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A series of SiO2 nanospheres (NPs) and amino-functionalized SiO2 NPs were synthesized through a 

modified Stöber method and eventually used as the model of SiO2 carrier for ultrasound imaging 

contrast agents loading. The physicochemical properties of these materials were characterized by X-

ray diffractometry (XRD), transmission electron microscopy (TEM) and Fourier transform infrared 

detector (FT-IR). Also, the zeta potential and diameter of the as-prepared SiO2 NPs was measured and 

compared. It can be observed that the particle size of obtained SiO2 spheres are controllable from 100 

nm to 800 nm by adjusting the synthetic condition. SiO2 NPs size 200 nm and 400 nm exhibit 

remarkable uniformity, while the morphology of ∼800 SiO2 spheres turns to irregular. The zeta 

potential of the unmodified SiO2 NPs was much higher than conventional carriers of ultrasound 

imaging contrast agents, indicating that the monodisperse stability of small SiO2 NPs was superior. 

After amino-function, SiO2 NPs size ∼400 nm show the highest zeta potential of -45.5 mV, which will 

benefit the carrier transportation when it pass though the endothelial barriers of tumour tissue. The 

excellent stability and unique surface groups of amino-modified SiO2 NPs will significantly benefit the 

loading of drugs and biological ligands, thus show insight for its future applications of nanomedicine 

and clinical ultrasound imaging beyond blood vessel. 
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1. INTRODUCTION 

Currently, the early specific imaging diagnosis of tumours is one of the most important goals of 

modern nanomedicine, which permit the subsequent comprehensive diagnosis and appropriate 
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treatment of the diseases. Imaging contrast agents with targeted function, which must be constructed 

by combined functional imaging contrast agents and their carrier, can meet the requirements of modern 

molecular imaging, thus plays a crucial role in the hot spot of tumours imaging[1]. Among all the early 

imaging diagnosis method for diseases, due to its unique advantages such as safe, fast, cheap and non-

invasive, ultrasound imaging (US) has been widely used as a promising clinical imaging modality[2]. 

In vivo, solid media and gas cavity appears with different gray level by ultrasound refraction, thus 

high-resolution ultrasound photos can be obtained. As the same as other medicine imaging techniques, 

ultrasound imaging contrast agents (usually gas microbubbles) was also crucial in clinical diagnosis. In 

fact, contrast-enhanced ultrasound imaging (CEUS) technique, which using fluorocarbon microbubbles 

as the main contrast agents, have been developed to be one of the most popular and effective imaging 

diagnosis methods of tumours[3]. Unfortunately, the stability of these fluorocarbon gas microbubbles 

were quite limited (usually collapse within seconds after injection into the bloodstream) because of 

Laplace pressure and ultrasound explosion[4]. Therefore, the nanosized encapsulated liquid 

fluorocarbon ultrasound imaging contrast agents is attractive, which can generate gas microbubbles 

under trigger energy after be transformed into tumour sites. Only under the protection of an 

appropriate carrier can liquid fluorocarbon keep stable under blood pressure and oxygen metabolism 

impression during transport process, then serve as acoustic-sensitive contrast agents. Furthermore, 

contrast agents carriers can be linked with various of functional groups (such as -NH2 or -OH), 

fluorescent molecules and biological ligands, which is essential for target imaging diagnosis of 

tumours. 

For decades, many carrier materials have been investigated for targeted ultrasound imaging. 

Traditionally, gas-filled microbubbles encapsulated by soft-shell carriers made of polymers[5] and 

lipids[6], have been developed and used clinically. Though microbubbles contrast agents carried by 

organic soft-shell carriers can enhance the ultrasound signal, due to their large particles sizes (∼5um) 

and broad size distribution, they can persist for only 15 min in blood, not to mention the potential to 

pass through endothelial barriers[7].Moreover, all currently used soft-shell encapsulated microbubbles 

can hardly be functionalized with targeting ligands, thus the accumulate at tumour sites was not easy. 

Because the above limitations, it is of great significance to develop new kinds of carriers for precise 

target tumour imaging and therapy. In this regard, inorganic nanoparticles carriers, especially silica 

NPs carriers, are receiving increasing attention due to their corrosion resistance features and high 

chemical stability in vivo[8,9]. For years, silica nanoparticles drug carriers are believed to be 

“generally recognized as safe” by the Food and Drug Administration of the USA[10]. Moreover, silica 

nanoparticles have been considered as one of the most biocompatible carrier for contrast enhancing 

agents of US imaging and have been successfully exploited in clinical US imaging diagnosis[11].  

