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Obijectives: The purpose of this study was to observe the pharmacokinetic behavior of newly
synthesized biocompatible polymers based on polyhydroxyethylaspartamide (PHEA) to be used
to coat an iron oxide core to make superparamagnetic iron oxide nanoparticles (SPION).
Materials and methods: The isotopes ['“C] and [*°Fe] were used to label the polymer back-
bone (CLS) and iron oxide core (FLS), respectively. In addition, unradiolabeled cold super-
paramagnetic iron oxide nanoparticles (SPION/ULS) were synthesized to characterize particle
size by dynamic light scattering, morphology by transmission electron microscopy, and in vivo
magnetic resonance imaging (MRI). CLS and FLS were used separately to investigate the
behavior of both the synthesized polymer and [Fe] in Sprague Dawley (SD) rats, respectively.
Because radioactivity of the isotopes was different by B for CLS and 7y for FLS, synthesis of
the samples had to be separately prepared.

Results: The mean particle size of the ULS was 66.1 nm, and the biodistribution of CLS concen-
trations in various organs, in rank order of magnitude, was liver > kidney > small intestine >
other. The biodistribution of FLS concentrations was liver > spleen > lung > other. These rank
orders show that synthesized SPION mainly accumulates in the liver. The differences in the
distribution were caused by the SPION metabolism. Radiolabeled polymer was metabolized
by the kidney and excreted mainly in the urine; [*’Fe] was recycled for erythrocyte production
in the spleen and excreted mainly in the feces. The MR image of the liver after intravenous
injection demonstrated that [Fe] effectively accumulated in the liver and exhibited high-contrast
enhancement on T2-weighted images.

Conclusion: This newly synthesized, polymer-coated SPION appears to be a promising
candidate for use as a liver-targeted, biocompatible iron oxide MR imaging agent.
Keywords: SPION, radiolabeled, polyhydroxyethylaspartamide, pharmacokinetic, liver

Introduction

The field of molecular imaging has been gaining interest in the research world, likely
because it enables researchers to visualize the internal structures of the body in great
detail. Molecular imaging may even identify altered molecular profiles or cell behavior
prior to visual anatomic alterations. There are several molecular imaging techniques
known as the “noninvasive, quantitative, and repetitive imaging of targeted macromole-
cules and biological processes in living organisms.”! These imaging techniques include
magnetic resonance imaging (MRI), computed tomography (CT), positron emission
tomography (PET) and X-ray imaging.? MRI provides good contrast between the
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different soft tissues of the body such as the brain, muscles,
heart, and tumors in comparison to other medical imaging
techniques such as CT and X-rays. Using MRI contrast agents
can increase diagnostic accuracy and imaging sensitivity for
detecting pathological changes, and also provide previously
undetectable physiological information.>* There are several
types of MRI contrast agents, including gadolinium (IIT) (Gd)
complexes, superparamagnetic iron oxide (SPION) iron plati-
num, and manganese. Gd-containing MRI contrast agents are
most commonly used for the enhancement of vessels in MR
angiography and for brain tumor enhancement associated
with the degradation of the blood—brain barrier. Gd has a
large magnetic moment due to its unpaired electrons,’ which
increase 1/T1 (longitudinal relaxation rate of water protons)
and 1/T2 (transverse rate) by similar amounts; however, the
percentage change in 1/T1 is greater than that in 1/T2.° As
a result, Gd is best visualized using T1-weighted images.
Boudreau et al’ found that the Gd complex accumulated
mostly in the kidneys and, therefore, is not recommended
for use in liver imaging. SPION has been classified as bio-
compatible because it is processed by cells as part of the
physiological iron metabolism, has good chemical stability,
and is mainly distributed to the liver when it is phagocytosed
or endocytosed by the reticuloendothelial system (RES) of
the liver.® SPION has better magnetic responsiveness and
requires only nanomolar concentrations to produce good
images, whereas Gd-based MRI agents need at least mil-
limolar concentrations.”'? To synthesize SPION, many
coating materials, including dextran,'>'* carboxymethylated
dextran,'® carboxydextran,'® silicon, PEGylated starch,'”
sulfonated styrene-divinylbenzene copolymer, and citrate,
are used to prevent destabilization and agglomeration of the
colloidal suspension of iron oxide magnetic nanomaterials.'®
Among these approaches, currently there are only three types
of SPIONs used for the medical imaging: 1) Feridex IV,
which is no longer available (Berlex Laboratories, Inc [now
Bayer HealthCare Pharmaceuticals, Montville, NJ, USA]
has stopped manufacturing it); 2) Resovist® (Schering AG,
Berlin, Germany) for detection of significant liver lesions;
and 3) ferumoxtran-10 (Combidex; no longer manufactured
by AMAG Pharmaceuticals, Lexington, MA, USA), which
is more suitable for lymph node imaging.

