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Abstract 6 

Magnetic Fe3O4@SiO2-NH2 nanoparticles were synthesized, characterized and 7 

applied as magnetic adsorbing carrier to separate ovotransferrin (OVT) from chicken 8 

egg white in this paper. Properties of the particles were characterized, results showed 9 

that silica shell and terminal amino groups were successfully decorated to the Fe3O4 core; 10 

the mean diameter of the modified particles was about 210 nm and the isoelectric point 11 

(pI) was approximately 9.25; in addition the particles displayed desirable magnetic 12 

properties, excellent dispersibility and high stability. The particles performed 13 

satisfactorily in the separation of OVT and the maximum adsorption loading reached 14 

77.2 mg/g in 30 min at 40
o
C. Moreover Fe3O4@SiO2-NH2 nanoparticles were very 15 

stable after repeated adsorption-desorption experiments. OVT separated by 16 

Fe3O4@SiO2-NH2 nanoparticles displayed strong ability of binding iron and had a high 17 

purity. Besides, the recovery of OVT separated from egg white was calculated to be 18 

84.62%. In addition, the nanoparticles showed desirable repeatability in repeated 19 

adsorption-desorption experiments. Hence Fe3O4@SiO2-NH2 nanoparticles were 20 

promising to scale up the separation of OVT from chicken egg white due to the huge 21 

advantages of high dispersion, high reactivity, and easy separation.  22 

Keywords: magnetic nanoparticles; isoelectric point; separation; ovotransferrin  23 

1. Introduction 24 

In recent decades, functionalized magnetic nanoparticles had gained much 25 

attention due to their magnetic properties, high surface area, low cost, non-toxicity 26 

and biocompatibility. Usually the magnetic core which provided a more convenient 27 

and effective separation or deliver medium was coated with a layer of functional 28 
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silica since the silica shell not only could help to stabilize the nanoparticles in a 29 

specific condition but also was readily modified with other functional groups for 30 

further application as the surface of silica-coated magnetic nanoparticles was 31 

hydrophilic [1]. Silica coating made it easy to control the size and morphology of 32 

particles according to Stober method [2], the thickness of silica shell could also be 33 

easily controlled by adjusting the concentration ratio of ammonium to tetraethyl 34 

orthosilicate [1,3].
 
Moreover, these coated magnetic nanoparticles were redispersible 35 

in water without the need of adding other surfactants owing to the negative charges 36 

on the silica shell. In spite of the advantages of silica-coated magnetic nanoparticles, 37 

the course of synthesis reaction might be time-consuming as reported [4], even more 38 

than 30 hours were needed to synthesis amino-functionalized single magnetic 39 

core-silica shell composites [5]. In order to save reaction time method according to 40 

Zhang [4]
 
was improved and only about 15 h were cost during the whole reaction in 41 

this study. 42 

Iron oxide-based amino-functionalized magnetic nanoparticles demonstrated 43 

outstanding charge matching capability and special magnetic properties, which had 44 

made them suitable for a wide range of applications in drug targeting, protein 45 

purification and water treatment [3].
 

On account of the functionality and 46 

superparamagnetism of magnetic nanoparticles, they could combine with the aimed 47 

protein selectively to the active groups on the surface of the particles, then the 48 

particles-proteins could be separated rapidly with an external magnet. Kinds of 49 

functional magnetic nanoparticles had been used in the separation of protein 50 

according to some reports, for example polysaccharide-modified iron oxide 51 

nanoparticles were used to adsorb BSA and achieved a high desorption percentage [6]; 52 

Functional Fe3O4 nanoparticles conjugated with carboxymethyl chitosan were used 53 

as adsorbing carrier for the purification of lysozyme and showed excellent binding 54 

of a large amount of lysozyme [7]. However, to the author’s knowledge, their studies 55 

might be more reasonable if they had considered the stability of the functional 56 
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nanoparticles after repeated adsorption-desorption experiments for certain times. A 57 

lot of cost would be saved if the modified nanoparticles could be recycled for enough 58 

times. In this study Fe3O4@SiO2-NH2 nanoparticles were applied in separation of 59 

ovotransferrin (OVT) from egg white and it was hoped that the problem above would 60 

be solved. 61 

OVT, a member of transferrins with a isoelectric point (pI) of 6.0, accounts for 62 

about 13% of total protein in chicken egg white and possesses a capability to reversibly 63 

bind two Fe
3+

 ions concomitantly with one bicarbonate anion [8,9].
 