However, despite the examples described above, the uses of silica-based nanoparticles as 

carrier of contrast enhancing agents are only in a preclinical development stage. Up to now, there are 

few reports focus on the relationship of surface zeta potential with the particle size of SiO2 NPs for 

ultrasound imaging contrast agents, which is decisive on the stability and functional potential of target 

transportation and drug loading for clinical imaging. More importantly, the particles size of most of the 

reported silica nanoparticles are too large to go through the gap of capillary vessel, which means they 

can only serve as in vessel but not in tumour. Therefore, it is important to synthesize SiO2 NPs with 
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appropriate size and controllable surface zeta potential as imaging contrast agents to achieve high-

resolution ultrasound imaging beyond blood vessel. 

In this work, a simple self-seeding approach to prepare the spherical SiO2 was reported. The 

traditional Stöber method for synthesis of SiO2 NPs was improved to reliably control the particles size 

and uniformity of SiO2 NPs. Amino-group was also introduced to functionalized SiO2 NPs thus 

increase the charge on the surface. The particles size distribution from TEM and Laser Zeta meter tests, 

as well as monodisperse stability reflected by zeta potential was calculated and compared. 

Additionally, the potential of SiO2 NPs carrier in future applications of nanomedicine and clinical 

ultrasound imaging was discussed. 

 

 

 

2. EXPERIMENTAL 

Chlorotrimethylsiane and tetraethyl orthosilicate (TEOS) were purchased from Sigma-Aldrich 

Co., Ltd. All other reagents were purchased from Shanghai Chemical Co., Ltd. All chemicals involved 

were analytical reagent (AR) grade and used as received without further purification. 

Monodisperse SiO2 nanospheres were prepared by a simple self-seeding approach based on 

traditional Stöber method[12]. In a typical procedure, SiO2 spheres with an average diameter of ∼200 

nm were prepared by mixing a premixed solution consisted of ethanol (50 mL), ammonia (10 mL) and 

deionized water (30 mL) with a TEOS solution (TEOS 10 mL, ethanol 50 mL) under stirring at 25 
o
C 

for 2 h. The obtained silica nanospheres were washed with water three times and dried at 60 °C for 3 h. 

SiO2 spheres with an average diameter of ∼400 nm were prepared though the same way except for 

using the same amount of the ∼200 nm SiO2 spheres mixture instead of TEOS. In turn, the ∼400 nm 

SiO2 sphere sample was used as seeds for the growth of∼800 nm SiO2 spheres in the same liquid 

environment. The obtained nonporous silica spheres was designated as SNP-200，SNP-400 and SNP-

800, respectively. The amino-functionalized SiO2 NPs were prepared according to the procedure 

reported previously[13].Typically, 1.0 g of SiO2 NPs was soaked in a 10 g methanol solution 

containing 0.67 g TEPA at room temperature for 3 h, then dried at 45 
o
C under reduced pressure 

overnight to evaporate methanol and avoid amino group degradation. The resulting hybrid materials 

were designated as ASNP-200，ASNP-400 and ASNP-800, respectively, and the TEPA weight 

percentage in the hybrid materials was about 5 %. 

The morphology of the samples was examined by a transmission electron microscope (TEM, 

JEOL JEM-2010) at an acceleration voltage of 200 kV. The value of the zeta potential and diameter 

distribution of the samples was determined using Laser Zeta meter (Malvern Instruments, Zetasizer 

Nano ZS 90) in water solution (PH=7.4).  The crystal structural of the unmodified SiO2 NPs were 

investigated on a Bruker D8 Advance X-ray diffractometer (XRD) with Cu-Kα radiation, operated at 

40 kV and 40 mA (scanning step: 0.02°/s) in the 2θ range of 10-80°.The amino-function effect of the 

amino-modified SiO2 NPs was determined by a Fourier transform infrared (FTIR) spectra (Nicolet 

Nexus 470).  
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3. RESULTS AND DISCUSSION 

Figure 1 showed the TEM images of the obtained SiO2 spheres with different particle size. 

Figure 1a-b indicated that the ∼200 nm SiO2 nanospheres were spherical and highly monodispersed, 

the diameter of SNP-200 nanospheres was about 221 nm and the relative deviation was about 8.6%. 

Figure 1c-d indicated that the ∼400 nm SiO2 NPs were also spherical and highly monodispersed, the 

diameter of SNP-400 NPs was about 432 nm and the relative deviation was about 9.6%. The surface of 

SNP-200 and SNP-400 spheres was clean, and no visible pores can be observed. However, as shown in 

Figure 1e-f, the ∼800 nm SiO2 spheres turn irregular and a lot of small particles appear. The diameter 

of SNP-800 spheres was about 788 nm and the relative deviation increased to 32.6%. 

 

 
 

 

Figure 1. TEM images of SiO2 NPs with different particle size, (a-b) ∼200 nm, (c-d) ∼ 400 nm, (e-f) 

∼800nm. 

