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Abstract 
The magnetic hollow silica spheres (MHSS) with uniform cavity size and shell thick-
ness were prepared by a simple and “green” method using functionalized SiO2 
spheres as templates. Magnetic particles (Fe3O4) were deposited on the SiO2 surface 
by varying the molar ratio of [Fe2+]/[Fe3+] and the molar concentration of iron salts. 
The obtained magnetic hollow silica spheres exhibited a super-paramagnetic beha-
vior at room temperature. Scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), and X-ray powder scattering (XRD) were applied to cha-
racterize the MHSS. Besides, their unit cell parameters are calculated according to 
results indexing to XRD, the MHSS sample prepared at 0.10 M iron salts and 2:1 
molar ratio of [Fe2+]/[Fe3+] has a largest cell angle (β) of unit cell. Due to large hollow 
cavity space and super-paramagnetic characteristics, the inner amino-functionalized 
MHSS could be labeled with radioisotope 99Tcm to study the MHSS’s magnetic tar-
geting distribution in vivo. These results indicate that the MHSS has potential in the 
magnetic targeted drug delivery system which reduces the damage to normal cells 
and improves the therapeutic effect of cancer. 
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1. Introduction 

Hollow magnetic silica spheres (MHSS) have received great attention in many fields in-
cluding catalysts [1] [2], microwave absorbing material [3], drug carriers [4] [5] [6] and 
the immobility of biomolecules [7] [8] [9], due to their unique properties such as low 
toxicity, biocompatibility, high specific surface area and huge interior space, which 
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could provide greater drug loading volume and better adsorption ability compared to 
conventional mesoporous silica materials.  

To date, a variety of methods (such as layer-by-layer coating technology [1] [10], 
spray pyrolysis [11], precipitation [12]) have been invented and employed to fabricate 
hollow spheres. Zhu et al. prepared the rattle-like Fe3O4@SiO2 hollow mesoporous 
spheres using the carbon spheres absorbed with iron precursor as the templates [13]. 
Frank Caruso et al. fabricated MHSS by coating anionic polystyrene latices with Fe3O4 
nanoparticle layers alternately adsorbed with polyelectrolyte from aqueous solution 
[14]. Shi’s group prepared for the MHSS through sol-gel reactions followed by hydro-
thermal treatment and H2 reduction [15]. However, the synthetic procedures are rather 
complex, and the hollow spheres surface are difficult to be functionalized.  

Normally, two strategies have been established to obtain functional hollow meso-
porous spheres. One is that the inner and outer walls of the hollow microspheres are 
functionalized. For example, Darya Radziuk reported the synthesis of silver nanopar-
ticles for remote opening of polyelectrolyte microcapsules [16]. The other is that func-
tional microspheres are placed in the cavity of the hollow microspheres. Caruso’s group 
[17] demonstrated that a new concept for the immobilization of enzymes using inner 
functionalized hollow microspheres, which displayed improved enantioselectivity in a 
given reaction. In addition, hollow mesoporous spheres were prepared by polyelectro-
lyte almost have semi-permeable, so the small-molecule solvent, vitamin B12, dye or 
ions can penetrate through which is conducive to small-molecule drug sustained re-
lease. 

In this paper, we reported an efficient route to prepare MHSS using the sulfonated 
SiO2 spheres as the hard templates by a simple and “green” method using co-precipitation 
route. The schematic procedure for the preparation of magnetic hollow spheres is 
shown in Figure 1. Thiol groups of the hollow silica spheres are oxidized as sulfonic 
acid groups by hydrogen peroxide, and then silica/Fe3O4 hollow spheres are prepared  

 

 
Figure 1. Schematic procedure for the preparation of magnetic hollow spheres. 
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using sulfonic acid-functionalized hollow silicaspheres as templates. The inner amino- 
functionalzied MHSS were labeled with radioisotope 99Tcm to study the MHSS’s mag-
netic targeting distribution in vivo. 

