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ABSTRACT 

 

Herein, we report the relaxivity property of Superparamagnetic Iron oxide Nanoparticles (SPION) 
incorporated into a silica nanoparticle framework. The SPION/Silica is synthesized via a non-seeded 

process of colliding as-synthesized SPION into a silica nanoparticle framework via ultrasonic irradiation. 

Both SPION and silica nanoparticles were synthesized independently. Then, the tremendous energy plus 
other unique conditions generated from ultrasonic irradiation were employed to accelerate, collide and 

incorporate SPION into silica nanoparticles. T2 and T1 relaxivity properties of the SPION/silica were 

measured in the Agarose gel phantom using a 1.5 T MRI scanner. Results revealed that the SPION/silica 

influence T2 contrast in a concentration-dependent manner.  
 

Keywords: Nanoparticles; relaxivity, MRI contrast, SPION, silica, T1, T2, ultrasonic irradiation, 

sonochemical, incorporation.   
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INTRODUCTION  
 

Magnetic Resonance Imaging (MRI) dynamics are the excitation, resonance, and relaxation of 

hydrogen nuclei induced by the external magnetic field and radiofrequency (RF) pulse. Differences 

in Longitudinal (T2) and Transverse (T1) relaxation times are responsible for image contrast in 

MRI. T2 and T1 can be shortened by contrast agents (CA) to produce brighter and darker T1 and 

T2-weighted images. Superparamagnetic iron oxide nanoparticle (SPION) is typical nanoparticles 

with high relaxivity properties. However, owing to the need for surface modification of SPION 

with biocompatible substances, which can ensure colloidal stability and provide a binding site for 

bio-conjugation [1-3]. Several works have shown SPION/silica nanoparticles with good relaxivity 

properties [4-6]. Different wet chemical methods based on seed-mediated growth processes, such 

as sol-gel, microemulsions, and magnetic-mesoporous silica, have been used to synthesize 

SPION/silica as CA [7-9]. Due to surface effects and the high thickness of the silica shell, 

SPION/silica produced from these routes are less magnetic [10, 11] with poor relaxivity as MRI 

CA [12]. To minimize the surface effect of the silica coating on the magnetic and relaxivity 

properties, herein, we report the relaxivity property of SPION/silica synthesized via a non-seeded 

process of incorporating SPION into silica nanoparticles framework via ultrasonic irradiation. The 

sensitivity of the as-synthesized SPION/silica is determined in an Agarose gel phantom using a 

1.5 T MRI scanner. Via this method of fabricating silica-coated SPION, our results demonstrate 

that a highly magnetic SPION/silica with excellent relaxivity can be produced.  
 

EXPERIMENTAL 
 

Ultrasonic Irradiation  

 

Ultrasonic irradiation was carried out via a 13 mm diameter horn of 20 kHz Vibra-Cell ultrasonic. The 
Incorporation process involves three steps, as presented in the report [13], with slight modifications. First, 

SPION was synthesized by co-precipitating Fe3+ and Fe2+  at 2:1 with 1 M NaCl solution under a degassed 

environment, room temperature, and a pH of 10 [14]. The magnetic materials were washed and peptized in 

HClO4. Second, silica nanoparticles were produced via the modified Stöber method by mixing 200 µL of 
10 M ammonia with 200 mL distilled water and 6 mL of 1-butanol. Then, 2 mL of TEVS was added and 

agitated at 320 rpm and room temperature for one hour. Un-reacted chemicals were removed, and silica 

nanoparticles were purified through dialysis using a cellulose membrane for four days [15]. Finally, at a 
volume ratio 1:1, a mixture of SPION and silica nanoparticles' suspension was mixed, and pH was adjusted 

to 3.5 using NaOH solution. The mixture was ultrasonically irradiated for 30 minutes for heat dissipation 

in an iced bath environment. The nanoparticles were washed and separated using a magnet.  
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Relaxivity Property of SPION/Silica  

 

Agarose gel phantom was prepared by dissolving 1 wt % Agarose XP in hot Milli-Q water [12]. The as-
synthesized SPION/silica and 250 μL hot Agarose solutions were vortex-mixed in a glass vial and kept cool 

until they solidified. Four samples containing 1, 0.5, 0.25, 0.125, and 0 ml of SPION/silica were prepared 

and named Sample 1, Sample 2, Sample 3, Sample 4, and Sample 5, respectively. Sample 5 is a blank 

phantom and serves as a control of the experiment. Iron concentrations of samples 1-5 are determined using 
atomic absorption spectroscopy (AAS) as 1.587, 0.7935, 0.3968, and 0.1984 mM, respectively. MR images 

of the samples were obtained under a spin-echo sequence. For T1, echo time (TE) is fixed at 10 ms, and 

repetition time (TR) is varied as 100, 150, 200, 300, 600, 1200, 2400, 4800, and 8000 ms. Similarly, for T2, 
TR is fixed at 1000 ms, and TE is varied as 10, 15, 20, 30, 60, 120, and 200 ms. Other parameters, such as 

field of view (pov), image matrix, and slice thickness, are fixed at 340 mm, 256 x 128, and 3 mm, 

respectively.  

