. Zhou, ). F. Zeng, M. Y. Gao
Center for Molecular Imaging and Nuclear Medicine

State Key Laboratory of Radiation Medicine and Protection

School for Radiological and Interdisciplinary Sciences (RAD-X)
Soochow University

Collaborative Innovation Center of Radiological Medicine of Jiangsu
Higher Education Institutions

Suzhou 215123, China

E-mail: jfzeng@suda.edu.cn

G. Huang

Shanghai Key Laboratory of Molecular Imaging
Shanghai University of Medicine and Health Sciences
Shanghai 201318, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202104977.

DOI: 10.1002/smll.202104977

Small 2021, 2104977

2104977 (10f7)

nanocrystal core, and coupling the radio-
nuclides on the surface of functional NPs
via the secondary chelating moieties or
specific moieties of particle surface capping agent. The former
one is usually accomplished during the wet-chemical synthesis
of NPs. For example, by introducing the corresponding radio-
active precursors in the synthetic systems, >°Fe- 122231 68Ga- [24
M-, and %Cu-doped?® superparamagnetic iron oxide NPs
were successfully obtained by coprecipitation method, irrespec-
tive of the irregular shape and broad particle size polydispersity.
Fortunately, the particles size distribution can remarkably be
narrowed if the synthesis and in situ radioactive doping were
carried out at high temperature through the thermal decompo-
sition of metal precursors.”’] However, strict radiation protec-
tions are required through the whole synthetic process, which
makes the experimental operations very laborious and thus
limits the application of the aforementioned approaches.
Contrasting to in situ doping methods, radiolabeling
through postsynthesis is apparently more convenient. Through
isotopic exchange, monodisperse magnetic iron oxide NPs were
obtained by incubating the oleate-capped particles with **FeCl;
in chloroform in the presence of free oleic acid.?®! Through
absorption, iron oxide NPs stabilized by poly(acrylic acid) were
successfully labeled with ®Ge under ambient conditions.!”!
In spite of the simplicity of these approaches, the room tem-
perature reaction normally requires long time (=24 h) to reach
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a satisfactory radiolabeling yield,?®2% which is not compatible
with short half-live radionuclides. More recently, elevating the
radiolabeling temperature was demonstrated to be effective
for accelerating the labeling process, e.g., %Zr-, %Cu-, and
Wn-labeled iron oxide particles were obtained within 1 h at
120 °C in sealed vials.?%-32 Nevertheless, this facile approach is
apparently unsuitable for radiolabeling nanoprobes precoupled
with biotargeting molecules such as antibody, because the latter
will be deactivated under high temperature and pressure.

In comparison with the intrinsic radiolabeling, the extrinsic
radiolabeling is preferred for constructing molecular imaging
probes bearing versatile biovectors, because it can be carried out
under mild conditions. For example, radioisotopes including
64y 3334 Ul[p BS) 7711, 36) and 68Ga 3738 125] gpd BUB9+41
were attached to the particle surface through the secondary
chelating group of the particle ligand or tyrosine moiety specifi-
cally for iodine radioisotopes. Despite the obvious advantages of
these established methods, the radiolabeling stability still chal-
lenges the extrinsic labeling approaches. Recent investigations
showed that the radioisotope may be detached from the particle
surface together the particle ligands in vivo,[>?83>4] leading to
wrongful diagnosis. In this context, developing facile and reli-
able methods for radiolabeling functional NPs is of clinical
translational relevance, but remains challenging with respect to
radiochemistry.

Herein, we report a Ligand Anchoring Group MEdiated RAdi-
oLabeling (LAGMERAL) method for effectively labeling func-
tional inorganic NPs with metal radioisotopes. Previous studies
have demonstrated that a polyethylene glycol (PEG) 2000 ligand
bearing a diphosphonate (DP) moiety as anchoring group is
very suitable for converting hydrophobic NPs into biocompat-
ible ones. It is applicable not only for transition metal based
NPs, ¥ but also for lanthanides NPs,*! and thus represents a

DP-PEG
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universal ligand for the biomedical applications of these func-
tional NPs. The multiple binding sites of the DP anchoring
group also allow us to suppose that they may effectively entrap
metal radioisotopes onto the surface of the functional NPs,
distinctly different from the above-mentioned intrinsic and
extrinsic radiolabeling approaches. To demonstrate this hypoth-
esis, iron oxide NPs were chosen as a model particle. After sur-
face PEGylation with DP-PEG, *™Tc labeling was carried out
to rationally integrate the capacity for high spatial resolution of
magnetic resonance imaging (MRI) with the high sensitivity of
single-photon emission computed tomography (SPECT), simply
by mixing the PEGylated iron oxide NPs with Na[*™TcO,]. To
disclose the underlying molecular mechanism, X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectroscopy studies were performed to show
the chemical state and coordination profiles of metal radionu-
clide ions on the surface of the labeled NPs. The results indicated
that the metal ion at least bridged two DP groups, which further
improved the binding affinity of the ligand to the particle surface.
Thus, LAGMERAL represents an innovative method for radiola-
beling of functional NPs toward versatile biomedical applications.