2. Experimental Section  
2.1. Materials  

All reagents used were analytical grade and available commercially. Styrene, FeCl3·6H2O, 
FeCl2·7H2O, KNO3, hydrogen peroxide (30 wt%), and aqueous ammonia solution (28 
wt%) were purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd., (China). 
2,2’-Azobis (2-methylpropi-onamidine) dihydrochloride (AAPH), polyvinylpyrroli-
done (PVP, Mw = 30000), 3-aminopropyl triethoxy-silane (APTES), Hexamethylenete-
tramine (HMT), and 3-mercaptopropyltriethoxysilane (MPTS) purchased from Sig-
ma-Aldrich Co. The aforementioned chemicals were used as received. 

2.2. Preparation of Thiol-Functionalized Hollow Silica Spheres (THSS) 

3.0 g of styrene, 1.5 g of PVP and 0.39 g of AAPH were dissolved in 100 mL of deio-
nized water, and then the mixture was maintained at 70˚C in nitrogen atmosphere. Af-
ter stirring for 24 h, the polystyrene emulsion was filtered by micro-pore film filter 
andplaced at room temperature for 2 days. Then, 40 mL of ethanol, 5 mL of aqueous 
ammonia and 1.0 g of 3-mercaptopropyltriethoxysilane (MPTS) were added into po-
lystyrene emulsion, this solution under vigorous stirring was heated up to the temper-
ature of 50˚C for 4 h. Then the product was separated by centrifugal hydroextractor, 
following washed with deionized water three to four times and ethanol two times. The 
thiol-functionalized hollow silica spheres (THSS) were prepared. 

2.3. Preparation of Sulfonated Hollow Silica Spheres (SHSS) 

The as prepared THSS (0.8 g) were dissolved into 30 wt% 32 mL hydrogen peroxide, 
and kept the oxidation reaction at 50˚C for 12 h under a constant stirring at 300 rpm. 
The obtained sulfonated hollow silica spheres were separated again by centrifugation, 
following washed with deionized water three to four times and ethanol two times. Fi-
nally, the SHSS were re-dispersed into deionized water.  

2.4. Preparation of MHSS and Amino-Functionalized MHSS 

First, 0.3 g of freeze-dried sulfonated SiO2 template spheres were dispersed in a solution 
composed of 50 mL ethanediol and 50mldeionized water. Next, 2.0 g of Hexamethyle-
netetramine (HMT) and 0.2 g of potassium nitrate (KNO3) were added with stirring for 
30min, then 20 mL 0.05 M iron salts (Fe3+, Fe2+) was added to the reaction mixture un-
der vigorous stirring and subsequtently heated at 80˚C for 5 h. The obtained magnetic 
hollow spheres were purified by centrifugation and dried under vacuum at ambient 
temperature. With all of the other parameters being kept constant, the iron salts con-
centration, and the molar ratio of [Fe2+]/[Fe3+] were varied to evaluate their effects on 
the morphologies of MHSS. Table 1 summarized the nomenclatures we used for prod-
ucts adopting iron salts concentrations and different molar ratio of [Fe2+]/[Fe3+]. 

The dried MHSS were re-suspended in the dried toluene (50 ml), followed by the  
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Table 1. The nomenclatures of the samples adopting different molar ratio of [Fe2+]/[Fe3+] and 
iron salts concentrations. 

Product identifier Iron salts concentration 
Molar ratio of 
[Fe2+]/[Fe3+]* 

MHSS-a 0.10 M 2:1 

MHSS-b 0.05 M 2:2 

MHSS-c 0.05 M 2:0 

MHSS-d 0.05 M 2:1 

 
addition of 3-aminopropyl triethoxysilane (APTES, 1 ml); the mixture was then heated 
to reflux for 12 h. The amino-functionalized magnetic MHSS were separated by a mag-
net and washed with ethanol and water, and then dried for 12 h. 

2.5. Preparation of 99mTc Labeled MHSS and Biodistribution  

The 4
99 mTc O−  was reduced using stannous chloride, typically, 8 mg of SnCl2, 0.1 ml of 

0.5 mol/L sodium gluconate solution, 0.4 ml of PBS (pH = 5.7), and 5 mg of unlabeled 
compound (MHSS-a) (amino-functionalized-MHSS) were mixed in the vial to form 
homogeneous solution, which were subjected to ultrasonic treatment for 15 min. Then 
1ml of 5 mCi/ml 4

99 mTc O−  eluate was added, the mixture was heated to 70˚C for 2 h, 
the labeled compound (MHSS-99mTc) were separated by magnetic field and washed with 
deionized water, and the radiochemical purity of the labeled compound was checked 
with Capintec CRC-15R external dose calibrator. 

