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Introduction 
 
The goal of this project was set to explore a new approach that will combine the advantages of 
MRI and PET for the diagnostic imaging and staging of prostate cancer.  We propose to dope 
positron-emitting isotopes to superparamagnetic iron oxide nanoparticle to make nanosized dual 
MRI/PET probes for the detection of prostate cancer by multi-modality (anatomical MRI plus 
functional PET) molecular imaging approaches, so that the sensitivity and specificity of prostate 
cancer diagnosis could be significantly improved. To realize the goal, two objectives were 
specified for this project: Objective I. Preparation/characterization of 77/74As-doped iron oxide 
nanoparticles and construction of PSMA-targeted nano-conjugates; and Objective II. Evaluation 
of the PSMA-targeted nano-conjugates in prostate cancer xenograft mouse models via 
conventional biodistribution and small animal MRI/PET imaging methods.  
 
Body 
 
In the statement of work (SOW), the focus of our first year work was on part of Objective I:  
Preparation and characterization of 77/74As-doped iron oxide nanoparticles. Specifically, 
 
Months 0 – 12:  
Milestone 1: Establish protocols of making dextran-coated iron oxide nanoparticles and obtain 
optimal conditions to control the size of nanoparticles in range of 20 – 40 nm. 

Months 6 – 15:  

Milestone 2: Establish protocols of making dextran-coated 77/74As-doped iron oxide 
nanoparticles to obtain optimal conditions to control the incorporation ratio of 77/74As into the 
iron oxide core.  

Months 9 – 18: 
Milestone: Establish protocols to construct PSMA-targeted nano-conjugates. Four such nano-
conjugates are anticipated (two nano-conjugates with sizes of 25 nm and 35 nm per targeting 
molecule). 

 
Research Progress in the First Year: 
 
Milestone 1 (complete): Now we have established standard procedures to reproducibly prepare 
dextran-coated iron oxide nanoparticles with desired particle size by simply varying the 
concentrations of ferric and ferrous chloride solutions (Table 1). As the DLS measurement 
indicated, the dextran-coated iron oxide nanoparticles exhibited negligible aggregation or 
disintegration in aqueous solutions out to 10 days at pH from 12 to 7.  

 
Table 1. Dextran-coated iron oxide nanoparticle size ([Fe2+]/[Fe3+] = 1:2). 
 

[Fe 2+]  (mM) 34.0 17.0 4.80 1.63 1.04 0.93 0.10 
DLS (nm) 35.4 ± 5.0 28.6 ± 4.6 20.5 ± 9.7 19.7 ± 4.4 14.6 ± 7.6 12.9 ± 5.5 7.5 ± 2.6
* DLS: Dynamic light scattering measurement. 

 
Concentration, pH, temperature, and reaction times were evaluated as factors to control the 

nanoparticle formation. It appears that only the concentration significantly affects the final 
particle size. As show in Table 1, the particle size decreases as the iron concentration decreases, 
indicating that the particle size can be well controlled by simply varying the iron concentration. 
It is noteworthy that the size distribution of the dextran coated nanoparticle was quite narrow (+/- 
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5 nm) when the concentration of Fe2+ was 34.0 mM, 17.0 mM, 1.63 mM, or 0.10 mM.  The 
freshly prepared nanoparticles (DLS: 28.6 ± 4.6 nm) were quite stable out to 10 days (DLS: 29.4 
± 13 nm). This indicates that the aggregation of the synthesized particle was negligible. 
 
 

 
Fig.1. Typical DLS results of dextran coated iron oxide nanoparticles with  the Rh of (A) 28.6 ± 
4.6 nm; (B) 12.9 ± 5.5 nm; (C) 14.6 ± 7.6 nm; and (D) 19.7 ± 4.4 nm. 
 
 

 
 
Fig. 2.TEM (A) and SEM micrographs (A) of the as-synthesized dextran coated iron oxide 
nanoparticles. 
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The morphology of the prepared nanoparticle was also evaluated by Scanning electron 
microscope (SEM), transmission electron microscopy (TEM), and atomic force microscope 
(AFM). The nanoparticle sample (DLS: 28.6 ± 4.6 nm) measured by DLS were used for the 
TEM (Fig.2A) and SEM (Fig. 2B), which show the solid particle size was much smaller (< 10 
nm) than the DLS measurement. This is reasonable because the dextran coat of the nanoparticle 
is swollen and branched out in water. As shown in the AFM images (Fig.3), the dextran-coated 
nanoparticles appear flat (φ 55.0 ± 8.0 nm) on the MICA substrate with a height of 5.75 ± 0.68 
based on 28 samples of the dextran coated iron oxide nanoparticle (DLS: 28.6 ± 4.6 nm).  