 

In comparison with the unmodified SiO2 NPs, as shown in Figure 2a and Figure 2b, the ∼400 
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nm SiO2 particles modified by amino-functionalized were also spherical, and the diameter keeps 

almost the same with that of the unmodified ones. It can be observed from Figure 2b that the surface 

turns rough after amino-modification, this can be ascribed to the loading of TEPA related amino-

groups. No obvious conglutination or agglomeration can be observed, indicating the amino-

functionalized do not damage to the highly uniform morphology of SiO2 spheres substrate.  

 
 

Figure 2. TEM images of amino functionalized ∼400 nm SiO2 NPs. 

 

The average diameter of the obtained SiO2 spheres from TEM and laser particle size 

measurement were calculated and compared, all the data was list in Table 1. Because of the laser 

scattering during laser measuring process, the average diameter of the obtained SiO2 spheres calculated 

by laser particle size measurement was larger than that calculated from TEM. The average diameter of 

the SiO2 NPs increased slightly after amino-modification by laser particle size measurement, while 

keeping almost the same with that of the unmodified samples. This enlarged particle size can be 

ascribed to the TEPA related amino groups, which did not enlarge the solid size of amino-modified 

SiO2 NPs, but can serve to widen the electric double layer surrounding SiO2 NPs and enhance the laser 

scattering, thus caused to a larger calculated average diameter by laser zeta meter instrument.  

The particle size distribution and relative deviation of the obtained SiO2 spheres in this work 

was in accordance with former reported SiO2  NPs based on Stöber method. It is well know that SiO2 

spheres in a wide sub-micrometer diameter range can be synthesized by the Stöber method. The 

particles size change of SNP in Stöber system is reliable and has been discussed intensively by many 

papers[14]. Besides, the size of the SiO2  NPs is controlled by the parameters influencing the colloidal 

stability, i.e., ionic strength, pH, charge on the particles, temperature, solvent viscosity, and dielectric 

constant of the solvent[15-18]. The proposed formation mechanism leads to improved control of the 

particle characteristics relevant to this work. In a typical process, spherical SiO2 particles are prepared 

by the hydrolysis and condensation of TEOS in a mixture of ethanol, water, and ammonia. 

Subsequently, this intermediate reaction product condenses eventually to form spherical SiO2 particles. 

The electric double layer was formed surrounding every single SiO2 spheres because of the ionization 

of -OH on the surface of silica in the ethanol solution. The width of the electric double layer, which 

can be reflects by zeta potential measurement, have determinative effects on the relative diameter 

deviation of SiO2 particles.  In this regard, the zeta potential which can describe the nanomaterials 
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distribution stability state is a useful parameter to evaluate the adsorption potential of drugs on the 

nanomaterials surfaces, since it reflects the electrostatic interactions of drugs on the nanomaterials 

surfaces.  

The zeta potential of the obtained SiO2 spheres in water (PH=7.4) was also listed in Table 1. 

Because can be used to evaluate the stability of colloidal systems, zeta potential is very important 

parameters which reflect their potential as carrier of ultrasound imaging contrast agents, which needs 

to be inert thus easy to trace and remove during in-vivo using process. It is well known that higher 

absolute value of zeta potential means higher stable state of colloidal systems, and potential values 

higher than +30 mV or lower than -30 mV permits a basically stable suspension[19,20]. Furthermore, 

zeta potential data not only reflect the stability of colloidal systems of the SNP dispersion in water, but 

also have been used to explain the adsorption mechanisms of drugs and biological ligands on the 

surface of SNP[21-23]. According to the zeta potential values of the SiO2 spheres listed in Table 1, all 

the SiO2 spheres obtained show a favorable negative zeta potential value. Before modification, the zeta 

potential values of the SiO2 spheres decreased when particle size increased, especially for the ∼800 nm 

SiO2 spheres. The reason can be ascribed to the disordered self-seeding growth caused morphology 

changes of SiO2 spheres, which can be observed in TEM results. After modification, due to the amino 

group related boarded electric double layer surrounding SiO2 NPs, the zeta potential values of the SiO2 

NPs with different particle size all increased. The SNP-400 sample reveals the most prominent 

increase in zeta potential value (-37.7 mV to -45.5 mV) as represented in Fig.5, mainly because of the 

proper particle numbers, which can avoid too much electric double layer interaction when particle 

numbers were high. The higher zeta potential value of ASNP-400 indicated the excellent stability of 

SiO2 NPs under amino-modification treatment. Moreover, the negative charges on the surface of SiO2 

NPs are important for static interaction with biological ligands and ultrasound imaging contrast agents, 

most of which were cationic. Thus the loading efficiencies and stability of drugs using as-prepared 

SiO2 NPs was promising. The amide groups act as neutral functional groups to maintain and strengthen 

the negative charges on the surface of SiO2 NPs, which was the key factor for dispersibility of SiO2 

NPs in water. The effect of pH on the zeta potential is not investigated here because the actual using 

environment of SNP is in-vivo, thus the investment at PH 7.4 is enough, which is close to the PH of 

blood and most tissues. 