To further investigate the biodistribution of nanoparticles, 0.5 mCi/1ml 99Tcm labelled 
MHSS solution were injected into the female mice via caudal vein. After a certain time 
in magnetically targeted therapy, the animals were sacrificed with an overdose of so-
dium pentobarbital, and the main organs (the blood, heart, lung, liver, spleen, pancreas, 
stomach, small intestine, large intestine, brain, muscle and bone) were detached and 
weighed. The main organs were rinsed with buffer and remaining cell-associated ra-
dioactivity was measured with a γ-counter respectively. 

2.6. Characterization 

A Hitachi S-4800 field emission scanning electron microscope (SEM) and a Philips-
Tecnai-12transmission electron microscope (TEM) were used to characterize the mor-
phology of the products. The infrared spectra were recorded by a Nicolet Impact 
410FT-IR using KBr disks. X-Ray Powder Diffraction (XRD) was used to characterize 
the crystalline phases of the materials. A vibrating-sample magnetomer (VSM JDM-13) 
was used to characterize the magnetic properties.  

3 Results and Discussion  
3.1. The Structure and Morphology of THSS 

As shown in Figure 2(a), Figure 2(b), it can be seen that the THSS spheres have clear 
cavity, and uniform size. The particle sizes of the samples are approximately 100 nm 
diameters, and the shell thickness is about 15 nm and the core diameter is about 75 nm. 
The SEM image recorded in Figure 2(c) clearly exhibited a uniform spheres structure 
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with diameters and the sizes are close to the TEM results. 
FTIR measurements can be used to deduce the surface properties of materials. Fig-

ure 2(d) illustrates the FTIR spectra of THSS samples. The peak at 2555 cm−1 is attri-
buted to the stretching vibrations of S-H, the peaks at 698 cm−1 and 753 cm−1 are attri-
buted to the stretching vibration of the monoreplacement in the phenyl ring group of 
samples, and the peak at 1035 cm−1 is attributed to the vibration of Si-O-Si. Similarly, 
two peaks at 1641 cm−1 and 3435 cm−1 are assigned to the O-H bond. These findings in-
dicate that the mercapto group is presented in THSS. 

Nano SiO2 can be successfully coated on the surface of polystyrene because of the 
mutual interaction between positive charged polystyrene and negative charged MPTS, 
which may be hydrolyzed into SiO2 carried thiol group under catalysis by ammonia. 
Therefore, the formation process of hollow silica spheres was related to ammonia, 
which not only served as a reactant to form SiO2, but also as an alkali media to “dis-
solve” PS template spheres with ethanol [18] [19]. This method is a simple and “green” 
method to remove any templates of polystyrene cores in synthesis process which need 
not any additional dissolution, calcination, and etching process.  

3.2. The Structure and Morphology of SHSS 

The TEM images of as-synthesized SHSS are illustrated in Figure 3(a) and Figure 3(b). 
The TEM observation indicates that as synthesized SHSS exhibiting hollow structure. 
The average size is around 100 nm, with the hollow diameter of 75 nm and the silica 
shell of 15 nm. Some shells of SiO2 were linked among the particles (Figure 3(b)),  

 

 
Figure 2. (a)-(b) TEM images, (c) SEM images and (d) FTIR spectra of THSS samples. 
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because SiO2 formed by MPTS hydrolysis were the reunion of Si-O-Si. The morphology 
of the obtained SHSS recorded in Figure 3(c) exhibits uniform spherical shape with the 
size of 100 nm. Figure 3(d) displays FTIR spectroscopy of as-synthesized SHSS struc-
ture, in which the structural change of hollow silica spheres can be observed. The ab-
sorption peaks around 698 and 753 cm−1 are attributed to the phenyl group, and the 
peak at 1035cm−1 is assigned to the vibration of Si-O-Si. The pair peaks at 1641 cm−1 
and 3435 cm−1 are assigned to the O-H bond. In addition, the peak at 2555 cm−1 has va-
nished in comparison to Figure 2(d), but appearance of a new peak at 1450 cm−1 can be 
attributed to the absorption peaks of sulfonic group, indicating mercapto group (S-H) 
has been oxidized to sulfonic groups.  

