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Abstract: Towards the development of iron oxide nanoparticles with intrinsically incorporated radionuclides for dual 
Positron Emission Tomography/Magnetic Resonance Imaging (PET/MRI) and more recently of Single Photon Emis-
sion Computed Tomography/Magnetic Resonance Imaging (SPECT/MRI), we have developed intrinsically radiola-
beled [59Fe]-superparamagnetic iron oxide nanoparticles ([59Fe]-SPIONs) as a proof of concept for an intrinsic dual 
probe strategy. 59Fe was incorporated into Fe3O4 nanoparticle crystal lattice with 92±3% efficiency in thermal de-
composition synthesis. Multidentate poly(acrylic acid)-dopamine-poly(ethylene-glycol-2000) (PAA-DOP-PEG) ligands 
were designed and synthesized based on facile EDC chemistry and utilized to functionalize the [59Fe]-SPIONs. The 
transverse relaxivity of [59Fe]-SPIONs (97±3 s-1mM-1) was characterized and found to be similar to non-radioactive 
SPIONs (72±10 s-1mM-1), indicating that 59Fe incorporation does not alter the SPIONs’ MRI contrast properties. 
[59Fe]-SPIONs were used to evaluate the nanoparticle biodistribution by ex vivo gamma counting and MRI. Nude 
mice (n=15) were injected with [59Fe]-SPIONs and imaged at various time points with 7T small animal MRI scanner. 
Ex vivo biodistribution was evaluated by tissue-based gamma counting. MRI signal contrast qualitatively correlates 
with the %ID/g of [59Fe]-SPIONs, with high contrast in liver (45±6%), medium contrast in kidneys (21±5%), and low 
contrast in brain (4±6%) at 24 hours. This work demonstrates the synthesis and in vivo application of intrinsically 
radiolabeled [59Fe]-SPIONs for bimodal detection and provides a proof of concept for incorporation of both gamma- 
and positron-emitting inorganic radionuclides into the core of metal based MRI contrast agent nanoparticles.

Keywords: Superparamagnetic iron oxide nanoparticles, intrinsic radiolabeling, biodistribution, PET/MRI, SPECT/
MRI, molecular imaging, bimodal detection

Introduction

Recent development of hybrid Positron Emi- 
ssion Tomography/Magnetic Resonance Ima- 
ging (PET/MRI) and more recently of Single 
Photon Emission Computed Tomography/Mag- 
netic Resonance Imaging (SPECT/MRI) systems 
has not yet been paralleled with the develop-
ment of a truly hybrid intrinsic PET/MRI probe 
[1, 2]. In this work, we have developed a meth-
od to synthesize a nanoparticle probe that 
intrinsically incorporates a radionuclide for dual 
MRI/radionuclide detection. This synthetic me- 
thod is appropriate for the incorporation of pos-
itron- and single photon-emitting radionuclides 
for future hybrid PET/MRI and SPECT/MRI 
imaging. This probe brings to molecular imag-
ing a single imaging agent that is detectable by 

gamma-/positron- emission and MRI, combin-
ing therefore, the complementary strengths of 
each modality.

Superparamagnetic iron oxide nanoparticles 
(SPIONs) are established MRI contrast agents 
because of their magnetic properties and low 
biological toxicity [3-7]. Their surface chemistry 
has been well characterized and a number of 
moieties may be used to direct the nanoparti-
cles for targeted molecular imaging and drug 
delivery [8-10]. First generation clinical SPIONs 
contrast agents, such as Feridex, Resovist, Lu- 
mirem, and Sinerem are produced through co-
precipitation of ferrous and ferric iron salts in 
the presence of carbohydrates to yield dextran 
or carboxyl-dextran coated particles of varying 
size [11, 12]. These particles are administered 
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orally to image the gastrointestinal tract and 
intravenously to detect lymph node and liver 
lesions.

In vivo studies in live subjects are essential in 
order to comprehensively understand the phar-
macokinetic and toxicity profiles of these and 
other nanoparticles towards wider clinical use 
[13-15]. In order to address this issue, strate-
gies have been developed to synthesize bimod-
al SPIONs employing surface labeling of radio-
active [9, 16, 17] and fluorescent labels [18, 
19]. External attachments to the SPIONs sur-
face with imaging labels could alter the phar-
macokinetics of the nanoparticles or dissociate 
from the nanoparticles in vivo. Either of these 
potentialities would affect the quantitative 
characterization of the SPIONs. Furthermore, 
fluorescent labeling is limited to qualitative 
studies, and poor signal penetration is still a 
problem for deep tissue fluorescence imaging.

A previous study has incubated SPIONs with 
59Fe at room temperature to achieve radiola-
beled SPIONs encapsulated with amphiphilic 
polymer or incorporated into lipid micelles [20]. 
It is not clear from this report whether 59Fe 
labels the core or the surface of the SPIONs. 
The claimed core labeling was not substantiat-
ed by further experiments such as ligand 
exchange reaction. Furthermore, this room 
temperature reaction requires at least 24 hours 
for moderate 59Fe incorporation yield; this time 
window may be not compatible with the half-
lives of some imaging radionuclides.