2. Results and Discussion

The hydrophobic Fe;0, NPs as shown in Figure S1 (Supporting
Information) were prepared through a conventional thermal
decomposition method by using oleic acid as surface ligands.
To render the as-prepared particles water-soluble and biocom-
patible, the DP-PEG ligand bearing a DP group at one end
and a methoxy group at the other end of a PEG2000 chain was
used to replace the hydrophobic ligand, as schematically shown
in Figure 1a, to achieve DP-PEG coated Fe;O, NPs (denoted

-= Before labeling
-»- After labeling

10 100
Hydrodynamic size (nm)

Figure 1. a) Schematic illustration of labeling DP-PEG coated Fe;O, nanoparticles (NPs) through the diphosphonate (DP) anchoring group, b) a repre-
sentative transmission electron microscopy (TEM) image of Fe;0,@DP-PEG NPs, and c) hydrodynamic size profiles of aqueous solutions of PEGylated

Fe;0, NPs recorded before and after °™Tc labeling.
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as Fe;O0,@DP-PEG). According to the transmission electron
microscopy (TEM) image presented in Figure 1b, the average
size of the resulting PEGylated particles was of 76 + 1.2 nm.
Further dynamic light scattering (DLS) studies revealed that
the PEGylated Fe;O4 NPs are very colloidally stable in aqueous
system due to the firm attachment of the DP-PEG ligands to
the particle surface through the DP group (Figure S2, Sup-
porting Information).

Apart from Fe** ion, the DP group can also firmly coordinate
with many other types of metal ions.*>*! In fact, phosphonate-
functionalized compounds such as methylene DP (MDP) and
ethylenediamine tetramethylene phosphonate (EDTMP) are
used as the skeletal imaging agent in the clinic simply because
they can firmly hold *™Tc apart from showing bone speci-
ficity.*] It is then reasonable to speculate that DP-PEG coated
iron oxide NPs can also be labeled with **™Tc through the spare
—P-O" and —P=0 moieties of the DP groups of the PEG ligand.
To demonstrate this speculation, the PEGylated Fe;O, NPs
were mixed with Na[*’™TcQO,] in aqueous solution in the pres-
ence of SnCl,. After 30 min incubation at room temperature, a
labeling yield above 80% was achieved. In a huge contrast, the
radiolabeling yield as low as 4.2% was achieved by a bare water-
soluble 8 nm Fe;0, nanoparticle prepared by slightly modifying
a literature method with details given in Supporting Informa-
tion, strongly supporting that the surface labeling of *™Tc is
mediated by the bisphosphonate group. After being purified
three times through ultrafiltration, a radiochemical purity up to
98.8% was achieved for the PEGylated Fe;O, NPs. In addition,
the %™Tc radiolabeling barely varies the hydrodynamic size
profile of PEGylated Fe;O, NPs as shown in Figure 1c. Most
importantly, the resulting *™Tc-labeled Fe;O, NPs (denoted as
Fe;0,@™Tc-DP-PEG) exhibit excellent radiolabeling stability
as shown in Figure S3 (Supporting Information). Specifically,
only 12% of the labeled *™Tc ions were detached from Fe;0,
NPs after they were incubated in fetal bovine serum (FBS) for
24 h.

All these features indicate that the LAGMERAL approach
enjoys superiority over the other labeling methods. Neverthe-
less, the underlying labeling mechanisms remain to be investi-
gated. To show the detailed coordination situation of **™Tc ions,
Ga*" was adopted instead of *™Tc*" to prepare an analogue of
Fe;0,@%°™Tc-DP-PEG particles, i.e., Fe;0,@Ga-DP-PEG, as
Ga’" can easily be obtained and characterized through XANES
and EXAFS.5%5U According to the XANES spectra shown in
Figure 2a, Fe;0,@Ga-DP-PEG presents a Ga K-edge very close
to Ga,0; rather than Ga foil at =10367 eV, indicating the val-
ance state of Ga atoms in Fe;0,@Ga-DP-PEG is +3. However,
the k3-weighted EXAFS spectra describing the superposition of
backscattering atoms’ signals (Figure 2b) reveal that the ampli-
tude of Ga signal from Fe;0,@ Ga-DP-PEG is greater than that
of Ga,05 in the low-wave region, implying that there exists low
Z atom in the second shell. Because Ga** can only bind with O
in the first shell, it is reasonable to attribute the low Z element
in the Fe;0,@Ga-DP-PEG to the phosphorus atom as it is next
to the oxygen atom binding with Ga.

