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Abstract: Fe3O4 nanoparticles were synthesized by co-precipitation of Fe
3+

 and Fe
2+ 

with
 
NH4OH, and then 

silica was coated onto the surface of Fe3O4 by hydrolysis of TEOS. Coupling agent was also coupled with the 

surface of the nanoparticles and protein was immobilized. Morphology, particle size, and magnetic properties 

of the nanoparticles were characterized by TEM, DLS, and VSM, respectively. As a result, silica coated 

Fe3O4 nanoparticles with an average size of 15 nm were obtained and super-paramagnetic properties were 

achieved.
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Introduction
1)

  Magnetic particles have been widely used as a record-

ing media material, magnetic fluids, and catalysts. Of 

these magnetic particles, Fe3O4 particles were studied 

for their applications in various fields in biology and 

medicine such as enzyme and protein immobilization 

[1,2]. In recent years, nano-sized Fe3O4 particles have 

been used in drug delivery system (DDS), protein sepa-

ration and purification, enzyme and protein immobiliza-

tion [3], and diagnostics [4]. Especially, magnetic carrier 

technology such as DDS is an interesting tool widely 

employed in biomedical applications. Fe3O4 nanoparti- 

cles used in this DDS is relatively non-toxic and able to 

link drugs, either directly or through antibodies which 

are bound to magnetic fluids, and direct them to an ef-

fective organ or tissue target using external magnet.

  However, it has difficulty in immobilizing of protein 

(commonly drugs) onto the surface of Fe3O4 nanoparti- 

cles. Therefore, several groups have investigated silica 

coating on its surface because the silica easily form -OH 

radicals on their surface, which can modify the cross 

linker for attaching coupling agent such as amino-silane 

which has active group of -NH2 that can connect bio- 

molecules, drugs and so on [5-8]. The most important 
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parameters for the preparation of Fe3O4 nanoparticles are 

particle size, particle size distribution, hydrophobicity/ 

hydrophilicity of reactive surface group, and biocom- 

patibility [9]. 

  In this work, Fe3O4 nanoparticles were prepared by 

co-precipitation method, and then silica was coated onto 

the surface of the Fe3O4 nanoparticles [10] by sol-gel 

process [11,12]. The thickness of the silica coated nano-

particles was controlled below the 10 nm to prevent the 

decrease of magnetic force by controlling preparation 

conditions. The silica coated Fe3O4 nanoparticles were 

also treated by the coupling agent, and bovine serum al-

bumin (BSA) was selected as a protein and covalently 

immobilized onto the surface of silica coated Fe3O4 

nanoparticles by the glutaraldehyde method. The ob-

jectives of this work are: (1) to suggest a method for the 

synthesis of silica-coated Fe3O4 nanoparticles by using 

co-precipitation and sol-gel method, (2) to characterize 

the silica-coated Fe3O4 nanoparticles, and (3) to apply 

the silica-coated Fe3O4 nanoparticles on immobilization 

of protein.

Experimental

  In the formation of the Fe3O4 nanoparticles, ferric chlo- 

ride hexahydrate (FeCl3⋅6H2O, Aldrich, 98 %), ferric 

chloride tetrahydrate (FeCl2⋅4H2O, Aldrich, 98 %), de-
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Table 1. The Thickness of Silica Coated Fe3O4 Nanoparticles at Different Conditions

Sample TEOS (M) H2O (M) NH4OH (M) TEMP. (
o
C) Coating thickness (nm)

G1 0.16 3.6 0.51 62 20

G2 0.16 3.35 0.39 62 10

G3 0.1 3.0 0.32 62 5

ionized water, and ammonium hydroxide (NH4OH, Duk- 

san, 28 %) were used. In the preparation of silica par-

ticles to coat the Fe3O4 nanoparticles, tetraethylorthosili-

cate (TEOS, Aldrich, 99 %), deionized water, ammo-

nium hydroxide, and ethanol (EtOH, Duksan, 99.9 %) 

were used. In addition, surface treatment of Fe3O4 nano-

particles coated with silica was carried out using 3-ami-

nopropyl triethoxysilane (3-APTES, Aldrich, 99 %) as 

amino-silane coupling agent and glutaraldehyde (Sigma, 

25 %), and bovine serum albumin (BSA, Sigma, 96 %) 

was used in immobilization of protein. 

