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Abstract

The combination of radionuclide-based imaging modalities such as single photon emission
computed tomography (SPECT) and positron emission tomography (PET) with magnetic
resonance imaging (MRI) is likely to become the next generation of clinical scanners. Hence, there
is a growing interest in the development of SPECT- and PET-MRI agents. To this end, we report a
new class of dual-modality imaging agents based on the conjugation of radiolabeled
bisphosphonate (BP) directly to the surface of superparamagnetic iron oxide (SP10) nanoparticles.
We demonstrate the high potential of the BP-iron oxide conjugation using %MTc-
dipicolylamine(DPA)-alendronate, a BP-SPECT agent, and Endorem/Feridex, a liver MRI contrast
agent based on SP10. The labeling of SPIOs with 9°MTc-DPA-alendronate can be performed in
one step at room temperature if the SPIO is not coated with an organic polymer. Heating is needed
if the nanoparticles are coated, as long as the coating is weakly bound as in the case of dextran in
Endorem. The size of the radiolabeled Endorem (®®MTc-DPA-ale-Endorem) was characterized by
TEM (5 nm, Fe304 core) and DLS (106 + 60 nm, Fe3O4 core + dextran). EDX, Dittmer-Lester
and radiolabeling studies demonstrate that the BP is bound to the nanoparticles and that it binds to
the Fe30y4 cores of Endorem, and not its dextran coating. The bimodal imaging capabilities and
excellent stability of these nanoparticles were confirmed using MRI and nanoSPECT-CT imaging,
showing that 9™MTc and Endorem co-localize in the liver and spleen in vivo, as expected for
particles of the composition and size of 9MTc-DPA-ale-Endorem. To the best of our knowledge,
this is the first example of radiolabeling SPIOs with BP conjugates and the first example of
radiolabeling SP1O nanoparticles directly onto the surface of the iron oxide core, and not its
coating. This work lays down the basis for a new generation of SPECT/PET-MR imaging agents in
which the BP group could be used to attach functionality to provide targeting, stealth/stability and
radionuclides to Fe30,4 nanoparticles using very simple methodology readily amenable to GMP.
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Introduction

Medical imaging techniques allow us to look inside the human body and detect diseased
tissue without the need of surgery (1). Two of the most common imaging techniques are
single photon emission computed tomography (SPECT) and positron emission tomography
(PET). These modalities rely on the properties of radionuclides. Other techniques like
magnetic resonance imaging (MRI) use magnetic fields to detect water molecules in
different tissue environments, sometimes aided by paramagnetic metal-based contrast
agents.

Each of these imaging modalities has its own strengths and weaknesses. For example,
radionuclide-based techniques (SPECT/PET) are extremely sensitive and therefore allow us
to study processes at the molecular and cellular level /n vivo. Their spatial resolution,
however, is poor (=1 cm for a clinical scanner). On the other hand, non-radionuclide based
techniques such as computed tomography (CT) and MRI provide excellent spatial resolution
(<0.1 cm), but require much larger amounts of contrast agent. It is the need to overcome
their respective disadvantages that is driving the ongoing efforts to develop dual modality
imaging instruments and agents so that the strengths of these techniques can be
synergistically combined to provide accurate physiological and anatomical information.
Some of these instruments are being used nowadays in the clinic (e.g. SPECT-CT and PET-
CT) in which the SPECT or PET component provides molecular information on the
physiology and the CT component provides anatomical information. The next generation of
dual modality instruments being developed today is based in the combination of
SPECT/PET and MRI (2-6). The use of MRI as a substitute for CT benefits from (/) no
radiation dose to patients;1 (#7) higher anatomical soft-tissue contrast (7-12); (///) and the
possibility of simultaneous acquisition of the two modalities (PET-MR), reducing the time
spent by patients in the scanner and the assurance that the two modalities are being taken
under the same physiological conditions and spatial positioning. Furthermore, clinically-
effective MRI contrast agents based on paramagnetic metals are commonly used, opening up
the attractive idea of using dual modality SPECT-CT or PET-MR imaging agents (13-17).
Having a bimodal agent with a “single pharmacological behavior” means that the advantages
of both imaging modalities, such as the high sensitivity of PET and the high resolution of
MRI, can be combined into a single image with confidence that both images reflect the same
biological process. At the same time, their individual disadvantages are minimized. The
synergistic effect of dual-modality imaging agents and techniques should make
quantification of the signal more accurate, allowing clinicians to diagnose, plan treatments
and monitor their outcomes more precisely. For example, /n vivo quantification of the
biodistribution of SP1O-based contrast agents using MRI is often difficult to perform. This is
mostly due to the strong susceptibility effect of superparamagnetic materials that results in
significant signal loss in tissues where the material accumulates. Furthermore, /7 vivo micro-
environment-dependent changes of the relaxometric properties of SP10s as well as the
complex methodology required complicate the process further. On the other hand, /n vivo
quantification of photons emitted by radionuclides using SPECT/PET instrumentation is an

1}t has been estimated that the radiation dose of a full-body CT scan is equivalent to that of more than 500 X-ray scans and similar to
what people at 2.4 kilometres away from the World War Il atomic blasts received in Japan.
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accurate and relatively fast process that, unlike MRI methods, is independent of the SPIO
micro-environment /n vivo. Hence, by adding a SPECT or PET component to SPIO agents,
the higher sensitivity of these techniques allow easy and accurate quantification of their
biodistribution, even with very low amounts of SPIO. Other potential clinical applications of
dual-modality agents would be to use the radionuclide component to locate areas of interest
prior to detailed anatomical analysis by MRI or to use both the SPECT/ PET and MR signals
from the dual-modality contrast agent as reference points for fusing the images from both
modalities together.