 

Table 1. The zeta potential and calculated average diameter of the obtained SiO2 spheres. 

 

Sample Zeta potential (mV) average diameter 

calculated by laser 

particle size 

measurement (nm) 

Average Diameter 

calculated from TEM 

(nm) 

SNP-200 -39.1 243 221 

SNP-400 -37.7 465 432 

SNP-800 -31.0 823 788 

ASNP-200 -41.5 254 222 

ASNP-400 -45.5 488 432 

ASNP-800 -32.9 845 787 
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Figure 3. Zeta potential of the obtained SNP-400 and ASNP-400 samples. 

 

X-ray diffractometry was used to determine the crystal structure of SiO2 NPs. Figure 4 shows 

the X-ray diffraction pattern of unmodified SiO2 NPs, respectively.  XRD patterns of all the SNP 

samples have a wide hump in the range of 2θ from 16° to 30°, typical for amorphous silica[24]. No 

peak assigned to silica crystal appeared, suggesting that the all the silica samples obtained were 

amorphous[25]. 
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Figure 4. XRD pattern of unmodified SiO2 NPs. 
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The FT-IR spectra of SNP-400 and ASNP-400 are shown in Fig. 5 to investigate the amino-

function effect. Spectra of both samples appeared a broad and strong band at around 472 cm
-1

, 799 cm
-

1
, and 1091cm

-1
, which were characteristic bands of the Si-O-Si symmetric stretching vibration and 

asymmetric stretching vibration[27]. The Si-O-Si vibrations indicated a typical silica surface of 

obtained samples before and after modification. The bands at 1237 cm
-1

, 1579 cm
-1

 and 1671 cm
-1 

are 

associated with the stretching vibration of C-N and the bending vibration of N-H from TEPA[27], 

respectively, which demonstrates that TEPA was successfully impregnated into the support. Successful 

amino-functionalization of the silica surface on SNP-400 was also evidenced by the absorption at 3390 

cm
-1

, which can be assigned to the stretching and bending vibrations of uncondensed terminal amino 

groups as well[28]. The absorption peeks at about 1237 cm
-1

, 1671 cm
-1 

and 3390 cm
-1 

of SNP-400 

sample can be ascribed to the ammonia remains during preparation process. These FT-IR results above 

verified the successful preparation of designed amino-functionalized SiO2 NPs. 
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Figure 5. FT-IR spectra of SNP-400 and ASNP-400 samples. 

 

In summary, a series of silica nanospheres with different particle size and surface property was 

characterized toward the design of multifunctional carrier of ultrasound imaging contrast agents. The 

self-seeding approach to prepare size-controllable spherical was proved to be practical. The FT-IR 

spectra indicated the successful. Among all of the obtained samples, ASNP-400 with a ∼400 nm 

diameter shows the superior zeta potential value, the particle size match the size requirement perfectly 

for SNP to pass though the endothelial barriers of tumour tissue while cannot pass through the 

endothelial barriers of normal tissue, thus can be used in ultrasound imaging applications beyond blood 
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vessel. Moreover, the decent zeta potential value will benefit the loading of drugs and biological 

ligands in SiO2 carriers significantly thus brings insight for its future applications of nanomedicine and 

clinical ultrasound imaging. 

 

4. CONCLUSION 

In conclusion, controllable synthesis of SiO2 nanospheres with the diameter range 200-800nm 

was realized by a simple self-seeding approach based on classic Stöber method. The as-prepared 

amorphous silica NPs show highly uniform spherical morphology before and after amino-modification. 

FT-IR spectra demonstrated the successful grafting of amino-group to SiO2 spheres, which is favorable 

for subsequently drugs loading. The negative surface zeta potential of all silica NPs was recorded, the 

amino-functionalized SNP-400 spheres show the highest absolute zeta potential value of 45.5 mV, 

indicating the excellent stability of SiO2 NPs after amino-modification. The ∼400 nm diameter of 

ASNP-400 spheres meet the ideal carrier particle size requirements in ultrasound imaging applications, 

which can exactly pass though the endothelial barriers of tumour tissue while cannot pass through 

normal tissue, thus can be used in beyond blood vessel. The decent zeta potential value and appropriate 

particle size make the chosen sample promising in future applications as multifunctional nanoplatform 

for both ultrasound imaging diagnostic and therapeutic purposes. 
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