 

 
Fig.3. (A) The AFM images of dextran coated iron oxide nanoparticles on MICA substrate 
(image size: 2 μm × 2 μm), and (B) its corresponding 3-D image (3 μm × 3 μm × 9 nm). 

 
 
Milestone 2 (complete):  
In this project, only arsenic radionuclides were initially proposed to be doped into the 
nanoparticle core so that the nuclear imaging could be enabled. Actually metal radioisotopes 
with reasonably long half-lives can be also used for this purpose. Considering the common 
availability of 64Cu and 177Lu, we tried to incorporate these two isotopes to the iron oxide core of 
the dextran-coated nanoparticles besides arsenic isotopes. The decay characteristics of 64Cu and 
177Lu are summarized in Table 2.  

 
Table 2. Decay Characteristics of 64Cu and 177Lu. 

Isotope t1/2 β- MeV (%) β+ MeV (%) EC (%) γ MeV (%) 
64Cu 12.7 h 0.578 (39%) 0.653 (17.4%) 41% 1.35 (0.6%) 

0.511 (38.6%) 
177Lu 6.71 d 0.497 (78.7%)   0.208 (11.0%) 

0.113 (6.4%) 
 

Copper PET radiopharmaceuticals are emerging as promising imaging and therapeutic 
agents. There are four copper radionuclides that can be used as PET imaging agents (64Cu, 62Cu, 
61Cu and 60Cu). Among them, 64Cu has diverse applications in PET imaging and radiotherapy 
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cancer therapy(1-10) due to the ability to produce it in high yield and specific activity on a small 
biomedical cyclotrons (7, 11) and its decay characteristics. Radiolanthanides are typical γ and β--
emitting isotopes that have been clinically used for diagnostic and therapeutic 
radiopharmaceuticals due to their disparate nuclear properties and similar chemical behavior (12-
19). The low energy β- of 177Lu has shown promise for the palliative treatment of bone 
metastases, and its γ emissions can be used for diagnostic imaging and dosimetry of radiotherapy 
(15-17). In addition, several lanthanide radionuclides including 177Lu are commercially available 
from the MURR center (Columbia, Missouri) on weekly basis. An additional reason for choosing 
177Lu, a promising therapeutic radionuclide, is that it emits γ photons with 208 keV that is ideal 
for our in-house small animal SPECT (single photon emission computed tomography) system 
with an energy window from 70 – 300 keV (20, 21), by which the imaging role of 177Lu-labeled 
dual modality imaging probes will be validated.   

Beside 77As, the isotope proposed in this project, we have also successfully doped both 64Cu 
and 177Lu to the iron oxide core of the dextran-coated nanoparticles at reasonably higher 
incorporation rates (77As: 58.0% after 3-h reaction; 177Lu: 88.1% after 2-h reaction at carrier-
added condition; 64Cu: 50.6% after 1-h reaction) during the nanoparticle formation (Table 3).  
 
Table 3. Incorporation rates of radioisotopes into dextran-coated iron oxide nanoparticle (DLS: 
15.1 ± 10.6 nm).  
 

Incorporation rates   
Radioisotope 

1-hour 2-hour 3-hour 

Arsenic-77   58.0% 
NCA 73.4% 73.5% 73.9%  

Lutetium-177 
CA  88.1% 86.8% 

Copper-64 50.6% 46.6%  

 
* NCA: non-carrier-added; CA: carrier-added. 

 
Milestone 3 (Months 9 – 18): Establish protocols to construct PSMA-targeted nano-conjugates. 
Four such nano-conjugates are anticipated (two nano-conjugates with sizes of 25 nm and 35 nm 
per targeting molecule). 
We are about to start the work for this Milestone. This work was a little delayed because extra 
time was needed in the beginning to get students and my laboratory staff familiar with the 
proposed procedures.   
 
Key Research Accomplishments 
 

1. Reproducible dextran-coated nanoparticle preparation 
2. Methods of controlling the particle size (7.5 – 35 nm)  and size distribution (+/- 5 nm) 
3. The characterization results of dextran-coated nanoparticles via DLS, SEM, TEM, and 

AFM methods. 
4. Stability of the prepared dextran-coated nanoparticle (no aggregation out to 10 days) 
5. Success in the incorporation of three radioisotopes into the iron oxide core of the dextran-

coated nanoparticles (77As: 58.0%; 177Lu: 88.1%  ; 64Cu: 50.6%) for MRI/PET (74As and 
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64Cu doped iron oxide nano-platforms) and MRI/SPECT (177Lu doped iron oxide nano-
platform) dual modality imaging probe development. 