A more recent publication has utilized germa-
nium-69 (69Ge) to intrinsically radiolabel SPIONs 
[21]. The facile radio-labeling reaction with high 
reaction yield was performed based on the 
strong absorption of germanium on the SPIONs 
surface. The PEGylation was introduced to fur-
ther enhance in vivo stability of radiolabeled 
[69Ge]-SPIONs and in vivo PET/MR imaging was 
demonstrated using this dual-modal nanopro- 
be.

Towards the development of multi-functional 
and multi-modal imaging probes, we have pre-
viously reported on the intrinsic incorporation 
of radionuclides into various nanoparticles [22-
24]. In this study, we developed a thermal de- 
composition strategy to incorporate radionu-
clides into the crystal lattice of SPIONs and this 
is exemplified by intrinsically radiolabeled 
[59Fe]-SPIONs. To the best of our knowledge, 
this is the first description of intrinsic radiola-

beling of SPIONs using high temperature orga- 
nometallic synthesis. This strategy affords high 
incorporation efficiency in a short time, which is 
compatible with incorporation of short half-life 
PET and SPECT radionuclides. The surface mo- 
dification of [59Fe]-SPIONs was achieved using 
a multidentate PEGylated ligands to improve 
SPIONs stability in vitro and more importantly 
in an in vivo environment. The biodistribution of 
this intrinsically radiolabeled [59Fe]-SPIONs was 
investigated by both in vivo MRI as well as ex 
vivo gamma counting. Here we demonstrate 
the proof of concept of intrinsically radiolabeled 
nanoparticles for incorporation of PET/SPECT 
radionuclides for hybrid PET/MRI and SPECT/
MRI imaging.

Materials and methods 

Chemicals

All chemicals were used as received without 
further purification. Iron (III) acetylacetonate 
(Fe(acac)3, 99.9%), 1,2-hexadecanediol (techni-
cal grade, 90%), benzyl ether (98%), oleylamine 
(technical grade, 70%), poly(ethylene-glycol) 
methyl ether (Mw≈2,000), dopamine•HCl 
(98%), N-hydroxysuccinimide (NHS, 98%), poly- 
(acrylic acid) (PAA, Mw=1,800), N-(3-dimethy- 
laminopropyl)-N’-ethylcarbodiimide hydrochlo-
ride (EDC, 98%) were purchased from Sigma-
Aldrich. Oleic acid (technical grade, 90%) and 
poly(ethylene-glycol)-2000 (PEG) were obtained 
from Alfa Aesar. [59Fe]-Fe (III) chloride (half-
life=44.5 days, specific activity=24 mCi/mg) 
was purchased from Perkin Elmer.

Nanoparticles characterization

Transmission electron microscope (TEM) imag-
es were recorded on JEOL JEM-1230 operating 
at an accelerating voltage of 120 KV. The sam-
ples were prepared by dropping a diluted solu-
tion of SPIONs in toluene on carbon films sup-
ported on copper grids (Formvar/Carbon 300 
Mesh Cu). These images were processed and 
the nanoparticle size was evaluated using 
ImageJ, an open source Java-written program 
developed by the National Institute of Health 
for image analysis. Zeta Sizer Nano Series 
ZEN3600 was used to measure the hydrody-
namic size (HD size) and zeta potential of [59Fe]-
SPIONs in water. Gamma counter (LKB Wallac 
1282 compugamma CS universal gamma 
counter/Perkin Elmer) was calibrated for 59Fe, 
resulting in a counting efficiency of 15.2±0.2% 
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All radioactive experiments were performed in 
designated lead shield fume hood. All safety 
measures were taken during handling the radio-
nuclide, including wearing protective clothing 
and gloves of appropriate radiation shielding. 
Radioactive contamination was monitored by 
both external radiation detection as well as 
swipe testing. The radioactive 59Fe waste was 
stored in the lead containers and safely stored 
in designated areas before submitting to the 
VCU Radiation Safety Office for waste disposal. 
Radioactive samples submitted for TEM and 
DLS analysis were monitored and the level of 
radioactivity in these samples was in the range 
of 1 to 5 nCi. After measurement, samples were 
recovered and stored along with the rest of the 
59Fe waste.

The second step is to incorporate the radionu-
clide into the above synthesized SPIONs seeds. 

59FeCl3 aqueous solution (400 μCi, 100 μL) was 
transferred to a 25 mL three-neck flask. Argon 
flow was used to dry the aqueous solution slow-
ly under mild stirring and heating. Fe(acac)3 (20 
mg, 0.057 mmol), 1,2-hexadecanediol (516.88 
mg, 2 mmol), benzyl ether (4 mL), oleylamine 
(150 μL, 0.46 mmol) and oleic acid (150 μL, 
0.46 mmol) were then added to the flask. The 

using both the 1099 keV and 1292 keV gam-
ma-ray energy peaks. 1H NMR spectra were 
recorded on Varian Mercury 300 spectrometer 
with solvent proton resonance as reference.

