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Objective: The objective of this study was to develop magnetic embolic microspheres that

could be visualized by clinical magnetic resonance imaging (MRI) scanners aiming to

improve the efficiency and safety of embolotherapy.

Methods and discussion: Magnetic ferrite nanoclusters (FNs) were synthesized with

microwave-assisted solvothermal method, and their morphology, particle size, crystalline

structure, magnetic properties as well as T2 relaxivity were characterized to confirm the

feasibility of FNs as an MRI probe. Magnetic polymer microspheres (FNMs) were then

produced by inverse suspension polymerization with FNs embedded inside. The physico-

chemical and mechanical properties (including morphology, particle size, infrared spectra,

elasticity, etc.) of FNMs were investigated, and the magnetic properties and MRI detectable

properties of FNMs were also assayed by vibrating sample magnetometer and MRI scanners.

Favorable biocompatibility and long-term MRI detectability of FNMs were then studied in

mice by subcutaneous injection. FNMs were further used to embolize rabbits’ kidneys to

evaluate the embolic property and detectability by MRI.

Conclusion: FNMs could serve as a promising MRI-visualized embolic material for

embolotherapy in the future.

Keywords: polymerized microspheres, magnetic ferrite nanoclusters, magnetic resonance

imaging, embolization, microwave-assisted solvothermal method

Introduction
Transcatheter arterial embolization (TAE) is one of the most important interven-

tional therapies, mainly used for the treatment of unresectable tumors, symptomatic

uterine fibroids, arteriovenous malformations, and hemorrhage. In the process of

TAE, the embolic agents are delivered through microcatheters to the target vessels

and block the vessels to achieve the treatment purpose.1–4

Generally, TAE requires to useX-ray digital subtraction angiography (DSA) and iodic

angiographic agent to observe bloodflow so as to judge indirectly the circumstances of the

target vessels before and during embolization aswell as the embolic endpoints.5However,

simply using DSA cannot confirm the exact location of the embolic agents and thus

cannot meet clinical requirements to ensure embolic agents of proper volume were at the

target site. In the last two decades, developing magnetic resonance imaging (MRI) as a

feasible alternative or adjunctive imaging modality of DSA for the guidance of endovas-

cular interventions has attracted increasing attention.6,7 Compared with X-ray, interven-

tional therapy monitored by MRI has the merits of non-ionization radiation and high
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tissue resolution,7,8 thus is preferred by both doctors and

patients clinically. Some researchers have achieved in combin-

ing DSA and MRI to guide the renal artery embolization of

dogs.9Others have increased the success rate of uterinefibroids

embolization or improved the therapeutic capabilities of hepa-

tocellular carcinoma chemoembolization with the hybrid of

DSA and MRI in clinical studies.10,11 Recently, using a mag-

netically assisted remote-controlled catheter under real-time

MRI guidance, renal artery embolization with gadolinium

(Gd)-impregnated microspheres was successfully performed

in pigs.12

MRI-visualized embolic microspheres have also been

developed to improve the efficiency and safety of

embolization.8,13,14 By using MRI-visualized micro-

spheres, their position and compactness in blood vessel

can be monitored by MRI and the embolic endpoints

can be accurately judged, which is considered very

important in chemoembolization, especially in the treat-

ment of highly vascularized tumors. In addition, the

distribution of embolization agents can offer feedback

for radiologists to adjust intervention technology in time

and provide individualized embolization, which would

improve the overall therapeutic effects and lower the

risk of operations.15–17

Superparamagnetic iron oxide nanoparticles (SPIONs)

have already been encapsulated in various microspheres,

such as microspheres of chitosan,13,18 alginate,14,15 poly

(lactic acid)/poly (ethylene glycol),19 and poly (lactide-co-

glycolide),20,21 to prepare MRI-visualized embolic agents

due to their relatively low cytotoxicity, long-term contrast

enhancement, low cost, and easy availability. However, the

imaging intensity of SPIONs embedded in microspheres is

not enough in some cases when more detailed information

is needed. Therefore, to improve the imaging quality of

SPIONs would be a wise choice. Increasing the particle

size of SPIONs could induce a higher value of transverse

relaxivity and enhanced MRI detectability, but the increase

of particle size was limited to some extent (approximately

15 nm) otherwise the SPIONs would lose superparamag-

netic property and easily aggregate in solution.22 Magnetic

ferrite nanoclusters (FNs) appear the most promising mag-

netic material to solve the above problems. FNs are the

secondary structure consisting of multiple single superfine

iron oxide nanocrystal, ie, clustering individual SPIONs

into clusters, which were shown to have higher T2 relaxivity

rate than single iron oxide nanoparticles due to synergistic

magnetism, contributing to better MRI detectability, while

retaining the superparamagnetic characteristics in the

meantime.23,24

In addition, though various kinds of materials have

been applied in the research of embolization micro-

spheres, only hydrophilic polymer microspheres, such as

Embospheres, DC beads, and Hepaspheres, are widely

used in clinical embolotherapy, as they feature the advan-

tages of smooth surface, round particle sizes, satisfactory

biocompatibility and elasticity, stability, and permanent

embolism (non-degradation).25–27

In this study,MRI detectable microspheres were designed

and prepared with FNs embedded in polymer microspheres

(FNMs), aiming to improve the efficiency and safety of

embolotherapy. In brief, FNs were synthesized with micro-

wave-assisted solvothermal reduction method and character-

ized as an excellent T2-weighted contrast agent. Afterwards,

the FNs were embedded into hydrophilic poly (acrylic acid)

microspheres to acquire the MRI detectable magnetic micro-

spheres for embolization. The properties of FNMs were

evaluated comprehensively and systematically for potential

clinical application, including morphology, size distribution,

elasticity, in vitro MR imaging, biocompatibility, and long-

term MRI detectability in mice as well as embolic feasibility

and MRI visibility in rabbits.

Materials And Methods
Materials
Iron chloride and Tween 80 were purchased from Tianjin

Guangfu Fine Chemical Research Institute (Tianjin,

China). Ethylene glycol, trisodium citrate, and sodium

acetate were purchased from Beijing Chemical Works

(Beijing, China). Acrylic acid (AA, purity ≥ 98%) was

supplied by Wulian Chemical Factory (Shanghai, China).