To prolong plasma half-life in this study, amphiphilic
graft derivatives of polyhydroxyethylaspartamide (PHEA)
were created to coat the iron oxide core by introducing hydro-
phobic hexadecylamine and ethanolamine. This extends the
circulation time of the particulates from minutes to hours,
thereby increasing the targeting capabilities of the contrast

agent."” As a drug carrier, PHEA has good biopharmaceutical
properties, such as high water solubility, multifunctionality,
and low production cost.?*?” According to Jeong et al,®
PHEA appeared promising as an MRI agent coating mate-
rial; however, PHEA has not previously been used as an iron
oxide MRI agent. Therefore, it is very important to evaluate
the pharmacokinetic behavior of the polymer and [Fe] and the
in vivo MR imaging capability in the liver. To do so, this
study used a rat model and the radiolabeled materials [*C]
and [*Fe], to separately track the polymer and [Fe], respec-
tively, to observe the pharmacokinetic behavior of the newly
synthesized PHEA-based polymer-coated SPION as a new
liver targeting MRI agent.

Materials and methods

Chemicals

Poly(succinimide) (PSI) 10,000-11,000 molecular weight
was obtained from Baypure® DSP (Leverkusen, Germany),
and 1-hexadecylamine, ethanolamine, N,N-dimethylforma-
mide (DMF), ferrous chloride tetrahydrate, ferric chloride
hexahydrate, and ammonium hydroxide, were purchased
from Sigma-Aldrich (St Louis, MO, USA). Radiolabeled
ethanolamine ([1-*C]-, 250 uCi) was purchased from
Moravek Biochemicals Inc (Brea, CA, USA). Hionic-Fluor
(a liquid scintillation cocktail), Solvable®, and radiolabeled
ferric chloride ([¥Fe]-, 500 WCi, half-life: 44.6 days) were
purchased from PerkinElmer (Branford, CT, USA). All other
chemicals were reagent grade.

Animals

Male and female Sprague Dawley (SD) rats weighing about
250 g were purchased from SAMTAKO Co, Ltd (Osan,
Republic of Korea) for pharmacokinetic studies. Male SD
rats weighing about 250 g were also purchased from Daehan
Biolink Co, Ltd (Chungcheongbuk-Do, Republic of Korea)
for in vivo MR imaging. Standard deviations for individual
body weights within each study were within £10 g from
the mean body weight of each sex. The mean body weights
for each sex group were not statistically different at the
5% probability level. In pharmacokinetic studies, rats were
divided into groups of five according to the time intervals
at which the samples were analyzed. The animals were kept
in polypropylene cages before and after dosing. A certified
rodent pellet diet and pure drinking water were provided
under controlled conditions of temperature (22°C + 2°C),
relative humidity (55% + 5%) and light (12 hours of light
and dark). For excretion studies, male and female SD rats
were housed in polyethylene metabolism cages (Miraestc,
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Daejeon, Republic of Korea). The animal experiments using
rats were performed in compliance with guidelines prescribed
by the Chungnam National University (Dajeon, Republic of
Korea) Animal Ethical Committee.

Chemicals and reagents

Synthesis of SPION suspension

The procedure for synthesizing the SPION suspension was
established and patented by Cho et al.?® Unradiolabeled
cold-SPION (ULS), ['*C]-labeled SPION (CLS), and [*Fe]-
labeled SPION (FLS) were synthesized.