Synthesis of SPIONs seeds and [59Fe]-SPIONs 

The first step of the synthesis is to prepare non-
radioactive SPIONs seeds using previously 
reported methods [25, 26] with slight modifica-
tion, as shown in Figure 1A. Briefly, Fe(acac)3 
(140 mg, 0.4 mmol), 1,2-hexadecanediol 
(516.88 mg, 2.0 mmol), benzyl ether (4 mL), 
oleylamine (395 μL, 1.2 mmol) and oleic acid 
(380 μL, 1.2 mmol), were loaded into a 25 mL 
three-neck flask. The reaction was performed 
under argon flow. The reaction mixture was first 
heated to 200°C for 2 hours, followed by heat-
ing at 300°C for 1 hour. The reaction was 
cooled down to room temperature after remov-
ing the heat source. 50 mL of ethanol was used 
to precipitate the SPIONs. The SPIONs were dis-
persed in 5 mL chloroform after centrifugation 
at 6000 rpm for 5 minutes. In order to remove 
the undissolved residue, a second centrifuga-
tion was applied. The supernatant was then fil-
trated through 0.2 μm nylon syringe filter to 
remove larger nanoparticles.

Figure 1. (A) Synthetic strategy of multidentate PAA-DOP-PEG coated [59Fe]-SPIONs. (B) TEM image and (C) histo-
gram of non-radioactive SPIONs. (D) TEM image and (E) histogram of [59Fe]-SPIONs. Both of the two histogram im-
ages were analyzed using ImageJ software. (F) MRI phantom image for [59Fe]-SPIONs with eleven concentrations of 
Fe: 0, 0.51, 1.15, 2.28, 4.69, 6.89, 9.32, 10.87, 23.40, 46.44, 69.3 mg/L. Note that the scale bar for (B) and (D) is 
100 nm. The scale bar of the image insert in (D) is 20 nm.

Table 1. Biodistribution of intravenously injected [59Fe]-SPIONs in nude mice (n=3 per time point). 
Data are presented as %ID/g (mean±SD) values determined through gamma counting. Data for 
59FeCl3 at 144 hours is also included for comparison

Organs 1 Hour 4 Hour 24 Hours 72 Hours 144 Hours 144 Hours (59FeCl3)

Blood 3.9±0.7 1.4±0.3 2.8±0.2 4±0.4 5.5±0.7 28±4
Heart 1.2±0.2 0.48±0.07 0.51±0.02 0.8±0.3 0.9±0.2 4.1±0.5
Lungs 1.9±0.5 0.94±0.04 1.2±0.2 1.3±0.4 1.8±0.2 11±3
Liver 46±7 30±7 39±3 33±5 31±2 50±10
Spleen 16±6 19±2 17.5±0.9 14±5 15.2±0.3 48±9
Stomach 0.4±0.3 0.13±0.04 0.25±0.05 0.2±0.2 0.26±0.1 1.1±0.5
Intestines 0.7±0.2 0.9±0.1 1.4±0.1 1.3±0.4 0.8±0.1 2.1±0.8
Kidneys 1.4±0.2 0.7±0.1 0.99±0.1 0.7±0.2 1.4±0.2 6.1±0.7
Skin 0.9±0.4 0.5±0.2 0.7±0.1 0.9±0.2 0.81±0.03 3.4±1
Muscle 0.9±0.6 0.3±0.3 0.19±0.07 0.3±0.3 0.36±0.07 1±0.2
Skull 2.1±0.9 1.8±0.3 1.5±0.4 2.1±0.4 4±1 10±4
Brain 0.14±0.05 0.1±0.1 0.12±0.03 0.12±0.01 0.28±0.08 1.13±0.1
Femur 5.4±0.5 4.9±0.9 7±2 5.3±0.9 4±1 10±2
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non-radioactive SPIONs seeds (12 mg of Fe, 
1.7 mL) were loaded and the chloroform was 
removed under vacuum and heating. The reac-
tion mixture was heated to 200°C for 1 hour, 
followed by heating to 300°C for 30 minutes 
under refluxing. After cooling to room tempera-
ture, the radioactive [59Fe]-SPIONs were pre-
cipitated with the addition of 50 mL of ethanol. 
The pellet was collected by centrifugation and 
[59Fe]-SPIONs were re-dissolved in chloroform. 
The radiolabeling reaction efficiency of 59Fe 
incorporation was determined by gamma 
counting.