Due to its ability to 64 

bind and sequester iron (Fe
3+

) which is essential for the growth of many microorganisms 65 

such as Escherichia coli, OVT owes strong antimicrobial activity similar to serum 66 

transferrin [10,11]. Therefore OVT could be used as food additive in function food, 67 

dairy productions or other meat product owe to its excellent antimicrobial activity and 68 

promotion in iron adsorption. 69 

Up to date many procedures to separate OVT had been developed, mainly on a 70 

laboratory scale. Traditional ways such as ammonium sulfate precipitation or 71 

ultrafiltration were used in the preparation of OVT from chicken egg white, but the 72 

purity of protein isolated was particularly low and the protein was even partly 73 

degenerated [12]. Afterwards, chromatography was explored to solve the existing 74 

problems. Although the protein was prevented from being degenerated and the purity 75 

got improved by chromatography, these methods were all laboratory studies and 76 

could not be scaled up, additionally the recovery of OVT was low [13]. To solve the 77 

problems above, functionalized Fe3O4@SiO2-NH2 magnetic nanoparticles with 78 

magnetically responsive core and functionalized groups were firstly introduced in 79 

the separation of OVT from egg white. 80 

To prepare appropriate functional magnetic nanoparticles for separation of 81 

OVT from chicken egg white, modified chemical co-precipitation method was used 82 

for preparing magnetic Fe3O4 core, then silica shell was coated on the magnetic core 83 

in alkaline solution according to the Stober method [2,14], finally the particles were 84 
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modified with 3-Aminopropyl trimethoxysilane (APTMS) to introduce amine groups 85 

by sol-gel co-condensation method. The size, pI, functional groups, magnetic 86 

properties and morphology of the particles were studied. Then Fe3O4@SiO2-NH2 87 

nanoparticles were used for purifying OVT from egg white and effects of medium pH 88 

and temperature on the maximum protein adsorbing onto the surface of nanoparticles 89 

were studied. In addition, the purity of the eluted protein was assessed by sodium 90 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and the ability of 91 

combining Fe
3+

 ion was evaluated by ultraviolet adsorption of protein and ferric 92 

chloride mixed solution. Finally the repeatability of Fe3O4@SiO2-NH2 nanoparticles 93 

in the repeated adsorption-desorption experiments was studied. 94 

2. Experiment 95 

2.1. Materials 96 

Iron (III) chloride hexahydrate (FeCl3·6H2O), iron (II) sulfate heptahydrate 97 

(FeSO4·7H2O), 25% ammonia solution (NH3·H2O), ethanol (C2H5OH), tetraethyl 98 

orthosilicate (TEOS), APTMS were of analytical reagent grade and used without 99 

further purification. Fresh chicken eggs were purchased from local supermarket. 100 

Highly pure water with an electrical resistivity of 18.2 MΩ·cm
-1

 was used through all 101 

the experiment. 102 

2.2. Synthesis of Fe3O4@SiO2-NH2 nanoparticles  103 

Firstly, 0.8 g FeSO4·7H2O and 0.9 g FeCl3·6H2O were dissolved in mixed 104 

solution of water (200 mL) and ethanol (40 mL) under the condition of vigorously 105 

stirring. After reacting for 30 minutes NH3·H2O (15 mL) was added to the solution 106 

slowly as precipitating agent. Another 15 min was needed for the reaction once the 107 

color of the mixed solution turned black. The obtained Fe3O4 magnetic nanoparticles 108 

were washed several times with water and then dried in vacuum for further use. 109 

Secondly, 80 mg magnetic nanoparticles were dispersed in mixed solution of 110 

water (10 mL) and ethanol (150 mL) by ultrasonic for 30minutes. Then NH3·H2O (3 111 

mL) and TEOS (2 mL) were added into the system and the pre-hydrolysis of TEOS 112 
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would last for 4 h under vigorously stirring at 30
o
C.  113 

Finally, the reaction performed another 4h prior to the addition of APTMS. 114 

Afterward the precipitate was collected, washed several times, dried in vacuum and 115 

reserved for next step. The whole reaction (as scheme 1 showed) was performed 116 

under nitrogen atmosphere. 117 

2.3. Characterization of Fe3O4@SiO2-NH2 nanoparticles  118 

Fourier Transform Infrared (FTIR, Nicolet iS10, Thermo Scientific Corporation) 119 

was used to determine the chemical functionalities on the surface of 120 

Fe3O4@SiO2-NH2 nanoparticles. The samples were mixed with potassium bromide 121 

(KBr) powder and then the mixtures were made into pellet under high pressure. The 122 

sample pellet were scanned from 4000 to 400 cm
-1

. Pure KBr acted as blank. The sizes 123 

of modified nanoparticles in different pH environments were measured in order to 124 

assess the stability. Each measurement was performed for three times. Besides the 125 

zeta potential of the nanoparticles vs. pH adjusted by HCl (0.5 M) and NaOH (0.5 M) 126 

was measured by Zeta-sizer Nano Series (Nano-ZS, Malvern Instruments Ltd., UK) 127 

to evaluate the pI of the nanoparticles. 10 runs with 15 cycles per run were applied. 128 