Despite the high potential of these agents for finding applications in medical imaging,
reports of SPECT- or PET-MR agents are still rare (13-17). These reports are based on
radiolabeling superparamagnetic iron oxide (SPI1O) nanoparticles with SPECT or PET
isotopes (18-28). SPIOs are one of the most successful nanotechnological tools available
today in the clinical field, and are extensively used as MRI contrast agents (29-32). Another
potential use is as therapeutic agents, as SP1Os generate enough heat under alternating
magnetic fields to kill surrounding cells by hyperthermia (33, 34). In order to radiolabel
SPI10Os, their surface must be functionalized with radionuclide-binding molecules, such as
chelators. To date, this has been done by standard conjugation chemical reactions with the
polymeric coatings that are needed to impart sufficient colloidal stability to the particles
(19-28). The coatings, however, are normally only weakly-bound to the surface of the
particle, which may result in decomposition over time and consequent loss of colloidal
stability (35, 36). This problem, however, can be solved for certain coatings by cross-linking
the polymer (37).

A recent and as yet unexplored approach to coat iron oxide NPs is the use of
bisphosphonates (BPs, Figure 1). BPs are well known drugs in the osteoporosis and
oncology fields due to the fact that they bind avidly to the surface of metabolically-active
bone. However, it is less well known that BPs also bind very strongly to metallic surfaces. In
fact, BPs have been used for more than a century to prevent the corrosion of iron-based
metals like steel, implying their strong binding to the surface to inhibit oxidation (38).
Recently BPs were “re-discovered” as strong binders of iron oxide surfaces (39-46).
Remarkably, the binding is strong enough to allow the BP to stay bound to the metallic or
metal oxide surface for at least a month at pH 7 (39). This is in contrast to other chemical
groups such as monocarboxylates, monosulfonates and phosphates, commonly used as
coating agents for iron oxides (39). Some polycarboxylates such as citrate, disulfonates,
phosphonates, and particularly catechols form stable complexes with iron oxides and their
ability to coat SP1Os has been demonstrated (47-50). It has been noted, however, that
catechols may react through a redox mechanism with the surface of iron oxide nanoparticles
in protic environments, leading to decomposition and precipitation of the nanoparticles (51).

There is a growing interest in developing non-polymeric, biocompatible methods to coat
SPI10s for biomedical applications, and the use of BPs as “molecular anchors” may be a
promising approach but has hardly been exploited to date. To the best of our knowledge,
there are only two reports in the literature using such approach for diagnostic/therapeutic
purposes, both from Motte et al. (44, 45). This group has recently shown that SP1O
nanoparticles can be coated with BPs and that they can be further functionalized with a
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fluorescent tag. The particles retained their magnetic properties and thus function as a dual-
modality fluorescence-MRI contrast agent /n vitro. Here, we show that the concept can be
extended to making agents for /n vivo SPECT-MR and hence, in principle, PET-MR
imaging. We demonstrate it by conjugating Endorem, a clinically approved SP10O for liver
MR imaging, with a radiolabeled BP tracer. The product retains its /7 vivo MRI contrast
properties and biodistribution while gaining SPECT imaging properties from the BP tracer.
The SPECT signal allows easy and accurate quantification using widely available
instrumentation, providing a simple method for organ biodistribution studies of SPIO-based
MRI agents using SPECT instrumentation. These experiments provide the basis for a new
generation of PET/SPECT-MR dual-modality medical imaging agents in which the BP may
be used as a stable anchor of signaling, targeting and stability/stealth molecules onto the
metallic surface of iron oxide nanoparticles.

Experimental Procedures

Materials

Reagents and materials were obtained from commercial sources and used as received unless
otherwise noted. Organic solvents were of HPLC grade. Dipicolylamine-alendronate (DPA-
ale) and 99MTc-DPA-alendronate were synthesized as previously reported (52). Water (Type
I, 18.2 MQ-cm) was obtained from an ELGA Purelab Option-Q system. Endorem was
obtained from Guerbet GmbH (France) and used as received. Human serum from human
male AB plasma was obtained from Sigma-Aldrich. For TLC studies, silica gel 60 F254
glass plates (2.5 x 7 cm, Merck KGaA, Germany) were used whereas ITLC-SG plates (Pall
Sciences, USA) were used for ITLC studies. Dittmer-Lester’s TLC reagent for the detection
of phosphorus was prepared following the original literature protocol (53). TLC and ITLC
plates were scanned with a Mini-Scan TLC Scanner equipped with a FC3600 detector of y
photons (Lablogic, UK). Reverse phase (RP) HPLC analyses were carried out using an
Agilent 1200 series HPLC system (Agilent, USA) equipped with a quadruple pump, a
vacuum-degasser, a UV detector set at 254 nm and a y detector as for TLC above. For RP
studies, Zorbax Eclipse XDB-C18 columns (5 um, 4.6 x 150 mm) were used (Agilent,
USA). Radioactivity in samples was measured with a CRC-25R dose calibrator (Capintec,
USA) or a 1282 CompuGamma gamma counter (LKB Wallac, Finland).
[99MTc(CO)3(H,0)3]+ was synthesized using Isolink kits (Mallinckrodt Medical B.V., St.
Louis, MO, USA) (52, 54). Radiolabelled nanoparticles were purified using Vivaspin 500
filters with a 10 kDa molecular weight cut-off (GE Healthcare, UK). The concentration of
uncoated magnetite SP1O nanoparticles was calculated by freeze-drying a sample of the
solution and weighing the residue. 13 mm Millex IC 0.22 xm hydrophilic PTFE filters
(Millipore, USA) were used throughout this study. Na[®*™TcQ,] in physiological saline was
obtained from a 9°Mo/%°MTc¢ generator at the Radiopharmacy at Guy’s and St Thomas’
Hospital NHS Trust, London, UK.