3.3. The Structure and Morphology of MHSS by Varying the Molar Ratio  
of [Fe2+]/[Fe3+] 

Figure 4 shows the TEM images of MHSS prepared by different ratio of Fe2+ to Fe3+. 
The TEM image of MHSS-a (Figure 4(a)) demonstrates that the well dispersed MHSS 
has a uniform spherical hollow structure with a diameter around 105 nm and wall 
thickness of approximately 6 - 6.5 nm. It is obvious that black Fe3O4 completely coated 
on silica layer when the ratio of [Fe2+]/[Fe3+] is 2:1 and the iron concentration is 0.10 M, 
because both the ratio of Fe2+ to Fe3+ and the total iron concentration are two key fac-
tors influences the size of magnetic particles on the surface of MHSS.  

Generally speaking, under the perfect condition, co-precipitation occurs when the 
mole ratio of [Fe2+] to [Fe3+] is 1:2. But actually, the Fe2+ is easily oxidized when exposed 
in air, so the mole ratio of [Fe2+] to [Fe3+] is kept constant at 2:1 to avoid formation of 

 

 
Figure 3. (a)-(b) TEM images, (c) SEM images and (d) FTIR spectra of SHSS samples. 
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orange red FeOOH phase [20]. The completely coprecipitation of Fe3+ with Fe2+ ions 
generally occurs at above pH 9.2, which can be written in the following:  

3+ 2+
3 4 2Fe Fe 8OH Fe O 4H O−  + →+ +  

On the other hand, deposition speed of Fe3+ ions are faster than that of Fe2+ ions, due 
to their different spKθ  between Fe3+ ion and Fe2+. The spKθ

, Fe(OH)3 = 3.98 × 10−38, and 

spKθ , Fe(OH)2 = 7.94 × 10−16, so the precipitate of Fe3+ and Fe2+ occur at pH 3 - 4 and pH 
8 - 9 based on the calculations from their spKθ  respectively. When coprecipitation of 
Fe3+ with Fe2+ ions occurs at 2:1 ratio of [Fe2+] to [Fe3+], the precipitate of Fe3+ preferen-
tially occurs, then co-precipitation of Fe2+ with Fe3+ promoted the Fe3O4 crystal deposi-
tion on SHSS surface. But when the mole ratio of [Fe2+] to [Fe3+] is 2:2, shortfall amount 
of Fe2+ ions are not enough to support whole Fe3+ ions approaches to Fe3O4 crystal de-
position, due to Fe2+ liable to be oxidized by trace amount oxygen in the air. Thus, the 
excess Fe3+ ions can accelerate the electrostatic adsorption between new-formed Fe3O4 
crystals, resulting in formation of MHSS-b with severe aggregation on SHSS surface, as 
shown in Figure 4(b). 

Whether an absence of Fe3+ ions is favorable to Fe3O4 crystal deposition on SHSS 
surface, there is unsatisfied answer shown in Figure 4(c). It is because at 2:0 ratio of 
[Fe2+] to [Fe3+], the Fe3+ ions employed for Fe3O4 crystal deposition can only be ob-
tained by oxidization of Fe2+ with trace hydrogen peroxide residued in synthesis 
process. Therefore few obtained Fe3+ ions can be applied to participate Fe3O4 crystal 
deposition on SHSS surface, which leads to generation of MHSS-c with the small 
amount of magnetic particles covered on SHSS surface (Figure 4(a)) [21].  

Second, the influence of the total iron concentration must be considered, when the 
mole ratio of [Fe2+] to [Fe3+] is controlled at 2:1, and the total iron concentration is 0.05 
M, the image of MHSS-d recorded in Figure 4(d) still shows hollow silica/magnetic 
composite spheres, it can be seen Fe3O4 layer of 2 - 3 nm thickness are coated on SHSS 
surface, which is much thinner than the Fe3O4 coating layer prepared at the total iron 
concentration of 0.10 M. It demonstrates that total iron concentration can influence the 
thickness of Fe3O4 coating layer on the SHSS surface, appropriate iron concentration 
can improve Fe3O4 crystal deposition on the SHSS surface, less iron concentration can 
only form thin Fe3O4 coating layer.  