Synthesis of the ULS suspension

The synthesis of ULS suspension is summarized in Figure 1.
PSI (1.5 g) was dissolved in DMF (10 mL), and 1-hexade-
cylamine (0.327 mg) was also dissolved in DMF (2 mL).
These mixtures were then sonicated and mixed at 70°C
under N, purge for a total of 24 hours of agitation. After
24 hours, the mixtures were cooled to room temperature and
ethanolamine (0.749 mL) was added; the mixtures were then
continuously agitated for an additional 24 hours. Diethyl
ether was used for recrystallization and dried at 50°C for
24 hours; the polymer powder (1.16 g) was then collected
and dissolved in deionized water (40 mL). Ferrous chloride
(0.0794 g) and ferric chloride (0.1584 g) were dissolved in
deionized water (40 mL). These two solutions were sonicated

Reactor
PSI+DMF ———>,
Agitation
(dissolution)
- )
Agitation
(reaction, 70°C, 24 h)

!

Cooling
(ambient temp)

_

Hexadecylamine

A Ethanolamine
("*C-radiolabeled:CLS)
Agitation
(reaction, 24 h)

Diethylether ~—————>

Recrystallization
(filtration)

l

Drying
(50°C, 24 h)

and mixed at 80°C under N, purge until the mixture turned
yellowish brown. Then, 3 mL of NH,OH (~28% in water) was
added to this solution with a 22 gauge needle for 20 minutes,
and afterwards the injection reaction was maintained for an
additional 40 minutes. At this time, the pH of the mixture
became strongly basic and the color changed to dark brown,
indicating the formation of iron oxide particles. To remove
the remaining salt and base from the solution, dialysis was
performed for 24 hours. After dialysis, deionized water was
added, to yield a total volume of 130 mL. The suspension
was freeze-dried using Bondiro (Ilshinbiobase, Gyeonggi-
do, Republic of Korea) to obtain the particles, and was then
suspended in deionized water prior to use of the final ULS
suspension.

Synthesis of the CLS suspension

The CLS suspension synthesis procedure is summarized
in Figure 1. To study the pharmacokinetic behavior of the
polymeric backbone, radiolabeled-['*C]-ethanolamine and
cold-ethanolamine were used to synthesize the polymeric
backbone (Figure 1A, total ethanolamine: 0.749 mL). This
labeling procedure was chosen because we were able to
obtain a highly radioactive compound through the conjuga-
tion of relatively few ['“C]-ethanolamine molecules. Most
of the procedures used to synthesize the CLS suspension
were the same as those used for the ULS suspension, except

Final product
(SPION suspension)

)

Dialysis
(eliminate NH,OH)

)

Agitation
(reaction, 80°C,1 h)

4 NH,OH

Agitation
(reaction, 80°C)
B FeCl, + FeCl, in DW
T (**Fe-radiolabeled:FLS)

Agitation
(Dissolution)
T D — 1T

Collection
(polymer powder)

Figure | Scheme of ULS and radiolabeled-SPION suspension synthesis [(A) CLS; (B) FLS].
Abbreviations: h, hours; temp, temperature; SPION, superparamagnetic iron oxide nanoparticles; ULS, unradiolabeled SPION; CLS, ['*C]-labeled SPION; FLS, [*Fe]-labeled

SPION; PSI, poly(succinimide); DMF, N,N-dimethylformamide; DWV, deionized water.
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that there was no freeze-drying of the CLS suspension.
After completing the above procedures, the final CLS
suspension was obtained.

Synthesis of the FLS suspension

The FLS suspension synthesis procedure is summarized in
Figure 1. To study the pharmacokinetic behavior of [Fe]
in the SPION, radiolabeled-[*Fe]-ferric chloride and cold-
ferric chloride were used (Figure 1B, total ferric chloride:
0.1584 g). Most of the procedures used to synthesize the
FLS suspension were the same as those used to synthesize
the ULS suspension, except that there was no freeze-drying
of the FLS suspension. After completing these procedures,
the final FLS suspension was obtained.

Particle size analysis

The mean particle size of the ULS samples was determined
by dynamic light scattering (DLS) using an electrophoretic
light scattering spectrophotometer (ELS-8000, Otsuka
Electronics Co, Ltd, Osaka, Japan). Information about the
particle size was obtained by the cumulant method to analyze
the DLS data.