Synthesis of 99MTc-DPA-ale

The complex %MTc-DPA-ale was synthesized and characterized as previously described
(52). Briefly, 1 1g of DPA-ale in 100 yL of 50 mM carbonate buffer (pH =9, [NaCl] = 0.15
M) was mixed with 500 z4_ of an aqueous solution of [2*™T¢c(CO)3(H»0)3]* (500-800 MBq)
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in a screw-cap vial that was sealed and heated at 100 °C for 30 min. The vial was then
cooled in an ice bath and analyzed for purity by radio-HPLC and radio-TLC (52).
Radiochemical purity was >99%.

Synthesis of uncoated SPIO magnetite nanoparticles (SPIO)

The synthesis of monodisperse SPIO magnetite nanoparticles lacking coating molecules was
performed following an established method by Stroeve et a/ (55). The nanoparticles were
synthesized 24 h before use and kept in degassed water under an inert atmosphere until use.
Prior to radiolabeling the nanoparticles were filtered through a 0.22 xm hydrophilic PTFE
filter to remove any potential aggregates. TEM studies and visual inspection showed that the
uncoated SPIO nanoparticles aggregate within a few days.

Synthesis of 99MTc-DPA-ale-Endorem

The pH of a 500 zL solution of 9MTc-DPA-ale (270 MBq) was lowered from 9 to 7 by
adding approximately 20 4L of a 0.1 M HCI solution. Then, 20 zL of Endorem (224 (g Fe)
were added and the vial sealed and incubated at room temperature or 100°C for various
times (once labeling conditions were established a standard incubation of 15 min at 100 °C
was adopted to produce labeled particles for further study). The vial was then cooled in an
ice bath and the contents transferred to a Vivaspin 500 filter with a 10 kDa molecular weight
cut-off membrane that had been previously washed with 3 x 500 gL of H,0. The filter was
centrifuged at 12,000 g for 3 min, separating approximately 50 4L of retentate that contained
the radiolabeled nanoparticles from 450 sl of filtrate that contained most of the unbound
99mTc-DPA-ale. To the retentate was added 100 s of saline and the mixture sonicated for 1
min and centrifuged as before. This process was repeated 5 times until no more unbound
99mTc-DPA-ale was detected in the filtrates. The total radioactivity in the filtrates and
retentates was measured to determine the radiolabeling yield (%). The retentate solution
containing 99MTc-DPA-ale-Endorem was then made up to 100 £ by adding saline, mixed,
removed from the Vivaspin filter and filter-sterilized using a 0.22 ym hydrophilic PTFE filter
(13 mm-diameter). This step was necessary for the /n vivo studies in order to avoid potential
dust particles and bacteria that may compromise the wellbeing of the animals after /. v.
injection of the agent. Less than 5% total radioactivity was retained in both filters (10 kDa
size-exclusion and sterilizing), meaning that, if any, less than 5% of the nanoparticles were
present as aggregates bigger than 220 nm after the labeling process.

Synthesis of 9¥MTc-DPA-ale-SPIO

The radiolabeling of uncoated SP10 nanoparticles synthesized as described above was
performed as above for Endorem but at room temperature and using 150 4g of uncoated
SPIO nanoparticles. Visual inspection showed that radiolabeled SP1O nanoparticles were
colloidally unstable and precipitate in saline solution within 2 h.

Synthesis of DPA-ale-Endorem for characterization

The pH of a solution containing 1 1g of DPA-ale in 100 L of 50 mM carbonate buffer (pH
=9, [NaCl] = 0.15 M) was lowered to 7 by adding approximately 20 L of a 0.1 M HCI
solution. 20 gL of Endorem (224 pg Fe) were then added and the vial sealed and heated at
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100 °C for 15 or 30 min. The vial was then cooled in an ice bath and the contents transferred
to a Vivaspin 500 filter with a 10 kDa molecular weight cut-off membrane that had been
previously washed with 3 x 500 2 of H,O. The labeled nanoparticles were purified as
above for 9°MT¢-DPA-ale-Endorem. Washing of the retentate was stopped when no more
phosphorus was detected in the filtrate by spotting a sample of the filtrate in a silica TLC
plate and staining using Dittmer-Lester’s reagent. The labeled nanoparticles where then
made up to 100 /L by adding saline, mixed and removed from the Vivaspin filter. In order to
resemble the material used for the /n7 vivo studies and to remove dust particles that interfered
with the DLS studies, the colloidal solution was filtered using a 0.22 tm hydrophilic PTFE
filter (13 mm diameter). The filtering procedure removes less than 5% of the labeled
nanoparticles (See synthesis of 99MTc-DPA-ale-Endorem). The binding of the
bisphosphonate to Endorem was confirmed by EDX studies and Dittmer-Lester’s test.

In vitro stability studies in PBS and human serum

To assess the in vitro stability of the BP-Fe30, bond in 99MTc-DPA-ale-Endorem and
99mMTc-DPA-ale-SPIO (as a suspension of the precipitate in a non-colloidal solution),
triplicate experiments with 10 4L of a solution of these compounds (~15 MBQq) were
incubated in PBS (500 L) and human serum (500 z1L) in a 5% CO,/95% air atmosphere at
37 °C and constant shaking for 48 h. Aliquots of 250 zi were taken at 1, 24 and 48 h after
mixing and these were centrifuged at 17,000 g for 15 min. The radioactivity of the pellets
and supernatants of these aliquots were measured to give the percentage of radioactivity
bound to the nanoparticles. After the measurement, the supernatant and pellet were mixed
with the remaining sample and returned to the incubator.

Attenuated total reflection infrared (ATR-IR) spectroscopy

IR studies of lyophilized DPA-ale-Endorem and Endorem were performed in a Perkin-Elmer
Spectrum 100 spectrometer equipped with a universal ATR sampling accessory.