To further confirm the crystalline structure, XRD measurement was used to analyze 
the sample of varying the concentration of iron salts and different ratio of [Fe2+]/[Fe3+]. 
The diffraction peaks of the particles synthesized in this study were measured to be 
2θ = 29.70, 35.06, 42.71, 56.60, 62.20, corresponding to (2 2 0), (3 1 1), (4 0 0), (5 1 1) 
and (4 4 0) crystal planes of the Fe3O4 respectively (Figure 5). It can be found that 
well-resolved diffraction peaks appeared on the pattern, and the pattern can be indexed 
to Fe3O4 (JCPDS#79-0418) according to the reflection peak positions and relative inten-
sities, which confirms the magnetite structure of this sample. The consistence of four 
curves in Figure 5 demonstrated that there was no crystal transition of the magnetic 
nanoparticles when the iron salts concentrations and the molar ratio of [Fe2+]/[Fe3+] 
change. 

The results of indexing to the powder X-ray diffraction pattern of Figure 5 are listed 
in Table 2. It can be inferred from Table 2 that all MHSS samples have monoclinic 



Y. C. Liu et al. 
 

8 

 
Figure 4. TEM of magnetite nanoparticles prepared at various iron salts concentrations and the 
molar ratio of [Fe2+]/[Fe3+]: (a) 0.10 M, 2:1, MHSS-a; (b) 0.05 M, 2:2, MHSS-b; (c) 0.05 M, 2:0, 
MHSS-c; and (d) 0.05 M, 2:1, MHSS-d. 

 

 
Figure 5. XRD patterns of magnetite nanoparticles prepared at various iron salts concentrations 
and the molar ratio of [Fe2+]/ [Fe3+]: (a) MHSS-a; (b) MHSS-b; (c) MHSS-c; and (d) MHSS-d. 
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Table 2. The experimental data and the calculated results for powder X-ray diffraction pattern of MHSS by varying iron salts concentra-
tions and the molar ratio of [Fe2+]/[Fe3+]. 

0.10 M, [Fe2+]/[Fe3+] = 2:1 0.05 M, [Fe2+]/[Fe3+] = 2:2 0.05 M, [Fe2+]/[Fe3+] = 2:0 0.05 M, [Fe2+]/[Fe3+] = 2:1 

hkl D(nm) Do(nm) I/Io hkl D(nm) Do(nm) I/Io hkl D(nm) Do(nm) I/Io hkl D(nm) Do(nm) I/Io 

2 2 0 0.3005 0.3004 52.08 2 2 0 0.3005 0.3005 66.40 2 2 0 0.3005 0.3005 67.02 2 2 0 0.3005 0.3006 63.29 

3 1 1 0.2557 0.2557 100 3 1 1 0.2557 0.2557 100 3 1 1 0.2557 0.2556 100 3 1 1 0.2557 0.2556 100 

2 2 2 0.2448 0.2447 39.50 2 2 2 0.2448 0.2447 55.27 2 2 2 0.2448 0.2445 56.51 2 2 2 0.2448 0.2445 49.58 

4 0 0 0.2115 0.2115 50.58 4 0 0 0.2115 0.2114 60.37 4 0 0 0.2115 0.2113 62.54 4 0 0 0.2115 0.2114 56.95 

4 2 2 0.1723 0.1721 40.16 4 2 2 0.1723 0.1723 54.80 4 2 2 0.1723 0.1722 56.57 4 2 2 0.1723 0.1723 49.75 

5 1 1 0.1625 0.1625 51.34 5 1 1 0.1625 0.1622 63.77 5 1 1 0.1625 0.1623 63.86 5 1 1 0.1625 0.1624 57.82 

