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Most of the radiometals with physical properties suitable for
imaging and/or therapy applications (including 64Cu, 89Zr,
99mTc, 111In, 177Lu, and 90Y) require the coordination of certain
chelators to form stable complexes.[1] Because of the unique-
ness of each radionuclide, knowing the particular coordina-
tion chemistry and selecting the best chelator for sufficient
in vivo stability are vital, but highly challenging tasks. There-
fore, the development of a stable radiopharmaceutical that
contains both diagnostic and therapeutic radioisotopes and is
labeled by a simple but effective chelator-free strategy is
highly desirable.

The combination of positron emission tomography (PET)
and magnetic resonance imaging (MRI) has attracted tre-
mendous interest over the last decade, and PET/MRI
scanners have become commercially available.[2] The future
of PET/MRI scanning will greatly benefit from the use of
dual-modality PET/MRI probes. Many dual-modality PET/
MRI agents have been reported; these are typically synthe-
sized by the radiolabeling of magnetic nanoparticles.[3]

Arsenic (As) has four positron-emitting (70/71/72/74As) and
three electron-emitting (74/76/77As) radioisotopes with half-
lives ranging from 52.6 min to 17.8 days (Supporting Infor-
mation, Table S1), which could be useful for both PET and
internal radiotherapy applications.[1] However, arsenic iso-
topes have been scarcely used because of limited availability
and difficulties related to isotope production and separation
and the purity of the radionuclides.[4] Furthermore, few
techniques are currently available for the incorporation of
these radionuclides into biologically relevant targeting vec-

tors. To the best of our knowledge, the labeling of antibodies
and polymers through covalent interactions of radioactive
arsenite, namely *AsIII, with sulfhydryl groups is the only
reported method,[5] whereas techniques for the labeling of
radioactive arsenate, namely *AsV, are still unavailable.

Fortunately, the incorporation of both AsIII and AsV into
magnetite or superparamagnetic iron oxide nanoparticle
(SPION) structures has been observed for a long time, and
it is still used for groundwater decontamination processes.[6]

Furthermore, the underlying chemical mechanism of this
highly specific and efficient arsenic trapping by magnetite was
also elucidated recently.[7] The high affinity of arsenic for the
magnetite surface has been suggested to be related to the
formation of highly stable As complexes, where AsIIIO3

trigonal pyramids or AsVO4 tetrahedra occupy vacant FeO4

tetrahedral sites on the octahedrally terminated {111} surface
of the magnetite nanoparticles.[7]

Inspired by these results, we have now developed a simple,
but highly efficient strategy for the synthesis of radioarsenic-
labeled SPIONs (*As-SPIONs; * = 71, 72, 74, 76) without the
use of any chelators. We hypothesized that by mixing water-
soluble SPIONs with *AsIII or *AsV species, the novel dual-
modality PET/MRI agent *As-SPION could be easily formed
because of the strong and specific affinity of *As for the
SPION surface (Figure 1a).

The transmission electron microscopy (TEM) image of
oleic acid (OA)-capped SPIONs with a diameter of ca. 10 nm
and irregular morphologies, which were synthesized following
a well-established thermal decomposition method, is shown in
Figure 1b.[8] These SPIONs were coated with a layer of OA
surfactant; the resulting particles were only well-dispersed in
nonpolar organic solvents (e.g., cyclohexane) and exhibited
superparamagnetism at room temperature (Figure 1b, inset).
The X-ray diffraction pattern of as-synthesized SPION
matches well with the standard Fe3O4 reflection (JCPDS
No. 89-0691; Figure S1). A well-established ligand-exchange
process was used to replace the original OA ligands with
poly(acrylic acid) (PAA),[9] and efficiently transferred SPIO-
N@OA from the organic phase to the aqueous phase (Fig-
ure 1c, inset), which resulted in PAA-modified SPIONs
(SPION@PAA). A TEM image (Figure 1c) confirmed that
there is no obvious change of the SPIONs in either particle
size or morphology after ligand exchange. Dynamic light
scattering (DLS) analysis of SPION@PAA in phosphate-
buffered saline (PBS; pH 7.4) solution indicated a diameter of
23.1 nm (which includes the surface coating and the hydration
layer), which is larger than the core size observed by TEM
(ca. 10 nm). As-synthesized SPION@PAA was found to be
highly stable in many different biological solutions, such as
PBS, saline, and fetal bovine serum, with no visible aggrega-
tion after more than six months (Figure S2).
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Radioarsenic was produced by irradiating natural germa-
nium oxide targets with protons using the University of
Wisconsin GE PETtrace Cyclotron. Irradiated targets were
processed in a multistep chemical-isolation procedure
adapted from the literature,[5c,10] which involves dissolution,
precipitation, filtration, evaporation, anion exchange chro-
matography, reduction, and solvent extraction. This four-hour
procedure gave a non-decay-corrected radioarsenic yield of
49� 12% (n = 13), and resulted in a mixture of *AsIII and
*AsV in a small volume of aqueous solution (pH 4.5) with no
detectable radiocontaminants.