Potassium persulfate was purchased from Sinopharm

Chemical Reagent Co., Ltd. (Beijing, China). N, N

′-methylenebisacrylamide was purchased from Junyao

Albert Biotechnology Company (Beijing, China). Liquid

paraffin was purchased from Tianjin Bodi Chemical Co.,

Ltd. (Tianjin, China). Span 80 was purchased from Xilong

Chemical Co., Ltd. (Shantou, China). Hydroxylamine

hydrochloride and O-phenanthroline Hydrate were

obtained from Yingdaxigui Chemical Reagent Factory

(Tianjin, China). Agarose, pentobarbital sodium, and

sodium carboxylmethyl cellulose were purchased from

Sigma Aldrich (USA). Embospheres were purchased

from Biosphere Medical Inc. (USA). Iodixanol injections

were supplied by GE Healthcare Ireland (Ireland). All the
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other solvents and reagents were of analytical grade and

used as received without further purification otherwise

noted.

Synthesis Of Magnetic Ferrite

Nanoclusters
FNs were synthesized with a microwave-assisted solvother-

mal reductionmethod based on previous report.28 In a typical

procedure, iron chloride, trisodium citrate, and sodium acet-

ate at a molar ratio of 1:0.34:7.3 were dissolved in ethylene

glycol. Then, the solution was placed in a microwave synthe-

sizer (Discover SP, CEM, USA) and heated to 190°C for 200

s. After cooling to room temperature, black precipitate was

collected using a permanent magnet, washed with ethanol

and deionized water successively, followed by lyophilized,

and stored at room temperature for further use.

Characterizations Of FNs
Morphology Of FNs

The morphology of FNs was examined via transmission

electron microscopy (TEM; JEM-1200EX, JEOL, Japan)

operating at 100 kV.29 The sample was prepared by pla-

cing a drop of suspension (FNs in absolute ethanol) onto a

carbon-coated copper grid and dried naturally.

Particle Size And Size Distribution Of FNs

The particle size and size distribution of FNs in water were

determined by a dynamic light scattering instrument (DLS;

Zetasizer NanoZS, Malvern, UK) at a wavelength of 633

nm, scattering angle of 90° and temperature of 25°C.29

Infrared Spectra Of FNs

Fourier transform infrared spectroscopic measurement of

FNs was carried out on a Fourier transform infrared spec-

trometer (5DX, Thermo Nicolet Corporation, USA) in a

scanning range of 4000–400 cm−1 using a KBr pressed

tablet.30

X-Ray Diffractometer Of FNs

The X-ray diffraction (XRD) patterns of the lyophilized

FNs were analyzed by an X-ray powder diffractometer

(Mini Flex 600 X, Rigaku, Japan) with Cu Kα radiation

(λ=1.5406 Å) at 40 kV and 15 mA, scanning from 10° to

80° at a scan rate of 4°/min.30

X-Ray Photoelectron Spectroscopy Of FNs

X-ray photoelectron spectroscopy (XPS) was performed

on an X-ray photoelectron spectrometer (Axis Ultra,

Kratos, England) using monochromatic Al Kα radiation.

Pass energy of 160 eV and step size of 1.00 eV were

employed for survey spectrum of FNs. For Fe 2p high-

resolution spectrum, pass energy of 40 eV and step size of

0.10 eV were adopted.31,32

Iron Content Of FNs

The iron content of FNs was measured according to the

previous report.33 Ten milligrams of FNs were digested in 2

mL of mixed acid solution (fuming nitric acid and concen-

trated hydrochloric acid mixed at a volume ratio of 1:4) for

30 mins. The resultant solution was diluted with water to 100

mL. Afterwards, 5 mL of the diluted solution was put in a

volumetric flask, followed by adding 1 mL of hydroxylamine

hydrochloride solution (10%, w/w), 2 mL of 1, 10-phenan-

throline (0.15%, w/w), 5 mL of sodium acetate solution

(1 mol/L), and proper amount of water to a total volume of

100 mL. The absorbances of reactants were determined at

510 nm with a UV-visible spectrometer (UV-1100, Mapada

Instruments Co., Ltd. Shanghai). The iron contents of sam-

ples were obtained from a standard curve of the absorbances

and known concentrations of iron. The experiments were

conducted in triplicate.

Magnetic Property Of FNs

The magnetic property of FNs was measured on a vibrat-

ing sample magnetometer (VSM; PPMS-9, Quantum

Design, USA) with magnetic field in the range of ±6

kOe at room temperature.34

T2 Relaxivity Of FNs

To determine the T2 relaxivity (r2), FNs were suspended in

agarose gel (1%, w/v) at a series concentration to avoid

sedimentation. The accurate iron concentrations of the sam-

ples were determined by inductively coupled plasma mass

spectroscopy (ICP-MS; Perkin Elmer, MA, USA). The T2

relaxation time was measured using a 3 Tesla MRI scanner

(GE Medical Systems, LLC, USA) with a fast spin echo

(FSE) sequence of the following parameters: repetition time

(TR) = 1000 ms, echo time (TE) = 5.9–47.1 ms, field of view

(FOV) = 20 × 20 cm, flip angle = 45°, and slice thickness =

3.0 mm. The r2 of FNswas calculated by the linear regression

of the inverse relaxation times as a function of the iron

concentrations (mM Fe) according to literature.35

Preparation Of FNMs
FNMs were prepared by inverse suspension polymerization

method.26,34 Briefly, 40 mL of liquid paraffin containing

0.134 g of Span 80 (oil phase) was added into a three-

necked flask equipped with a mechanical stirrer. Ninety
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milligrams of FNs were dispersed in a blended aqueous

solution of acrylic acid (monomer, 1.8 g), potassium per-

sulfate (initiator, 68 mg), and N, N′-methylenebisacryla-

mide (crosslinker, 77 mg). The resultant water phase was

then added into the oil phase under stirring. The polymer-

ization reaction was carried out at 55°C for 4 hrs under the

protection of nitrogen. Finally, the microspheres were

washed with Tween 80 solution (0.5%, w/v) and deionized

water successively. The FNMs in size range of 100–900 μm

were collected by wet-sieving.36

Poly (acrylic acid) microspheres without the addition of

FNs were also prepared and collected within the size range of

100–900 μm, which were called blank polymer microspheres

(BMs) and used as a control of FNMs in this study.

For special use in later experiments, some of the FNMs

and BMs were separated into subgroups of 100–300 μm,

300–500 μm, 500–700 μm, and 700–900 μm with wet-

sieving method.36 After sorting, each subgroup of micro-

spheres was confirmed within the accurate size range by

measuring the diameters of microspheres with optical

microscope. All of the FNMs and BMs were lyophilized

or stored in saline for further analysis.