Synthesis of PAA-dopamine-poly(ethylene-
glycol)-2000 (PAA-DOP-PEG) ligands

Amino-PEG-2000 was synthesized as previous-
ly described [27, 28]. To a solution of PAA (100 
mg, 55.6 μmol) in anhydrous DMSO (3 mL) was 
added EDC (319 mg, 1.6 mmol) and NHS (192 
mg, 1.7 mmol). The reaction solution was sti- 
rred at room temperature for 4 hours. Dopa- 
mine•HCl (131.6 mg, 0.86 mmol) and N- 
terminal amino-PEG-2000 (1.4 g, 0.7 mmol) 
was then added to the solution and kept at 
room temperature overnight. The solution was 
then dialyzed against DI water. PAA-DOP-PEG 
was obtained as white solid (1.4 g, reaction 
yield 86%). 1H NMR (300 MHz, D2O, ppm): δ 
6.9-6.7 (broad), 3.7 (broad), 3.4 (broad), 3.2-
3.1 (broad), 2.9 (broad), 2.8 (broad), 2.7 
(broad), 1.9 (broad), 1.1 (broad).

by a 30 k MW cut off filter (Amicon filters) at 
12,000 rpm for 30 minutes. The [59Fe]-SPIONs 
were collected and diluted in DI water.

Inductively coupled plasma (ICP) measure-
ments

In order to determine relaxometry and mass of 
Fe in the administered [59Fe]-SPIONs injectate, 
Fe concentration of [59Fe]-SPIONs solution was 
measured with ICP atomic emission spectros-
copy with a Vista-MPX CCD Simultaneous ICP-
OES (Varian). Standards of Fe solutions were 
used to find the characteristic wavelength at 
238.2 nm, and to construct a calibration stan-
dard curve. Prior to ICP analysis, samples were 
digested for 3 days using a 7% nitric acid solu- 
tion.

MRI phantom studies

Phantom studies were carried out in order to 
quantify the transverse relaxivity (r2) induced by 
[59Fe]-SPIONs. A phantom was made with a 250 
mL plastic bottle filled with DI water and con-
taining eleven 2 mL glass vials. Each vial con-
tained a known Fe concentration of [59Fe]-
SPIONs for 0, 0.51, 1.15, 2.28, 4.69, 6.89, 
9.32, 10.87, 23.40, 46.44, 69.3 mg/L. The 
[59Fe]-SPIONs solutions were loaded into 2 mL 
glass vials, avoiding air bubbles. The phantom 
was imaged in the 7T BioSpec 70/30 small ani-
mal MRI scanner (Bruker, Billerica, MA), with a 
multiple-slice multiple-echo (MSME) sequence 
where the echoes are acquired at echo times 

Ligand exchange reaction

Oleylamine/oleic acid coat-
ed [59Fe]-SPIONs in chloro-
form (6 nmole, 2 mL) were 
mixed with an excess of 
PAA-DOP-PEG ligands in DI 
water (5 mmol, 0.5 mL). 
The mixture was rigorously 
stirred and heated to 60°C 
for 30 minutes. Ethyl ace-
tate/hexane (1/1) was then 
added to precipitate the 
nanoparticles. The water-
soluble [59Fe]-SPIONs pel-
let was collected and dried 
under argon flow then dis-
persed in DI water. The 
solution of [59Fe]-SPIONs 
was filtered through a 0.2 
μm nylon filter, and purified 

Figure 2. Biodistribution (%ID/g) at various time points post intravenous admin-
istration. Nude mice (n=3 per time point) were injected through the tail vein with 
[59Fe]-SPIONs (26±1 μg Fe, 0.84±0.03 μCi, 200 μL).
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(TE) ranging from 10 ms to 640 ms in 10 ms 
increments, and a repetition time (TR) of 
12,000 ms. This produces 64 images of one 
slice of the phantom at 64 different TEs. The 
signal intensity from each slice decreases with 
longer TEs at a rate defined by the transverse 
relaxivity (T2). By plotting the signal intensity of 
a region of interest (ROI) within each vial vs TE, 
the rate of signal loss was fitted and T2 was cal-
culated. The effect of the contrast agent on the 
water of each vial is described using transverse 
relaxation rates (R2) rather than times (T2), 
which have an inverse relationship, as shown in 
Equation 1.

1. R2=1/T2

Relaxation rates are additive, so the relaxation 
rate observed in a vial (R’) is the sum of the 
water’s relaxation rate (R) and the relaxation 
induced by the SPIONs (RSPIONs), as shown in 
Equation 2.

2. R’=R+RSPIONs

Within the range of concentrations useful for 
MR imaging, the relaxation induced by the 
SPIONs is directly proportional to the concen-
tration of the SPIONs (C) and the SPIONs’ spe-
cific relaxivity (r2), as depicted in Equation 3.

3. RSPIONs=r2C

By combining equations 1, 2, and 3, it is possi-
ble to define the r2 of a SPIONs sample in terms 
of the T2 of a contrast free vial of water (T2water), 
the measured T2 of a contrast loaded vial (T2vial), 
and the known SPIONs concentration (C) within 
that vial.