The coordination environment of Ga atoms in Fe;0,@ Ga-
DP-PEG was further elucidated through Fourier transform (FT)
analyses of the EXAFS spectra. As shown in Figure 2c, the FT-
EXAFS spectrum of Fe;O,@Ga-DP-PEG in R space shows two
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Figure 2. Ga K-edge X-ray absorption near-edge structure (XANES)
spectra (a), k3-weighted EXAFS spectra (b), and Fourier transformed
k3-weighted y(k)-functions of the EXAFS spectra of Ga foil, Ga,0;,
and Fe;0,@Ga-DP-PEG (c), together with wavelet transforms of the
k3-weighted extended X-ray absorption fine structure (EXAFS) spectra
for Ga foil (d), Ga,0s (e), and Fe30,@Ga-DP-PEG (f). The cross-linking
effect of Ga*" on the DP-PEG ligands anchoring on the surface of Fe;O,
nanoparticles (NPs) is schematically shown (g).

strong shells at 1.4 and 2.7 A, respectively, indicating that there
are one or more types of atoms at these distances. The backscat-
tering atoms can be more clearly distinguished from the three-
dimensional coordination structures obtained by the EXAFS
wavelet transform analysis to show the intensity maximum
position in the second shell. According to the results shown in
Figure 2d-f, Ga foil presents no second shell atoms as expected.
In difference, both Fe;O0,@Ga-DP-PEG and Ga,0; present
second shell atoms, but in slightly different positions, which
is supportive to the attribution of the second shell atoms in
Fe;0,@Ga-DP-PEG to P. To provide more detailed information
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about the second shell, the R space data given in Figure 2c
were further analyzed with Athena software according to the
basic formula of EXAFS. According to the fitting results pro-
vided in Table S1 (Supporting Information), the ratio between
the second shell P and Ga in Fe;0,@Ga-DP-PEG is approxi-
mately 3.3:1. As each DP-PEG molecule possesses only two
phosphorus atoms, the above results indicate that each Ga3*
ion in the Fe;0,@Ga-DP-PEG binds at least with two DP-PEG
ligands. In other words, DP-PEG ligands anchoring on the par-
ticles surface can be cross-linked by Ga** ions as schematically
shown in Figure 2g.

The binding affinity of a given ligand will definitely affect
the colloidal stability of the underlying particles and the radi-
olabeling stability as well, if the radionuclide is extrinsically
labeled. As shown in Figure 2g, the radionuclide can bind with
the DP anchoring groups from adjacent PEG molecules, which
apparently increases the denticity of bridged PEG ligands as a
whole. Therefore, it is reasonable to expect that the bridging
effect of the foreign metal ions will consequently increase the
binding affinity of the PEG ligands. To verify this hypothesis,
127 was adopted to label the DP-PEG ligand on the opposite
side of the DP group for detecting the binding stability of
ligand through '»°I signal. In detail, a PEG ligand bearing a DP
group at one end and a maleimide group at the other end of
PEG2000 chain (denoted as DP-PEG-Mal) was used to PEGylate
the Fe;0, NPs. Then, 4mercaptophenol was conjugated to the
PEGylated NPs through a click reaction between thiol group
and maleimide group to covalently attach a phenolic hydroxyl
moiety on the particle surface, through which the resulting
PEGylated particles were radiolabeled with 2T via the com-
monly used chloramine-T method. The detailed procedures
are shown in Figure 3a. After purification, a radiolabeling yield
of =60% and radiochemical purity of 98.5% were obtained for
resulting particles denoted as Fe;0,@DP-PEG-'%I. Owing to
the excellent colloidal stability benefited from the PEG ligands
anchored through the DP group, the radiolabeling process and
the following purification through multiple ultrafiltration did
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Figure 3. Schematic illustration for showing the procedures for labeling
Fe;O, nanoparticles (NPs) with 2| followed by the coordination of Ga**
with the spare binding sites of anchoring diphosphonate (DP) groups (a),
hydrodynamic size profiles of the PEGylated particles before (Fe;0,@ DP-
PEG-Phe) and after (Fe;0,@DP-PEG-'°l) iodine labeling (b), together
with the ligand binding stability results for showing the difference between
Fe;0,@DP-PEG-'?| and Fe;0,@Ga-DP-PEG-'?° in pure water (c).
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not lead to evident change to the hydrodynamic size profile
of the PEGylated Fe;O, NPs (Figure 3b). The results shown in
Figure 3c and Figure S4 (Supporting Information) reveal that
the binding stability of the DP ligand in Fe;0,@DP-PEG-'%I
can remarkably be improved upon introduction of Ga** coor-
dination. Specifically, about 23.8% of the surface ligands will
be detached after Fe;0,@DP-PEG-'%°I particles are stored in
water for 24 h, according to the signal of the *°I-labeled PEG
ligand in the filtrate. However, this number is decreased to a
few percent if Ga** bridging is preintroduced. Therefore, it can
be concluded that the introduction of foreign metal ions helps
stabilize the surface ligand as well as the radiolabels introduced
through extrinsic approach.