Characterizations Of FNMs
Morphology Of FNMs

The morphology of FNMs as well as BMs was observed

with optical microscope (XTZ-D/T, Shanghai Optical

Instrument Factory No. 6, China) and environmental scan-

ning electron microscope (ESEM; FEI Quanta 200F,

EDAX/AME-TEK, US). The FNMs were also investigated

under TEM with the operation as same as that of FNs

except that the lyophilized FNMs were cut into thin slices

so as to avoid obtaining dark photographs.34

Particle Size And Size Distribution Of FNMs

The diameters of FNMs as well as BMs in saline were

measured under optical microscope, and the frequency his-

tograms with 50 μm intervals were drawn. The number-

average diameters (Dn) of FNMs and BMs were determined

by measuring at least 1000 individual microspheres.26,37

Infrared Spectra Of FNMs

Fourier transform infrared spectroscopic measurements of

lyophilized FNMs as well as BMs were performed sepa-

rately in the same condition as that for FNs.26,34

X-Ray Diffractometer Of FNMs

The lyophilized FNMs were grounded into powder and

tested by XRD in the same condition as that for FNs.19,34

X-Ray Photoelectron Spectroscopy Of FNMs

XPS for lyophilized FNMs was performed in the same

condition as that for FNs.17,34

Iron Content Of FNMs

The iron contents of FNMs in whole size (100–900 μm) and

different subgroups (100–300 μm, 300–500 μm, 500–700

μm, and 700–900 μm) were measured separately. Briefly,

0.5 mL of wet FNMs or 24 mg of lyophilized FNMs were

digested in 5 mL of mixed acid solution and the following

procedures were as same as described in the “Iron content of

FNs” section.38 Correspondingly, the iron contents in terms

of weight per volume of FNMs or in terms of weight percen-

tage of FNMs were measured and calculated.

Magnetic Property Of FNMs

The magnetic property of lyophilized FNMs was measured

by VSM in the same condition as that for FNs.19

Elasticity Of FNMs

To evaluate elasticity, the FNMs and BMs in size of

700–750 μm were selected. A series of tests were per-

formed with texture analyzer (TA. XTPlus, Stable Micro

Systems, UK) as described in our previous work, including

compression test for monolayer of microspheres, stress

relaxation test for monolayer of microspheres, compres-

sion test for single microsphere, and repeated compression

test for single microsphere. All tests were performed at

room temperature and repeated at least three times.26

MR Imaging Of FNMs In Vitro

Four subgroups of FNMs (100–300 μm, 300–500 μm,

500–700 μm, and 700–900 μm) were suspended evenly

in agarose gel (1%, w/v) with concentrations of FNMs at

4%, 8%, 16%, and 32% (v/v) in 1.5 mL of Eppendorf

tubes. T2-weighted images were taken using a 3.0 T MRI

device (Magnetom Trio Tim, Siemens, Germany) with a

turbo spin echo (TSE) sequence under the operational

parameters described as follows: TR = 3000 ms, TE =

88 ms, FOV = 12 × 12 cm, flip angle = 150°, slice

thickness = 3.0 mm, and matrix = 179 × 256.34
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MR Imaging And Histocompatibility Of

FNMs In Mice
Subcutaneous Injection

Fifteen female adult Kun Ming mice (approximately 25 g of

initial weight) were purchased from Peking University

Experimental Animal Center (Beijing, China). The experi-

ment was performed following the National Institutes of

Health guidelines and was approved by the Animal Care

Committee of Peking University Health Science Center. All

animals were anesthetized by intraperitoneal injection of

chloral hydrate (4%, w/v, 0.1 mL/10 g body weight). FNMs

in subgroup of 100–300 μm were selected and autoclaved at

121°C for 30 mins. The sterilized FNMs were suspended in

sodium carboxylmethyl cellulose solution (1%, w/v) at a

volume radio of 1:7, and 0.2 mL of the suspension was

injected subcutaneously into the back of each mouse.17,34

MR Imaging In Mice

The MRI examinations were performed with a 3.0 T MR

scanner (Magnetom Trio Tim, Siemens, Germany) with a

wrist coil. Three mice were scanned before and at 0 d, 14 d,

and 28 d after the injection. All these MRI images were

taken and compared among the same animals.34 The ima-

ging parameters of multi-slice T2-weighted TSE sequence

were as follows: TR = 4710 ms, TE = 88 ms, FOV = 12 ×

12 cm, flip angle = 150°, slice thickness = 3.0 mm, and

matrix = 179 × 256. To qualify the signal enhancement, we

identified the injection area as the regions of interest (ROIs)

and calculated the signal-to-noise ratio (SNR) by the equa-

tion: SNRmice = SImice/SDnoise, where SI represents signal

intensity and SD represents standard deviation. Then, the

contrast enhancement was defined as the change of SNR, ie,

△SNR = (|SNRpost -SNRpre|)/SNRpre.
39

Histocompatibility

Three mice were sacrificed at 2 h, 2 d, 7 d, 14 d, and 28 d

post injection, respectively. The tissues surrounded by

FNMs were excised for histological section, stained by

hematoxylin and eosin, and then observed with an optical

microscope (Bx-51, Olympus, Japan). The pathologic eva-

luations of all specimens were performed by a professional

pathologist.37,40

Renal Embolization And MR Imaging Of

FNMs In Rabbits
Renal Embolization

The following experiment was also performed following

the National Institutes of Health guidelines and was

approved by the Animal Care Committee of Peking

University Health Science Center. Two male New

Zealand white rabbits with an average weight of 3.5 ±

0.1 kg were anesthetized by injection of pentobarbital

sodium solution (2%, w/v, 30 mg/kg body weight) via

marginal ear vein. The right femoral artery was surgically

exposed and punctured. Under the guidance of DSA

(Innova®4100, GE Healthcare Technologies, USA), a 2.8

Fr catheter (Progreat®, Terumo Co., Tokyo, Japan) was

inserted into the left renal artery by a guidewire, and

Iodixanol was infused through the catheter to show the

renal vessels. Then, 0.3 mL of FNMs suspended in a

mixed solution of Iodixanol (0.3 mL) and saline (0.2

mL) was delivered slowly to the renal trunk.17

Arteriograms were performed before and after emboliza-

tion to confirm the blood flow of kidney. The catheter was

gently pulled out after the operation, and the incision was

closed properly.40

MR Imaging In Rabbits

To evaluate the detectability of FNMs by MRI, the rabbits

were scanned before and after embolization by a clinical

3.0 T MRI device (GE Medical Systems, LLC, USA) with

a knee array coil. The scans were performed with the

following two sequences, respectively: T2-weighted fast

spin echo sequence (FSE; OA × T2 PROPELLER: TR =

3478 ms, TE = 57 ms, FOV = 20 × 20 cm, flip angle =

180°, slice thickness = 4.0 mm and matrix = 256 × 256)

and T2*-weighted gradient recalled echo sequence (GRE;

