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TGA curves and auto acid-base titration curve of PAA@USPIOs, dose optimization of

PAA@USPIOs for MRA and hematology analysis of mice are provided

Keywords: PAA@USPIOs; T, contrast agent; MRI; iron oxide

Abstract Ultrasmall superparamagetic iron oxide (USPIO) nanoparticles with high stability in
physiological conditions have great potentials for T;-weighted MRI. In current study, we
developed a procedure for ultra-large-scale production of USPIOs (1.5 kg per batch) for T;-
weighted MRI. The USPIOs were coated with poly(acrylic acid) (PAA@USPIOs), uniform in
size (~ 4.5 nm) and very stable in physiological conditions even after sterilized by autoclave.
Due to its small size, PAA@USPIOs demonstrated good T; MRI contrast effect and could be
used for both first-pass and steady-state magnetic resonance angiography (MRA). After injected
with PAA@USPIOs at the dose of 135 umol Fe/kg, the head-neck vasculatures and abdominal
artery of rabbits and the coronary artery of pigs could be clearly visualized by T,-weighted MRI.
Moreover, PAA@USPIOs was highly tolerable by animals. Our study indicated that the
procedure developed in this study has a great promise for large-scale production of USPIOs for

T;-weighted MRI for future clinical applications.
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1. Introduction

Due to their high susceptibility, superparamagnetic iron oxide (SPIO) nanoparticles are
conventionally used as T, MRI contrast agents (negative contrast). ' However, when the size of
the particles is reduced, the susceptibility, thus their T, effect, is reduced accordingly. >~ On the
contrary, the particle surface area to volume ratio, thus the number of iron ions exposed on the
particle surface, increases dramatically. Iron ions (Fe*" and Fe’") could induce the local
relaxation change of the nearby water protons and mainly reduce T, providing positive contrast
on T;-weighted MR images. ® Small-sized SPIOs demonstrate good T, contrast effect and have

been explored for magnetic resonance angiography (MRA). *'?

However, if the particles should
act as T, contrast agent, a size limitation for the superparamagnetic core is around 5 nm and

aggregation of the particles has to be completely prevented.

SPIOs can be conveniently prepared by co-precipitation of ferric and ferrous ions under the
alkaline conditions in the presence of coating materials, such as PEG, dextran and its derivatives.

1415 Co-precipitation procedure can be easily scaled up. Currently, clinically approved SPIOs

16

(i.e. Feridex, Resovist and Ferumoxytol) are produced by this way > However, co-

precipitation method usually leads to poor crystallinity and broad size distribution (4 ~ 20 nm). "
"7 Small-sized SPIOs are acquired by size screening, which is costly and low productive. '®
Alternatively, thermal decomposition of an appropriate iron precursor (e. g. iron oleate, iron
acetylacetonate and dicyclopentadienyl iron) in high boiling nonpolar solvents has been
demonstrated to be an effective method to produce SPIOs with great monodispersity, high

19-22

crystallinity and tunable sizes, and this procedure can also be scaled up. > However, SPIOs

produced by this way are poorly dispersed in aqueous solution due to their hydrophobic surface
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coatings and have to be transferred into being hydrophilic for biomedical uses, which precludes

production in large scale for clinical applications. **

Thermal decomposition of iron precursors in polar solvents has been explored to produce
hydrophilic SPIOs with well-defined size. ” ** ?”  Polyols, such as ethylene glycol (EG),
di(ethylene glycol) (DEG), triethylene glycol (TREG), are among such solvents and have been
used as media to prepare iron oxide nanoparticles with various sizes. 2*>° For instances, water-
dispersible iron oxide nanoparticles with a size range of 3~11 nm in DEG solvent has been
reported. > However, the colloidal stability of the nanoparticles at the physiological conditions is
poor, which makes them far from optimal for biomedical applications. To improve the colloidal
stability, in-suit or post treatments of the particles with coating materials have been developed.
3133 Despite recent synthetic progress, it remains a challenge to prepare monodisperse USPIOs

with good colloidal stability under physiological conditions for T;-weighted MRI in large scale.

In this study, we developed a novel method for ultra-large-scale preparation of poly(acrylic
acid)-coated USPIOs (PAA@USPIOs) with size around 4.5 nm in one pot. As-prepared USPIOs
are very stable in physiological conditions, and demonstrate good T; effect both in vitro and in

Vivo.

2. Materials and Methods

Materials Di(ethylene glycol) (DEG, (HOCH,CHs3),0, 99%) was purchased from Sigma-
Aldrich (St. Louis, MO). Poly(acrylic acid) (PAA, 50 wt%, solution in water, MW5000) was
purchased from Acros. Other chemicals were obtained from Sinopharm Chemical Reagent Co.