The oxidation state of radioarsenic at the end of the
separation procedure was initially *AsIII ; the radioarsenic was
present as *As(OH)3, which was observed to rapidly autox-
idize to *AsV, thus forming H3*AsO4. The rate of this
autoxidation varied widely over the conducted experiments.
As a result, the following experiments for the *As labeling of
SPIONs were conducted with a mixture of *AsIII as *As(OH)3

and *AsVas [H2*AsO4]
1� and [H*AsO4]

2� in solution, with the

*AsIII/*AsV ratio ranging from< 0.1 to approximately 0.8. The
oxidation state of the radioarsenic could be monitored
through separation and nanoparticle-labeling procedures
using thin layer chromatography (TLC) that was visualized
by autoradiography.

The pH- and oxidation-state-dependent sorption behav-
iors of arsenic to magnetite have already been well-docu-
mented.[6d] Considering the co-existence of *AsIII and *AsV

after the generation of radioarsenic, we fixed the pH to 7–8
for the optimization of the *As labeling yield. Radiolabeling
yields were calculated by spotting analyte on styrene-backed
SiO2 (250 mm) TLC plates, which were developed with
a sodium tartrate/methanol (3:1; 0.01m) solution as the
mobile phase. The distribution of radioarsenic was visualized
by exposing a Packard multisensitive phosphor screen to the
developed, dried, and tape-covered plates, followed by
processing with a PerkinElmer Cyclone Plus Storage Phos-
phor System. *As-SPION nanoparticles (RF = 0) could be
easily distinguished from free *AsIII (RF� 0.8) and *AsV (RF

� 0.95) using this analytical procedure (Figure S3).
Immediately after the mixing of *As with water-soluble

SPION@PAA in NaOH (1 mm) at pH 7–8, 47.3 % of *As was
strongly adsorbed to the SPION surface (Figure 1d,e). The
*As labeling yield exhibited a sharp increase to 84.2 % within
2 h of incubation (specific radioactivity ca. 3.0 MBq mmol�1 of
Fe), and slowly reached the maximum labeling yield of 92.2%
after 24 h (Figure 1d and Figure S4 a). Negative-control
experiments (Figure 1d and Figure S4 c) without SPION
were performed to confirm the successful labeling of
SPION with *As.

Competitive adsorption between As and other ions (e.g.,
phosphate and citrate) to iron oxides has been reported.[11]

For example, adsorption of AsIII and AsV on hydrated iron
oxide could be suppressed in the presence of phosphate.[11b]

To confirm the specific adsorption of *As to SPION, a solvent
with competitive ions originating from sodium citrate (17 mm,
pH 7–8) was used to inhibit the adsorption of *As to SPION.
An approximately two-fold reduction of the *As labeling
yield was observed after two hours of incubation (43.7% vs.
84.2%) of *As with SPION@PAA and sodium citrate (Fig-
ure 1d; see also Figure S4 b). No significant changes in the
*As labeling yield were observed after further increasing the
concentration of sodium citrate to 340 mm (Figure S5 a). The
dependence of the *As labeling yield on the iron concen-
tration was also demonstrated, as a higher SPION concen-
tration led to an increase in the *As labeling yield as expected
(Figure S5 b).