 

Reportable Outcomes 

Manuscripts and abstracts are to be considered in the 2nd and 3rd year.  

 
Conclusions 
 
We have successfully established standard procedures to reproducibly prepare dextran-coated 
iron oxide nanoparticles with desired particle size (DLS: 7.5 – 35 nm) and size distribution (+/- 5 
nm). In addition to the DLS characterization, the morphology of the prepared nanoparticles was 
also evaluated by SEM, TEM, and AFM methods. Among the reaction condition variables, the 
iron concentration plays the most important role in the formation of the dextran-coated 
nanoparticles. Determined by the DLS measurements, negligible aggregation or disintegration of 
the nanoparticles was observed in water out to 10 days, indicating the high stability of the 
prepared particles. By slightly modifying the synthetic conditions, we have doped three 
radioisotopes into the iron oxide core of the dextran-coated nanoparticles at high incorporation 
rates (> 50%) under non-carrier-added and carrier-added conditions. The radioisotope-doped iron 
oxide nanoparticles will be used for the development of MRI/PET (74As and 64Cu doped) and 
MRI/SPECT (177Lu doped) dual modality imaging probes in the following two years.  
 
 

Materials and Methods 
 
1. Materials 
All chemicals were of reagent grade and used as received. Ferric chloride hexahydrate 
(FeCl3•6H2O, >99.0%), ferrous chloride tetrahydrate (FeCl2•4H2O, >99.0%), sodium hydroxide, 
and dextran (Average MW, 64 – 76 KDa) were purchase from Sigma- Aldrich (St. Louis, MO). 
Ammonium hydroxide water solution (puriss. wt. 29.46%) was purchased from Fisher. Dialysis 
tubing (MWCO 100 KDa) was purchased from Spectrum Laboratories (Rancho Dominguez, 
CA). Acrodisc Syringe Filter was purchased from Pall Life Sciences (New York 11548 U.S.A). 
The aqueous solutions were prepared in Milli-Q water (resistivity: 18.2 MQ cm) deoxygenated 
by bubbling with N2 gas for 30min prior to use. Arsenic-77 was purchased from the University 
of Texas at Austin, 177Lu from the University of Missouri-Columbia, and 64Cu from MDS 
Nordion (Canada). Centricons (YM-100: MWCO 100 KDa) were purchased from Millipore (MA 
01821, USA). Dialysis tubing (MWCO 100 KDa) was purchased from Spectrum Laboratories 
(Rancho Dominguez, CA). Super sharp diamond-like carbon (DLC) tips and Highly-oriented 
Pyrolytic Graphite (HOPG), GRAS/1.5 mm thick substrate were purchased from Nanotech-
America (Allen, TX 75002). Mica Grade V-1 15mm x 15 mm x 0.15 mm substrate was 
purchased from SPI Supplies and Structure Probe, Inc (West Chester, PA 19380). 
 
The nanoparticle characterizations were done with the WyattQELS dynamic light scattering 
(DLS) and the Leo 1530 Scanning Electron Microscope (SEM) at University of Dallas, the Jeol 
1200 Transmission Electron Microscope (TEM) and NT-MDT SOLVER PRO Atomic Force 
Microscope (AFM) at UT Southwestern Medical Center. 
 
2. Synthesis of dextran coated iron oxide nanoparticles 
Dextran coated iron oxide nanoparticles were prepared via the coprecipitation of Fe3+ and Fe2+ 
from their aqueous solution by the addition of a base solution. Briefly, dextran (MW: 64 – 76 
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KDa) was oxidized with 3N NaOH at 80oC, followed by neutralization to pH 7. The FeCl3•6H2O 
and FeCl2•4H2O salts at an appropriate molar ratio were dissolved in deoxygenated Milli-Q 
water, giving a clear light yellow solution with the concentration of Fe3+or Fe2+ in range of 0.02 
mM to 35 mM. To the Fe3+/ Fe2+ solution, 0.1 ~ 1.5 g of the NaOH-oxidized dextran was added. 
The resulting solution (pH ~ 3) was stirred at a speed of 600 rpm under a nitrogen flow at 4 L per 
minute (LPM) for 15 min. Then the nitrogen flow rate was decreased to 3 LPM for the following 
procedures. In a 10 min period, 1 ~ 5 mL of 5.9% ammonia solution was added dropwise, during 
which the color of the reaction mixture changed from light yellow to light green to brownish 
green. At the end of the ammonia addition, the pH was 7 - 8. The pH of the solution was further 
adjusted to above 11 with 1N NaOH for the crystallization of iron oxide and the subsequent 
dextran coating to occur. The solution was then neutralized to pH 7 by drop-wise addition of 1N 
HCl, which was kept stirring until the particle solution was sampled. The sampled solution was 
loaded to a centricon filter tube (MWCO: 100 KDa) and washed with three portions of 2 mL of 
milli-Q water, or to a dialysis tube (MWCO: 100 KDa) and dialyzed extensively against 1 L of 
milli-Q water two times (12 h each) to remove nonreacted ions, dextran, or free radioisotopes.  