4 4 0 0.1491 0.1481 60.23 4 4 0 0.1491 0.1495 68.58 4 4 0 0.1491 0.1493 68.46 4 4 0 0.1491 0.1494 62.58 

a = 2.2597,  
b = 1.8097,c = 2.6941, 

β = 100.512˚ 

a = 2.2682,  
b = 1.8068, c = 2.6965,  

β = 100.25˚ 

a = 2.2725,  
b = 1.808, c = 2.6788, 

β = 100.242˚ 

a = 2.2680,  
b = 1.8102, c = 2.6949, 

β = 100.44˚ 

Note: D is calculated value, Do is original value. 

 
symmetry, the lattice parameters of MHSS-a, MHSS-b, MHSS-c and MHSS-d samples 
were (a = 2.2597, b = 1.8097, c = 2.6941, β = 100.512˚), (a = 2.2682, b = 1.8068, c = 
2.6965, β = 100.25˚), (a = 2.2725 nm, b = 1.808 nm, c = 2.6788 nm, β = 100.242˚) and (a 
= 2.2680 nm, b = 1.8102 nm, c = 2.6.949 nm, β = 100.44˚) respectively, the minimum 
relative deviation between the calculated D and original Do is 0.0008‰ for MHSS-a. 
The MHSS-a has a largest cell angle (β) of unit cell at 100.512˚, the MHSS-d has a 
second large cell angle (β), and the MHSS-c has a minimum cell angle (β). Because 
there is intimate relationship between spherical shell’s surface curvature and the cell 
angle of unit cell [22], as shown in the model structure (Figure 6), the unit cell dimen-
sions a, b and c(001) and cell angle β will vary from unit cell to unit cell along the sur-
face curvature of the spherical shell. Thus the larger angle the unit cell shows, the more 
spherical shell curvature, and the sample has a well-defined spherical shell. In com-
parison with Figure 4, the image of MHSS-a recorded in Figure 4(a) has an obvious 
spherical structure, the image of MHSS-d has approximate spherical structure, indi-
cating the findings are related to their cell angles (β) of unit cell.  

The Fe3O4 content of the spheres surface can be controlled by changing the amount 
of the ratio of [Fe2+]/[Fe3+] or the concentration of iron salts. Magnetic testing results 
of MHSS were shown in Figure 7 and Table 3. The magnetization saturation (Ms) of 
MHSS spheres are shown in Table 3, it can be seen from the results that MHSS-ahasthe 
highest saturation magnetization at 34.38 emu/g, MHSS-b has the second at 24.38 
emu/g, MHSS-d has the third at 18.77 emu/g, but MHSS-c has the minimum value 
at 11.80 emu/g. The coercivity are close to zero, indicating they all belong to super- 
paramagnetic system. It can be seen that the Ms value of the MHSS increases with the 
concentration ofsalt solution increasing, due to a difference of the magnetic layer 
thickness. And Ms value of the MHSS increases with an increase of Fe3+ content in the 
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ratio of [Fe2+]/[Fe3+], due to appropriate Fe3+ amount being able to improve deposition 
of Fe3O4. Considering MHSS-a having the highest saturation magnetization at 34.38 
emu/g, MHSS-a could be selected as carrier of targeted drugsin this paper, providing 
the empirical research basisfor highly efficient antitumor with low toxicity.  

 

 
Figure 6. Change in unit cell angle β for a curved crystal.  = unit cell of Fe3O4 with monoclin-
ic symmetry.  small black circles = lattice site of Monoclinic crystal cell located Tetrahedral 
site;  large black circles = lattice site of Monoclinic crystal cell linked to negative oxygen ion 
located in Octahedral site;  gray circles = Fe2+/Fe3+ located in octahedral site. 

 

 
Figure 7. Magnetization curves of magnetite nanoparticles prepared at various iron salts concen-
trations and the molar ratio of [Fe2+]/[Fe3+]: (a) MHSS-a;, (b) MHSS-b; (c) MHSS-c; and (d) 
MHSS-d. 
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Table 3. The magnetic parameters of MHSS at different the molar ratio of [Fe2+]/[Fe3+]. 

