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Fabrication and Size-Selective Bioseparation of Magnetic Silica
Nanospheres with Highly Ordered Periodic Mesostructure**
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Xiaolin Wang, Zhengping Hao, and Gao Qing Lu*
In this paper, we report a novel synthesis and selective bioseparation of the composite of Fe3O4 magnetic nanocrystals and highly

ordered MCM-41 type periodic mesoporous silica nanospheres. Monodisperse superparamagnetic Fe3O4 nanocrystals were

synthesized by thermal decomposition of iron stearate in diol in an autoclave at low temperature. The synthesized nanocrystals

were encapsulated in mesoporous silica nanospheres through the packing and self-assembly of composite nanocrystal–surfactant

micelles and surfactant/silica complex. Different from previous studies, the produced magnetic silica nanospheres (MSNs)

possess not only uniform nanosize (90� 140 nm) but also a highly ordered mesostructure. More importantly, the pore size and the

saturation magnetization values can be controlled by using different alkyltrimethylammonium bromide surfactants and changing

the amount of Fe3O4 magnetic nanocrystals encapsulated, respectively. Binary adsorption and desorption of proteins cytochrome

c (cyt c) and bovine serum albumin (BSA) demonstrate that MSNs are an effective and highly selective adsorbent for proteins

with different molecular sizes. Small particle size, high surface area, narrow pore size distribution, and straight pores of MSNs are

responsible for the high selective adsorption capacity and fast adsorption rates. High magnetization values and superpar-

amagnetic property of MSNs provide a convenient means to remove nanoparticles from solution and make the re-dispersion in

solution quick following the withdrawal of an external magnetic field.
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1. Introduction

Ordered mesoporous silicas with large surface area and

porosity, narrow pore size distribution, controlled morphology,

and high thermal and hydrothermal stabilities have been

extensively investigated due to their wide potential applica-

tions.[1–8] They are considered to be ideal protein and peptide

hosts due to their high adsorption capacity, good dispersibility

in aqueous solution, and good compatibility with the sur-

rounding environment.[9–16] Such porous materials with tunable

pore sizes have been demonstrated to be effective size-selective

adsorbents of protein or peptide with different molecular weights

based on the size-exclusion mechanism.[10,17–23]

For many applications, mesoporous silica spheres with small

particle sizes are advantageous from the view of adsorption

equilibrium and kinetics. However, it is quite troublesome to

separate small particles from liquid. Therefore, magnetic

particles have the advantage as they can be conveniently

separated from aqueous phase by applying an external mag-

netic field. Thus, a combination of porous materials and magnetic

nanoparticles may be an effective media for separation and has

attracted wide attention in recent years.[14,24–29] However,

dispersing magnetic nanoparticles in the pores of mesoporous

silicas could result in the blocking of pores, lowering surface

area, small pore volume, and the distortion of pore

structure.[11,24,25,30] In Schuth group’s work, magnetic meso-

porous silica with an unobstructed pore system was fabricated

by grafting magnetic nanocrystals on the outer surface of SBA-
GmbH & Co. KGaA, Weinheim 3203
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15.[31] The composites had an irregular shape and size though

they could respond to magnetic field well. Uniform magnetic

silica nanospheres (MSNs) with a diameter of 270 nm were

prepared by a sol–gel processing of silica on hematite particles

followed by H2 reduction.[32] The material had a high

magnetization value, but its ferromagnetic property may limit

its practical application in some areas. Recently, monodisperse

magnetic nanocrystals embedded into the unsymmetrical

ordered mesoporous silica spheres with particles size of

around 150 nm were reported.[33] The superparamagnetic

characteristics of nanocomposites is advantageous for biose-

paration and targeted drug delivery. However, the saturation

magnetization values were very low (<2.0 emu g�1) because

few magnetic nanocrystals were encapsulated in the silica

particles. More recently, Hyeon and coworkers reported a

novel synthesis method for uniform magnetic mesoporous

silica spheres with superparamagnetic characteristics.[34] But

yet again, low saturation magnetization values and randomly

aligned mesochannels (disordered mesostructure) did not

benefit the potential selective bioseparations. Therefore, it is

highly desirable and significant to prepare uniform MSNs with

a highly ordered mesostructure, high magnetization value,

superparamagnetism, and tuneable pore size for size-selective

bioseparation applications.

For the synthesis of MSNs, the preparation of monodisperse

magnetic nanocrystals itself is one of the important issues.

During the last few years, many researchers have described

efficient synthetic routes to prepare shape-controlled, highly

stable, and monodisperse magnetic nanoparticles. Several

popular methods including co-precipitation,[35–37] micelle

synthesis,[38–40] hydrothermal synthesis,[41,42] and thermal

decomposition and/or reduction,[43–45] have been applied at

the synthesis of magnetic nanoparticles. Co-precipitation is the

simplest method for the synthesis of monodisperse nano-

particles. However, the shape control is very difficult with this

method. The microemulsion method can be used to synthesize

monodispersed nanoparticles with various morphologies.