Transmission electron microscopy (TEM) and energy dispersive X-ray (EDX) spectroscopy

TEM analyses were performed in a FEI Tecnai T20 instrument with a LaBg filament
operating at 200 kV. The microscope was equipped with an energy-dispersive X-ray
spectrometer (EDAX Genesis system), that allowed the detection of the elements present in
each sample. The samples were prepared by evaporation of a drop of the aqueous colloidal
suspensions onto a carbon-coated copper grid (Agar Scientific 200 mesh).

Dynamic Light Scattering (DLS)

DLS measurements were performed with a Beckman Coulter DelsaNano C instrument at
25°C.
In vitro MR and SPECT-CT imaging

Magnetic Resonance Imaging (MRI) scanner—MR imaging was performed on a
wide-bore vertical 400 MHz (9.4 T) MR scanner (Bruker Avance 111, Germany). The
gradient coil had an inner diameter of 40 mm and gradient strength was 800 mT/m. A
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quadrature transmit/receive coil with an internal diameter of 35 mm was used. Temperature
was maintained at 37 °C using warm water running through the gradient coil.

SPECT-CT scanning—SPECT images were obtained with a nanoSPECT-CT preclinical
animal scanner (Bioscan Inc., France) equipped with four heads, each with nine 1 mm
pinhole collimators, in helical scanning mode in 20 projections over 15 min. The CT images
were obtained with a 45 kVP X-ray source, 1000 ms exposure time in 180 projections over
~10 min. Images were reconstructed in a 256 x 256 matrix using the HiSPECT (Scivis
GmbH) reconstruction software package, and fused using proprietary Bioscan InVivoScope
(IVS) software. Quantification was performed by selecting the desired organs as regions of
interest (ROI) using the quantification tool of the VS software.

T, relaxation measurement in vitro—Samples of DPA-ale-Endorem and Endorem
were prepared with Fe concentrations of 2.78, 1.39, and 0.69 mM by serial dilution, along
with a control sample (0.00 mM Fe). For comparison a multiple echo spin-echo sequence
was acquired with the following sequence: FOV = 40 x 40 mm?; resolution = 0.156 x 0.156
mm?; slice thickness = 1.5 mm:; deltaTE/TR = 10/2000 ms and 16 echoes. Quantitative
parameter maps of the transverse R, relaxation rate were produced using the image data
acquired from multiple echo times (TEs). The signal, S(TE) at each pixel was fitted to a
model for mono-exponential decay with TE: S(TE) = Sy-exp(-/» TE), where S, represents
the signal intensity at TE =0 ms and R/, = 1/ 7,. The average /A, value within each sample
was calculated using regions of interest in the parameter maps and plotted against the Fe
concentration of each sample.

Phantom studies—Two samples of %MTc-DPA-ale-Endorem (50 kBq, 100 /g Fe) were
prepared in equal volumes and at equal concentrations in 1.5 mL microcentrifuge tubes. One
sample was centrifuged to form a pellet. The two tubes were then taped together and
carefully placed inside a 50 mL plastic centrifuge tube and water was added until the two
sample tubes were covered. MR images were acquired in a plane allowing simultaneous
imaging of both samples to demonstrate the effect of the iron-oxide based agent in solution
and in pellet form. MR data were acquired with the following gradient-echo sequence: FA =
40°; FOV = 50 x 50 mm?; resolution = 0.195 x 0.195 mm?; slice thickness = 1.0 mm; and
TE/TR =10/350 ms. The sample tubes were then removed from the 50 mL centrifuge tube
and transferred to the nanoSPECT-CT scanner and an image acquired as described above.

In vivo MR and SPECT-CT imaging—The /n vivo imaging procedure was carried out in
accordance with British Home Office regulations governing animal experimentation and
performed as follows. A healthy six-week-old female C57BL/6 mouse was anesthetized by
subcutaneous injection of 200 zL of a mixture of 10% Dormitor (medetomidine) and 6.8%
Vetalar (ketamine hydrochloride) in saline. After 15 min the mouse was placed in prone
position on the MRI mouse bed and a pressure-transducer was placed under the abdomen for
respiratory monitoring. Typical respiration rates were between 40 + 10 min-1 (1500 + 500
ms per respiratory cycle). Cine-FLASH was used to acquire temporally resolved dynamic
short-axis MR images of the liver. The gradient echo technique maintains the steady-state
during the entire scan. Spoiler gradients of 1 ms duration and 100 mT/m strength were
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applied after each data acquisition readout to dephase the remaining transverse
magnetization before the application of the next radio frequency (RF) excitation pulse. Cine-
FLASH T,*-weighted was performed without the use of triggering. Imaging parameters
were as follows: repetition time (TR) = 300 ms; echo time (TE) = 2, 3, 4, 6, 8 ms; field of
view (FOV) = 30 x 30 mm; matrix size = 128 x128; slice thickness = 1 mm; flip angle =
30°; 3 averages, 5 slices, 1 frame. The acquisition time was 10 + 0.5 minutes. Short axis and
coronal views of the liver were acquired. The mouse was then injected a solution of 9MTc-
DPA-ale-Endorem in saline (25 w4, 37 MBq, 56 (g Fe) intravenously (/. v) via the tail vein
and the same MRI scans were repeated 15 min post-injection. 7,* values in the liver were
calculated by fitting the data to a model for mono-exponential decay using the same method
as in the “ 7, relaxation measurement in vitro” section (vide supra), where 7, was replaced
by 7,*. At 45 min post-injection, the animal was imaged using the nanoSPECT/CT
preclinical animal scanner as described above.