To further discover the advantages of LAGMERAL method
in achieving stable radiolabeled nanoprobes, healthy BALB/c
mouse was chosen as animal model to show the stability of dif-
ferently radiolabeled NPs in vivo. Apart from the '»°I-labeled
and *™Tc-labeled Fe;O, NPs, Fe;0, NPs sequentially labeled
with 25T and *™Tc (denoted as Fe;0,@°"™Tc-DP-PEG-'2°T) were
prepared. After purification, the resulting Fe;0,@°™Tc-DP-
PEG-'2I containing 200 ug Fe, 600 uCi '2°I, and 2000 uCi *™Tc
(corresponding to 10 mg Fe, 30 mCi %°I, and 100 mCi *™Tc per
kilogram body weight) was intravenously injected into healthy
mice that were subsequently subjected to SPECT-CT imaging.
As the emissions of »°T and *™Tc are located at 31 and 140 KeV,
respectively, they can be well resolved by energy discriminant
detectors for independent reconstruction (Figure S5, Sup-
porting Information). As shown in Figure 4a,b, the biodistribu-
tions of '%°T and **™Tc signals are similar in some organs while
significantly different in the others. Specifically, during the ini-
tial stage, both °I and **™Tc signals are highly distributed in
blood pool, as evidenced by the strong signal from the heart.
With the lapse of time, 121 gradually escapes the blood system
and becomes gradually accumulated in bladder, stomach, thy-
roid, and mammary gland, which is quite different from the
general pharmacokinetics behaviors of nanomaterials that gen-
erally exhibit a quick and high uptake by RES organs including
liver and spleen. However, through the *™Tc signal channel,
only negligible signals are presented from thyroid, stomach,
and mammary gland over the whole observation time period,
contrasting to 2° signals.

To understand these behaviors, the biodistribution based
on 1 and *™Tc was quantified by extracting the signals from
the volume of interest (VOI) of desired organs or tissues, and
expressed by percentage of the injected dose (%ID) or per-
centage of the injected dose per gram (%ID/g). As shown in
Figure 4c—j, '°T and *™Tc present consistent pharmacokinetic
profiles for heart and lung, suggesting that Fe;0,@°°™Tc-DP-
PEG-'>I can well keep its integrity in the blood stream. This
was evidenced by the facts that both Fe;0,@DP-PEG-'%T and
Fe;0,@°™Tc-DP-PEG exhibited high radiolabeling stability in
FBS even after 8 h incubation. According to the fitting results
obtained through a pharmacokinetic two-compartment model,
as indicated in Figure S6 (Supporting Information), the distri-
bution half-life and elimination half-life of the radiolabeled NPs
are 9.3 and 263.3 min, respectively. Apart from heart and lung,
9mTe signals present time-dependent behaviors similar to 121
signals with reversed tendencies for kidney and bladder, but
with higher signal levels particularly for kidney. According to

© 2021 Wiley-VCH GmbH
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Figure 4. Single-photon emission computed tomography (SPECT)/CT
images of mouse intravenously injected with Fe;0,@°°™Tc-DP-PEG-'2°|
acquired through '2°I imaging channel (a) and ®™Tc imaging channel (b),
respectively, together with the time distribution acquired by '2°| and *™Tc
signals in different organs such as heart (c), lung (d), kidney (e), bladder
(f), stomach (g), thyroid (h), liver (i), and spleen (j).

the %™Tc signal, the particle accumulation in bladder is close
to 30%ID 8 h postinjection, which is much higher than the dis-
sociation rate of %™Tc (=9.0%) determined in FBS, suggesting
that some of the administrated Fe;0,@°*™Tc-DP-PEG-'%] parti-
cles are excreted via the renal clearance pathway.*!