Ltd. (Shanghai, China) if not indicated otherwise. Ultrafiltration membranes (NMWL=300,000)
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and membrane filters with pore sizes of 0.22 pum and 0.1 um were purchased from Millipore

(Shanghai, China).

Small-scale synthesis of PAA-coated USPIOs (PAA@USPIOs) PAA@USPIOs were
synthesized by polyol method assisted by microwave heating. In brief, PAA (8 mmol) and FeCls
(4 mmol) were dissolved in DEG (30 mL). Nine milliliter of the mixture was transferred into a
50 mL round flask and heated by microwave (Discover S-Class, CEM) under vigorous stirring.
When the temperature reached 220 °C, 2 mL NaOH solution (in DEG, 100 mg/mL, 80 °C) was
rapidly injected. The resulting mixture was further heated for 10 min and then cooled down to
the ambient temperature. As-prepared nanoparticles were precipitated with a mixture of ethanol
and ethyl acetate (1:3, v/v), washed with ethanol three times and then dispersed into water. Next,
the suspension was purified with a millipore ultrafiltration device (NMWL=300,000). After
purification, the particles were spray-dried, dispersed in phosphate buffer solution (PBS, pH=7.4)

and sterilized by autoclave.

Large-scale production of PAA@USPIOs For large-scale production of PAA@USPIOs, a
microwave device with 30 kilowatt power and 50 liter volume was customized. The volumes of
the PAA and FeCl; mixture and sodium hydroxide solution were 32.8 L and 7.2 L, respectively.
The concentrations of the reactants and the procedures for the preparation and purification were

same as those described above.

Characterizations The size, morphology and crystal structure of the particles were evaluated
using transmission electron microscopy (TEM, JEOL 2010). Samples for TEM and high

resolution TEM analysis were prepared by spreading a drop of the dilute nanoparticle dispersion
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on the amorphous carbon-coated copper grids and then drying them in air. The average particle

size was determined by measuring the diameters of more than 150 particles in the TEM images.

To further determine the crystal structure of the particles, X-ray diffraction (XRD) was
performed on a Rigaku D/max-2400 type auto X-ray diffract meter (Rigaku, Japan) at 40 kV
with Cu/K « radiation (4 = 0.1542 nm). A slow scanning step of 0.31°/min between 32° and 46°

was performed to determine the particle size with Debye-Scherrer formula.

The hydrodynamic sizes and the zeta potentials (at pH = 7.4) were measured using a Malvern
Instruments Zetasizer Nano Series Nano-ZS. The mass fraction of PAA coating was determined
by a thermogravimetric analyzer (TGA, Mettler Toledo TGA/DSC 1/1600). The samples were

lyophilized and heated from 30 °C to 1000 °C at 10 °C /min under a nitrogen flow.

To verify PAA coating, Fourier transform infrared (FTIR) measurements were performed by
an EQUINOX 55 FTIR instrument (Bruker, Germany). For this purpose, all samples were

ground and mixed with KBr and then pressed to form pellets. Spectra were recorded in the wave

number interval between 4000 and 400 cm~'. The background spectrum was subtracted from the

sample spectrum. Each spectrum was acquired three times, and an average of the three

measurements was taken and analyzed.

The free carboxylic groups on the particle surface were determined by titration with sodium
hydroxide using a potential-conductivity titrator (Mettler Toledo, T50). For this purpose,
PAA@USPIOs (8.72 mg/mL, 0.4 mL) were dispersed into 50 mL water, into which hydrochloric
acid (0.01M, 5 mL) was added to protonate free carboxylate groups on PAA. Titration was

performed with 0.1 M sodium hydroxide solution.

Page 6 of 32



Page 7 of 32

RSC Advances

The magnetic properties of the particles were investigated by using a vibrating sample

magnetometer (VSM, LakeShore7300, CA). The magnetization (M, emu g~') of the samples was

measured as a function of the magnetic field (H, Oe) at 300 K. The longitudinal (T;) and
transverse (T,) relaxation times were measured on a Bruker mq60 nuclear magnetic resonance
analyzer (60 MHz, 1.41T) at 37 °C. An inversion recovery (IR) pulse sequence and a Carr-
Purcell-Meiboom-Gill (CPMG) spin echo sequence were used in T; and T, measurements. The
iron concentrations were determined using inductively coupled plasma optical emission
spectrometry (ICP-OES, ICAP-6300, Thermo Fisher, Portsmouth, New Hampshire). The T;,
relaxivities (r; ;) were deduced by fitting inverse relaxation times (1/T; 2) as a function of the

iron concentrations.