However, this method requires a large amount of solvent.

Hydrothermal synthesis produces high-quality nanoparticles,

but the yield is very low. Thermal decomposition method has

been widely used due to the good performance in size and

morphology control of the nanoparticles. However, high

temperatures (over 300 8C), costly and toxic starting materials

are disadvantages of this method.

Herein, we firstly report a novel synthesis of monodisperse

superparamagnetic nanocrystals by low temperature (250 8C)

thermal decomposition of iron stearate in diol in an autoclave.

Using an autoclave and a relatively cheap iron stearate

precursor avoids a preparation process of precursor[43] and

provides advantages of improved safety, convenience, and

savings of time and costs. Then, using these nanocrystals, we

successfully synthesized the MSNs with a highly ordered

mesostructure. Different from previous studies, the produced

MSNs possess not only uniform nanosize (90� 140 nm) but

also highly ordered mesostructure. More importantly, the pore

size and the saturation magnetization values are tunable.
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
Monodispersion, small particle size, narrow pore size distribu-

tion, high surface area, large pore volume, and superpara-

magnetic characteristics may make these MSNs useful in drug

delivery, bioseparation, and catalysis. To investigate their

applications as a size-selective bioseparation matrix, we

selected a mixture of binary proteins with varying size and

molecular weight, cytochrome c (cyt c) and bovine serum

albumin (BSA), as model proteins. By studying their adsorp-

tion on MSNs, we demonstrated that our MSNs can be used

effectively for the size-selective separation of biomolecules

with different sizes.
2. Results and Discussion

2.1. Superparamagnetic Nanocrystals

Monodisperse Fe3O4 nanocrystals were prepared by

thermal decomposition of iron stearic acid at low temperature

(250 8C) in an autoclave. As-prepared stearic acid ligand-capped

Fe3O4 nanocrystals were dispersed in nonpolar chloroform

solvent. Transmission electron microscope (TEM), High

resolution TEM (HRTEM, inset) images, powder X-ray

diffraction (XRD) pattern, and the field-dependent magneti-

zation curve at 300 K of Fe3O4 nanoparticles are shown in

Figure 1. The TEM image displays the highly uniform

characteristics of the nanocrystals of 6 nm in diameter.

HRTEM image reveals the highly crystalline nature of the

nanocrystals with the Fd3m space group. Powder XRD pattern

of a typical sample matches very well with the Fe3O4 data from

JCPDS database (file 19-629). The field-dependent magnetiza-

tion curve measured at 300 K shows no hysteresis loop, which is

a characteristic of a typical superparamagnetic material. The

saturation magnetization value is about 40.6 emu g�1.

Monodisperse magnetic nanocrystals can be synthesized by

the thermal decomposition of organometallic compounds in

high-boiling organic solvents containing stabilizing surfac-

tants.[43–45] Compared with the prior art,[43] the reaction in our

work here was carried out at a lower temperature of 250 8C
(rather than over 300 8C) in a closed autoclave (rather than

open environment). The use of an autoclave for thermal

decomposition of iron stearate complex provides advantages of

improved safety and convenience. Moreover, the iron stearate

precursor is commercially available as a fairly cheap industrial

feedstock, which represents a saving of time and costs. The

superparamagnetic property of nanocrystals is vital to their

rapid re-dispersion after the applied magnetic field is removed,

which is an advantage to their application to bioseparation.
2.2. Magnetic Silica Nanospheres with Highly Ordered

Mesostructure

A typical procedure for the synthesis of magnetic nano-

crystals embedded in highly ordered periodic mesoporous

silica spheres is shown in Scheme 1. Magnetic nanocrystals
& Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 3203–3212
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Figure 1. A) TEM and HRTEM (insert) images, B) XRD pattern of mono-
disperse magnetic nanocrystals, and C) Field-dependent magnetization
curve at 300 K of Fe3O4 nanocrystals.

Scheme 1. Synthetic procedure of monodisperse superparamagnetic
silica nanospheres.
capped by hydrophobic stearic acid ligands were transferred

from chloroform into aqueous solution for being easily

embedded in silica spheres during sol–gel hydrolysis and

condensation of silica. In this study, myristyltrimethylammo-

nium bromide (C14TAB), hexadecyltrimethylammonium bro-

mide (C16TAB), or octadecyltrimethylammonium bromide
Adv. Funct. Mater. 2008, 18, 3203–3212 � 2008 WILEY-VCH Verl
(C18TAB) was utilized as a surfactant to produce the second

layer on the outer surface of magnetic nanocrystals which led

to high dispersion of nanocrystals in water.[46–48] Then, a silica

precursor tetraethoxysilane (TEOS) hydrolyzed, condensed,

and made a self-assembly with surfactant micelles to produce

surfactant/silica complexes by SþI� (S: surfactant; I: inorganic

species) pathway under basic conditions. MSNs with a highly

ordered periodic mesostructure were formed by further

packing and crystallization of silica/surfactant complexes

around surfactant-nanocrystal micelles at high temperature

(80 8C) as well as the subsequent treatment with fluxing ethanol

in order to remove surfactant templates. Pore size of MSNs was

extended by varying the carbon chain length of surfactant from

C14, C16 to C18.