Particle morphology

Transmission electron microscope

Particle morphology was analyzed by a transmission electron
microscope (TEM) (JEOL JEM-2010, Tokyo, Japan). The
ULS powder, after being suspended in deionized water, was
drop-cast onto a 300-mesh carbon-coated copper grid. The
grid was air-dried at room temperature before viewing under
the microscope.

Pharmacokinetic studies in SD rats

and radiation dosimetry

Doses of 0.6 mL of the CLS and FLS suspensions, of
which the [Fe] concentration of the particle suspensions
was adjusted to 0.42 mg/mL and 0.25 mg/animal (1 mg/
kg), respectively, were injected intravenously into the rats’
tail veins. This dose is similar to the dose proposed for
clinical MRI scans (1.17 mg- [Fe]/kg).**° Blood samples
were collected from a tail vein different than the one used
for injection, according to predetermined time intervals
postinjection (1 minute, 5 minutes, 10 minutes, 15 minutes,
30 minutes, 1 hour, 2 hours, 4 hours, 12 hours, 1 day, 2 days,
5 days, 10 days, 20 days, 30 days, 50 days). Biodistribution
studies were performed by measuring the radioactivity of
individual organs, such as the brain, heart, lungs, liver,
stomach, small intestine, large intestine, spleen, kidneys,

genitals and thigh muscle (inside of the legs) at 0.5 hour,
1 hour, 4 hours, 12 hours, 1 day, 5 days, 10 days, 20 days,
30 days, and 50 days. The digesta was squeezed out of the
stomach and intestines. Urine and feces were collected in
metabolism cages (with complete and separate collection
of feces and urine) for determination of total radioactivity
following intravenous administration. The samples were
collected at 6 hours, 12 hours, 1 day, 4 days, 8 days, 15 days,
21 days, 28 days, 35 days, 42 days, and 50 days postinjection.
At every collection time point, the metabolism cages were
washed with 10 mL 3% H,PO, solution to detect radioactiv-
ity from dried urine in the metabolic cage. Pharmacokinetic
parameters were estimated using the K-BE Test 2002 (Korea
Food and Drug Administration).

The amount of radioactivity from the samples, in the form
of beta or gamma radiation, was determined using the detec-
tors to be described below. The quantitative determination of
[*“C]-content was performed using a Packard Tri-Cab 1600
liquid scintillation counter (Packard Instrument Company,
Downers Grove, IL, USA). The quantitative determination
of the [*Fe]-content was performed using the WIZARD?®
Automatic Gamma Counter (PerkinElmer).

Sample preparation

['*C]-samples (blood, organ, urine,

feces and washings)

A [**C]-scintillation liquid cocktail was prepared by the fol-
lowing procedures. For the blood samples, 100 uL of blood
was treated with 1 mL of Solvable® and kept at 60°C for
1 hour until the solution color changed to a greenish brown.
After the color change, 0.1 mL of 0.1 M EDTA-di-sodium
and 0.2 mL of 30% hydrogen peroxide were added in regular
sequence and agitated at room temperature until the color
turned light yellow. Then, 10 mL of scintillation cocktail was
added and kept for 1 hour before dosimetry. To obtain organ
samples, animals were sacrificed at predetermined time
points (5 animals per time point) and the organs obtained.
The homogenized organ tissue (200 mg) was treated with
2 mL of Solvable®, kept at 50°C in a shaking water bath
until all the tissue had dissolved, and then cooled to room
temperature. Next, 0.2 mL of 30% hydrogen peroxide
was slowly added and agitated carefully. After agitation,
this mixture was kept at 50°C in a shaking water bath for
30 minutes, and 10 mL of scintillation cocktail was added.
The mixture was then held for 1 hour before dosimetry.
Liquid samples, such as urine, and the liquid collected after
washing the cage (washing), were prepared by adding 10 mL
of scintillation cocktail into 1 mL of urine and washing.
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This mixture was left for 1 hour before dosimetry. To
determine the level of radiation in the feces, deionized water
was added until the total weight was 80 g and the mixture was
then homogenized. Sodium hypochlorite (0.5 mL) was added
to the 200 mg of homogenized suspension before agitation
at 50°C. The mixture was cooled to room temperature, and
the cap was opened for 1 hour to remove the chloride from
the suspension. After 1 hour, 10 mL of scintillation cocktail
was added and left for 1 hour before dosimetry. Results for
organs, feces and urine with washing were expressed as
percentages of the injected radioactivity per organ or per
gram of tissue. The blood concentration of the CLS was
expressed as g -equiv/mL ([C]).