OA × 2D MERGR: TR = 551 ms, TE = 5.2 ms, FOV = 20

× 20 cm, flip angle = 20°, slice thickness = 4.0 mm, and

matrix = 256 × 224).17 We also introduced △SNR to

qualify the efficacy of contrast enhancement. For trans-

verse images, △SNR was used to show the changes of

SNR before and after embolization, △SNR = (|SNRpost –

SNRpre|)/SNRpre.
39 While for sagittal images, △SNR was

employed to indicate the changes of SNR between the

unembolized (right) and embolized (left) kidneys, which

was given by △SNR = (|SNRleft – SNRright|)/SNRright.

Statistical Analysis
All quantitative data were expressed as mean ± SD.

Statistical significance analysis between experimental

groups was performed using Student’s t-test in an SPSS

statistical package (version 20.0; IBM Corp., Armonk,

New York, USA). Differences were considered statistically

significant with a P-value < 0.05 and highly significant

with a P-value < 0.01.
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Results And Discussion
Synthesis Of FNs
We have mainly two considerations for the synthesis of FNs.

First, microwave radiation was introduced to the solvothermal

reduction method instead of traditional heating. It shortened

the reaction time from hours to minutes, highly saved energy,

and provided uniform nucleation environment which could

lead to good quality of iron oxide nanocrystals.41 Meanwhile,

in order to provide potential for the future industrial production

and clinical application, inexpensive, non-toxic and easily

obtained chemicals were selected as reactants, like iron chlor-

ide, trisodium citrate, and sodium acetate.42

For the mechanism of reaction, sodium acetate was con-

sidered to provide an alkali environment where Fe3+ could

gradually hydrolyze into hydroxide and its intermediate pro-

ducts, which were reduced by ethylene glycol. Sodium citrate

acted as a surfactant to modify the iron oxide particles and

control the size of crystalline grains grown.43,44 The formation

of the FNs was supposed to follow a two-stage growth model,

in which primary iron oxide nanocrystals first nucleated via the

reduction reaction between iron chloride and ethylene glycol,

and then aggregated into larger secondary particles as reported

in literature.45

Preparation Of FNMs
In this study, the FNMs were developed aiming for transla-

tional medicine. As the most commonly used embolic micro-

spheres in clinic are polymerized microspheres (such as

Embospheres, DC beads, and HepaSpheres), FNs were thus

designed to be entrapped in poly (acrylic acid) microspheres.

To our knowledge, it was the first trial to load magnetic

nanoclusters on microspheres by inverse suspension polymer-

ization method. FNs were first mixed with the monomer of

acrylic acid, and then with the accomplishment of polymeriza-

tion reaction, FNs were embedded in the poly (acrylic acid)

microspheres. By using this method, the contents of FNs in

FNMs could be simply adjusted by adding different quantities

of FNs to the polymerization reaction system. Besides, the

impact of FNs loaded on the FNMs could be easily found by

comparing the properties between FNMs and BMs.

Characterizations Of FNs And FNMs
Morphology Of FNs And FNMs

The TEM images of FNs are presented in Figure 1. The

secondary structure of FNs could be observed clearly, which

was composed of primary iron oxide nanoparticles.

The morphological features of FNMs were investigated

with optical microscopy, ESEM and TEM with BMs as a

contrast (Figure 2). As shown in the optical macrographs

(Figure 2A and B), both BMs and FNMs were spherical and

highly dispersed. BMs were transparent spheres, while black

FNs could be found concentrated at the center of FNMs. In the

images of ESEM (Figure 2C and D), spherical BMs and

FNMs were both visualized with smooth surface. Thus, the

FNMs were proved to be spherical embolic microspheres,

which were reported to be more easily calibrated and precisely

delivered to the target vessels of occlusion compared with

irregular embolic particles.16 The TEM images (Figure 2E

and F) confirmed the FNs were distributed inside the FNMs.

At high magnification (Figure 2F), only small amount of FNs

could be observed scattered into primary structure, indicating

the FNs maintained good secondary structure during the poly-

merization of FNMs.

Particle Size Of FNs And FNMs

The mean diameter of FNs was 104 ± 17 nm by measuring

all the clusters in the scope of TEM image (Figure 1A).

The value fell within the size range of FNs (50–200 nm)

reported in literature.28,35 The average hydrodynamic dia-

meter of FNs detected by DLS was 155 ± 16 nm with

polydispersity index of 0.14 (Figure 3A). It was consid-

ered that the appearance of hydrodynamic layer on the

surface of FNs resulted in larger particle size when FNs

were put in water and measured by DLS.46

Size distribution of FNMs and BMs were shown in

Figure 3B. The average diameter was 448 ± 172 μm and 462

± 177 μm for FNMs and BMs, respectively. Significant differ-

ences were found between FNMs and BMs in both size dis-

tribution and average diameter (p < 0.05), suggesting the

loading of FNs reduced the size of microspheres. The particle

size of commercially available embolic microspheres is

usually in the range of 40–1200 μm and the microspheres

are often separated into different subgroups. For instance,

Embospheres are sorted into 40–120 μm, 100–300 μm,

Figure 1 TEM images of FNs at a magnification of 10 k (A) and 40 k (B).
Abbreviations: TEM, transmission electron microscopy; FNs, magnetic ferrite

nanoclusters.
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Figure 2 Morphology of microspheres.

Notes: BMs under optical microscope (A); FNMs under optical microscope (B); BMs under ESEM (C); FNMs under ESEM (D); FNMs under TEM at a magnification of 8 k

(E) and 50 k (F).
Abbreviations: BMs, blank polymer microspheres; FNMs, magnetic polymer microspheres; ESEM, environmental scanning electron microscope; TEM, transmission

electron microscopy.

Figure 3 DLS intensity distributions of FNs (A) and size distribution of the BMs (blank column) and FNMs (black column) (B).
Abbreviations: DLS, dynamic light scattering; FNs, magnetic ferrite nanoclusters; BMs, blank polymer microspheres; FNMs, magnetic polymer microspheres.
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300–500 μm, 500–700 μm, 700–900 μm, and 900–1200 μm,

and DC beads are classified to 100–300 μm, 300–500 μm,

500–700 μm, and 700–900 μm.16,27 Thus, the particle size of

FNMs prepared within the range of 100–900 μm was consid-

ered to meet the clinical needs well.