The pH value at which the Zeta potential was 0 mV was the pI. In addition, the effect 129 

of APTMS dosage on pI of the particles was studied. Particles size, morphology and 130 

structure of Fe3O4@SiO2-NH2 were evaluated using JEOL JEM-2010 (HT) TEM 131 

operated at 200 kV, (TEM). For the TEM investigations, the samples were dissolved 132 

in ethanol and deposited by placing two drops of nanoparticle suspension onto a 133 

carbon-covered copper-grids, followed by drying at room temperature. The X-ray 134 

diffraction (XRD) patterns of magnetite nanoparticles were collected by XRD 135 

measurements using CuKα radiation (=1.5406˚A) at 40 kV/40 mA on a Shimadzu 136 

1001/SC diffractometer, in the Bragg-Bretano geometry in the 2θ range of 20-80˚ 137 

(scan speed 4 deg./min, preset time 0.6 s and step 0.02 deg.). The concentration of 138 

iron oxide in the functionalized MNPs was investigated by thermo-gravimetric 139 

analysis (Q50, TA Instruments, USA) under Nitrogen atmosphere at a heating rate of 140 
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25 °C/min. 141 

2.4. OVT purification from egg white 142 

Chicken egg white was diluted with 2 volumes of distilled water after separated 143 

from fresh eggs, then the mixture was adjusted to pH 4.5 with HCl (0.05 M). 144 

Afterward the solution was kept 4
o
C for 1h to precipitate ovomucin. Finally the 145 

solution was centrifuged at 4
o
C at 8000 rpm for 30 min. The albumen buffer solution 146 

was gotten by mix the supernatant fluid and 2 volumes phosphate buffer. 147 

10 mg of Fe3O4@SiO2-NH2 nanoparticles and 10 mL of albumen buffer solution 148 

(pH 6.8, 7.0, 7.2, 7.4, 7.6, 7.8, 8.0) were mixed in a conical flask (50 mL), afterward 149 

the mixture was shaken in a thermostated shaker (30
o
C, 180 rpm) for certain time, 150 

respectively. The particles-proteins were separated under magnetic field and washed 151 

several times with distilled water. Finally the protein was eluted from the 152 

nanoparticles with phosphate buffer (pH 5.0). At the end of desorption separated the 153 

particles and collected the supernatant. The manipulation demonstration was 154 

displayed in scheme 2. The concentration of supernatant solution was calculated 155 

according to the absorbency at 465 nm by ultraviolet spectrophotometer. Each 156 

measurement was performed for three times for reliable data. Effects of the medium 157 

pH and temperature on the adsorbing process were studied. 158 

The amount of OVT that was adsorbed onto the particles was calculated as 159 

Q=
��������

	
                                       (1) 160 

Where Q was the amount of OVT adsorbed on the particles (mg/g), V was the volume 161 

of OVT buffer solution (mL), C1 and C2 were the concentrations of OVT in the initial 162 

egg white solution and in the supernatant after adsorption (mg/mL), respectively, m 163 

was the mass of Fe3O4@SiO2-NH2 nanoparticles used in this adsorption experiment 164 

(g). All data used in this equation were averages of duplicated experiments. 165 

2.5. Studies on the eluted protein 166 

SDS-PAGE with 10% separating gel and 5% stacking gel was conducted to 167 

examine the purity of the eluted protein solution. SDS-protein samples were heated at 168 

Page 6 of 34RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

7 

95
o
C for 4 min. Afterward the samples were subjected to electrophoresis at 80 V 169 

(until the bromophenol blue bland pass the stacking gel) and 120 V (until the 170 

bromophenol blue bland pass the separating gel) per gel. After electrophoresis, the gel 171 

was stained with 0.2 g/L Coomassie Brilliant Blue R-250 for 1h and destained with 50 172 

mL/L ethanol and 100 mL/L acetic acid. Molecular weight markers (Sigma Chemical 173 

Co.) were used to estimate the molecular weight of proteins. 174 

The recovery of separated OVT from egg white was calculated following the 175 

equation below: 176 

R =
V1·c1

V0·ρ·c0

                                            (2) 177 

Where R was the recovery of OVT from egg white (%), V0 and V1 were the volume of 178 

egg white and eluted protein solution (mL), respectively, ρ was the density of egg white 179 

(g/mL), C0 was the content of OVT in egg white (%), C1 was the concentration of eluted 180 

protein solution (g/mL). All data used in this equation were averages of duplicated 181 

experiments. 182 

The iron-binding ability of OVT was studied according to Graham and Bates 183 

[13].
 