Phantom study To demonstrate T; effect of the particles in vitro, PAA@USPIOs were
dispersed in water with different concentrations (0.01, 0.05, 0.1, 0.2, 0.5 mM) and placed in a
water tank. ** MRI was performed with a 1.5 T MRI scanner (Signa Excite 1.5T Twinspeed)
using a clinical head coil with T; (TR = 500ms, TE = 30 ms, Matrix = 265 % 265 mm, slice
thickness = 5 mm, NEX = 3) and T, (TR = 2000ms, TE = 102 ms, Matrix = 265 x 265 mm, Slice

thickness = 5 mm, NEX = 3) weighted spin echo sequence.

Cytotoxicity of PAA@USPIOs The cytotoxicity of PAA@USPIOs was determined
quantitatively by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
reduction method using fibroblast L929 cells. For this purpose, the cells (5x10%) were seeded in
each well of 96 well plate and incubated with the PAA@USPIOs at different concentrations (20,
40, 80, 160, 320 and 640 pg/mL in iron) for 24, 48 and 72 h. After incubation, the medium were

removed and the cells were washed with PBS. Subsequently, 100 pL of DMEM (without serum)
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with 0.5 mg/mL of MTT reagent was added to each well and incubated for 4 h at 37 °C. After
incubation, the culture media containing unreacted MTT was carefully removed from each well
and the remaining blue formazan crystals formed in living cells were solubilized with 150 pL
DMSO. The absorbance at 490 nm was measured using a Wallace 1420 multilabel counter
VICTOR3 (PerkinElmer, Baltimore, MD). Cell viability was expressed as a percentage of the
absorbance of cells incubated with PAA@USPIOs to that of cells maintained in normal culture

medium.

Magnetic resonance angiography (MRA) To evaluate T, contrast effect of PAA@USPIOs
in vivo, MRA of rabbits was first performed. Animal experiments were approved by the animal
care and use committee of Shanghai Jiao Tong University. MRI was performed on a 1.5 T GE
Medical Systems (Signa Excite 1.5T Twinspeed) using a surface coil with 4 independent receiver
channels. Rabbits were anaesthetized with pentobarbital sodium at the dose of 45 mg/kg through

ear vein injection.

To explore the optimal dose for MRA, T;-weighted MRI at coronal and sagittal orientations
were acquired using the 3D fast low angle shot (TOF-FSPGR) sequence (TR = 1.6 ms, TE = 6.1
ms, Filp Angle = 40 °, FOV = 28 cm, Matrix = 256 x 160, Band width = 31.2 kHz, Slice
thickness = 0.8 mm). The rabbits were injected intravenously through ear vein with different
doses of PAA@USPIOs (20, 40. 70, 85. 100. 135. 200 umol Fe/kg) with three rabbits for
each dosage. Acquisitions were done at first pass, 3 and 30 minutes post contrast medium
administration. The abdominal aorta was imaged. In addition, MRA of head-neck vasculatures

was also performed at the dose of 135 umol Fe/kg.
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To demonstrate the potential of PAA@USPIOs for first-pass MRA, a comparison study in
first-pass MRA with clinically well-established gadolinium contrast agent Magnevist (Schering,
Berlin, Germany) was conducted. For this purpose, three rabbits were injected intravenously
with PAA@USPIOs at the dose of 135 pmol Fe /kg b. w. or Magnevist at the dose of 200 pmol
Gd /kg b. w. MRI was performed immediately after injection and the imaging procedures were
same as that described above. Signal intensities (SI) were analyzed by standard region-of-interest
(ROI) measurements using ROI values placed in the lumen of aorta (SI,q,) and outside the body

(SIhoise)- Signal to noise ratio (SNR) was calculated by dividing SLora to Sliise.

A comparison of PAA@USPIOs to SHUS555C (Schering AG, Berlin, Germany) for first-pass
and steady-state MRA was also performed. For this purpose, three rabbits were injected with
SHUS555C or PAA@USPIOs at the dose of 135 pmol Fe/kg b. w. and MR imaging procedures

were same as that described above.

Coronary MRA in pigs To further demonstrate the T, effect of PAA@USPIOs in vivo and
the potential of the particles for coronary artery imaging, coronary MRA of pigs was performed.
Pigs (~ 30 kg) were anaesthetized with pentobarbital sodium at the dose of 45 mg/kg and
administered intravenously with the particles at the dose of 135 pumol Fe/kg b. w. MRI was
performed on a 3 T GE MRI scanner (Signa HDxt, 3T) using a Small AA only 30 coil and a 3D
VascTOF FSPGR sequence. The sequence parameters were FOV 32 cm, Frequency 320, Phase
320, NEX 3, BW 62.5 kHz, RES Gating setting: Trigger point 10%/Trigger window 20%, Cardic
Gating setting: automatic. Images were acquired before contrast administration and at 15 and 180
minutes post-contrast. Contrast between coronary artery and myocardium (SNRpyocardium) Was
calculated using the SI values of blood in the right coronary artery and of the adjacent