Infrared Spectra Of FNs And FNMs

Figure 4 describes the FT-IR spectra of the FNs, BMs, and

FNMs. A strong absorption peakwas observed at 577 cm−1 for

FNs (Figure 4A), which was assigned to the characteristic of

Fe–O vibration of iron oxide.47 Meanwhile, the distinctive

peaks at 1609 cm−1 and 1384 cm−1 were attributed to the

typical absorption peaks of asymmetric and symmetric stretch-

ing of COO-, suggesting a successful modification of triso-

dium citrate to the magnetic nanoparticles. For both BMs

(Figure 4B) and FNMs (Figure 4C), the absorption peaks at

3423 cm−1 and 1723 cm−1 were attributed to O–H and C=O

stretching vibration of carboxyl group,48 and the peak at

2920 cm−1 was assigned to the stretching vibration of –

CH2–, confirming the successful polymerization of double

bonds (–C=C–) of acrylic group.26 Moreover, the peak at

577 cm−1 attributed to the Fe–O stretching vibration could

also be found in FNMs, indicating that FNs were successfully

loaded on the FNMs.

XRD Of FNs And FNMs

The XRD pattern of FNs was shown in Figure 5A. The

FNs were confirmed in inverse spinel structure with the

characteristic peaks at 2θ of 30.3°, 35.7°, 43.2°, 57.3°, and

62.9°, which could be indexed to the (220), (311), (400),

(511), and (440) lattice planes of Fe3O4 (JCPDS card No.

85–1436), respectively.34 The average crystallite size of

primary nanocrystals of FNs was calculated to be approxi-

mately 14 nm according to the Scherrer’s equation based

on the strongest peak (311) of XRD pattern,49 which was

consistent with the range of primary nanoparticle size of

FNs (4–15.7 nm) reported in literature.23,50,51

The XRD spectrum of FNMs was displayed in Figure 5B.

Nearly all the characteristic peaks of FNs could be detected in

the XRD pattern of FNMs, indicating the crystalline structure

of FNs remained unchanged during the polymerization of

FNMs. The well-maintained crystallinity of FNs was consid-

ered very important for keeping the saturation magnetization52

and ensuring the MRI detectability of FNMs.53 The broad

peak appeared in the range from 15° to 25° suggested the

existence of amorphous polymer in FNMs,19 which lead to

several diffraction peaks in XRD spectrum undistinguished

compared with those of FNs.

XPS Of FNs And FNMs

As the XRD patterns of magnetite (Fe3O4) and maghe-

mite (γ-Fe2O3) were similar,31 XPS spectra were further

Figure 4 FT-IR spectra of FNs (A), BMs (B) and FNMs (C).

Abbreviations: FT-IR, Fourier transform infrared; FNs, magnetic ferrite nanoclus-

ters; BMs, blank polymer microspheres; FNMs, magnetic polymer microspheres.

Figure 5 The XRD patterns of FNs (A) and FNMs (B).
Abbreviations: XRD, X-ray diffraction; FNs, magnetic ferrite nanoclusters; FNMs, magnetic polymer microspheres.
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performed to verify the compositions of Fe3O4 in FNs

and FNMs. The XPS survey spectra of FNs and FNMs

are shown in Figure 6A and C, respectively. The main

peaks could be ascribed to Fe, C, O, and Na elements as

labeled. The Fe 2p spectra of FNs and FNMs are shown

separately in Figure 6B and D. The two broad peaks

located at 710.5 eV and 723.5 eV for FNs were, respec-

tively, ascribed to the Fe 2p3/2 and Fe 2p1/2 of Fe3O4.

Usually, the Fe3+ in γ-Fe2O3 exhibits a shakeup satellite

peak around 719.0 eV. The absence of this characteristic

peak in the XPS spectrum of FNs confirmed the pure

magnetite phase in FNs.31,32 For the spectrum of FNMs,

peaks at 710.5 eV and 723.5 eV could also be observed,

while the peak at 719.0 eV was difficult to be identified.

Considering the polymerization reaction of FNMs was

under the protection of nitrogen, the FNs in FNMs were

convinced not to be oxidized to maghemite, ie, to be

magnetite.

Iron Content Of FNs And FNMs

The iron content measured in freeze-dried FNs was 62.6 ±

1.8% (w/w). As the FNs were confirmed to be magnetite

(according to the results of XPS), the iron content in the

FNs was converted to the content of Fe3O4, which was as

high as 86.4 ± 2.5% (w/w).

The iron contents of FNMs in whole size and in dif-

ferent subgroups were also measured and converted to the

contents of Fe3O4. By comparing the iron contents in FNs

with those in FNMs, the quantity of FNs in FNMs could

be calculated. All the data are listed in Table 1. The FNs

content in FNMs for whole size (100–900 μm) was 1.79 ±

0.04 mg/mL or 3.72 ± 0.08% (w/w), and the content for

each subgroup was close to this value, suggesting that the

FNs were encapsulated in the FNMs homogenously.

The content of FNs was optimized to an appropriate

extent in the preparation of FNMs, as higher content

tended to increase the MRI detectability of FNMs but

Figure 6 The XPS spectra of FNs and FNMs.

Notes: XPS survey spectrum (A) and Fe 2p XPS spectrum (B) of FNs; XPS survey spectrum (C) and Fe 2p XPS spectrum (D) of FNMs.

Abbreviations: XPS, X-ray photoelectron spectroscopy; FNs, magnetic ferrite nanoclusters; FNMs, magnetic polymer microspheres.
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deteriorate the physical and embolic property of FNMs

(eg, decrease the elasticity).