4. r2=(1/T2vial-1/T2water)/C

Using the T2 of the SPIONs loaded vials (ms), 
the T2 of the non-SPIONs vial (ms), and the 
SPIONs concentrations (mM of Fe), the r2 of 
each vial was calculated using Equation 4 (1/
mM*s). The mean of all of the SPIONs loaded 
vials was used as the relaxivity value and the 
standard deviation of the measurements was 
used to evaluate the uncertainty within the 
experimental concentration range.

Biodistribution

Animal experiments were approved and per-
formed according to the policies and guidelines 
of the Animal Care and Use Committee (IACUC) 
at Virginia Commonwealth University. Adult 
male and female nude mice (Harlan, USA) were 
injected, with the solution of PEGylated [59Fe]-
SPIONs in saline (26±1 μg Fe, 0.84±0.03 μCi, 

Figure 3. Sagittal MR images of [59Fe]-SPIONs (26±1 μg Fe, 0.84±0.03 μCi). (A, C, E) are baseline scans before 
[59Fe]-SPIONs injection. (B, D, F) are post injection scans at 1, 24,144 hours respectively. The blue arrows indicate 
the brain, the red arrows indicate the liver and the yellow arrows indicate the bladder.
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200 μL), through the tail vein. Mice were eutha-
nized and blood samples and major organs 
were harvested and weighed at different time 
points after injection (1, 4, 24, 72, 144 hours; 
n=3 per time point). Radioactivity of each sam-
ple including injection standards were mea-
sured by gamma counter and the percentage of 
the injected dose per gram (%ID/g) of tissues 
were calculated.

MR animal imaging 

In order to validate the dual MR/nuclear probe 
concept, both in vivo MR imaging and ex vivo 
gamma counting were performed on the same 
animals. This enabled the correlation between 
ex vivo 59Fe data with ROI analysis of in vivo MRI 
data. A Fast Imaging with Steady State Prece- 
ssion (FISP) sequence was used with a TR of 
9.4 ms and TE of 4.7 ms. A total of 4 acquisi-
tions were performed. A flip angle (FA) of 35º 
was used to achieve T2*/T1 weighted images. 
The short TR (9.4 ms) allowed for a 384× 
128×128 matrix acquisition with isotropic 274 
micron voxels (FOV=10.5×3.5×3.5 cm). The iso-
tropic acquisition was specifically developed to 
allow for future comparison with isotropic PET 
data. Attenuator and receiver gain values were 
recorded from the pre-injection imaging and 
reused for the pre-sacrifice imaging. The un-
gated acquisition time was 614 s. A pneumatic 
pillow sensor placed under the mouse chest 
and connected through an ERT Control/Gating 
Module (SA Instruments) was used to acquire 
the mouse’s respiratory cycle. The MRI sequ- 
ence was actively gated to avoid acquisition 
during inhalation and exhalation. This gating 
increased the acquisition time to ~13 minutes. 

The mice were anesthetized under 2% isoflu-
rane flow during imaging. The images were 
exported in Digital Imaging and Communications 
in Medicine (DICOM) format for processing and 
analysis using the 3D Slicer software package. 

Additionally, the phantom described in phan-
tom study section was imaged using the same 
sequence parameters to produce a % contrast 
vs [59Fe]-SPIONs concentration standard curve. 
ROIs were drawn on the brain, kidneys, and 
liver of each mouse before and after injection 
to quantify the % contrast caused by the [59Fe]-
SPIONs injection at different time points. These 
% contrast values were then used to calculate 
probe concentrations based on the % contrast 
vs [59Fe]-SPIONs concentration standard curve. 
These MRI derived probe concentrations were 
then compared to radionuclide probe concen- 
trations.

Results

Synthesis, surface functionalization and char-
acterization of [59Fe]-SPIONs

[59Fe]-SPIONs were synthesized through ther-
mal decomposition of organometallic complex-
es, as shown in Figure 1A. The regular crystal-
linity of [59Fe]-SPIONs from thermal decom- 
position synthesis results in high paramagnetic 
properties and a high 59Fe radiolabeling reac-
tion yield (92±3%). The radius of the non-radio-
active SPIONs, measured by TEM, was 4.3±1.3 
nm before radionuclide incorporation (Figure 
1B and 1C) and grew to 5.0±1.5 nm after radio-
nuclide incorporation (Figure 1D and 1E). 
Following ligand exchange with PAA-DOP-PEG, 
the HD size of [59Fe]-SPIONs increased to 17±6 

Figure 4. (A) The MRI contrast caused by the [59Fe]-SPIONs injection as measured by ROI analysis of various tissues 
and (B) the %ID/g of those tissues from biodistribution for comparison (n=3 per time point).
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nm. The zeta potential of water-soluble [59Fe]-
SPIONs was -46±5 mV. The transverse relaxivi-
ty (r2) of [59Fe]-SPIONs was 97±3 mM-1sec-1, as 
measured in the MRI phantom study (Figure 
1F). As a comparison, a fraction of the non-
radioactive SPIONs seeds produced in the first 
step of the synthesis were coated with the 
same ligands, and the transverse relaxivity of 
these SPIONs was 72±10 mM-1sec-1. The slight 
increase in relaxivity of [59Fe]-SPIONs, com-
pared with non-radioactive SPIONs, could be 
attributed to the quadruple nature of 59Fe nuclei 
(59Fe nuclear spin, I=3/2 vs 0 for 56Fe).