myocardium.
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Acute single dose toxicity in mice To evaluate the acute toxicity of PAA@USPIOs, an
approximate LDsy was determined by a called ‘staircase method’. Mice (Kunming mouse, ~ 30 g,
Slaccs, Shanghai, China) were injected with PAA@USPIOs at five dose levels ranging from
0.25 to 4 mmol Fe/kg (0.25, 1, 2, 3 and 4 mmol Fe/kg) with ten mice in each dose group. After
injection of the first dose group, physical status and death of the mice were observed. Fifteen
minutes later, if the mice were dead, the dose for the next group was decreased. Otherwise, the

dose was increased. LDs, was calculated according to the modified Spearman-Karber method. 33

Repeated dose toxicity in mice To evaluate the long term toxicity, mice were injected with
PAA@USPIOs at different doses (0.73, 1.46 and 2.92 mmol Fe/kg) with 6 mice (3 males and 3
females) in each dose group. Another six healthy mice were injected with PBS used as a control
group. PAA@USPIOs were injected into the tail vein every other day until the intended dose

36:37 Two days after the end of the treatment period, the mice

was achieved, which last 14 days.
were sacrificed and the major organs (heart, spleen, liver, lung, and kidney) were harvested for
histological studies. For this purpose, the organs were fixed in 4% formalin, imbedded in
paraffin and then processed for hematoxylin and eosin (H&E) (Aladdin, Ontario, CA, USA)
staining according to the protocol provided by the manufacturer. In detail, representative Sum
tissue cross-sections were cut. After being mounted on glass slides, the sections were dewaxed in
xylene, dehydrated in ethanol, and then washed briefly in deionized water. Subsequently, the
sections were stained with hematoxylin solution for 8 minutes, washed in running tap water for 5
minutes, differentiated in 1% acid alcohol for 30 seconds, and then returned to blue with
ammonia solution (0.2%, v/v). After washing in running tap water for 5 min and rinsing in

alcohol (95%), the tissue slices were counterstained with eosin for 2 min and then examined

under a digital microscope (Leica DM2500, Houston, Texas). Moreover, the blood samples were

10



Page 11 of 32

RSC Advances

also collected for blood routine examination and blood chemistry analysis. Blood routine
examination included red blood cells (RBC), white blood cells (WBC), mean corpuscular
hemoglobin (MCH), mean corpuscular volume (MCV), mean corpuscular hemoglobin
concentration (MCHC), hemoglobin (HGB), percentage of lymphocyte in white blood cells (LY),
percentage of neutrophile granulocyte in white blood cells (NE) and platelet count (PLT). Blood
chemistry analysis included liver function markers (alkaline phosphatase (ALP), alanine
aminotransferase (ALT), aspartate aminotransferase (AST)), serum albumin (ALB), kidney
function markers (urea nitrogen (BUN) and creatinine (CRE)). All the blood parameters were

measured in Shanghai Putuo Hospital.

Statistical analyses All data presented are the average + SD of experiments repeated three or
more times. Where appropriate, a Student’s t-test was used to determine if differences were
statistically significant. A P value of < 0.05 was considered to indicate significant differences

between groups.

3. Results and Discussion

Synthesis and characterizations of PAA@USPIOs PAA@USPIOs were synthesized by a
polyol process using di(ethylene glycol) (DEG) as a solvent assisted by microwave heating. For
small-scale synthesis, sodium hydroxide solution (1.6 mL, 2.5 M in DEG) was quickly injected
into a pre-heated mixture (9 mL) of ferric chloride solution (0.13 M) and poly(acrylic acid) (MW
5000, 0.27 M) under magnetic stirring and the reaction was carried out at 220 °C for 10 min. For
ultra-large-scale production, a microwave device with 30 kilowatt power and 50 liter volume was

customized for heating. The concentrations of the reactants were same as those for small-scale

11
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synthesis, but the volumes were enlarged, 32.8 liters for the mixture of ferric chloride and poly
acrylic acid and 7.2 liters for sodium hydroxide. Following the same procedure, one batch of
about 1.5 kg nanoparticles (dry power) could be produced (Figure S1). Figure 1A shows the
representative TEM images of the as-prepared nanoparticles. It is found that the particles are
uniform and 4.5 £+ 0.5 nm in size (Figure 1B). High resolution TEM analysis (Figure 1A, insert)
indicates that the particle is a well-ordered single-domain crystal. Distance between two adjacent

lattice fringes is 0.253 nm, corresponding to the lattice spacing of (311) planes of a face-centered

38,39

cubic lattice of Fez;Oa.
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Figure 1 A, B TEM images of PAA@USPIOs (A, insert: high resolution TEM of the particles)
and its size distribution (B). PAA@USPIOs are uniform and about 4.5 nm in size.