No. Ms/(emu∙g−1) Mr/(emu∙g−1) HC/Oe 

MHSS-a 34.38 1.461 71.90 

MHSS-b 24.38 1.466 174.6 

MHSS-d 18.77 0.919 149.3 

MHSS-c 11.80 0.448 393.0 

3.4. In Vivo Biodistribution Studies and SPECT Imaging 

For the radiolabeling of MHSS, the unlabelled amino-functionalized-MHSS were mixed 
with radioactive Na99Tcm O4 in the presence of SnCl2, which could reduce 99Tcm (VII) 
into 99Tcm(III) ions. [23], it was found that 99Tcm3+ ions could also be anchored on the 
inner cavity of MHSS by coordinating bond between low valent 99Tcm3+ ions and -NH2 
groups (Figure 8). The obtained labelled MHSS compound was washed with physio-
logical saline, and following seperated by strong magnet for three times to remove 
excess free 99Tcm. The radiochemical purity of the labeled compound was checked with 
Capintec CRC-15R external dose calibrator. The purified MHSS-NH2-99mTc was dis-
persed in physiological saline to generate 20 mg/2.5 mL of labeled compound solution 
by supersonic treatment. The labeling yield of 99mTc was then determined to be 81%. To 
determine the radiostability, MHSS-NH2-99mTc were incubated in mouse serum for 40 
h. Nanoparticles remained stable with>96% of the nanoparticles remaining 99mTc- 
bound after 24 h. At the final time point (72 h), 90.2 ± 1.7% of nanoparticles were 
found to be stable, thus confirming the enhanced stability of MHSS-NH2-99mTc in 
mouse serum (Figure 9). 

99Tcm labelled MHSS particles not only enabled enhanced internal radioisotope 
therapy [24], but also allowed us to quantitatively track the in vivo behaviors of those 
nanoparticle after they were administered into animals. The female normal mouse was 
intravenously injected with MHSS-NH2-99mTc and then scanned under single photoe-
mission-computed tomography (SPECT) imaging. Due to the wide distribution of each 
labelled MHSS particles throughout the body after injection of MHSS-NH2-99mTc, high 
levels of radioactivity accumulation were observed in the liver, spleen, kidneys, and 
bladder after 2 h post injection, but a small amount of radioactive particles uptake in 
the lungs (Figure 10(a)). The results show the labelled MHSS particles can successfully 
break through the pulmonary circulation, and excreted through the urinary system. In-
stead the MHSS-NH2-99mTc particles were swallowed by reticuloendothelial system 
(lung, liver and spleen). 

In order to explore the targeting properties of labelled MHSS particles, the VX2 tumor 
mice, a fast-growing tumor model were each injected 0.5 mCi/1 ml of MHSS-NH2-99mTc 
via tail vein, and the tumor of nudemice was placed on the magnetic pole of the 
YMC-11 medical pulse magnetic field generator with the output voltage of pulsed 
magnetic fields being controlled at 700 V for 2 h. In Figure 10(b), the right forelimb 
(A) is normal, the left forelimb (B) is the tumor region with targeting, the left hind limb 
(C) is the tumor region with no targeting and the right hind limb (D) is a sense of 
inflammation. 
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Figure 10(b) shows nude mice SPECT imaging targeting to forelimb after injection, 
the intensive distribution of black dots in the image correspond to the large amount of 
99Tcm labelled MHSS particles were accumulated into the tumor sites by a combination 
of passive magnetic targeting and active targeting mechanisms. So in comparison to the 
in vivo bio-distribution of 99Tcm labelled MHSS particles, the targeting SPECT imaging 
show the activity concentration of labelled MHSS particles in tumour were significantly 
higher than that without targeting.  

Table 4 shows the results of magnetically targeted radiotherapy employed 99Tcm 
labelled MHSS, the liver uptake of 99Tcm labelled MHSS was 16.4979, 14.3941, 13.4595, 
13.4550 and 14.2896 % ID/g at 15, 30, 60, 120 and 180 min respectively, the radioactiv-
ity in the spleen was 13.9908, 14.3385, 12.0734, 12.9458 and 13.8828 % ID/g at 15, 30, 
60, 120 and180 min, respectively, the results show MHSS-a has the highest liver uptake 
of 99Tcm for 180 min after the injection, when the absolute organ uptake is compared, 
uptake by the spleen is the second highest, and uptake by the lung is the third highest, 
the findings are in a good agreement with SPECT imaging data with high levels of 

 

 
Figure 8. The illustration for the Technetium-99 label. 