Biodistribution

The %ID/g of [59Fe]-SPIONs in blood and major 
organs, at different time points after injection, 
was measured by 59Fe gamma counting, as 
shown in Table 1 and Figure 2. Consistent with 
nanoparticle pharmacokinetics, the [59Fe]-SPI- 
ONs biodistribution exhibited large accumula-
tion in the liver and spleen due to scavenging 
and phagocytosis by cellular elements of RES. 
It is also interesting to note a slight increase in 
the blood %ID/g with time; which could be due 
to the degradation of 59Fe from the [59Fe]-
SPIONs and subsequent incorporation into blo- 
od elements. Accumulation in the femur could 

also be indicative of bone marrow uptake as a 
result of this.

MR imaging

Representative MR images of [59Fe]-SPIONs in- 
jected mice are shown in Figure 3 for baseline 
scans and post injection scans at 1, 24 and 
144 hours. High contrast was observed in liver, 
while medium contrast was observed in kid-
neys, and little or no contrast was observed in 
brain. ROIs were drawn on these three larger 
tissues, and the contrast induced by the [59Fe]-
SPIONs injection was quantified and compared 
to the biodistribution data in Figure 4.

In an effort to determine Fe concentration from 
only MRI ROI data (for comparison with radio-
nuclide detection concentration measurement- 
s), a standard curve of contrast (% Signal Re- 
maining) vs Fe concentration of [59Fe]-SPIONs 
(mg/L) was produced in a phantom study and is 
shown in Figure 5A. Concentrations between 
the known values where linearly interpolated, 
as shown by the connecting line segments. Fe 
concentrations calculated from MRI data and 
biodistribution are shown in Figure 5B-D. Fe 
concentrations calculated at each time point, 
from MRI data, were greater than the ones cal-
culated from biodistribution by a mean factor  

Figure 5. (A) The standard curve of % signal remaining vs Fe concentration of [59Fe]-SPIONs. The connecting line 
segments represent the linear interpolation used to evaluate values between the known concentrations. Fe concen-
trations are calculated from MRI ROI % contrast data and [59Fe]-SPIONs biodistribution %ID/g values for (B) liver, (C) 
kidneys and (D) brain (n=3 per time point).
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of 62±38 in liver, 3.2±1.8 in kidneys and 
0.55±0.25 in brain. This result demonstrates 
the difficulty of accurately evaluating Fe con-
centration of [59Fe]-SPIONs solely from MRI 
data.

Discussion

The co-precipitation synthesis produces poly-
disperse particles with poor crystallinity, which 
results in weaker MRI contrast properties [29]. 
Methods have been developed to produce high 
quality single-crystalline SPIONs through high 
temperature decomposition of iron complexes, 
such as Fe(Cup)3, Fe(CO)5, or Fe(acac)3, in the 
presence of surfactants and organic solvents 
[30, 31]. SPIONs with improved magnetization 
are obtained through a nucleation and growth 
process with fine reaction control that deter-
mines the size, composition and surface prop-
erties of the nanoparticles. These hydrophobic 
magnetic nanoparticles have been made water-
soluble and biocompatible through a number of 
strategies, including ligand exchange against 
hydrophilic polymers, or through interaction 
with amphiphilic polymer to form hydrophilic 
layer [32-34]. The relaxivity of SPIONs depends 
on the quality of nanoparticle crystal and the 
surface coating layer. Usually, larger nanoparti-
cles and thinner hydrophilic layer improve the 
relaxivity of SPIONs for MRI. This is due to the 
enhanced magnetization of larger nanoparti-
cles and easier access of water molecules to 
thinly coated SPIONs. Although some reports 
indicate that the relaxivity can be high, by using 
amphiphilic lipid-poly(ethylene-glycol) (PEG) mo- 
dification SPIONs, a facile and efficient surface 
functionalization could be acquired by ligand 
exchange of SPIONs with specifically designed 
ligands [35, 36]. Therefore, the overall synthet-
ic strategy in this study was involved of incorpo-
ration of radionuclide into nanocrystal by ther-
mal decomposition reaction and convert 
hydrophobic nanoparticles to hydrophilic one 
by ligand exchange with multidentate polymer 
ligands.