Two expressions were used to describe the Fe3O4 con-

tent of FNMs. The Fe3O4 content in terms of weight

percentage was considered a common way to characterize

the chemical property of FNMs. While in clinical applica-

tion, radiologists prefer measuring embolic microspheres

by volume rather than by weight. Besides, it is supposed

that microspheres embolized in vivo are stacked in blood

vessels and the detectability of microspheres by MRI is

associated with the bulk density of magnetic material in

microspheres. Therefore, Fe3O4 content in terms of per

volume of FNMs could provide more practical and helpful

information for MRI detectable embolotherapy.34

Magnetic Properties Of FNs And FNMs

The magnetization curves of FNs and FNMs are shown in

Figure 7. The saturated magnetization, coercivity, and

residual magnetization of FNs were 71.0 emu/g, 45.0 Oe,

and 7.8 emu/g, respectively. Compared with the results in

literature, where the saturated magnetizations of magnetic

nanoclusters were reported in the range of 21.2 to 80.4

emu/g,45,49 the saturated magnetization of FNs was

thought relatively high. The coercivity of FNs was also

within the reported range of 0.25 to 47.7 Oe, which was

considered acceptable, indicating that the FNs possessed

more uniform shape and fewer defects.45,49 Thus, the FNs

prepared in this study were proved to be an excellent

material for further MRI detectable study.

Table 1 The Content Of Fe, Fe3O4, And FNs In The FNMs Of Different Subgroups And Whole Size Range (n=3)

Content Subgroups Whole Size

100–300 μm 300–500 μm 500–700 μm 700–900 μm 100–900 μm

Fe (mg/mL) 1.09 ± 0.01 1.14 ± 0.01 1.11 ± 0.02 1.14 ± 0.01 1.12 ± 0.04

Fe (wt%) 2.26 ± 0.02 2.37 ± 0.02 2.31 ± 0.01 2.37 ± 0.02 2.34 ± 0.02

Fe3O4 (mg/mL) 1.51 ± 0.01 1.55 ± 0.01 1.53 ± 0.03 1.57 ± 0.01 1.55 ± 0.06

Fe3O4 (wt%) 3.12 ± 0.03 3.28 ± 0.03 3.19 ± 0.01 3.28 ± 0.03 3.23 ± 0.03

FNs (mg/mL) 1.74 ± 0.04 1.79 ± 0.04 1.77 ± 0.03 1.81 ± 0.04 1.79 ± 0.04

FNs (wt%) 3.60 ± 0.08 3.79 ± 0.09 3.68 ± 0.05 3.79 ± 0.09 3.72 ± 0.08

Abbreviations: FNs, magnetic ferrite nanoclusters; FNMs, magnetic polymer microspheres.

Figure 7 The hysteresis loops of FNs (A) and FNMs (B) at room temperature.

Notes: The inserts in (A) were photographs of the FNs dispersed in the water and responding to external magnetic field, respectively. The inserts in (B) were photographs
of the FNMs dispersed in the water and responding to external magnetic field, respectively.

Abbreviations: FNs, magnetic ferrite nanoclusters; FNMs, magnetic polymer microspheres.
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The magnetization curve of FNMs exhibited a similar

pattern with that of FNs. The value of saturated magneti-

zation, coercivity, and residual magnetization for FNMs

was 2.58 emu/g, 60.0 Oe, and 0.3 emu/g, respectively. To

our knowledge, the saturated magnetization has not been

reported for magnetic microspheres loaded with iron oxide

nanoclusters. While for those loaded with iron oxide nano-

particles, the saturated magnetizations were reported to be

0.67, 1.66, and 5.44 emu/g.34,54,55 Compared with these

data, the saturated magnetization of FNMs was at a higher

level. Besides, the saturated magnetization of FNMs could

be increased by adding more amount of FNs, as it was

reported the saturated magnetization of magnetic micro-

spheres is proportional to the concentration of magnetic

materials loaded on.19,34

To compare the magnetic property of FNs before and

after being loaded on FNMs, the saturated magnetization

of FNs in FNMs was calculated according to the content of

FNs measured in the “Iron content of FNs and FNMs”

section. The value was calculated as 69.4 emu/g (equals to

2.58 emu/g divided by 3.72%), which was very close to

that of FNs (71.0 emu/g) before entrapped in FNMs,

indicating that the magnetic property of FNs was not

influenced by the preparation of FNMs. Similar calcula-

tions were also performed to the reported microspheres

loaded with magnetic nanoparticles, and the corresponding

saturated magnetizations of nanoparticles were obtained to

be 9.1 emu/g (equals to 1.66 emu/g divided by 18.25%),

19.7 emu/g (equals to 0.67 emu/g divided by 3.4%), and

60.4 emu/g (equals to 5.44 emu/g divided by 9%).34,54,55

Therefore, the calculated saturated magnetization of FNs

in FNMs calculated was at the highest level among them.

The inserts in Figure 7A and B demonstrated, respectively,

the state of FNs and FNMs in water with or without magnetic

field. Both FNs and FNMs showed fast response to the foreign

magnet, which further indicated they possessed excellent mag-

netic property.14

Elasticity Of FNMs

To illustrate the elasticity of FNMs, BMs were used as a

control. By comparing the elasticity of FNMs and BMs, the

effect of loadingFNs could be easily understood. Embospheres

have been utilized in clinical practice for years and their

elasticity has been studied in literature.26,56 In this part, the

data of Embosphereswere quoted fromour previous report and

compared with those of FNMs.26

Compression test was often used to evaluate the rigidity of

microspheres.26,57 The compression curves of FNMs, BMs,

and Embospheres are shown in Figure 8A. The curves of

FNMs and BMs were very close. The FNMs and BMs exhib-

ited a lower compression resistance than Embospheres. The

modulus of FNMs (62.80 ±5.40 kPa), BMs (77.22 ±0.44 kPa),

and Embospheres (158.27 ± 13.54 kPa) is listed in Table 2. It

suggested that FNMs were softer and might occlude blood

vessels more distally than BMs and Embospheres (P < 0.01).

The relaxation test was designed to simulate the pro-

cess when microspheres were blocked in the blood

vessels.26,57 The stress relaxation curves of FNMs,

BMs, and Embospheres are shown in Figure 8B. The

RHT values of FNMs (46.00 ± 4.00 s) and BMs (53.80

± 8.80 s) were shorter than that of Embospheres (62.13 ±

1.06 s). All of the three microspheres had similar residual

force (P > 0.05) (shown in Table 2).

Figure 8 Compression curves (A) and stress relaxation curves (B) of different microspheres.

Abbreviations: BMs, blank polymer microspheres; FNMs, magnetic polymer microspheres.

Dovepress Qin et al

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
8999

http://www.dovepress.com
http://www.dovepress.com


The test of failure stress and failure deformation was mea-

sured to reveal the maximal pressure and deformation for

embolic microspheres to stand.26,57 During the test, none of

the BMs was compressed broken. For the FNMs and

Embospheres, the failure deformation was 93.50 ± 5.70%

and 82.10 ± 2.30%, and the failure stresses were 0.50 ± 0.27

Nand 0.45 ±0.12N, respectively. The results demonstrated the

BMs and FNMs could stand greater deformation than

Embospheres (P < 0.05), indicating they might take lower

risk to be broken than Embospheres during the process of

embolization.