DEG in this study serves not only as a high boiling polar solvent but also a reducing agent,
which partially reduces trivalent ion (in the form of Fe(OH); under the high alkaline condition)
into divalent ion (Fe(OH),). Fe(OH); and Fe(OH), are subsequently dehydrated at high

temperature to form iron oxide nanoparticles. > *° Therefore, different from the conventional

12
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co-precipitation and thermal decomposition methods, inert gas protection is unnecessary; this is

beneficial for large-scale production.

Microwave-assisted synthesis is a rapid, energy-efficient, and environmentally friendly
approach for nanomaterial preparation, by which different types of nano materials have been
synthesized. *"*** Compared to the conventional heating in a furnace, microwave provides fast
and uniform heating of the solvents, so that homogeneous nucleation and crystal growth can be
achieved within a much shortened period. * Uniform and fast heating contributes to mono-

disperse, small-sized nanostructures obtained in this study.

A
3
L 311
Fed
i3 s 400 511 440
§ 422
=
T T T T
20 30 40 50 60 70
2 Theta (degree)
B
= 311
=
.3
>
i)
£] 400
£
T T T T T T
32 34 36 38 40 42 44 46
2 Theta (degree)
c — PAA
PAABUSPIOS 1725 1430
291 8:: 52849 i ]
g8 H
8
c
£
5
o
c
o
=

1 L L ! L ! L
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2 A, XRD pattern of PAA@USPIOs. B, XRD pattern of PAA@USPIOs between 32° and
46° with a low scanning step. C, FTIR spectra of PAA and PAA@USPIOs.
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The crystalline structures and phase composition of PAA@USPIOs were further determined
by X-ray diffraction (XRD). XRD pattern shows peaks at 30.11, 35.41,43.11, 53.41, 57.11 and
62.61 degree (Figure 2A), which can be indexed to (220), (311), (400), (422), (511) and (440)
lattice planes of the spinel structure (JCPDS card no. 01-082-1533) known for magnetite crystal.®

No other peaks are detected, indicating that the product is pure phase Fe;04. *°

To verify the particle size observed by TEM, particle size was also calculated by the Debye-
Scherrer’s formula. For this purpose, XRD was performed with low scanning speed. Figure 2B
shows the diffraction pattern between 32 ° and 46 ° at a scanning step of 0.31°/min. The particle
size calculated from (311) and (400) peaks is 4.8 nm, being consistent with the TEM statistical

average size (4.5 = 0.5 nm).

To explore the surface properties of the nanoparticles, Fourier transform infrared (FTIR)
spectrum, thermal gravity analysis (TGA) and zeta-potential measurement were performed. The
FTIR spectra of both PAA and PAA@USPIOs (Figure 2C) show absorption bands at 2849 and
2918 cm’', which arise from symmetric and asymmetric C-H stretch bands of methyl and
methylene groups in PAA, respectively. * Bands at 1725 cm™ is characteristic of C=0 stretching
mode of carboxylic groups, which is strong for PAA and become weak after USPIO coating. The
peak at 1430 cm™ can be assigned to the asymmetric C-O stretching mode of carboxylate groups
covalently bond with ferric or ferrous ions on the surface of the particles. ° After surface coating,
the absorption at 1430 cm™ is enhanced. These observations indicate that PAA coating is

achieved by carboxylic groups coordinating with iron atoms in the particles.

To quantify PAA coating, TGA of PAA@USPIOs was performed (Figure S2). Weight loss

below 200 °C can be attributed to the removal of the bound water. ** PAA coating accounts for

14
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58.26% of total weight (weight loss between 200 °C ~ 900 °C) and the remained solid content
(Fe30y4) is 36.17%. Considering that the average size of the particle is 4.5 nm, we calculated that

there are about 48 PAA molecules (MW 5000) coated on an USPIO.

Zeta potential of PAA@USPIOs was -55 mV and the highly negative charge may arise from

free carboxylic groups on the particle surface. * *

To quantify the free carboxylic groups,
titration of PAA@USPIOs (0.4 mL) with sodium hydroxide (0.1 M) was performed (Figure S3).
The concentration of free carboxylic groups in the sample was 0.16 M. By measuring the iron
concentration of the sample (6.28 mg/mL), we determined that the concentration of USPIOs is