[**Fe]-samples (blood, organ, urine,

feces and washing)

Blood samples (100 pL of whole blood) were prepared with-
out any treatment. Organ samples were obtained by sacrifice
at predetermined time points (5 animals per time point) and
whole organs were put into vials to measure radioactivity.
Feces, urine, and washing samples were also put into vials
and measured without any treatment. Radioactivity was
corrected at each time point for [*Fe] decay (half-life:
44.6 days). Results for organs, feces and urine with washing
were expressed as the percentage of the injected radioactiv-
ity per organ or gram of tissue. The blood concentration of
[*°Fe] was expressed as [1g - equiv/mL ([Fe]).

In vivo MR imaging test in rats

In vivo MR imaging studies were performed in male SD rats
with the 3.0-T MRI system (Intera Achieva 3.0T, Philips
Healthcare, Best, the Netherlands). T2-weighted MR images
of the liver were performed with a fast gradient echo tech-
nique. The sequence parameters were 9.6 ms of repetition
time (TR), 4.6 ms of echo time (TE), 8.0 of flip angle and
a 10 x 5 cm? field of view (FOV). To get MR images of
hepatic contrast, the ULS suspension (0.5 mg - [Fe]/kg) was
administrated intravenously through the rats’ tail vein using
a catheter. MR images were taken before injection and at 10,
20, and 30 minutes after intravenous administration.

Results and discussion

Particle morphology and size

TEM showed that the average size of large core iron oxide
nanoparticles was about 8—10 nm, as illustrated in Figure 2.
In aqueous solution, the colloidal particles had a hydro-
dynamic diameter of about 66.1 nm, determined by DLS
measurement. The size measured by DLS was larger than

Figure 2 Transmission electron microscopy image of polymer-coated iron oxide
nanoparticles.

that measured by TEM; this may be due to the aggregation
of the nanoparticles or to the presence of the polymer and
hydration layer around the iron oxide nanoparticles in an
aqueous solution. Polymer molecules attached to the surface
of the iron oxide nanoparticles create steric stabilization of
the colloids and cause a repulsive force to separate each
nanoparticle.

Biodistribution

The absorption of CLS and FLS after single intravenous injec-
tions, as well as their distribution in various organs, such as
the brain, heart, lungs, liver, stomach, small intestine, large
intestine, spleen, kidneys, genitals, thigh muscle, and blood,
and their excretion in the feces and urine with washing, were
determined in male and female SD rats. SD rats were monitored
regularly during the pharmacokinetic study period and did not
show any signs of behavioral or neurological toxicity.

The time courses for the CLS and FLS biodistribution
in SD rats are shown in Figures 3 and 4, respectively. Our
results indicate that the injected radiolabeled-SPIONs were
widely distributed in many organs. This distribution was not
dependent on sex of the rats. At approximately 12 hours post-
injection, the highest concentrations of [*C] were observed
in the liver (about 16%) and, kidney (about 3.5%) in both
sexes. In order of rank, the small intestine, lung, and spleen
followed in terms of [“C] concentration; however, other
organs showed only negligible changes (Figure 3).

The biodistribution results for the FLS in both sexes
demonstrated an 85% accumulation in the liver and a 3%
accumulation in the spleen, both of which act as a reservoir for
erythrocytes.**** The liver retained more than 80% of the FLS
until day 1 and then decreased to about 60% within 5 days,
a result that was similar for both sexes (Figure 4). This liver
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Figure 3 Uptake of the ["“C] from the ['*C]-labeled SPION by organs at various time points in Sprague Dawley rats (A) male (B) female (n=5 for each sex, mean + standard

deviation).

Abbreviations: n, number; h, hours; min, minutes; S Int, small intestine; L Int, large intestine; SPION, superparamagnetic iron oxide nanoparticles.

deposition phenomenon is directly related to the function of
the mononuclear phagocyte system of the liver, including the
Kupfter cells lining the wall of the hepatic sinusoids and the
phagocytically active reticulum cells, as well as the large and
easily accessible blood supply that passes through the liver

where these cells are located.* These cells captured the FLS
and led to the accumulation in the respective organs.