Biodistribution studies—Biodistribution studies were carried out in accordance with
British Home Office regulations governing animal experimentation. Three mice were
injected /v via the tail vein with 1 MBq (1.5 1g Fe) of 9MTc-DPA-ale-Endorem in 100 L
of physiological saline. After 1 hour, the mice were culled by cervical dislocation and the
following organs were explanted; femur, Kidneys, heart, stomach, spleen, intestines, liver,
lung, muscle and a sample of blood. Each sample was weighed and counted with a gamma
counter, together with standards prepared from a sample of the injected material. The
percent of injected dose per gram of tissue was calculated for each tissue type.

Results and Discussion

Scheme 1 summarizes the procedure for radiolabeling SPIO nanoparticles using 9°™Tc-
bisphosphonates. In a recent report we described the design, synthesis and characterization
of a radiolabeled BP conjugate, ™ Tc-DPA-ale (Scheme 1A), and demonstrated its bone-
seeking capabilities (52). This compound is based on alendronate, a well-known and widely-
used BP used to treat osteoporosis (56). One of the most attractive properties of °™Tc-DPA-
ale is the high /n vivo stability towards oxidation and ligand substitution of the 9°™Tc(1)
metal centre provided by the tricarbonyl group. 9MTc-DPA-ale targets remodeling bone
thanks to its BP group. The complex is highly stable /77 vivo and can be easily synthesized in
water by treating the ligand (DPA-ale) with the complex fac-[#9MTc(CO)3(H,0)3]" at

100 °C. In this work we exploited the bisphosphonate group for its ability to bind to SPIO
rather than for its bone-targeting properties. In order to establish that the radiolabeled BP
was capable of binding SPIO nanoparticles, initial labeling experiments were performed by
simply mixing 99MTc-DPA-ale with uncoated SP10 nanoparticles in water solution for 15
min at room temperature. This resulted in high radiolabeling yields (>95%) (Scheme 1B,
top). Different pH conditions were tested (pH 5 to pH 7) and made no significant difference
to the radiolabeling yields. Whether conjugated to 9™MTc-DPA-ale or not, uncoated SPIO
nanoparticles were colloidally unstable and precipitated within minutes due to the presence
of physiological amounts of salt in the solution, preventing further studies. We then turned
our attention to Endorem (Scheme 1B, bottom), a clinically-approved and colloidally stable
MRI contrast agent that is taken up by cells of the reticuloendothelial system (RES) such as
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the monocytes, macrophages and Kupffer cells found in the spleen and liver. Endorem, like
other clinically-approved nanoparticle imaging agents approved for human use to date, is not
a targeted nanoparticle agent and relies in its size and surface composition to reach its target.
Endorem is composed of SPIO nanoparticles of magnetite enclosed in a biocompatible
polymer (dextran) that imparts colloidal stability and surface properties to the system under
physiological conditions. We first tried radiolabeling Endorem with 99MTc-DPA-ale by
mixing solutions of the two compounds at room temperature for 15 min followed by
separation of unbound %9MTc-DPA-ale from 9°MTc-DPA-ale-Endorem by means of a
centrifugal filter with a molecular weight cut-off of 10 kDa. Labeling at this temperature
resulted in very low labeling yields (<10%). We attributed this result to the presence of
dextran polymer associated with the surface of the nanoparticles. This coating, however, is
relatively weakly-bound to the SPIO core of the nanoparticles (35, 36, 57). We thus
hypothesized that increasing molecular motion by increasing the temperature should
improve the access of the radiolabeled bisphosphonate to the surface of the iron oxide
particles (Scheme 1B, bottom). Indeed, radiolabeling yields of >95% can be obtained by
heating the reaction at 100 °C for 60 min., but these conditions cause substantial loss of
colloidal stability and precipitation of a large fraction of the nanoparticles, presumably by
extensive dissociation of the dextran-SP1O complex after prolonged high temperature (vide
infrd). This is not surprising as dextran is thought to be associated to the iron oxide
nanoparticles by hydrogen bonding (57). After several trials, we established that performing
the reaction for 15 min at 100 °C was sufficient to obtain radiolabeling yields of 55% (650
MBqg/mg Fe) while maintaining the colloidal stability of the solution.2 A non-radioactive
analogue (DPA-ale-Endorem) was also synthesized for characterization purposes using the
same procedure. DPA-ale-Endorem can be considered as a true mimic of %MTc-DPA-ale-
Endorem as both contain virtually the same amount of DPA-ale, which is several orders of
magnitude higher than the amount of 99MTc-DPA-ale in the latter.

The composition and size of DPA-ale-Endorem and Endorem particles were studied using
IR, TEM, EDX and DLS. The IR spectrum of lyophilized DPA-ale-Endorem demonstrates
that the labeling and purification process had not resulted in the loss of the dextran coating.
This is critical, as the dextran coating is necessary for stability. Thus, the spectra of both
compounds are dominated by the vibrations of adsorbed dextran which obscure the iron
oxide and bisphosphonate vibrational modes (Figure S1, supporting information) (57).
Characteristic dextran vibrations were found at 3195 cm (broad, O-H stretching), 2936
cm™1 and 1300-1450 cm-1 (C-H vibrations), 1020-1082 cm1 (C-O vibrations) and ~880-930
(a-glucopyranose ring deformation modes) (57, 58). The presence of the bisphosphonate in
DPA-ale-Endorem was demonstrated qualitatively by a simple spot test using Dittmer-
Lester’s reagent as well as by EDX (Figure 2D-E). Spotting a TLC silica plate with dilute
samples of Endorem and DPA-ale-Endorem and staining with this reagent demonstrated the
presence of the bisphosphonate by the appearance of a blue color in the latter, indicative of
the presence of phosphorus in DPA-ale-Endorem, but not in Endorem (Figure 2A).