The reaction yield of radio-synthesis of [59Fe]-
SPIONs by thermal decomposition reaches to 
92±3% from gamma counting. In order to make 
high quality radioactive [59Fe]-SPIONs with high 
reaction yield, it is crucial to control the reac-
tion temperature. It was found that the reaction 
is susceptible to the reaction temperature 
which is influenced by existence of trace 

amount water/acid. So completely removal of 
water/HCl before radiolabeling reaction is 
important. High specific activity of [59Fe]-FeCl3 
is beneficial to the reaction because the exis-
tence of chloride ions in the reaction could be 
potentially influence the quality of [59Fe]-
SPIONs. We speculate the [59Fe]-FeCl3 was con-
verted to complex of 59Fe-oleate/olelamine with 
cold Fe(acac)3 and adsorb on Fe3O4 crystal. At 
high reaction temperature the Fe-complex may 
further decompose to form Fe3O4 crystal and 
was doped into the crystal lattice of SPIONs.

Dopamine derivatives are efficient ligands for 
making water-soluble SPIONs [37, 38]. However, 
the high toxicity of dopamine limits its biologi-
cal applications. From our previous experience 
we found that multidentate polymer ligands are 
good candidates for surface functionalization 
of nanoparticles because they form tight inter-
action with nanoparticles [39]. Additionally, the 
multi-functionality of polymer ligands makes it 
feasible to introduce various moieties on the 
surface of SPIONs to afford targeted imaging 
and/or manipulate the nanoparticle pharmaco-
kinetics. PEGylation is a widely used strategy to 
make biocompatible nanoparticles [40, 41]. We 
also adopted this approach to incorporate PEG 
chains into our ligand design in order to improve 
water-solubility and PEG-2000 was selected to 
achieve stability, favorable biodistribution and 
acceptable relaxivity.

The multidentate PAA-DOP-PEG ligands were 
synthesized by EDC chemistry and the ratio of 
DOP/PEG was set as 1/1. The chemical shift of 
proton from DOP was confirmed from NMR 
measurement. Strong interaction between DOP 
and the surface of [59Fe]-SPIONs makes it easy 
to convert hydrophobic [59Fe]-SPIONs with oleic 
acid/olelamine coating to hydrophilic nanopar-
ticles efficiently through ligand exchange reac-
tion. It was found that surface functionalization 
of [59Fe]-SPIONs by multidentate PAA-DOP-PEG 
ligands did not release the radionuclide from 
the nanoparticles, which is verified by sample 
dialysis over 30k MWCO filters after ligand 
exchange reaction. This reflects good stability 
of [59Fe]-SPIONs obtained from the intrinsically 
radiolabeling method. We also synthesized the 
dopamine-sulfobetaine (DOP-SB) zwitterionic 
ligands and applied ligand exchange to [59Fe]-
SPIONs with DOP-SB. However, the radioactivi-
ty was detected from the supernatant after 
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dialysis [59Fe]-SPIONs against 30K MWCO fil-
ters, which reflects the instability of [59Fe]-
SPIONs with DOP-SB ligands. Design/synthesis 
of the appropriate ligands to functionalize 
[59Fe]-SPIONs are tricky and important to 
achieve stable paramagnetic nanoparticles 
with high relaxivity. TEM measured the radius 
of the inorganic SPIONs increasing from 
4.3±1.3 nm to 5.0±1.5 nm with the addition of 
the shell in the second step of the synthesis. 
This is likely due to the addition of an iron oxide 
shell that contains both Fe from Fe(acac)3 
monomer and 59Fe from [59Fe]-FeCl3. The slight-
ly increased size of [59Fe]-SPIONs also resulted 
in the enhanced transverse relaxivity r2 as 97±3 
(s*mM of Fe)-1 vs 72±10 (s*mM of Fe)-1 of non-
radioactive SPIONs seeds, indicating that 59Fe 
incorporation did not reduce the nanoparticles’ 
magnetization and application as a MRI con-
trast agent. Possible reasons of the improved 
relaxivity are the increased size and further 
regulation of crystal lattice of [59Fe]-SPIONs 
within the second step of synthesis/thermal 
cycling process. The high relaxometry of PAA-
DOP-PEG coated [59Fe]-SPIONs may be also 
due to the thin hydrophilic surface coating, 
which allows the water molecules to access 
[59Fe]-SPIONs. The radio-isotope incorporation, 
ligand exchange and purification were accom-
plished within 6-8 hours, which is appropriate 
for 44.5 days half-life of 59Fe and will be useful 
for other shorter lived radionuclides.

The intrinsic incorporation method offers advan- 
tages compared with extrinsic radiolabeling 
approaches. The entire surface of the nanopar-
ticles is available for conjugation with targeting 
molecules, anti-cancer drugs, fluorescent mol-
ecules and other moieties. Additionally, the 
radio-isotope is less likely to become dissoci-
ated from the nanoparticles while interacting 
with biological compartments. While an extrin-
sic radiolabels may separate from the nanopar-
ticles due to damage to the coating ligands, 
separation of the intrinsically incorporated 
radio-isotope would only likely happen if the 
nanoparticles is being degraded or digested as 
a whole. Surface functionalization is an impor-
tant factor for determining the biological behav-
ior of nanoparticles. Compared with monoden-
tate ligands, the multidentate ligands interact 
with the surface of nanoparticles tightly and 
improved stability of nanoparticles by reducing 
the aggregation. We have demonstrated the 

stability of [59Fe]-SPIONs by incubating with 
mouse plasma for up to 24 hours without 
observing any precipitation [data not shown].