We hypothesize that the coating of SPIONs with a dense
silica (dSiO2) shell or incubating *As with non-magnetite
nanoparticles could prevent the adsorption of *As, as they are
not expected to form stable *AsIII or *AsV complexes.[7] To
further demonstrate the high specificity of the SPION
labeling with *As, two control studies were performed.
Incubation of the same amount of *As with citrate-capped
copper sulfide (CuS) nanoparticles or SPION@dSiO2 led to
no obvious *As labeling (Figure 1 e and Figure S6), clearly
indicating the high labeling efficiency and specificity of *As to
SPION. Taken together, our systematic investigation illus-
trated the successful labeling of SPION with *As, which is

Figure 1. a) Chelator-free synthesis of *As-SPIONs. b) TEM image of
SPION@OA. Inset: photograph showing the ferrofluidic behavior of
SPION@OA in cyclohexane at room temperature. c) TEM image of
SPION@PAA. Inset: transfer of SPION@OA from the oil phase
(cyclohexane) to the aqueous phase (PBS, pH 7.4) by exchanging the
OA ligand for PAA. d) Time-dependent *As labeling yield of SPION@
PAA (&) and partial adsorption blocking by competitive sodium citrate
ions (*). For the negative control group (~), only water (pH 7–8,
1 mm of sodium hydroxide) and radioarsenic (ca. 6 MBq) were used.
e) Influence of the nanoparticle surface on the *As labeling yield for
SPION@PAA (&), CuS (*), and SPION@dSiO2 (~).
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a fast, iron-concentration-dependent, and highly specific
process.

To examine the capability of *As-SPIONs for dual-
modality PET/MRI, phantom studies were first performed.
PET images of *As-SPIONs at various levels of radioactivity
(0–1.50 MBq) and Fe concentrations (0–15.5 mm) are shown
in Figure 2a and 2b. As no radioactive materials (e.g., *As-
SPION) are allowed in our 4.7 T microMRI scanning room,
SPIONs with the same Fe concentrations as in Figure 2b were
used to demonstrate the enhanced T2* MR contrast. A

decrease of the T2 relaxation time (from 484.4 to 5.4 ms) was
observed with an increase in Fe concentration (from 0 to
1.94 mm), which is consistent with the corresponding
T2* weighted MR images (Figure 2c). The relaxation time
T2 was too short to be measured at Fe concentrations equal to
or exceeding 3.88 mm, because of the absence of a measurable
signal (indicated by dashed circles). The T2 relaxivity (r2) of
SPION@PAA was found to be 93.8 mm

�1 s�1 in the 4.7 T
microMRI scanner (Figure S7).

To demonstrate the feasibility of *As-SPIONs for dual-
modality PET/MRI imaging and to investigate their biodis-
tribution in vivo, an *As-SPION solution (200 mL, ca.
5.5 MBq) was intravenously injected into normal BALB/c
mice. Strong uptake of *As-SPIONs by the liver (32.5� 0.7,
25.7� 1.6, and 16.1� 2.5 %ID/g at 0.5, 2.5, and 15 h post-
injection (p.i.), respectively; n = 2; %ID/g = percentage of the
injected dose per gram) and the bladder (18.5� 3.2, 58.3�
5.6, and 5.3� 4.9%ID/g at 0.5, 2.5, and 15 h p.i. , respectively)
was observed (Figure 3b). As the DLS diameter of *As-
SPION is significantly larger than the renal clearance thresh-
old (ca. 5.5 nm),[12] the radioactivity signal of the bladder is
likely due to the desorption of *As from SPION under
biological conditions.

We further demonstrated that this desorption of *As
could be significantly reduced by coating *As-SPIONs with
a layer of poly(ethylene glycol) (PEG). Strong liver uptake of

*As-SPION@PEG was observed (25.0� 2.7, 24.8� 3.2,
11.0� 1.4%ID/g at 0.5, 2, and 20 h p.i. , respectively; n = 4),
with a significantly decreased bladder signal (12.0� 1.3,
11.7� 3.2, 3.9� 2.2 %ID/g at 0.5, 2, and 20 h p.i. , respectively;
n = 4) after intravenous injection of *As-SPION@PEG into
mice (Figure 3a). The enhanced stability of *As-SPION@
PEG was also confirmed by incubation in complete mouse
serum at 37 8C for 24 h (Figure S8). Nevertheless, efforts
towards further optimizing the stability of *As-SPIONs
in vivo are necessary.