Firstly, certain OVT was dissolved in 0.02M Tris-HCl buffer containing little 184 

NaHCO3 and NaCl which contributed to the binding between OVT and iron. Then the 185 

OVT solution and FeCl3 solution were mixed with different ratio of iron and OVT at 186 

room temperature. After reacting for 10 mins, differences of the solutions in 187 

absorbency at 465 nm were measured by ultraviolet spectrophotometer. 188 

2.6. Repeatability of Fe3O4@SiO2-NH2 nanoparticles in the repeated adsorption- 189 

desorption experiments 190 

The adsorption and desorption cycles were repeated thirty times using the same 191 

batch of Fe3O4@SiO2-NH2 nanoparticles to determine the reusability of the materials. 192 

After adsorption and desorption the Fe3O4@SiO2-NH2 nanoparticles were separated, 193 

collected and washed with deionized water for three times. Repeated the adsorption 194 

and desorption experiment and calculated the maximum adsorption of OVT onto the 195 

surface of Fe3O4@SiO2-NH2 nanoparticles every five times and weight loss of 196 
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Fe3O4@SiO2-NH2 nanoparticles before and after separation. 197 

3. Results and discussion  198 

3.1. Properties of Fe3O4@SiO2-NH2 nanoparticles 199 

The silica shell on the surface of Fe3O4@SiO2-NH2 nanoparticles not only 200 

protected the magnetic cores against aggregating, but also made it easy to introduce 201 

new functional groups [15]. In this study, properties of both Fe3O4@SiO2-NH2 202 

nanoparticles and naked magnetic Fe3O4 nanoparticles were studied. 203 

FTIR spectra of Fe3O4@SiO2-NH2 nanoparticles and naked magnetic Fe3O4 204 

nanoparticles were performed to confirm the existing of silica shell and terminal 205 

amino (Fig. 1). The characteristic peak corresponding to the stretching vibration of 206 

Fe-O bond was shifted to lower wavenumbers of 585 cm
-1

 after decorating compared 207 

to that of 595 cm
-1

, suggesting that Fe3O4 was influenced by Si-O of the silica shell. 208 

As Yang [16] reported, the peak corresponding to the stretching vibration of Fe-O 209 

bond was shifted to 701 cm
-1 

from 570 cm
-1

 after decorated graphene oxide due to the 210 

effect of -COO
− 

on the graphene oxide surface. In comparison with the curve of pure 211 

Fe3O4, the sharp peak at 1090 cm
-1

 was assigned to the Si-O-Si asymmetric stretching 212 

vibration which indicated the formation of silica shell on the surface of Fe3O4. The 213 

broad characteristic band around 3400 cm
-1

, which corresponded to -NH stretching 214 

modes, was also related to the bonded APTMS molecule. In addition, the typical peak 215 

at 1610 cm
-1

 was also attributed to amino groups, indicating that there was terminal 216 

-NH2 on the surface of particles after decorating. The peak at 835 cm
-1

 could be 217 

assigned to the bending vibration of C-H from APTMS. That was to say, APTMS was 218 

successfully introduced onto the surface of Fe3O4@SiO2 particles.  219 

Stability was a crucial requirement for almost any application of magnetic 220 

nanoparticles. Diameter was generally used as an index to assess the stability of 221 

nanoparticles. The average diameter of Fe3O4@SiO2-NH2 nanoparticles was about 222 

220.1nm at the pH of 7.0 as the results revealed (Fig. 2). The medium pH did not 223 

exert an effect on the diameter apparently according to the results. The reason was 224 

Page 8 of 34RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

9 

thought to be the silica shell, which effectively prevented the agglomerating 225 

between Fe3O4 cores. Such small magnetic nanoparticles tended to form 226 

agglomerates to reduce the energy associated with the high surface area to volume 227 

ratio of the nanoparticles. Moreover, naked metallic nanoparticles were chemically 228 

highly active and easily oxidized in air, resulting generally in loss of magnetism and 229 

dispersibility [17]. Thus a silica layer, which is impenetrable so that oxygen can not 230 

reach the surface of the magnetic particles, is necessary to improve the stability of 231 

the naked magnetic nanoparticles against oxidation and acid erosion during or after 232 

the synthesis. Besides, it is noteworthy that in many cases the silica protecting shell 233 

not only stabilize the nanoparticles, but can also be used for further functionalization. 234 