[59Fe]-SPIONs have been demonstrated as 
bimodal nanoprobes by MRI and ex vivo gamma 
counting. At early time points (≤ 24 hours), MRI 
ROI % contrast and %ID/g qualitatively corre-
lated with high liver, medium kidneys, and low 
brain uptake, as shown in Figure 4. At later time 
points (≥ 72 hours), the liver MRI ROI % con-
trast decreased sharply, while 59Fe %ID/g 
decreased only a small amount. This may indi-
cate that over time, 59Fe is partially retained by 
liver after [59Fe]-SPIONs was degraded and 
causing loss of MRI contrast. This possibility is 
strengthened by the %ID/g increasing in kid-
neys and blood at 144 hours post injection, 
which would be characteristic of Fe associated 
with smaller non-nanoparticle molecules. 
Enzyme induced degradation of SPIONs in liver 
was reported previously [42, 43]. It is expected 
the nanoparticles showed high RES accumula-
tion due to the interaction of nanoparticles with 
kupffer cells, macrophages and other immune 
cells. It looks like free 59Fe could be taken up by 
the red blood cells. Other forms of degraded 
SPIONs could also exist such as fractions or 
smaller nanoparticles. The fate of [59Fe]-SPIONs 
can be quantitatively monitored by radiotracer 
trafficking. It will be useful to synthesize PET/
SPECT isotope SPIONs to monitor the in vivo 
pharmacokinetics/biodistribution by both MRI 
and radionuclide imaging. It is necessary to 
point out that the possible in vivo degradation 
of [59Fe]-SPIONs, demonstrated here, may not 
be due to the radiolabeling method or surface 
functionalization but rather due to the intrinsic 
instability of [59Fe]-SPIONs per se.

Fe concentrations, determined in liver, kidneys, 
and brain from MRI ROIs, did not correlate with 
values derived from 59Fe gamma emission. This 
could be due to a number of reasons. For MRI, 
the image signal is not originating from the 
nanoparticles, but rather from the hydrogen 
protons of the imaged tissues. The interaction 
of those protons with the nanoparticles results 
in image contrast. Within the biological tissues, 
this interaction may be changed by a multitude 
of effects. For example, nanoparticles seques-
tered in liver may be tightly localized in cellular 
vesicles, which could reduce their effective-
ness as MRI contrast agents. Hence, this 
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approach is not appropriate for quantitatively 
measuring Fe concentration from MRI data. 
The difficulty in quantifying Fe concentration 
from MRI data alone demonstrated the useful-
ness of [59Fe]-SPIONs, which can be used to 
observe spatial distribution with MRI and quan-
titative biodistribution from gamma emission. 

This work is a proof of concept of an intrinsi-
cally incorporated radio-isotope into SPIONs for 
bimodal detection. Future work will incorporate 
a targeting molecule to the surface of the 
nanoparticles for targeted molecular imaging. 
Additional upcoming work will incorporate a 
PET or SPECT imaging isotope for hybrid PET/
MRI or SPECT/MRI contrast. The MRI results of 
this work indicate the potential usefulness of 
such a probe. The calculation of Fe concentra-
tion from MRI data was unsuccessful, indicat-
ing that pairing this probe with a strongly quan-
titative imaging modality, such as PET, may 
allow for improved probe concentration mea-
surements. The creation of % signal contrast 
maps with isotropic 274 micron voxel size from 
MRI data showed that MRI contrast offers a 
good image spatial resolution. A hybrid PET/
MRI or SPECT/MRI probe has the potential to 
provide better probe concentration quantifica-
tion from either PET or SPECT signal, and higher 
spatial resolution from MRI contrast to create 
images that offer more relevant biological infor-
mation than that could be achieved from either 
imaging modality alone [42-44].

Conclusion

A strategy to synthesize radio-intrinsic [59Fe]-
SPIONs has been developed and implemented. 
The multidentate PAA-DOP-PEG ligands were 
synthesized and used to acquire biocompatible 
[59Fe]-SPIONs for in vivo study. The intrinsically 
radiolabeled method provides the stable hybrid 
nanoprobe, which has both MRI signal as well 
as gamma emission. We have demonstrated 
the bimodal detection of this nanoprobe in vivo 
through gamma emission based biodistribution 
and MRI studies. The MRI data has been used 
to show nanoparticles uptake that qualitatively 
corresponds with the biodistribution results. 
We believe that this combined platform pro-
vides the proof of concept for incorporating 
both PET and SPECT radionuclides for hybrid 
radionuclide/MRI. Work incorporating both PET 
and SPECT radionuclides, to further validate 
this strategy, is underway.
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