  Fe3O4 nanoparticles were synthesized by co-precip-

itation of FeCl3⋅6H2O (2.36 g) and FeCl2⋅4H2O (0.86 

g) at the molar ratio of following condition (Fe
3+

: Fe
2+

 = 

2:1), and they were dissolved in deionized water. After 

stirring for 10 min, NH4OH (3.2 M) was then added to 

the solution. The Fe3O4 precipitates were separated cen-

trifugally at 15000 rpm for 10 min and washed three 

times with deionized water. Silica coated Fe3O4 nano-

particles were prepared by the hydrolysis of TEOS using 

sol-gel process. A micro feed pump (EYELA, MP-3) 

with a constant flow rate fed the starting solution A (0.1 

M TEOS and ethanol) into the reactor that contains an-

other solution B (Fe3O4, 3 M water, 0.32 M NH4OH, and 

ethanol). By the above experimental procedure, the sili-

ca coated Fe3O4 nanoparticles were obtained and the 

thickness of coated silica was controlled by changing ex-

perimental parameters. 

  3-APTES as amino-silane coupling agent was used to 

covalently couple with the surface of silica coated Fe3O4 

nanoparticles. The nanoparticles were dissolved in de-

ionized water and the pH of the solution was adjusted to 

10.5 by NH4OH. 3-APTES was added into the mixture. 

After drying, the silica coated Fe3O4 nanoparticles treat-

ed with amino-silane were immersed in 5 % gluta-

raldehyde solution with 0.1 M phosphate buffer (pH 7.4) 

for 6 h at room temperature. To immobilize the protein 

onto the surface of silica coated Fe3O4 nanoparticles, 

BSA as protein was dissolved in 10 mL buffer solution 

of specified pH and the silica coated Fe3O4 nanoparticles  

 activated with glutaraldehyde were added.

  The particle size, particle size distribution, and mor-

phology of the silica coated Fe3O4 nanoparticles were 

characterized by Dynamic Light Scattering (Otsuka, 

LPA-3000, 3100, Japan) and Transmission Electron Mi- 

croscope (TEM, JEOL, JEM-2010, Japan), respecti- 

vely. The magnetic properties were analyzed with a 

Vibration Sample Magnetometer (VSM, VSM-5, TOEI 

Industry Co.). In addition, the analysis of X-ray dif-

fraction measurements (XRD, PW 1730, Philips Co.), 

Energy Dispersion Spectrum (EDS, ISIS, Oxford), and 

FT-IR spectra (Avatar 360 E.S.P, Japan) were used to 

determine the crystal structure of the silica coated Fe3O4 

nanoparticles and the chemical bonds of Fe-O-Si, res- 

pectively. The amounts of BSA immobilized onto silica 

coated Fe3O4 nanoparticles were determined by measur-

ing the initial and final concentration of BSA from the 

absorbance 585 nm by using a Bradford assay. 

Results and Discussion

Preparation of Silica Coated Fe3O4 Nanoparticles 

  In this work, the Fe3O4 nanoparticles were prepared by 

co-precipitation of FeCl3⋅6H2O and FeCl2⋅4H2O. 

Figure 1 shows the TEM micrograph of Fe3O4 nano-

particles and particle size distribution. As shown in 

Figure 1(a), the morphology of Fe3O4 nanoparticles was 

nearly spherical and non-aggregated. In addition, Figure 

1(b) shows that monodispersed Fe3O4 nanoparticles with 

a mean size of 10 nm were prepared. Silica was coated 

onto the surface of Fe3O4 nanoparticles by using TEOS 

precursor. Silica particles having size ranging from 

nanometer to several micrometers were prepared by con-

trolled hydrolysis of TEOS in ethanol, followed by con-

densation (polymerization) of the dispersed phase mate-

rial and the particle size can be controlled by changing 

of parameters (i.e., concentration of TEOS, H2O, and 

NH4OH). In general, the particle size of silica decreases 

with decreasing of molar ratio of [H2O] / [TEOS] and 

depends on the concentration of NH4OH. If the concen-

tration of NH4OH increases, the particle size of silica in-

creases because of OH ion generated by hydrolysis of 

NH4OH. In other words, it has a function of catalyst in 

the hydrolysis of TEOS and nucleation of particles. 