In addition, no matter in acid or alkaline solution the modified nanoparticles 235 

displayed narrow size distributions as the average particle dispersion index (PDI) 236 

was 0.3334, displayed in Tab. 1. The distribution of particles sizes was also one of 237 

the parameters influencing the magnetic properties. Since the distribution of the 238 

blocking temperatures depended on the particle sizes, a narrow particle size 239 

distribution will resulted in a narrow range of blocking temperatures and therefore 240 

ideal magnetic behavior for many applications. 241 

Electrokinetic properties and zeta potential of modified nanoparticles exerted an 242 

important effect on the application of magnetic nanoparticles. The zeta potential not 243 

only characterized the stability of the electrostatically stabilised dispersion, namely a 244 

high zeta potential (positive or negative) implies stable systems [15], but also 245 

revealed the pI (the pH value at which the zeta potential equal zero) of the functional 246 

nanoparticles. The pI of unmodified Fe3O4 magnetic nanoparticles was about 5.0 247 

while Fe3O4@SiO2-NH2 nanoparticles was about 9.25 according to Fig. 3. The pI was 248 

significantly depended on the functional groups on its surface. At high density of H
+
 249 

ions the formation of NH
3+ 

groups was induced on the surface of Fe3O4@SiO2-NH2 250 

nanoparticles, which led to the positive charge on the surface of the modified particles. 251 

While in alkaline solution, situation was contrast. Due to the strong ability of 252 
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combining H
+
, Fe3O4@SiO2-NH2 nanoparticles had a higher pI than Fe3O4 magnetic 253 

nanoparticles. 254 

Effect of APTMS dosage on the zeta potential of Fe3O4@SiO2-NH2 255 

nanoparticles was not negligible as displayed in Fig. 4. It could be concluded from the 256 

curves that once increasing the addition of APTMS would lead to the shifting of 257 

electrokinetic curve towards higher pH. With the increase of APTMS amount in the 258 

range of 0-0.05 mL the pI of Fe3O4@SiO2-NH2 particles was gradually increased. It 259 

was attributed to the condensation polymerization of APTMS onto the surface of 260 

nanoparticles, and due to the increase of APTMS dosage more terminal amino groups 261 

generated. Hence the pI tended to be higher along with the increase in the amount of 262 

APTMS. When the dosage of APTMS reached 0.05 mL increasing the addition of 263 

APTMS did not exert an influence on the pI of nanoparticles greatly. This might be 264 

contributed to the self-condensation reaction of APTMS instead of condensation 265 

polymerization onto the surface of particles when the concentration of APTMS got 266 

higher. Therefore the amount of amino groups on the surface of particles would not 267 

increase substantially when increased the dosage of APTMS. 268 

The morphologies and diameters of the nanoparticles of Fe3O4 and 269 

Fe3O4@SiO2-NH2 nanoparticles were learned by TEM analysis as shown in Fig. 5. It 270 

could be observed that both naked Fe3O4 and Fe3O4@SiO2-NH2 nanoparticles were 271 

nearly spherical and got smooth surface. The mean diameter of Fe3O4@SiO2-NH2 272 

nanoparticles was 261.3 nm and the result was not fully consistent with the result 273 

according to DLS. The main reason might be that the solvent did exert a significant 274 

impact on the sizes of the samples since the samples were dispersed in ethanol during 275 

TEM analysis while in water during DLS analysis. Besides it was noticeable that the 276 

mean diameters of the nanoparticles increased from 18.3 nm to 261.3 nm after 277 

decorated by TEOS and APTMS. It was caused by the silica shell and amino groups 278 

on the surface of the Fe3O4 core. It could be clearly observed that there was a thin 279 

layer of 40.2 nm enwrapped on the surface of Fe3O4 magnetic core. Moreover, the 280 
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magnetic core was thought to be composed of several naked Fe3O4 nanoparticles. As a 281 

result, the mean diameter of Fe3O4@SiO2-NH2 nanoparticles was far larger than those 282 

of naked Fe3O4 nanoparticles. In addition, the Fe3O4@SiO2-NH2 nanoparticles 283 

displayed satisfactory uniformity and dispersibility. 284 

The XRD measurements were performed with the dried powder samples of 285 

naked Fe3O4 and Fe3O4@SiO2-NH2 nanoparticles to identify the crystal phases. As 286 

showed in Fig. 6, all the peak positions at 30.1 (200), 35.4 (311), 43.0 (400), 53.7 287 