The accumulation percentages of CLS and FLS in the
main organs (liver, spleen and kidney) are summarized in
Table 1. Because the liver is the main organ in which radio-
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Figure 4 Uptake of the [**Fe] from the [*Fe]-labeled SPION by organs at various time points in Sprague Dawley rats (A) male (B) female (n=>5 for each sex, mean * standard

deviation).

Abbreviations: n, number; h, hours; min, minutes; S Int, small intestine; L Int, large intestine; SPION, superparamagnetic iron oxide nanoparticles.

labeled-SPION accumulates, its pharmacokinetic parameters
were obtained and are summarized in Table 2. The maximum
concentrations of CLS were 16.32% at 12 hours and 15.89%
at 24 hours. Its half-life in the liver was 6.31 days and
5.02 days for males and females, respectively. The maximum
concentrations of FLS in male and female livers at 4 hours

were 80.04% and 85.70%, and the half-life was 21.62 days
and 23.40 days for males and females, respectively.

Blood concentration
Blood concentrations were measured at 1 minute, 5 minutes,
10 minutes, 15 minutes, 30 minutes, 1 hour, 4 hours, 12 hours,
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Table | Average accumulated radioactive material percentage—time profile of 3 main organs of male and female Sprague Dawley rats

(n=5 for each sex, mean + standard deviation)

Liver (%) Spleen (%) Kidney (%)
Male Female Male Female Male Female
['“C]-SPION
0.5h 9.31£0.84 579+ 4.36 0.44 £ 0.03 0.36 £0.30 2.54+0.10 2.06 = 0.69
I'h 11.43+£0.74 11.43 £3.20 032+£0.13 032+0.17 2.25+0.52 2.25+0.60
4h 13.18 £2.20 13.18 £ 0.33 0.67+£0.14 0.67 £0.20 3.00+0.38 3.00+0.38
12 h 16.32 £ 1.57 15.29 £ 0.12 0.73 £ 0.06 0.71 £0.18 3.70+0.63 2.66 +0.60
| day 11.83£2.74 15.89 £ 0.17 0.46 £0.15 0.80+0.19 233 1.14 3.23+£0.55
5 days 11.13£1.03 11.42 £0.99 0.40 £ 0.05 0.55+0.10 2.06 £ 0.20 2.48 £ 0.40
10 days 451 £ 1.12 4.58 +0.38 0.22 + 0.08 0.30 + 0.06 0.90 £ 0.21 1.03+0.15
[*°Fe]-SPION
0.5h 65.83 £2.26 67.78 £2.25 224 +£0.34 2.67 £0.27 0.90+0.17 0.80+0.18
I h 72.53 £2.33 73.47 £2.37 2.44 £ 0.49 3.20 £ 0.55 0.58+0.11 0.57 +£0.24
4h 82.10 £ 3.29 81.89 £4.01 3.01 £0.22 3.07 £ 0.67 0.43 £0.04 0.28 £0.02
12 h 75.82 £3.42 80.57 £2.53 2.69 + 0.44 3.50 + 0.42 0.39 £ 0.03 0.50 + 0.34
| day 80.04 £ 1.40 85.68 £2.75 2.58 £ 0.34 3.70 £ 0.66 0.43 +0.04 0.34 £ 0.05
5 days 61.31 £3.23 69.16 £ 1.53 124 £0.17 2.83+0.58 0.64+0.14 0.82 +0.28
10 days 5223 +4.42 66.83 £2.54 1.33£0.17 245+ 0.44 0.85+0.13 1.10£0.14
20 days 46.09 +2.73 48.75 + 1.98 0.87+£0.10 1.88 £0.39 1.29 £ 0.19 1.33+£0.15
30 days 40.73 £ 6.00 42.69 + 3.66 1.29 £ 0.55 1.73£0.35 1.21 £0.35 1.09 + 0.24
50 days 11.93 £4.80 17.87 £ 2.61 1.47 £ 0.34 1.76 £ 0.41 0.86 +0.17 0.99 £0.19

Abbreviations: h, hours; n, number; SPION, superparamagnetic iron oxide nanoparticles.