2This radiochemical yield allow us to calculate that the BP binds to 3% of the total surface area available at the 5 nm iron oxide
nanoparticles (0.56 x 1015 nmz). The calculation was made taking into account the amount of iron present in the reaction (4 x 10~
moles), the amount of DPA-ale (2.33 x 109 moles), and making the assumption that each 5 nm nanoparticle (78 nm? surface area)
contains 10 x 103 Fe atoms.
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Elemental analysis using EDX is also in agreement with this observation, revealing the
presence of phosphorus in DPA-ale-Endorem (Figure 2E). Despite the high affinity of BPs
towards iron oxides, these techniques do not discriminate 2°™Tc-DPA-ale bound to the
metallic surface of the nanoparticle from any associated with the dextran coating. To
discount the latter possibility we prepared a concentrated solution of dextran (9 mM) and
added a solution of 99MTc-DPA-ale (5 MBg), followed by 15 min heating at 100 °C. These
conditions were chosen in order to mimic the radiolabeling conditions used and high
concentration of the dextran coating around the Fe3O4 cores of Endorem. After cooling the
mixture to room temperature, it was transferred to a 10 KDa centrifugal filter, centrifuged
and the retentate washed several times with saline. 9™Tc-DPA-ale quantitatively eluted
from the filter, separating from the dextran solution. Increasing the reaction time had no
effect in the result. When the same experiment was repeated in the presence of uncoated
SPIOs (300 1), 85% of 99MTc was retained in the filter and hence bound to the SP1O-
dextran mixture. Furthermore, in agreement with the trend found with Endorem (vide supra),
increasing the reaction time to 30 min resulted in almost quantitative binding to the SPIO-
dextran mixture. Thus, these experiments strongly suggest that 99MTc-DPA-ale is not simply
buried within the dextran coating in 9MTc-DPA-ale-Endorem but instead binds through its
BP group to the surface of the metal core of Endorem, as shown in Scheme 1.

The size of DPA-ale-Endorem nanoparticles was investigated by TEM showing that the iron
oxide core is morphologically indistinguishable from that of its precursor Endorem, with a
mean particle size of 5 nm (TEM, Figure 2B-C, top). DLS studies, however, reveal that the
average hydrodynamic size of DPA-ale-Endorem is 106 + 60 nm, compared with 121 + 67
nm for Endorem, suggesting that the labeling process slightly affects the hydrodynamic size
of the nanoparticles (Figure 2B-C, bottom).3 In order to determine the cause for the decrease
in size observed, we designed an experiment in which DPA-ale-Endorem was prepared using
heating for 15 or 30 min. The same experiments were done with Endorem without the
addition of DPA-ale to test if the amount of BP used had an effect. The hydrodynamic size
of each preparation was measured using DLS showing a 15 £ 5 nm decrease in all heated
samples that was independent of the presence of bisphosphonate. Longer heating times
resulted in particle precipitation with both samples. We therefore attribute the decrease in
size to the weakening of the dextran-Fe304 interaction during heating that may result in the
fragmentation of the ~120 nm core-dextran adducts. Indeed, a small population of
nanoparticles with hydrodynamic size of 7 £ 5 nm was detected in the solutions of DPA-ale-
Endorem after heating (Figure 2C, bottom). If heating is continued for more than 15 min, the
dextran coating is no longer capable of preventing the coagulation of the iron oxide cores,
which precipitate.

The stability of 9MTc-DPA-ale-SP10 and 9MTc-DPA-ale-Endorem was tested in
phosphate-buffered saline (PBS) and human serum to confirm that the bisphosphonate-iron
oxide binding is stable under physiological conditions for at least 48 h at 37 °C. Incubation
of 99MTc-DPA-ale-SP10 in PBS showed that the BP-iron oxide bonding was very stable with

3The difference in size between the metal cores (5 nm, TEM) and the hydrodynamic size (120 nm, DLS) is not surprising, as Endorem
in solution is formed of groups iron oxide crystals inside a larger dextran nanoparticle (Kumar, C. S. S. R. Magnetic hanomaterials;
Wiley-VCH: Weinheim, 2009).
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only 5% of 99MT¢ detaching from the iron oxide every 24 h. After 48 h, 90% of %™MTc¢ was
still bound to the SPIO particles. The radiolabeled particles were also incubated in serum
and showed only a slight release of 29™T¢ throughout the experiment, with the presence of
15% of unbound 9MTc in the supernatant at 48 h. There was, however, substantial
precipitation of the radiolabeled nanoparticles during the experiments. In the case of 99MTc-
DPA-ale-Endorem (Figure S2, supporting information), the stability in human serum and
PBS was higher than with 9MTc-DPA-ale-SP10, presumably due to the protective effect of
the polymeric coating. The stability in serum (96 + 2% at 24 h and 94 + 4% at 48 h) was
also slightly lower than in PBS (100% at 48 h)). It is well known that serum proteins are
adsorbed onto iron oxide materials (49, 59). We thus may attribute the minor decrease in
stability observed in serum to ligand exchange mechanisms on the metal oxide surface
and/or decomposition of the iron oxide particles (possibly aided by iron-binding proteins
such as transferrin or ferritin). No coagulation or precipitation was observed during the
experiment with 9MTc-DPA-ale-Endorem, further demonstrating its colloidal stability under
physiological conditions for at least 48 h.

MRI relaxivity measurements (7>) at 9.4 T were also performed with solutions of DPA-ale-
Endorem and Endorem to investigate the effect of the labeling on the relaxometric
properties. The transverse relaxation rate R, (s™1) was calculated for samples of different
concentrations of both compounds and these were plotted against iron concentration. The
data points obtained were then fitted to a straight line and the slope (relaxivity r,) calculated
(Figure 3A). The 7, value obtained for DPA-ale-Endorem was 26 s1 mM-1 whereas for
Endorem was 32 s’ mM-L. The decrease in 7> observed is consistent with the decrease in
hydrodynamic size found in the DLS studies (vide supra) and with previous reports that
examined the relaxivity of fractionated Endorem (60). It must be noted, however, that the
difference found in r, is not statistically significant (P= 0.8, Student’s unpaired ~test).