 
3. Incorporation of radioisotopes into dextran coated iron oxide nanoparticles 
3.1 Incorporation of 77As. To a reaction flask, 9 mL of mixture composed of 6.5 mg (0.024 
mmol) FeCl3•6H2O and 2.1 mg (0.011 mmol) FeCl2•4H2O was added firstly, and then 108 mg 
oxidized dextran was added following by 900 μL of 77As (~ 6 μCi in 1N HCl). The resulting 
mixture was then stirred under nitrogen gas with a speed of 600 rpm. And 2 mL of 29.46% 
ammonia was added drop wise. The reaction was incubated for 3 h at room temperature. The 
following procedures were the same as described above. The purified product and the one 
without dialysis were sampled and counted by a gamma-counter. The incorporation rate of 77As 
into iron oxide was about 58%.  
 
3.2 Incorporation of 177Lu. To incorporate 177Lu into dextran coated iron oxide nanoparticles, a 
lower concentration reaction mixture was prepared in order to enhance the incorporation 
efficiency. Briefly, 5.5 mg of FeCl3•6H2O and 1.8 mg of FeCl2•4H2O were first dissolved in 50 
mL deoxygenated water and then 2.5 mL of above mixture was taken and diluted to 10 mL with 
water, to which 123 mg dextran and about 500 μCi of 177Lu in 0.05 N HCl was added. Then 1 
mL of 5.88% ammonia solution was added drop wise into the reaction flask. The following 
procedures were the same as described above. At cetain time points (1 h, 2 h, and 3 h), 1 mL of 
the sample was collected and washed via YM-100 centricon three times with 2 mL of milli-Q 
water (the centrifuge condition: 5,000 rpm, 30 min, 4°C). And then all the purified samples 
together with those not purified (standard) were counted by gamma-counter. The incorporation 
rate of 177Lu under this condition was 73%. Under a carrier-added condition (molar Fe: Lu = 
1000: 1), the incorporation rate increased to 88%.  
 
3.3 Incorporation of 64Cu. A mixture with 11.2 mg of FeCl3•6H2O and 3.8 mg of FeCl2•4H2O in 
50 mL deoxygenated water was prepared, out of which 2.5 mL was taken and diluted to 10 mL 
with water. To the resulting solution, 123 mg of oxidized dextran and 1.1 mCi of 64Cu were 
added following by the dropwise addition of 1 mL of 5.9% ammonia solution. The following 
procedures were the same as described above. Samples was collected at 1 h and 2.5 h. The 
incorporation rate was 51%.  
 
4. Stability of the dextran-coated nanoparticles 
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For the stability study, the sample with a hydrodynamic radius of 28.6 ± 4.6 nm was chosen. 
After synthesis, the sample without purification was kept at RT in a sealed scintillation vial. Ten 
days later, the sample was examined by DLS. 
   
5. Characterization of dextran coated iron oxide nanoparticles 
5.1 Particle size and size distribution. Size and size distribution of the dextran coated iron oxide 
nanoparticles were measured by Dynamic Light Scattering (WyattQELS). The samples were 
prepared by adding a small amount (20 μL) of the nanoparticle solution to a scintillation vial, and 
then diluting it with de-ionized water until the DLS counter rate was within the measurement 
range.  
  
5.2 Morphology of the dextran-coated nanoparticles.  
TEM and SEM: The morphology and size of the as-synthesized dextran-coated iron oxide 
nanoparticles were examined with a Jeol 1200 Transmission Electron Microscope at an 
acceleration voltage of 120 kV and a Leo 1530 Scanning Electron Microscope. Samples were 
prepared by transferring 2 μL of the much diluted dextran coated iron oxide solution to a TEM 
copper grid or a SEM silica wafer, and then allowed to dry at room temperature. The resulting 
coating was washed by water (5 x 1 mL), and allowed to air dry at RT.  
AFM: The dextran coated iron oxide nanoparticles were also examined by AFM before and after 
purification with samples prepared on two different substrates, MICA and HOPG. Samples were 
prepared by transferring 2 μL of the diluted dextran coated iron oxide solution to the freshly 
cleaved mica or graphite surface, while both MICA and HOPG substrates were sated on a strong 
magnet. For the MICA substrate, the samples were allowed air dry; while for the HOPG 
substrate, the samples were dried in a nitrogen chamber.  
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