24 hours, 2 days, 5 days, and 10 days for the CLS and at the
same time points for the FLS. Additional measurements were
performed for the FLS at 20, 30, and 50 days after a single
intravenous injection into the tail vein of SD rats. The results
are shown in Figures 5 and 6.

Both of the radiolabeled-SPION suspensions in the blood
were quickly taken up by liver, kidney and spleen. Less than
10% remained in the blood after 12 hours. These results agree
with those of our previous organ distribution studies.*****" The
half-lives of CLS and FLS in the blood were about 30 minutes
and 15 minutes in both sexes, respectively (Table 3).

The concentrations of CLS and FLS in the blood behaved
in distinctly different ways. The pharmacokinetic behavior
of the CLS fit a bi-compartmental model, indicating that
the radiolabeled-polymer undergoes peripheral distribution
(Figure 5).3¢ The CLS suspension moved through the blood to

Table 2 Pharmacokinetic parameter obtained by intravenous
injection of [“C]-SPION and [**Fe]-SPION in the liver of
Sprague Dawley rats (n=5 for each sex, mean + standard deviation)

Liver ['“C]-SPION [**Fe]-SPION
Male Female Male Female
T . () 12 24 4 4
C_. (%) 1632+ 1.57 17.82+2.04 80.04=140 8570+27I
t,, (day) 6.31 £2.04 502+206 21.62+446 23.40+3.7I

Abbreviations: h, hours; SPION, superparamagnetic iron oxide nanoparticles;
n, number.

the liver, kidneys, lungs, small intestine and finally the spleen;
these organs are primarily responsible for the distribution,
metabolism and excretion of exogenous materials. The FLS
concentration in the blood was the lowest at 12 hours after
injection, a result that was similar for both sexes (Figure 6).
However, the FLS showed a different time—blood concentra-
tion profile than CLS. The blood concentration of FLS gradu-
ally increased until 20 days after injection and then began to
decrease. The reason for the increase in [*Fe] concentration
is the reuse/recycling of [*Fe] from the FLS by cells for
the normal biochemical pathways of [Fe] metabolism, for
example, for erythrocyte production.’>* This result cor-
related well with the decrease in radioactivity in the liver.
This concentration—time relationship was confirmed by the
lack of radioactivity of [*Fe] in the plasma, indicating that
the radioactivity of the whole blood was due to corpuscular
matter alone. Therefore, we concluded that the [*Fe] detected
was from the blood cell corpuscles and that it was eliminated
very slowly compared with the CLS. The same behavior has
been described for the excretion of ferumoxtran-10, iron
oxide nanoparticles coated with dextrans.**

Excretion

There was no significant difference between sexes in the
excretion study. As summarized in Table 4, the total percent
of accumulation of ["“C] and [*Fe] as calculated through
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injection (n=5 for each sex, mean = standard deviation).

Abbreviations: n, number; h, hours; SPION, superparamagnetic iron oxide nanoparticles.

International Journal of Nanomedicine 2013:8

submit your manuscript

4085

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Park et al

Dove

Table 3 The half-life of blood radioactive concentration of ['*C]-
SPION and [**Fe]-SPION after intravenous injection in male and
female Sprague Dawley rats (n=5, mean =* standard deviation)

['“C]-SPION [**Fe]-SPION
Male Female Male Female
t,, (min)  2453+742 2647 +8.11 1581 £3.11 14.57 + 2.64

Abbreviations: min, minutes; SPION, superparamagnetic iron oxide nanoparticles;
n, number.

excretion after the experiment was about 60% and 14% in
both sexes, respectively.

Moreover, the main routes of excretion for the CLS and
FLS were different. The CLS was mainly excreted by the
kidneys. About 37% was excreted in the urine at the end
of the experiment in both sexes, whereas excretion in the
feces constituted only about 23% of the total CLS that was
injected. The radioactivity of ['*C] in the urine peaked at 23%
at 0—6 hours and thereafter was about excreted at 1%—2%
per day (Figure 7).