Apart from these similar pharmacokinetic behaviors, there
are also a number of differences between °I and *™Tc signal
patterns. For example, the 2°I signals from stomach and thy-
roid keep increasing to reach 78 and 2.7%ID 8 h postinjection,
respectively, while ™Tc signals of these two organs keep nearly
constant. It was demonstrated that the above '»°I signal pat-
terns were very close to the pharmacokinetics behaviors of free
1251 and ’I-PEG as shown in Figure S7a,b (Supporting Infor-
mation). It can therefore be concluded that the distribution of
the particles indicated by the I signal is strongly interfered
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by the released '»I owing to continuous deiodination in vivo.
In addition, ?™Tc signals of liver and spleen quickly increase
during the initial 3 h postinjection and then become stabilized,
while the 121 signals from these two organs slightly decrease
during the early stage and then maintain at low levels around
10% during the whole time period. The discrepancy of %™Tc
and [ signals from these organs can be understood by the
facts that the deiodinases that are indispensable enzymes for
deiodination are mainly located in organs such as liver,’2
and the proteolytic enzymes that can detach the particle sur-
face ligand also are populated in liver, spleen, etc.” In con-
sequence, the particle accumulations in these two organs are
underestimated according to '>°I signal. Fortunately, particle
distributions in liver and spleen depicted by *™Tc are well
consistent with those determined through inductively coupled
plasma mass spectrometry, suggesting that the °*™Tc labe-
ling is rather stable and reliable in vivo. Therefore, it can be
concluded that LAGMERAL method is very suitable for radi-
olabeling NPs for tracing their in vivo distributions. To further
show the bridging effect of given foreign metal ion can increase
the binding affinity of the PEG ligands in vivo, the pharma-
cokinetic behaviors of Fe;0,@Ga-DP-PEG-">°I and Fe;0,@
DP-PEG-'%’I were also recorded. The results given in Figure S8
(Supporting Information) indicated that the Ga*" coordination
effectively improved the binding stability of the PEG ligand in
vivo, as Fe;0,@Ga-DP-PEG-'%I presented a much higher liver
signal than Fe;0,@DP-PEG-’I, which helps suppress the
false signal if the radioisotopes of iodine are needed to be radi-
olabeled extrinsically.

In fact, the extrinsic radiolabeling is widely used for creating
molecular imaging probes through macrocyclic chelators, e.g.,
DOTA and NOTA. With respect to nanoimaging probes, these
chelators are typically positioned at the outskirt of NPs, the fol-
lowing chelation with metal radioisotopes is prone to alter the
surface charge, hydrophilicity of NPs, and hydrodynamic prop-
erties, which may lead to unexpected biodistribution in vivo. In
contrast, the current LAGMERAL approach innovatively posi-
tions the radiometal ions at root of the particle ligands, which
can minimize the effects of the radiolabeling on the nanoim-
aging probes with preoptimized properties, apart from its fac-
ileness. In addition, the spare surface phosphate moieties are
universal for binding with the commonly used radioisotopes
including **Fe, "'In, **Cu, *°Y, ®Ga, and 7/Lu, apart from *™Tc.

3. Conclusion

In summary, a universal Ligand Anchoring Group MEdiated
RAdioLabeling (LAGMERAL) method for labeling functional
inorganic NPs with metal radioisotopes has been developed.
The X-ray absorption spectroscopy studies reveal that the for-
eign (radio)metal ion cross-links the ligands through the
unique DP anchoring groups, leading to robust radiolabeling
owing to the enhanced the binding affinity of the ligands. Dif-
ferent from intrinsic and extrinsic labeling approaches, the cur-
rent LAGMERAL method position the radiometal ions at the
root of the particle ligands, which is practically advisable for
labeling nanoprobes without altering their preoptimized prop-
erties and thus represents an innovative approach for creating

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

novel multifunctional nanoprobes for theranostic applications
apart from showing the pharmacokinetic behaviors of the
labeled particles. In addition, to the best of our knowledge, this
is the first report of using the indispensable anchoring group
of particle surface ligands to achieve stable radiolabeling. This
work is our first step in the development of clinically transla-
tional multimodal imaging agents. Future work for expanding
different kinds of radionuclides, NPs, targeting imaging agents,
and kit development is undergoing. We thus believe that the
radiolabeling method developed herein has profound implica-
tions in the field of nanomedicine.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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