8.72 mg/mL and the free carboxylic groups per USPIO are about 2739. Therefore, around 573

carboxylic groups coordinated with surface iron ions considering 48 PAA molecules coated on

an USPIO with 69 carboxylic groups per molecule.
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Figure 3 A, Size distribution of PAA@USPIOs in PBS (pH = 7.4) at 25 °C. The size was
measured at dayl (black) and day 60 (red) and the particles were suspended in PBS. Insert:
photograph of PAA@USPIOs suspension. B, Hydrodynamic diameter of PAA@USPIOs (Dh,
black) and PDI (blue) of PAA@USPIOs in 50% (v/v, in PBS) FBS.
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Colloidal stability is crucial for biological applications of USPIOs. Next, we evaluated the

stability of PAA@USPIOs under physiological conditions by measuring the hydrodynamic

diameter of the particles using dynamic light scattering technique (Zetasizer Nano Series Nano-

ZS, Malvern Instruments, UK). For this purpose, the particles were spry-dried and autoclave-

sterilized, and then suspended in phosphate buffer solution (PBS, pH=7.4) or fetal bovine serum

(FBS, 50% in PBS).The hydrodynamic diameter of the particles is 24.4 nm in PBS and does not

changed for two months (24 nm) (Figure 3A). After suspended in FBS, the hydrodynamic size

decreased a little (22.5 nm), but the particles are stable (Figure 3B). The excellent stability of the

particles may arise from the high efficient PAA coating with around 80% of free carboxylic

groups on the surface, which could stabilize the particles by both steric hindrance of the polymer

and a large electrostatic repulsion effect.
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Figure 4 A, Magnetization curve of PAA@USPIOs at room temperature. Insert: magnetization

of the particles around zero magnetic field. B, Relaxivities of PAA@USPIOs at 1.41 T.
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Superparamagetism is critical for in vivo uses of iron oxide nanoparticles. To examine if
PAA@USPIOs is superparamagnetic, the susceptibility of the particles as a function of applied

magnetic field was evaluated. As shown in Figure 4A, the saturation magnetization of

PAA@USPIOs is 42.63 emu g-' and the magnetization is proportional to applied field at low

strength, showing no remanence and coercivity (Figure 4A, insert), which indicates that the

. . 49, 50
particles are superparamagnetic at room temperature. %3

The longitudinal relaxivity (7;) and the ratio of transverse (7,) to longitudinal relaxivity (r»/7;)
are important parameters to estimate the efficiency of USPIOs as T, contrast agent. High »; and

L, 51 Therefore, we determined the »; and r;

low ry/r; are beneficial for T;-weighted MRI.
relaxivities of PAA@USPIOs by fitting the inverse relaxation times (1/T; ) as functions of the

iron concentrations (Figure 4B). The r; and r; relaxivities of PAA@USPIOs were 8.67 and 25.36

s mM~', respectively, with r/; ratio equal to 2.93. The r; value is much higher than that of

conventional Magnevist (Gd-DTPA, r; = 3.6 s mM-! at 1.41 T). 52 The r; value and ry/r; ratio

are also competitive to SHU555C (r; = 10.7, r, = 38 mM" s™', ro/rj= 3.6). > These results
indicate that PAA@USPIOs could be efficient for T;-weighted MRI. The T, effect of
PAA@USPIOs may arise from its small size and high colloidal stability. Companying particle
size decrease, the magnetic moment of the particles decreases, while surface area with five
unpaired electrons in the ferric ion increases, which result in suppression of T, effect, but
enhancement in T; effect. In addition, the colloidal stability of USPIOs is also crucial for its T
effect. 3% Aggregation of USPIOs would lead to a dramatic increase in 7, but an unnoticeable

change in r;, significantly reducing the T, effect. '>>
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Phantom Study The T, effect of PAA@USPIOs was first examined by phantom study. For
this purpose, PAA@USPIOs was dispersed into water with different concentrations, and T;- and
T,-weighted MR imaging of the samples were then performed. As shown in Figure 5A, for T;-
weighted MRI images, the MRI signal intensity increased with the increase of particle

concentrations. While, for T,-weighted MRI images, the signal intensity decreased gradually.

water 0.01 0.05 0.1 0.2 0.5 (uM)

A
T1_wei9htEd m

140+
120+
100+
80-
60-
40+
20-
0_

ve)

24h MW 48h WA 72h

Cell viability(%)

20 40 80 160 320 640
Iron concentration(ng/mL)

Figure 5 A, T| and T,-weighted MR images of PAA@USPIOs at different concentrations. B,
Viability of cells incubated with PAA@USPIOs at different concentrations for different periods

of time.

Cytotoxicity of PAA@USPIOs In order to assess the cytotoxicity of PAA@USPIOs, a cell
viability assay was evaluated by a typical 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) reduction assay using a mouse fibroblast cell line (LL929). For this purpose, L929
cells were incubated with PAA@USPIOs at different concentrations (20, 40, 80, 160, 320 and
640 ug/mL in iron) for different periods of time (24, 48 and 72 h). As indicated in Figure 5B, the

cell viability was not affected below the dose of 320 pug Fe/mL. Even incubated at the dose of

18
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640 pg Fe/mL for 72 h, there are still more than 90% of cell alive. Consistent with previous
reports, ¢ our results indicate that PAA@USPIOs are biocompatible and have no obvious toxicity

to normal cells.