  Table 1 shows the thickness of silica coated Fe3O4 

nanoparticles at different parameters and synthesis con-

ditions, and morphology of the nanoparticles was shown 

in Figure 2. The thickness of coated silica particles was 

roughly obtained by enlarged TEM images. In the case 

of samples G1 and G2, the coating thickness was about 

20 and 10 nm, respectively, and agglomerated silica 
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Figure 1. (a) TEM micrograph of Fe3O4 nanoparticles and (b) 

particle size distribution.

coated Fe3O4 nanoparticles were obtained as shown in 

Figures 2(a)∼(b). It is assumed that iron oxide seems to 

be dispersed into silica matrix. In the case of sample G3, 

however, it was confirmed that silica particles were coat-

ed with a thickness of about 4∼5 nm in the form of 

core-shell structure (Figure 2(c)). These are resulted 

from the formation of nano-sized silica particles. In gen-

eral, non-agglomerated dispersion is very important for 

the biological application, for example, for DDS appli- 

cation. So, it is need to prepare more controlled coated 

silica than sample of Figure 2(c). 

Characterization of Silica Coated Fe3O4 Nanoparticles  

  The surface composition of sample G3 was qualitati- 

vely determined by energy dispersion spectrum (EDS) 

as shown in Figure 3. It shows that Fe and Si peak are 

obtained and atomic (%) ratio of Fe to Si is 91.7/8.3. It 

is assumed that silica particles are coated onto the sur-

face of Fe3O4 nanoparticles. FT-IR spectrum was used to 

confirm the combination of silica coated Fe3O4 nano-

particles treated with 3-APTES as amino-silane coupling 

agent through the silanization reaction and the results are 

shown in Figure 4. The silica coated Fe3O4 nanoparticles  

Figure 3. EDS result of silica coated Fe3O4 nanoparticles 

(samle G3).

were treated by the coupling agent which has active 

groups of -NH2 to be transformed to aldehyde group. 

Aldehyde group as functional groups can couple with 

bio-affinity adsorbents such as protein. Generally, silani-

zation reaction occurs in two steps. In the hydrolysis re-

action, alkoxide groups (-OC2H5) are replaced by hy-

droxyl groups (-OH) to form reactive silanol groups, 

which condense with other silanol groups to produce si-

loxane bond (Si-O-Si). In the second step, the -OH 

groups on the surface of silica are Si-O-Si covalent bond 

with silanol through dehydration reaction [13,14]. 

  Figure 4 represents that the presence of Fe3O4 is 

showed by two strong absorption bands at around 630 

and 576 cm
-1

, which corresponds to the Fe-O bond of 

Fe3O4. However, the Fe-O-Si bond cannot be seen in the 

FT-IR spectrum because it appears at around 584 cm
-1 

and overlaps with the Fe-O band of Fe3O4. In addition, it 

was assumed that absorption bands in (1200 cm
-1

, 1089 

cm
-1

), (989 cm
-1

), and (3417 cm
-1

, 1625 cm
-1

, 885 cm
-1

) 

were due to stretching vibration of Si-O-Si bond, Si-OH 

bond, and NH2 bond, respectively. And C-H absorption 

(a) (b) (c)

Figure 2. TEM micrographs of silica coated Fe3O4 nanoparticles (a) sample G1, (b) sample G2, and (c) sample G3.
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Figure 4. FT-IR spectrum of silica coated Fe3O4 nanoparticles 

treated with 3-APTES.

Figure 5. XRD pattern of the (a) Fe3O4 and (b) silica coated 

Fe3O4 nanoparticles.

band was confirmed at around 2930 cm
-1

 (OCH2CH3) 

and 2862 cm
-1

 (CH2CH2CH2) [15]. As a result, FT-IR 

spectrum presents that 3-APTES is well coupled with 

the surface of silica coated Fe3O4 nanoparticles by 

Fe-O-Si covalent bond. 