In comparison with the biodistribution patterns of free
*As (Figure 3c), which show fast renal clearance and nearly
no liver uptake of *As, the strong radioactivity signal from the
liver (Figure 3a, b) indeed originated from *As-SPION@
PEG (or *As-SPIONs), but not from free *As. The liver
uptake of *As-SPIONs was further confirmed by in vivo MR
imaging, which clearly showed darkening of the liver and no
detectable signal change for the kidney (or bladder) after
intravenous injection of SPION@PAA (Figure 3 d). The
biodistribution of *As-SPION@PEG was further investigated
at 20 h p.i. , after euthanizing the mice after the final PET scan
and by measuring the tissue radioactivity with a g-counter
(Figure S9). Dominant uptake of *As-SPION@PEG by both
liver and spleen was observed, which validated that the serial
PET imaging (Figure 3a) truly reflected the distribution
pattern of *As-SPION@PEG in mice. Similar uptakes of
the other PET/MRI contrast agents (e.g., 64Cu-labeled
SPION) by liver and spleen have previously been reported,

Figure 2. a) PET imaging of *As-SPION (in a 0.25 mm HEPES buffer)
at various radioactivity levels (0–1.50 MBq). b,c) Digital photographs
(b) and corresponding T2*-weighted MR images of SPION@PAA (c) at
various Fe concentrations (0–15.5 mm). The T2 relaxation time was too
short to be measured at Fe concentrations �3.88 mm (dashed
circles).

Figure 3. a–c) Serial in vivo PET images of PEGylated *As-SPIONs (a),
non-PEGylated *As-SPIONs (b), and free *As (c) at different time
points after intravenous injection into mice. d) In vivo T2*-weighted
MR images of mice before and after intravenous injection of SPION@-
PAA (in PBS). Transaxial images are presented to show the liver
uptake of SPION@PAA.
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and are commonly observed for intravenously injected nano-
particles.[3b,13]

The lymphatic system is an important first line of defense
against infection, and it is also a common route for cancer
metastasis.[14] Therefore, sentinel-lymph-node mapping is of
critical importance in clinical cancer patient treatment.[15] We
demonstrated that *As-SPION@PEG could also be used as
a dual-modality PET/MRI probe for lymph-node mapping.
Upon subcutaneous injection of an *As-SPION@PEG solu-
tion (40 mL, ca. 3 MBq) into the right footpad of normal
BALB/c mice, serial PET scans were performed. Accumu-
lation of *As-SPION@PEG in the popliteal lymph node
could clearly be seen at 2.5 and 15 h p.i. (Figure 4a), with
uptakes of *As-SPION@PEG of 12.5 and 13.2%ID/g,
respectively (Figure 4b). The accumulation of SPION@PAA

in one of the lymph nodes (dashed circle in Figure 4c) could
also be clearly visualized by MRI, which showed gradual
darkening of the lymph node after injection of SPION@PAA
(40 mL, 7.77 mm of Fe) into the footpad of mice. As an
internal control, the contralateral lymph node (solid circle in
Figure 4c) showed no contrast enhancement.

Although dual-modality PET/MRI imaging could only be
achieved separately in our current work because of the lack of
an integrated microPET/microMRI scanner, this work serves
as an important proof of concept to establish *As-SPIONs as
a promising candidate for simultaneous PET/MRI. With
further development of scanners that integrate whole-body
MRI with a simultaneous acquisition of PET, such as the
Siemens Biograph mMR system, imaging agents like *As-
SPION will be required to take advantage of the high
sensitivity of PET and the exquisite soft-tissue contrast of

MRI for future cancer patient treatment. As the labeling of
radioarsenic is not limited to positron-emitting *As, other
radioarsenic isotopes with therapeutic capability (e.g., 76/77As)
could also be readily used for the integration of PET/MRI
imaging with internal radiotherapy. With the presence of
carboxyl groups at the surface of *As-SPIONs, further
conjugation of specific targeting ligands, such as proteins,
antibodies, or peptides,[16] could be readily achieved, which
would make this class of agents even more powerful for future
cancer-targeted PET/MRI and simultaneous radiotherapy, as
well as many other clinical scenarios.

In conclusion, we have developed a novel dual-modality
PET/MRI agent, *As-SPIONs, by mixing irregularly-shaped
SPIONs with radioarsenic. In comparison with the majority of
PET/MRI agents reported to date,[3, 17] our method does not
require the use of any chelators and is applicable for labeling
radioarsenic in both stable oxidation states. Upon optimiza-
tion, *As labeling of SPION was demonstrated to be fast,
iron-concentration-dependent, and highly specific. The bio-
distribution pattern and the feasibility of our new PET/MRI
agent for in vivo dual-modality imaging and lymph-node
mapping have also been investigated.
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