Figure 6 A, B, MRA of rabbit abdomen aorta (A) and head-neck vasculatures (B) after injection
of 135 pmol Fe/kg of PAA@USPIOs. Due to the blood pool effect, even small arteries and veins

are visible.

Magnetic resonance angiography (MRA) To evaluate T, contrast effect of PAA@USPIOs
in vivo and optimize the dose for blood vessel imaging, MR imaging of rabbit blood vessels with
different doses of PAA@USPIOs was conducted. Figure S4 shows T-weighted MR images of
rabbit abdominal aorta in sagittal orientation at different time periods post PAA@USPIOs
injection. Abdominal aorta could be well depicted by all the doses (20, 40, 70, 85, 100, 135 and
200 umol Fe/kg) investigated during these own optimal imaging windows. However, dose at 135
umol Fe/kg has the longest imaging window (over 30 min) and demonstrates superior imaging

quality. As shown in Figure 6, at this dose, excellent visualization of the abdominal artery and
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head-neck vasculatures could be achieved, and even very small vessels such as renal arteries and

their ramifications were also depicted with a highly detailed resolution.

First-pass imaging is a technique that acquires three dimensional data sets during the arterial
passage of a low-molecular T;-shortening gadolinium-based contrast medium (e. g. GAd-DTPA)
injected in bolus into a peripheral vein. However, due to the rapid extravasation of the contrast
medium (10 - 25 s) outside the blood vessels producing a background signal, the spatial
resolution of first-pass MRA is limited. To check whether bolus injection of PAA@USPIOs
enhances the signal of the abdominal aorta in rabbits in first-pass MRA to a similar extent as a
low-molecular contrast medium, first-pass imaging comparing with Gd-DTPA (200 pmol /kg,

Magnevist; Schering, Berlin, Germany) was performed. As shown in Figure 7, PAA@USPIOs

could depict abdominal aorta with comparable SNR to Gd-DTPA (5.62 vs 6.27), but with about

two third of its dose (135 umol Fe/kg).

PAA@USPIOs Gd-DTPA

Figure 7 Comparison of PAA@USPIOs to Magevist for the first-pass MRA.

SHUSS55C (Schering AG, Berlin, Germany) is an iron oxide based MRI contrast agent with a

mean core particle size of about 3~5 nm and a mean hydrodynamic diameter of about 21 nm in

20
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an aqueous environment, *° which has been demonstrated very suitable for both first-pass
contrast enhanced MRA comparable to gadolinium-enhanced angiography and high-resolution
steady-state angiography pre-clinically. > Due to the comparable size of PAA@USPIOs to
SHUS55C, next, we compared the efficiency of PAA@USPIOs in first-pass and equilibrium
MRA with SHUS555C. All the contrast agents were injected in bolus with the doses of 135 pumol
Fe/kg. Figure 8 shows the MR images of rabbit vascular systems in sagittal orientation at
different time points after the particle injection. PAA@USPIOs and SHUS55C could depict

abdominal aorta in both first-pass and equilibrium imaging.

First-pass 3 min 5 min 20 min 30 min High Res

PAA@USPIOs

SHU555C

Figure 8 Comparison of PAA@USPIOs to SHUS55C for the first-pass and equilibrium MRA.

However, venous vasculatures, even hepatic portal vein, were clearly delineated by
PAA@USPIOs, but not by SHUSS55C. Signal intensity in aortic lumen enhanced by
PAA@USPIOs was more pronounced in first-pass (SNR, 35.92 £ 3.11 vs 29.01 = 1.37, p <0.01)

and steady-state imaging after the particle injection (SNR, 3min: 30.63 + 3.42 vs 25.30 £ 1.42, p
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<0.01; 5 min: 28.19 + 2.34 vs 21.63 £ 2.23, p < 0.01; 10 min: 25.10 + 2.39 vs 17.60 £ 2.07, p <
0.01; 20 min: 20.93 + 3.01 vs 14.77 + 2.66, p < 0.01; 30 min: 15.32 £ 1.92 vs 10.83 £ 0.39, p <
0.01). In addition, the signal intensity was also more homogenous and much sharper on the

vessel edges 30 min post injection.

Figure 9 Coronary MRA of pigs. A, B: MRA of the right coronary artery at 15 min (A) and
180 min (B) post PAA@USPIOs injection. C, D: MRA of the left anterior descending branch
(LAD) and the left cyclotron (LCX) at 15 min post PAA@USPIOs injection.