To investigate the recovery ability of embolic agents, the

repeated compression test was employed.26,57 The data of

springiness, cohesiveness, and resilience of BMs, FNMs, and

Embospheres are presented in Table 2. Compared with BMs,

the springiness and resilience of FNMs decreased, but the

cohesiveness was similar. The results showed that the recovery

ability of FNMs was not as good as that of BMs, but it was

better than that of Embospheres.

In summary, compared with the BMs, the loading of

FNs softened the FNMs, but the whole impact on the

elasticity of FNMs was very limited.

T2 Relaxivity Of FNs And MRI Imaging Of FNMs In

Vitro

The plot of 1/T2 versus iron concentration of FNs in vitro is

presented in Figure 9. According to the figure, relaxation rate

was found to be linearly related with the iron concentration

from 0.035 to 0.17mM (R2 = 0.998). The r2 value (slope of the

line) of FNswas determined to be 402.4 ± 9.1 s−1mM−1, which

was considered in upper level compared with those (ranging

from approximately 100 s−1mM−1 to 400 s−1mM−1 at a mag-

netic field strength of 3T) of nanoclusters reported in

literatures,58–60 while the commercial nanoparticles of

Feridex and Resovist were reported with r2 values of 93 and

143 s−1mM−1 at amagnetic field strength of 3 T, respectively.61

It was clearly demonstrated that FNs achieved a high MRI

contrast effect andwerewellworth using in theMRI detectable

microspheres.

The FNMs were qualitatively evaluated for their MRI

detectability. In this test, microspheres were embedded into

agar gel homogeneously to simulate the in vivo embolization

condition, as agar gel was reported to resemble the soft tissue

of human body.62 As illustrated in Figure 10, all subgroups

(100–300 µm, 300–500 µm, 500–700 µm, and 700–900 µm)

of FNMs could be detected by MRI and negatively enhanced

the T2-weightedMRI images, even at a relatively low concen-

tration of 4%, while BMs in all subgroups could not be

detected. In each subgroup of FNMs, the MR signal intensity

decreased with the increasing of FNMs concentration; at the

same concentration, large size of FNMs was more easily

detected than small size ones, which might be due to the over-

lapped images of large FNMs with high concentrations of

FNs.63

Table 2 Young’s Modulus, Relaxation Half Time (RHT), Failure Deformation, Failure Stress, Springiness, Cohesiveness, And Resilience

Of BMs And FNMs (n=3) (Compared With Embospheres)

Microspheres BMs FNMs Embospheres

Young’s modulus (kPa) 77.22 ± 0.44** 62.80 ± 5.40** 158.27 ± 13.54

RHT (s) 53.80 ± 8.80 46.00 ± 4.00** 62.13 ± 1.06

Residual force (%) 42.70 ± 4.70 41.70 ± 3.20 39.70 ± 1.60

Failure deformation (%) N.A. 93.50 ± 5.70* 82.10 ± 2.30

Failure stress (N) N.A. 0.50 ± 0.27 0.45 ± 0.12

Springiness 0.73 ± 0.02 0.56 ± 0.02 0.71 ± 0.15

Cohesiveness 0.93 ± 0.02** 0.89 ± 0.02* 0.57 ± 0.12

Resilience 0.89 ± 0.03* 0.81 ± 0.03 0.60 ± 0.15

Notes: Data was expressed as the mean ± SD. Statistical significance: *P < 0.05, **P < 0.01.

Abbreviations: BMs, blank polymer microspheres; FNMs, magnetic polymer microspheres; RHT, relaxation half time; N.A., not applicable.

Figure 9 T2 relaxivity measurement of FNs.

Abbreviation: FNs, magnetic ferrite nanoclusters.
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MR Imaging And Histocompatibility Of

FNMs In Mice
MR Imaging In Mice

The MR detectability of FNMs was confirmed in mice by

subcutaneous injection. The typical T2-weighted MR images

of a mouse before and at 0 d, 14 d, and 28 d after subcutaneous

injection are shown in Figure 11A. Dark signal areas (pointed

out by arrows) could be detected in the subcutaneous tissue

where FNMs were injected. The data of △SNR were plotted

over time in Figure 11B. The△SNR values were 82.3 ± 5.6%,

79.7 ± 2.8%, and 79.1 ± 8.9% at 0 d, 14 d, and 28 d,

respectively, and no significant difference was found among

them (p>0.05). The result demonstrated that long-term detect-

ability of FNMs could be achieved in vivo under T2-weighted

MR imaging, which lasted at least 28 days.

Histocompatibility Of FNMs

FNMs were considered foreign matters after being

injected into the bodies of animals and produced an

inflammatory reaction in the organism.64 The inflam-

matory reaction can be divided into several phases:

alteration (injury), exudation, and proliferation. The

last two phases are sometimes subdivided into neutro-

phil, macrophage, and fibroblast phases. The prolifera-

tion phase of inflammation is at the same time the first

phase of tissue repair.65

Representative histopathological micrographs of the sub-

cutaneous tissues around FNMs are presented in Figure 12. At

2 hrs after subcutaneous injection (Figure 12A), the presence

of mild edema, vascular congestion expansion, a few neutro-

phils, and monocytes could be seen. This tissue reaction was

neutrophil phase that occurs during the first few hours of

injection,65 indicating the initial inflammatory response was

started. At 2 d (Figure 12B), massive infiltration of inflamma-

tory cells could be seen. At 7 d (Figure 12C), the generation of

collagen fibers and hyperplasia of small vessels was visible

with a number of monocytes. Afterwards, obvious prolifera-

tion of collagen fibers around the FNMswas observedwith the

number of monocyte infiltration decreasing dramatically at 14

d (Figure 12D), confirming that the inflammation had been

controlled.64 Till 28 d (Figure 12E), the FNMs were encapsu-

lated by hyperplastic fibrous connective tissue and the inflam-

matory reaction disappeared. These results showed that the

tissue inflammation caused by injection of FNMs was mild

and controllable, indicating that FNMs possessed good tissue

compatibility.