 

Characterization 

 

Morphology and elemental mapping were determined through electronic spectroscopy imaging (ESI) using 

energy filtering transmission electron microscopy (EFTEM) Zeiss Libra 120. Magnetization measurements 

were obtained via Vibrating Sample Magnetometer (VSM), and MR images were carried out with a 1.5 T 
MRI scanner (GE Healthcare). 

 

RESULTS AND DISCUSSION 

 

TEM micrographs of SPION and silica nanoparticles before ultrasonic irradiation are shown in Figures 1A 

and B, respectively. Silica nanoparticles and SPION sizes are ~50 and 10 nm, respectively. Ultrasonic 

irradiation of SPION in the presence of silica with tremendous power (~40 W), mechanical stirring, and 
other unique effects generated by the sonication induced random inelastic collision between SPION and 

silica nanoparticles. After the sonication period, SPION was found embedded in silica nanoparticles. The 

incorporation of SPION into silica nanoparticles can be related to the smaller size effect of SPION and 
mesoporous features of silica nanoparticles synthesized by the sol-gel method. Figure 1C is a micrograph 

of SPION/silica, which reveals that the silica shell is incorporated with multi-core SPION. We assumed 

that during ultrasonic irradiation of the samples, the SPION must have gained higher kinetic energy during 

the acceleration of the nanoparticles and coalesced into the silica via inelastic collision. Therefore, due to 
the smaller size of SPION, multiple SPION collided and penetrated the silica nanoparticles. Further 

characterization demonstrating the incorporation of SPION into silica nanoparticles is reported in [10].  

 
The magnetization measurements of the samples are shown in Figure 2. The absence of hysteresis 

in the curves indicates that both naked SPION and SPION/silica nanoparticles were Superparamagnetic 

[16]. Saturated magnetization (Ms) of as-synthesized SPIONs and SPION/silica are 47.4 and 30 emu/g, 

respectively. The SPION/silica retains 63.29 % of its original Ms Values. From the high Ms of SPION/silica, 
we hypothesized that the ultrasound-assisted non-seeded process of incorporating SPION into the silica 

framework plays a vital role in preserving the magnetic moment of the core SPION.    
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Figure 1: TEM micrograph of (a) SPION, (b) silica, (c) SPION/silica, (d) presence of silica coating is shown with 

the arrow 

 

 
 

Figure 2: Showing room-temperature magnetization curve of (A) SPION and (B) SPION/silica nanoparticles  
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The relaxivity of SPION/silica is evaluated in gel phantom under spin-echo (SE) sequence. 
Agarose gel is well-known tissue equivalent MRI phantom. Like human tissue, it has a T2 range of values 

(40–150 ms) [17]. However, its T1 is inaccurate and incomparable to human tissue [18]. Via Equations 1 

and 2, T1 and T2 can be determined by curve fitting [19]. Appropriateness and repeatability of these 

equations have been demonstrated in various studies [20 - 22]. 

 

 
             ( ) 








−=

−
11max

T
TR

eStS      Equation 1  

 

                  

( ) 2

max
T

ET

eStS −=     Equation 2  

 

T1 and T2-weighted images of the samples are shown in Figure 3. Bright and dark images 
correspond to high and low relaxation times. T2 of Samples 1-5 were evaluated as 1, 3.8, 4.1, 5.4, and 125.1 

ms, respectively. Unlike effective shortening of T2, T1 of Sample 1-5 are 278.8, 516.3, 627.5, 755.9, and 

6309.6 ms, respectively. The values are still very high. To determine the efficiency of SPION/silica as novel 
T2 CA, relaxivities (r2 and r1) were determined using Equation 3.    

   

1
𝑇𝑖,𝑜𝑏𝑠

⁄ = 1
𝑇𝑖,𝑑

⁄ + 𝑟𝑖[𝑀] (i = 1, 2)   Equation 3 

 

Where 1
𝑇𝑖,𝑜𝑏𝑠

⁄ , is the observed solvent relaxation rate in the presence of contrast agent, 1 𝑇𝑖,𝑑
⁄  is 

the relaxation rate of pure diamagnetic solvent, and [M] is the concentration of the CA [21]. The sensitivity 

of T2 CA can be determined from the ratio of r2 to r1; the higher the 
r2

r1
⁄ , the better the CA efficacy [22]. 

The r2, r1, and 
r2

r1
⁄  of SPION/silica were evaluated as 288 s-1mM-1, 2 s-1mM-1, and 144, respectively. The 

r2
r1

⁄  result demonstrates the high sensitivity of SPION/silica.  
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Figure 3: Showing (A) images of Sample 1-5 before MRI scan, (B) T1 and T2- weighted images of SPION/silica 

after scanning. Also, relaxometry fit curves of (C) T1 (D) T2 

 

CONCLUSION 

 

SPION is incorporated into silica nanoparticles via the ultrasound-assisted non-seeded method. This non-
seeded method of coating silica on SPION allows the synthesis of highly magnetic SPION/silica 

nanoparticles. The SPION/silica nanoparticles showed high sensitivity and relaxivity as a novel MRI T2 

contrast agent.  
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