 

 
Figure 9. MHSS-NH2-99mTc stability was examined by incubation in mouse serum. 
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Figure 10. The SPECT images of the mice after injection with MHSS-99Tcm nanoparticles by a) 
no targeting and b) targeting for 2 h. 

 
Table 4. Biodistribution of MHSS-99Tcm nanoparticles in mice (three mice per time point) (%ID/g). 

Tissues 15 min 30 min 60 min 120 min 180 min 

Blood 1.9423 ± 0.0556 0.7824 ± 0.0237 0.3251 ± 0.0115 0.1442 ± 0.0085 0.1900 ± 0.0120 

Heart 2.0824 ± 0.0629 0.9833 ± 0.0377 0.2648 ± 0.0112 0.3302 ± 0.0147 0.3599 ± 0.0155 

Lung 48.2726 ± 1.8764 16.927 ± 0.8120 7.9932 ± 0.2254 7.7584 ± 0.2256 8.4121 ± 0.2328 

Kidney 6.8128 ± 0.2040 6.2707 ± 0.2012 6.4490 ± 0.2109 5.7034 ± 0.1972 6.5853 ± 0.2198 

Liver 16.4979 ± 0.5428 14.3941 ± 0.5137 13.4595 ± 0.4988 13.4550 ± 0.5022 14.2896 ± 0.5134 

Spleen 13.9908 ± 0.4481 14.3385 ± 0.4782 12.0734 ± 0.4037 12.9458 ± 0.4239 13.8828 ± 0.4241 

Pancreas 0.4022 ± 0.0222 0.2967 ± 0.0178 0.1352 ± 0.0109 0.0800 ± 0.0068 0.1079 ± 0.0089 

Stomach 0.9487 ± 0.0323 0.7394 ± 0.0284 0.3666 ± 0.0164 0.2744 ± 0.0101 0.1002 ± 0.0097 

S-intestine 0.4258 ± 0.0237 0.3546 ± 0.0218 0.2654 ± 0.0193 0.1765 ± 0.0094 0.1749 ± 0.0094 

L-intestine 0.5549 ± 0.0256 0.4171 ± 0.0186 0.1906 ± 0.0109 0.1206 ± 0.0089 0.1099 ± 0.0087 

Brain 0.0940 ± 0.0032 0.0450 ± 0.0018 0.0204 ± 0.0010 0.0158 ± 0.0010 0.0152 ± 0.0009 

Muscle 0.4894 ± 0.0235 0.1575 ± 0.0110 0.0667 ± 0.0081 0.0592 ± 0.0076 0.0593 ± 0.0081 

Bone 1.0079 ± 0.0389 0.3711 ± 0.0134 0.5125 ± 0.0178 0.2106 ± 0.0853 0.3787 ± 0.0864 

 
99Tcm labelled MHSS uptake in the liver, spleen and lung. On the contrary, low radioac-
tivity uptake was observed in pancreas, brain and bone, probably because 99Tcm labelled 
MHSS is rapidly cleared by pancreas, brain and bone, and excreted by mouse into the 
urine.  

4. Conclusion 

In this paper, an efficient functionalized SiO2 sphere templating route has been devel-
oped to prepare magnetic hollow silica spheres (MHSS) with uniform 70 nm cavity 
diameter size and 15 nm shell thickness respectively. The unit cell parameters of them 
have been calculated according to the results of indexing to the XRD pattern, they all 
belong to monoclinic symmetry. The MHSS-a has a largest cell angle (β) of unit cell, so 
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having a perfect spherical morphology with the highest saturation magnetization at 
34.38 emu/g. The magnetic properties and morphologies of MHSS were affected by the 
[Fe2+]/[Fe3+] molar ratio and the iron salts concentration. As in vivo application, the 
99Tcm labelled MHSS were injected into the mice to study the biodistribution of mag-
netic nanoparticles in different organs, and the results revealed that MHSS were found 
to accumulate in the spleen, lung and liver, showing obvious magnetic targeting effects 
in the mouse. The findings demonstrate that magnetic hollow silica spheres have great 
potential in the magnetic targeted drug delivery system. 
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