(422), 57.2 (511), and 62.4 (440) were consistent with the standard X-ray data for 288 

Fe3O4 magnetite phase (JCPDS no. 19-0629) [18]. There was a decrease of peak 289 

intensity after modifying, which was attributed to the silica shell enwrapped on the 290 

surface of the particles. In addition, no additional peaks for other phases were 291 

detected, indicating that no redundant reaction had occurred between the core and 292 

shell. 293 

TGA analyses were usually used to determine the content of functional groups 294 

and magnetic content of the particles. According to Fig. 7, the TGA curve of naked 295 

Fe3O4 nanoparticles showed a weight loss of 5.05% from 25
o
C to 900

o
C.While the 296 

Fe3O4@SiO2-NH2 nanoparticles showed a weight loss of 12.76%. The reason was 297 

possibly that compared with naked Fe3O4 nanoparticles there were release of 298 

hydroxyl ions and decomposition of aminopropyl groups on the Fe3O4@SiO2-NH2 299 

nanoparticles except water thermo-desorption. It was also confirmed that the Fe3O4 300 

nanoparticles was successfully decorated by TEOS and APTMS. In addition, it could 301 

be easily concluded that the magnetic content of Fe3O4@SiO2-NH2 nanoparticles was 302 

8.12% less than that of naked Fe3O4 nanoparticles. Although the silica shell and 303 

functional groups might reduce the magnetic content and magnetic properties of the 304 

naked Fe3O4 nanoparticles slightly, the Fe3O4@SiO2-NH2 still showed good 305 

magnetization, which suggested their suitability for magnetic targeting and separation. 306 

As the inset in Fig. 7 showed that the Fe3O4@SiO2-NH2 nanoparticles could be 307 

attracted quickly by an external magnet and it confirmed the desirable magnetic 308 
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properties of the nanoparticles. Besides it was noticeable that the nanoparticles 309 

showed excellent dispersibility as the nanoparticles dispersed again in aqueous 310 

solution rapidly once the external magnetic field was removed. Therefore the 311 

Fe3O4@SiO2-NH2 nanoparticles presented excellent magnetic properties and had 312 

desirable potential application as recyclable nanomaterials. 313 

3.2. Separation of OVT from egg white  314 

The adsorption isotherms of OVT on the Fe3O4@SiO2-NH2 nanoparticles were 315 

showed in Fig. 8. The adsorption equilibrium of OVT on the Fe3O4@SiO2-NH2 316 

nanoparticles fitted well with Langmuir model, at the beginning of adsorption, the 317 

adsorption amount of protein increased rapidly within 20 min and then reached the 318 

maximum value at about 40 min. The rate of adsorption significantly increased with 319 

the raise of temperature at the beginning of adsorption. The reason was that once 320 

elevating the temperature the Brownian movement would get violent and the risk of 321 

collision between protein and particles also got increasing as a result. Moreover, the 322 

maximum adsorption capacity of the particles for OVT increased from 54.5 mg/g to 323 

77.2 mg/g with increasing temperature from 20
o
C to 40

o
C. This could be attributed to 324 

the strengthening of chemical interaction between the particles and the OVT 325 

molecules once the temperature increased. So a higher temperature was favorable to 326 

adsorption, but raising the temperature did have its defect, the OVT in egg white 327 

could not bear high temperature and might get degenerated. 328 

As the adsorption of OVT onto the surface of particles was highly sensitive to 329 

environmental solution’s pH, effect of the medium pH on the maximum adsorption of 330 

OVT onto nanoparticles was studied (Fig. 9). The maximum adsorption reached 77.2 331 

mg/g at pH 7.4, and the adsorption would decrease when the pH was greater or less 332 

than 7.4. It was known that OVT had a pI of 6.1 [19], therefore the pH value of the 333 

aqueous solution had a great influence on the surface electric potential of OVT. The 334 

protein was negatively charged at pH > 6.0 and positively charged at pH < 6.0. 335 

Meanwhile the pI of Fe3O4@SiO2-NH2 nanoparticles was measured to be 9.25 and 336 
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hence the particles were negatively charged at pH > 9.25 and positively charged at pH 337 

< 9.25. Nanoparticles with positive charge would adsorb protein with negative charge 338 

by electrostatic interaction when the pH value was between the isoelectric points of 339 

protein and nanoparticles. The more charge the protein and particles carried, the 340 

stronger the electrostatic interaction was, consequently the larger the maximum 341 

adsorption was. 342 

The recovery of OVT separated from egg white was calculated according to 343 

formula (2). The		ρ of egg white is 1.10 g/mL on the basis of the experiment. As 344 