Coronary MRA in pigs Due to the small size of coronary artery, coronary MRA is

challenging. To further demonstrate the T, effect of PAA@USPIOs in vivo, coronary MRA of
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pigs was performed. Intravenous injection of PAA@USPIOs at a dosage of 135 umol Fe/kg
produced a pronounced and long-lasting increase in SNRpyyocardium up to 180 minutes after
injection, which resulted in a markedly increased contrast between coronary arteries and
myocardium (Figure 9). This effect enables the visualization of large portions of the right
coronary arteries (RCA), the left anterior descending branch (LAD) and the left cyclotron (LCX).
The SNRhyocardium at 15 min post injection was around 9.

Acute single dose toxicity The acute toxicity of PAA@USPIOs was assessed by
determination of the LD50 value of mice in 14 h with the modified Spearman-Karber method. *°
For this purpose, five dose levels of PAA@USPIOs ranging from 0.25 to 4 mmol Fe/kg (0.25, 1,
2, 3 and 4 mmol Fe/kg) were examined after single bolus injection with ten animals in each dose
group. All the mice survived in the 0.25 and 1 mmol Fe/kg group and no abnormal behaviors
were observed. However, with further increase in injection doses, mice presented apnea, twitch,
mania or convulsion, indicating that PAA@USPIOs may have the potential side effects on heart,
lung or nerve system at these doses. The LDsy determined is 2.16 mmol Fe/kg. The dose used in
this study (0.135 mmol Fe/kg) for MRA is far below LD50 and no adverse effects to the mice

have been observed.

Repeated dose toxicity in mice To determine whether PAA@USPIOs causes the long-term
toxicity during its retention in the body, the histological assessment of major organs, hematology

analysis and blood biochemical assay were performed. -

For these purposes, mice were
injected with PAA@USPIOs at the doses of 0.73, 1.46 and 2.92 mmol Fe/kg, and the evaluations
were performed two days after the end of the treatment period. Figure 10 shows the

representative H&E staining images of different tissues. In the treated animals, PAA@USPIOs

accumulate mainly in the liver and spleen (brown color) at all the doses investigated, and do not
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accumulate in kidney and heart. No notable lesion, inflammation, or other abnormality in these

organs associated with the administration of PAA@USPIOs was observed compared to those in

Page 24 of 32

the control group. In blood routine examination, white blood cells (WBC), red blood cells (RBC),

hemoglobin (HGB), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH),
mean corpuscular hemoglobin concentration (MCMC), percentage of lymphocyte in white blood
cells (LY), percentage of neutrophile granulocyte in white blood cells (NE) and platelet count
(PLT) as main parameters were evaluated as the possible toxicity of PAA@USPIOs to mice. The

results show that all the parameters mentioned above in the PAA@USPIOs-treated groups

&( 3 J‘
A ,,m:*?"?-'ﬁ

w

Figure 10 H&E staining of major organs of mice injected with different doses of PAA@USPIOs.

Bar: 10 pm.

appear to be normal compared to those in the control group at the doses of 0.73 mmol Fe/kg.
When the doses increased to 1.46 and 2.92 mmol/kg, WBC and NE are elevated and other

parameters are normal (SI Table 1). In blood chemistry analysis, the liver function markers
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including alkaline phosphatase (ALP), aspartate aminotransferase (AST), alanine
aminotransferase (ALT) and serum albumin (ALB), kidney function marker urea nitrogen (BUN),
as well as albumin/globin ratio, were measured. However, most of the blood biochemical
parameters determined above were abnormal (SI Table 2). Considering that high dose was
applied for this study, much higher than that used for MRA (0.135 mmol/kg), abnormality of

blood biochemical parameters at this dose is not surprising.

4. Conclusions

Microwave-assisted polyol procedure in the presence of poly(acrylic acid) (PAA) is a novel,
easy scale-up method for preparation of USPIOs with a yield of 1.5 kg in one batch. The TEM
size of the as-prepared USPIOs is around 4.5 nm and the particles are efficiently coated with
PAA with around 48 PAA molecules attached on an USPIO, which make the particles highly
stable in the physiological conditions. PAA@USPIOs demonstrates good T, contrast effect with
the r; relaxivity of 8.67 s ' mM ! and the ro/r; ratio of 2.93 and superior efficiency in both first-
pass and equilibrium MRA. After injected intravenously at the dose of 135 pmol Fe/kg, the head-
neck vasculatures and abdominal artery of rabbits and even the coronary artery of pigs could be
clearly visualized by T;-weighted MRI. More significantly, the particles have a good
biocompatibility with LDsy value of 2.16 mmol Fe/kg for mice. Altogether, PAA@USPIOs
prepared by this procedure has great potential for T;-weighted MRI and for further development

for clinical uses.
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