  Figure 5 shows the X-ray diffraction pattern of Fe3O4 

and silica coated Fe3O4 nanoparticles. Figure 5(a) shows 

that standard Fe3O4 crystal with spinal structure has six 

diffraction peaks ((220), (311), (400), (422), (511), 

(440)). On the other hand, no peaks were detected in sili-

ca coated Fe3O4 nanoparticles which could be assigned 

to impurities as shown in Figure 5(b). In addition, the 

broad peak appears in the range of 18
o
∼28

o
 due to 

amorphous silica particles coated onto the surface of 

Fe3O4 nanoparticles, and the intensity of crystallization 

peak of silica coated Fe3O4 nanoparticles (b) was slight-

ly lower than that of Fe3O4 nanoparticles (a) because of 

silica coating. 

Immobilization of Protein

  The magnetic properties of Fe3O4 and silica coated 

Figure 6. VSM magnetization curve of the Fe3O4 nanoparticles 

and the silica coated Fe3O4 nanoparticles (sample G2 and G3).

Figure 7. Effect of pH on BSA immobilization (Initial BSA 

concentration 10 mg/mL, room Temp.).

Fe3O4 nanoparticles were analyzed by VSM. Figure 6 

shows the magnetization curve of the Fe3O4 and silica 

coated Fe3O4 nanoparticles (samples G2 and G3). As 

shown in Figure 6, the magnetization value of Fe3O4 

nanoparticles was found to be equal to 66.0 emu/g and 

the magnetization values of silica coated Fe3O4 nano-

particles of samples G2 and G3 were 40.0 and 58.0 

emu/g, respectively. The magnetization of the samples 

G2 and G3 was all smaller than that of Fe3O4 nano-

particles because of the silica coating. In addition, 

Figure 6 shows that the magnetization value of sample 

G3 is lager than that of sample G2, because sample G2 

is not uniformly coated with silica as shown in Figure 

2(b). 

  The super-paramagnetic nanoparticles were prepared 

by the immobilization of BSA onto the surface of silica 

coated Fe3O4 nanoparticles. Figure 7 presents the change 

of immobilized BSA against the pH. It shows that the 

pH value is varied from 4.0 to 9.0 and maximum value 

(35 mg/g) of immobilization capacity is obtained at pH 

5.0. This value of pH is similar to the isoelectric point 
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(ISP = 4.7) of BSA. In general, it is known that the im-

mobilization amounts of protein onto the surface of par-

ticles are usually maximal at around their isoelectric 

point [16,17]. It is also found that the adsorbed amount 

of BSA decreases when either the pH decreases or the 

pH increases. The reason is that the protein molecules 

are charged and repel from each other at different pH. In 

other words, neutral surface of magnetic support ac-

quires a positive or negative charge and it prevents the 

further protein immobilization. 

Conclusion

  Nanosized Fe3O4 particles were prepared by co-precip-

itation from Fe
3+

 and Fe
2+

, and silica particles were uni-

formly coated onto the surface of Fe3O4 nanoparticles by 

hydrolysis and condensation of TEOS in a sol-gel pro- 

cess. As a result, silica coated Fe3O4 nanoparticles hav-

ing an average size of 15 nm were obtained and su-

per-paramagnetic properties of the nanoparticles were 

achieved. Amino-silane coupling agent was also co-

valently coupled with the surface of silica coated Fe3O4 

nanoparticles for surface treatment. It was activated by 

the glutaraldehyde method for BSA immobilization. The 

analysis of X-ray diffraction measurements and FT-IR 

spectra showed that the structure of the nanoparticles 

was spinal type and the chemical bonds of Fe-O-Si were 

happened onto the surface of the Fe3O4 nanoparticles. It 

was also found that the magnetization value of sample 

G3 is lager than that of sample G2 because sample G2 is 

not uniformly coated with silica. In the case of protein 

immobilization, BSA immobilization capacity (up to 35 

mg/g) was obtained at pH 5.0. Consequently, it was 

proved that the amino-silane treated silica coated Fe3O4 

nanoparticles were a well-dispersed and effective as a 

super-paramagnetic support. 
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