According to the results of the excretion study, despite
significant accumulation in the liver, CLS metabolites did
not accumulate in bile for fecal excretion. The material
was excreted mainly in the urine, and most was excreted
within 6 hours. Therefore, the kidneys showed the second-
highest percentage accumulation of all organs. The urinary
excretion and the accumulation of CLS in the kidneys are
evidence of renal metabolism. Moreover, the small intes-
tine and lungs, which are the organs responsible for the
excretion of carbon from exogenous materials, also had
a relatively high accumulation. Even though there was a
small amount of fecal excretion, accumulation in the small
intestine was noted. Given that the lungs also showed a
high accumulation percentage of ['*C], it is plausible that
['*C] might be excreted via carbon dioxide by exhalation
from the lungs.*® Unfortunately, radiation from exhalation
was not measured.

The FLS was mainly excreted by the fecal route at a rate
of 11%, followed by urinary excretion (about 3%). Only
about 14% of the injected [*’Fe] was excreted within 50 days,
which is a smaller amount than that of the CLS excretion.
Therefore, we hypothesize that there was reuse of [*Fe].

Fecal excretion of [*’Fe] was significantly lower on the first
day after the intravenous injection, with the quantity of fecal
excretion increasing daily (Figure 8).

The highest excretion of accumulated material occurred
at 4-8 days, probably due to the excretion of unneeded
[*°Fe] from the body after the storage of [*Fe] in tissues
such as the liver, spleen and blood, and also the subsequent
destruction of erythrocytes.*** Under normal conditions,
[Fe] is negligibly excreted in the urine. However, in this
study, a large amount of [*°Fe] was injected in a short time,
and radiolabeled [*Fe] atoms found their way to the urine.*®
Since [*Fe]-excretion in the urine at 21-28 days suddenly
increased to 1%, radioactivity in the blood may have started
to decrease after 20 days. These data aid understanding of the
general behavior of the newly synthesized polymer-coated
SPION in living bodies.

MR images

Figure 9 shows T2-weighted MR images of the liver of rats
(n=2) before and at different time points after injection of
the synthesized ULS. These images demonstrate profound
negative enhancement of the liver parenchyma after injec-
tion of the ULS. The prepared ULS contrast agent, with a
size of about 66.1 nm, effectively accumulated in the liver
and exhibited high contrast enhancement on T2-weighted
images. The signal intensity started increasing as early
as 10 minutes after injection and increased gradually up
to 30 minutes. These particles were taken up by healthy
rat liver, which became dark (arrow) on T2-weighted MR
images. We can assume that the synthesize ULS induces
significant differences in T2-relaxation time between normal
tissue and lesions, resulting in increased lesion conspicuity
and detectability.

Conclusion

We have synthesized a new polymeric backbone based on
biocompatible PHEA. We have also demonstrated its phar-
macokinetic behavior and produced in vivo MR images of
the agent in use in SD rats. Our newly synthesized SPION
accumulated mainly in the liver, as confirmed by the in vivo

Table 4 Cumulative excreted amount by percentage of ['“C] and [**Fe] (n=5 for each sex, mean * standard deviation)

Male Female

Feces Urine Total Feces Urine Total
["“C] excretion (%, 10 days) 23.2+0.88 36.82 +2.56 59.84 +2.73 23.73 £ 0.84 36.77 £2.97 60.51 +3.07
[*°Fe] excretion (%, 50 days) 11.96 £0.21 2.94 £ 0.05 14.81 £0.56 10.45 £ 0.19 2.94 +0.05 13.30 £ 0.87

Abbreviation: n, number.
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Figure 9 T2-weighted magnetic resonance images of rat livers (A) before injection, (B) 10 minutes after injection, (C) 20 minutes after injection, (D) 30 minutes after

injection of the cold SPION suspension.
Note: The arrows point to the liver.
Abbreviation: SPION, superparamagnetic iron oxide nanoparticle.

distribution study after intravenous injection of the CLS and
FLS. In addition, the polymer was metabolized mainly by the
kidneys and excreted by the urine within a short time, whereas
the [*Fe] was excreted in the feces after reuse in erythrocytes.
This newly synthesized PHEA-based polymer-coated SPION
is a promising candidate for use in liver-targeted biocompat-
ible iron oxide MRI agents.
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