Gustavo Martos [20] revealed egg protein content was approximately 10% in egg 345 

white and OVT accounted for 13% in the whole egg white proteins [21]. According 346 

to the measurement, c1 was calculated to be 12.1×10
-3

 g/mL based on standard curve, 347 

V0 and V1 were 1mL and 10 mL. Therefore Q=84.62%. That was to say, 84.62% of 348 

OVT in egg white was extracted in this experiment. In comparison with the recovery 349 

of 78% reported by C. Gue´rin-Dubiard [22], we could conclude that it was difficult to 350 

get high recovery of OVT from egg white by ion-exchange chromatography due to 351 

the gap between medium pH and OVT pI. 352 

3.3. Quality of eluted protein 353 

The purity of eluted OVT was determined by SDS-PAGE electrophoresis. Four 354 

major proteins: OVT, lysozyme, ovalbumin and ovoinhibitor were detected in the egg 355 

white solution according to Fig. 10. The eluted OVT had high purity after adsorption 356 

and desorption by Fe3O4@SiO2-NH2 nanoparticles since only one band, a molecular 357 

weight of about 78 KDa, was detected by SDS-PAGE. According to the results, it was 358 

also verified that pH of the adsorption solution did exert a great effect on the 359 

maximum adsorption of proteins onto the surface of nanoparticles. It was noteworthy 360 

that the electrophoretic band was darker and wider than the other when the pH of 361 

chicken egg white equal to 7.4, which means the best pH of adsorption of OVT from 362 

chicken egg white was 7.4. Most of the eluted OVT was proved to be apo-OVT as 363 

revealed by Fig. 11. Adding FeCl3 to OVT solution led to the formation of holo-OVT 364 
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which was a pink iron-OVT complex [23] and had maximum adsorption peaks at 465 365 

nm. There was a linear relationship between absorbency and the molar ratio of 366 

iron/OVT until the molar ratio reached the maximum iron-binding rate. It could be 367 

concluded that the maximum iron-binding rate was 1.7 instead of a theoretical 368 

maximal binding rate of 2 [24]. The reason might be that original OVT in egg white 369 

was not total iron-unsaturated. That was to say, separated OVT which owned a high 370 

capacity to combine with iron maintained mostly original functional performance. 371 

3.4. Repeatability of Fe3O4@SiO2-NH2 nanoparticles 372 

Repeatability was a crucial index of the magnetic adsorbent used in affinity 373 

separation. To evaluate the repeatability of Fe3O4@SiO2-NH2 nanoparticles, 374 

repeated adsorption-desorption experiments were performed for thirty times using 375 

the same batch of Fe3O4@SiO2-NH2 nanoparticles for OVT separation. The 376 

maximum adsorption of OVT onto the surface of Fe3O4@SiO2-NH2 nanoparticles 377 

was measured every five times. According to Fig. 12, after thirty times of uses, there 378 

was only a bit of loss in the adsorption capacity of Fe3O4@SiO2-NH2 nanoparticles 379 

and the maximum adsorption of OVT still remained more than 70 mg/g, which 380 

indicated that the nanoparticles were very stable after repeated uses and owned well 381 

repeatability. Thus Fe3O4@SiO2-NH2 nanoparticles could be used as affinity 382 

materials in the separation of OVT due to their high adsorption capacity and 383 

satisfactory repeatability. 384 

The recovery of nanoparticles in the repeated adsorption-desorption experiments 385 

was also one of the most important index of the repeatability. Here the recovery of 386 

nanoparticles was investigated by measuring the weight of the nanoparticles after 387 

every five cycles. According to Fig. 13, there was always a weight loss of the 388 

nanoparticles after every adsorption-desorption cycles. The reason was likely to be 389 

that the decrease of magnetic content and mangnetic responsiveness of 390 

Fe3O4@SiO2-NH2 nanoparticles once it completed the binding of OVT would lead to 391 

the loss slightly during the washing and recycling of nanoparticles. The recovery of 392 
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Fe3O4@SiO2-NH2 nanoparticles decreased from 10 mg to 7.03 mg after thirty-times 393 

repeated adsorption- desorption experiments. It could be concluded that it was the 394 

benign magnetic properties of modified nanoparticles that contributed to the 395 

satisfactory recovery. Hence the combination of benign magnetic properties, the high 396 