Renal Embolization And MR Imaging Of

FNMs In Rabbits
Renal Embolization

The embolization of renal artery was successfully achieved in

each of the experimental animals, proving the feasibility of

FNMs as an embolic agent. The difference of angiogram pre-

and post-embolization could be explained by the blood flow to

kidney. Before embolization (Figure 13A), renal arterial

angiogram appeared a good image of trunk and branches of

renal arteries, and renal parenchyma was stained. However,

most of the artery images in the embolized kidney disappeared

Figure 10 T2-weighted MR images of in vitro gel phantom from left to right

column: BMs with the concentration of 32% (v/v) (as controls) and FNMs with

concentrations of 4%, 8%, 16%, and 32% (v/v).

Abbreviations: MR, magnetic resonance; BMs, blank polymer microspheres;

FNMs, magnetic polymer microspheres.

Figure 11 The typical T2-weighted MR images of the same mouse before, imme-

diately after, at 14 d and 28 d after subcutaneous injection of FNMs into the back

(A) and the quantificational analysis of signal-to-noise changes at the corresponding

time points after the injection into three mice (B).
Note: The arrows denoted the dark signal area induced by FNMs.

Abbreviations: MR, magnetic resonance; FNMs, magnetic polymer microspheres;

△SNR, the change of signal-to-noise ratio.
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and only the arterial trunk could be observed without staining

of the renal parenchyma in the angiograms after embolization

(Figure 13B) due to the vascular occlusion caused by

FNMs.40,66

MR Imaging In Rabbits

The MR imaging detectability of small-sized FNMs (100–

300 μm) was assessed in rabbits, as they were reported

more difficult to be detected than large-sized ones.18,67

The results are shown in Figure 14 and Table 3.

Two kinds of common sequences in clinic were adopted in

this study. Thereinto, T2*-weightedMerge sequence wasmore

sensitive to inhomogeneity-induced dephasing, depiction, and

quantification of the existence of iron,68,69 but could not reduce

the effect of respiratory motion on images, while T2-weighted

Propeller sequence was just the reverse.17 Figure 14A and B

are transverse T2*-weighted and T2-weighted MR images of

the rabbit’s left kidney before embolization, respectively.

Figure 14C and D are images after the rabbit’s embolization

accordingly. Compared with the left kidney before emboliza-

tion in Figure 14A and B, there were dark circular traces

appearing on the kidney after embolization (Figure 14C and

D), as nanoscale iron oxide could shorten the transverse relaxa-

tion of surrounding protons and produce predominant T2
relaxation effects (negative contrast) in T2 images.34 A

comparison of the two sequences revealed that FNMs were

distinctly visualized on T2*-weighted images and detected

only vaguely on T2-weighted images (△SNR was 80.9 ±

1.3% and 32.2 ± 8.0%, respectively), in accordance with

other related study where T2*-weighted images were superior

to T2 images on magnetic ferrite-enhanced MR imaging.70

Figure 14E and F are sagittal T2*-weighted and T2-

weighted MR images (the rabbit’s left and right kidneys

were denoted by red and white elliptical rings separately)

Figure 12 Histological features of mice after subcutaneous injection of FNMs at 2 h (A), 2 d (B), 7 d (C), 14 d (D), and 28 d (E).
Abbreviations: FNMs, magnetic polymer microspheres; ic, inflammatory cells; cf, collagen fibers; bv, blood vessels; ms, microspheres.

Figure 13 Arterial angiogram of a rabbit’s left kidney, before embolization (A) and

immediately after embolization (B).
Note: The peripheral blood vessels were occluded with FNMs (100–300 μm) after

embolization.

Abbreviation: FNMs, magnetic polymer microspheres.

Qin et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2019:149002

http://www.dovepress.com
http://www.dovepress.com


after embolization, respectively, in which the differences

between embolized left kidney and right untreated kidney

could be easily distinguished in one image. Comparing the

left and right kidneys in Figure 14E and F, there were also

some dark traces on the embolized left kidney caused by

FNMs, especially in T2*-weighted image (△SNR was 83.6

± 3.4% and 52.9 ± 9.4%, respectively), which was consistent

with the transverse images. Besides, combining the informa-

tion of both transverse and sagittal images could be useful for

stereotactic localization of the FNMs in vivo.17 The positions

of FNMs shown in MRI images were largely coincident with

what was shown in post-embolization DSA image

(Figure 14B), suggesting that FNMs had good potential to be

traced under MRI during and after embolization.

Such MR imaging capability of FNMs (even the small-

size group) is supposed to bring great benefit to imaging-

guided embolization surgery for the treatment of cancer

and allow MRI assessments of continued occlusion in

target blood vessels after embolotherapy.15,16

Herein, kidney was chosen to be embolized because its

blood vessels were more simple than other organs (eg, liver),

allowing convenient observation for theflowof contrast agents

and evaluation of embolic effect. In addition, animals were

expected to survive longer as kidneys were in pair and when

one was embolized the other could continue working.17

Nevertheless, more experimental animals and pre-clinical ani-

mal models are needed in the future research.

Conclusion
In this study, the magnetic ferrite nanoclusters with a high r2
value (402.4 ± 9.1 s−1mM−1) were synthesized by a facile and

quick microwave-assisted solvothermal reduction method.

MRI detectable FNMswere successfully prepared by loading

the resultant FNs into poly (acrylic acid) microspheres with

inverse suspension polymerization method. The resultant

FNMs well meet the requirements for embolization with

excellent roundness, smooth surface, particle size range,

good compressibility as well as biocompatibility. The in

vitro and in vivo MRI studies both showed that FNMs

could provide negative contrast enhancement in T2/T2*-

weighted MR imaging and be sensitively detected by MRI.

On the basis of these results, FNMs could serve as a potential

MRI detectable embolic agent for TAE in evaluating the

spatial distribution of embolic microspheres inside the target

tissues during and after embolization, whichmight ultimately

improve the efficacy and safety of embolotherapy.
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Figure 14 MR images of embolized kidney with T2*- and T2-weighted sequences

before and after embolization.

Notes: The rabbit’s left embolized kidney was denoted by red elliptical rings while

the right untreated kidney was denoted by white elliptical rings.

Abbreviation: MR, magnetic resonance.

Table 3 △SNR Of The Rabbits Embolized With FNMs In

Transverse And Sagittal Images With T2*- And T2-Weighted

Sequences (n=2)

Sequences Comparison T2*-

Weighted

T2–

Weighted

Transverse Before and after

embolization

80.9 ± 1.3% 32.2 ± 8.0%

Sagittal Unembolized and

embolized kidney

83.6 ± 3.4% 52.9 ± 9.4%

Note: Data was expressed as the mean ± SD.

Abbreviation: △SNR, the change of signal-to-noise ratio.
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