Prior to the /n vivoimaging studies, a preliminary phantom study was also prepared to
validate the dual-modality imaging capabilities of 99MTc-DPA-ale-Endorem. Thus, two
centrifuge tubes were loaded with a 1 mL solution of 99™Tc-DPA-ale-Endorem of very low
specific activity (50 kBg, 100 /g Fe). One of the tubes was centrifuged for 20 min at 17,000
g, resulting in the complete accumulation of the radiolabeled nanoparticles in a pellet at the
base of the tube. The two tubes were then imaged in the 9.4 T MRI and nanoSPECT/CT
scanners (Figure 3B-C). The 7,*-weighted MR image reveals the difference in the contrast
of the two samples as a result of the removal of 99MTc-DPA-ale-Endorem from solution and
a very strong negative signal arising from the pellet. Similarly, the nanoSPECT/CT image
shows an intense SPECT signal from the pellet of 2°™Tc-DPA-ale-Endorem, whereas in the
non-pelleted tube the SPECT signal is distributed throughout the 1 mL solution and does not
appear at the image thresholds chosen. The /n vitro experiments described above encouraged
us to perform studies /n vivo.

SPECT-CT and MR imaging studies were performed with C57BL/6 mice to confirm that
99MTc and iron oxide in 9¥MTc-DPA-ale-Endorem co-localize in the liver and spleen, and
hence that it functions as a dual-modality SPECT-MR agent /n vivo. T,*-weighted MR
images of the chest and abdominal area were obtained before and after intravenous injection
of 99MTc-DPA-ale-Endorem and demonstrate that the agent rapidly accumulates in the liver
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and spleen (~10 min after /. v, administration), as is usually observed for Endorem (Figure 4).
Rapid uptake in the RES system with 9MTc-DPA-ale-Endorem was expected because
changes in size and composition (vide supra) compared to its precursor are insignificant
(only 3% of the surface of %°MTc-DPA-ale-Endorem is covered by 99MTc-DPA-ale or DPA-
ale). Furthermore, the small size of 9MTc-DPA-ale compared to that of the dextran coating
polymer units, suggest that the latter will dominate its surface properties and hence its
biodistribution. The contrast in the liver was measured from the short-axis images by
calculating the pre- and post-injection 7,* values using different echo times (TE) (Figure
S3, Supporting information). Thus, the 7,* value of liver tissue in normal conditions was 3.3
ms, compared to a post-injection 7,* value of 1.2 ms. The shortening in the 75* value
correlates with the signal intensity decrease as a result of the strong SP10 susceptibility
effects, making the organ appear darker and demonstrating high accumulation of 9MTc-
DPA-ale-Endorem in the liver (Figure 4A-B).

The accumulation of 99MTc-DPA-ale-Endorem in the liver and spleen was also ascertained
by whole-body nanoSPECT-CT (Figures 5A and 4C). After the MRI study the mouse was
transferred to the nanoSPECT-CT scanner and an image was acquired, showing uptake of
99MTc-DPA-ale-Endorem in the liver and spleen, as seen in the MR studies. Notably, no
uptake was detected in bone tissue, which is the target of %*™Tc-DPA-ale when not bound to
particles (Figure 5B), confirming that 99MTc-DPA-ale and Endorem co-localize and hence,
the /n vivo stability of the BP-Endorem bond (52, 61).4 This is in agreement with
expectations that the bisphosphonate group is bound to the iron oxide surface and not
available for binding to bone mineral. One of the big advantages of having a radiolabeled
imaging agent is the ability to quantify the amount of agent in each organ. This is difficult to
do accurately with iron oxide agents using MRI (60). By using the whole-body SPECT
image, we calculated that 97% of the injected dose (% ID) of 99MTc¢-DPA-ale-Endorem
accumulated in the liver, 2% in the spleen and 1% in the rest of the body. The dual-modality
nature of this agent allows us to estimate that this corresponds to an uptake of 54 14, 2 19
and 0.5 pg of Endorem, respectively. £x vivo biodistribution studies are also in agreement
with the imaging studies and allow accurate quantification in each organ of the distribution
of 99MTc-DPA-ale-Endorem /7 vivo (values represent the mean + SD for 3 mice). Hence,
96.9 + 0.9% ID was found in the liver, 1.3 £ 0.4% ID in the spleen and 1.8 + 0.7% ID for the
remaining organs. In order to compare these values with the biodistribution of non-particle-
bound 99MTc-DPA-ale, the percentage of the injected dose per gram of tissue (% ID/g) was
calculated (Figure 5A, right). Thus, 129 + 27% ID/g was found in the liver and 35 + 25%
ID/g in the spleen. The remaining soft-tissue organs showed very low levels of uptake (3%
ID/g). The uptake in bone tissue (measured as the uptake in one femur) was also negligible
(2 + 1% 1D/g), in contrast to that found with 99MTc-DPA-ale (27 + 5% 1D/g) (52) and
demonstrates the high /n vivo stability of the bisphosphonate-iron oxide interaction (Figure
5B, right).