adsorption capacity of binding OVT on the surface of the nanoparticles, and good 397 

repeatability of the nanoparticles in repeated adsorption-desorption experiments 398 

suggested that the Fe3O4@SiO2-NH2 nanoparticles were ideal candidates of 399 

magnetically targeted protein carrier. 400 

4. Conclusions 401 

Well-dispersed Fe3O4@SiO2-NH2 magnetic nanoparticles with benign stability, 402 

satisfactory magnetic responsiveness and high adsorption capacity for OVT were 403 

synthesized by a mild and time-saving method. The decorated nanoparticles with 404 

uniform core-shell structure showed excellent stability and dispersibility both in acid 405 

and alkaline solution. Satisfactory magnetic responsiveness made it easy and rapid to 406 

separate OVT by the nanoparticles. It turned out that the Fe3O4@SiO2-NH2 407 

nanoparticles were qualified to separate OVT from egg white and displayed a high 408 

adsorption loading. The OVT separated by the nanoparticles showed satisfactory purity 409 

and good activity. In addition, the nanoparticles showed desirable repeatability in 410 

repeated adsorption-desorption experiments. Hence Fe3O4@SiO2-NH2 nanoparticles 411 

were ideal candidates of magnetically targeted protein carrier for separating OVT from 412 

chicken egg white due to the huge advantages of easy separation, good separating effect, 413 

and satisfactory repeatability.  414 
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Fig. 1. FTIR spectrums of Fe3O4@SiO2-NH2 nanoparticles and Fe3O4 nanoparticles. 

The samples were mixed with KBr powder and then made into pellet under high 

pressure. The sample pellet were scanned from 4000 to 400 cm
-1

. Pure KBr acted as 

blank. 
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Fig. 2. Size distributions of Fe3O4@SiO2-NH2 nanoparticles in different medium (pH 

4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0). 
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Fig. 3. Zeta potential of Fe3O4 nanoparticles and Fe3O4@SiO2-NH2 particles. 
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Fig. 4. Effect of APTMS dosage on the zeta potential of Fe3O4@SiO2-NH2 

nanoparticles. 
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Fig. 5. TEM images of naked Fe3O4 nanoparticles (A and B) and Fe3O4@SiO2-NH2 

nanoparticles (C and D). 
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Fig. 6. XRD patterns of naked Fe3O4 nanoparticles and Fe3O4@SiO2-NH2 

nanoparticles. 
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Fig. 7. TGA curves of naked Fe3O4 nanoparticles and Fe3O4@SiO2-NH2 

nanoparticles. 
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Fig. 8. Effect of temperature on OVT adsorption onto Fe3O4@SiO2-NH2 nanoparticles; 

pH 7.4. 
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Fig. 9. Effect of pH on the maximum adsorption of OVT onto Fe3O4@SiO2-NH2 

nanoparticles; temperature: 30
o
C. 
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Fig. 10. SDS-PAGE analysis of the eluted protein solution: lane 1, biomarker (sigma), 

lane 2, natural chicken egg white solution after pretreatment, lanes 3-8, target protein 

solution adsorbed by Fe3O4@SiO2-NH2 nanoparticles at different pH (6.8, 7.0, 7.2, 

7.4, 7.6, 7.8 from left to right). 
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Fig. 11. Saturation curve by iron on OVT. 
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Fig. 12. Maximum adsorption of OVT on Fe3O4@SiO2-NH2 nanoparticles after 

repeated for certain times. 
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Fig. 13. The recovery of Fe3O4@SiO2-NH2 nanoparticles in the repeated 

adsorption-desorption experiments. 
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Tab. 1. Mean diameters and pDI of Fe3O4@SiO2-NH2 nanoparticles in different 

medium (pH 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0).  

 

pH 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

Mean size (nm) 
204.2 201.8 210.6 220.1 205.3 212.4 215.6 

pDI 
0.322 0.33 0.348 0.333 0.3 0.347 0.354 

pH 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

Mean size (nm) 204.2 201.8 210.6 220.1 205.3 212.4 215.6 

pDI 0.322 0.33 0.348 0.333 0.3 0.347 0.354 
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Scheme 1. Illustration of the synthesis process of Fe3O4@SiO2-NH2 nanoparticles. 
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Scheme 2. Demonstration of magnetic manipulation of separation process using the 

nanoparticles. 
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Synthesis, characterization, and application of Fe3O4@SiO2-NH2 

nanoparticles 
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Synthesis of Fe3O4@SiO2-NH2 nanoparticles by a mild and time-saving method and 

the application in separation of ovotransferrin were studied.  
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