4As with most hydrophilic small-molecule radiotracers, the blood half-life of 99mTc_ppA-Ale is very short <5 min. Thus, one would
expect to see bone uptake if 99MT ¢ pPA-Ale and Endorem dissociate in blood before it is taken by the RES system (~10 min).
Furthermore, in vitro experiments in human serum (see text) suggest the 99mTc_ppA-Ale-Endorem remains unaltered for at least 48
h.
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Conclusions

In this report we have shown that radiolabeled BP conjugates are useful compounds to label
iron-oxide nanoparticles to make SPECT/PET-MR dual-modality imaging agents. We have
demonstrated the concept /n vivo with Endorem/Feridex, a clinically-approved SPIO MR
imaging agent of the RES system (liver and spleen). The binding of the BP to Endorem was
demonstrated by EDX studies and Dittmer-Lester TLC tests. Furthermore, labeling
experiments demonstrate that the BP does not interact with dextran (the polymer coating of
Endorem) and but instead binds to the Fe304 cores of Endorem. TEM studies show that the
labeling process does not change the size of the Fe304 core of the nanoparticles. DLS
studies, however, have shown that the hydrodynamic size of the dextran-FezO4 particles is
decreased slightly (by ~6%) due to heating during labeling. The small decrease in
hydrodynamic size, however, does not to affect the relaxometric properties of the particles or
its MRI contrast properties significantly. The BP-Endorem binding is highly stable /n vitro
and /n vivo. MRI, SPECT-CT imaging and biodistribution studies have demonstrated the
dual-modality contrast capabilities of %™Tc-DPA-ale-Endorem by showing that it
accumulates in the same organs (liver and spleen) as its precursor, Endorem, in vivoas
expected from the lack of change in size and composition after radiolabeling. To the best of
our knowledge, this is the first example of using BPs to radiolabel iron oxide nanoparticles
and the first example of radiolabeling SPIOs directly onto the surface of the iron oxide core,
and not its coating. Radiolabeling of iron oxide nanoparticles allows simple and accurate
quantification of their biodistribution /n vivo using SPECT or PET instrumentation, taking
advantage of the higher sensitivity of these techniques compared to MRI. This work
represents our first step in the development of new generations of dual-modality SPECT/
PET-MR imaging agents based on bisphosphonate-iron oxide nanoparticle conjugates. We
believe the BP group is a promising candidate for the simple functionalization of metal
oxide nanomaterials with radionuclides, targeting molecules and stability/stealth groups for
targeted radionuclide-based dual-modality medical imaging. Future work will be aimed at
exploring their potential.
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Figurel.
General structure of a bisphosphonate (BP).
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Figure 2.
BP (DPA-ale) binding to iron oxide nanoparticles (Endorem): (A) Silica TLC spots of

Endorem (left) and DPA-ale-Endorem (right) after Dittmer’s staining. Blue color
demonstrates presence of phosphorus; (B, C) TEM pictures (top) and DLS studies (bottom)
of Endorem (B) and DPA-ale-Endorem (C). (D, E) EDX studies of Endorem (D) and DPA-
ale-Endorem (E). The inset is a magnification of the range between 0-5 keV. Note the
presence of phosphorus in (E). A peak due to the presence of silicon is seen in (D) and is
most likely to be due to contamination of the sample with vacuum grease.
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Figure 3.

lngvitro imaging studies. (A) MRI relaxivity measurements of Endorem (closed circles,
continuous line) and DPA-ale-Endorem (open triangles, discontinuous line) at 9.4 T. The
slope of the linear fit represents the relaxivity of each sample (). (B) 7o*-weighted MR
phantom study of two samples containing the same amount of %MTc-DPA-ale-Endorem. In
the left tube the nanoparticles were in solution, whereas in the right tube the particles had
been pelleted by centrifuging. There is a strong negative signal from the pellet in the right
tube. (C) NanoSPECT-CT image of the same sample from (B). There is a strong focal

Bioconjug Chem. Author manuscript; available in PMC 2018 October 29.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Torres Martin de Rosales et al.

SPECT signal in the right sample, where 99MTc-DPA-ale-Endorem had concentrated,
whereas the signal in the left tube is diffuse.
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Figure 4.
Dual-modality /n vivo studies. Short-axis view (top) and coronal view (bottom) images: (A)

T>*-weighted MR images before injection of 9MTc-DPA-ale-Endorem, (B) 7>*-weighted
MR image 15 min post-injection and (C) nanoSPECT-CT image of the same animal in a
similar view 45 min post-injection. Contrast in the liver (L) and spleen (S) changes after
injection due to accumulation of 9°MTc-DPA-ale-Endorem, in agreement with the
nanoSPECT-CT image which shows almost exclusively liver and spleen accumulation of
radioactivity. MR images were acquired with a TE of 2 ms.
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Figureb.
In vivo studies. Whole body SPECT-CT maximum intensity projection (left) and

biodistribution studies (right) of MTc-DPA-ale-Endorem (A) and 9°™Tc-DPA-ale (B).
Biodistribution values represent the mean + SD of the % ID/g (7= 3 mice).
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Scheme 1.

(A) Synthesis of 9¥MTc-DPA-ale and (B) schematic representation of the synthesis of
radiolabeled SP10 nanoparticles 9MTc-DPA-ale-SPIO (top) and 9°MTc-DPA-ale-Endorem
(bottom).

Bioconjug Chem. Author manuscript; available in PMC 2018 October 29.



	Abstract
	Introduction
	Experimental Procedures
	Materials
	Synthesis of 99mTc-DPA-ale
	Synthesis of uncoated SPIO magnetite nanoparticles (SPIO)
	Synthesis of 99mTc-DPA-ale-Endorem
	Synthesis of 99mTc-DPA-ale-SPIO
	Synthesis of DPA-ale-Endorem for characterization
	In vitro stability studies in PBS and human serum
	Attenuated total reflection infrared (ATR-IR) spectroscopy
	Transmission electron microscopy (TEM) and energy dispersive X-ray (EDX) spectroscopy
	Dynamic Light Scattering (DLS)
	In vitro MR and SPECT-CT imaging
	Magnetic Resonance Imaging (MRI) scanner
	SPECT-CT scanning
	T2 relaxation measurement in vitro
	Phantom studies
	In vivo MR and SPECT-CT imaging
	Biodistribution studies


	Results and Discussion
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Scheme 1