Scanning electron microscope (SEM) and TEM images of

surfactant-extracted MSNs-C14-2, MSNs-C16-2, and MSNs-C18-2

samples are shown in Figure 2 (in sample MSNs-Cy-x, x

denotes the solution volume of Fe3O4 nanocrystals added in

the synthesis process and y is aliphatic hydrocarbon chain

length of surfactant). It can be seen that the sizes of MSNs are

quite uniform. The average sizes of MSNs-C14-2, MSNs-C16-2,

MSNs-C18-2 vary in a range of ca. 90–140 nm as observed from

the SEM and TEM images. TEM images show that magnetic

nanocrystals are successfully embedded in the MSNs, and the

silica matrixes of MSNs have highly ordered two-dimensional

hexagonal mesostructures.

Low angle XRD patterns of samples MSNs-C14-2,

MSNs-C16-2, and MSNs-C18-2 are shown in Figure 3A. A

high-intensity diffraction peak of (100) and three additional

well-resolved diffraction peaks of (110), (200), (210) are

observed, which can be assigned to a two-dimensional

hexagonal mesostructure (space group p6mm). This suggests

a long range ordering of the porous structure and well-formed

hexagonal pore arrays. The cell parameter ‘‘a’’ calculated from

the diffraction peaks gradually increases with an increase in

carbon chain number of surfactants from C14 to C18 (Table 1).
ag GmbH & Co. KGaA, Weinheim www.afm-journal.de 3205
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Figure 2. SEM and TEM images of MSNs with different pore sizes: MSNs-
C14-2 (a, b), MSNs-C16-2 (c, d), MSNs-C18-2 (e, f).

Figure 3. A) low angle and B) wide-angle XRD patterns of MSNs with
different pore sizes: a) MSNs-C14-2, b) MSNs-C16-2, c) MSNs-C18-2.

3206
Figure 3B shows the wide-angle XRD patterns of magnetic

nanospheres. The characteristic diffraction peaks of Fe3O4

with space group Fd3m structure are clearly observed, which is

consistent with TEM observations and further confirms the

existence of magnetic nanocrystals in MSNs.

Nitrogen sorption isotherms of the MSNs samples with

variable pore sizes in Figure 4 display typical type IV
Table 1. The structural parameters and saturation magnetization values of M

Sample name d100 [nm] a [nm] S(BET) [m2 � gS1]

MSNs-C14-1 3.90 4.50 1317.6

MSNs-C14-2 3.91 4.51 952.3

MSNs-C14-3 3.95 4.56 914.0

MSNs-C14-8 4.00 4.62 727.9

MSNs-C16-2 4.17 4.82 967.8

MSNs-C18-2 4.60 5.31 1108.1

d100: the interplanar spacing of the (100) plane. a: the lattice parameter calculat

points at relative pressure of P/P0¼ 0.05–0.25. V: pore volume, calculated by

calculated by BJH method.

www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
adsorption isotherms with type H1 hysteresis loops which

are characteristic of mesostructure with 1-D cylindrical

channels. The narrow and sharp pore size distribution curves

(inset of Fig. 4) suggest that the mesopores have very uniform

sizes. Their structural parameters and the saturation magnetiza-

tion values are summarized in Table 1. It can be seen that

MSNs-C14-2, MSNs-C16-2, and MSNs-C18-2 have high Brumauer–

Emmett–Teller (BET) surface areas (952� 1108 m2 � g�1)

and large pore volumes (0.74� 1.14 cm3 � g�1). The pore sizes

of samples MSNs-C14-2, MSNs-C16-2, and MSNs-C18-2 are 2.4,

2.8, and 3.4 nm, respectively, further indicating that the

pore sizes of MSNs can be tunable by using different

surfactants.

The saturation magnetization values of MSNs can be

tunable by varying the amount of Fe3O4 nanocrystals added

in the synthesis process. Typically, MSNs-C14-1, MSNs-C14-2,

MSNs-C14-3, and MSNs-C14-8 were prepared by adding 1, 2, 3,

and 8 mL of the as-synthesized Fe3O4 nanocrystals chloroform

solution, respectively. SEM and TEM images of samples are

shown in Figure 5 (more TEM images in Fig. S1 of Supporting

Information). TEM images suggest that the Fe3O4 nanocrystals

are well distributed in silica shells, even though much more

Fe3O4 nanocrystals are embedded. It indicates that the

surfactant and stearic acid ligands capped on the surface of

Fe3O4 nanocrystals play important roles not only in transfer-

ring nanocrystals from hydrophobic to hydrophilic properties,
SNs with different pore sizes and magnetite contents.

V [cm3 � gS1] D(BJH) [nm] Saturation magnetization

value [emu � gS1]

0.90 2.4 0.43

0.74 2.4 2.59

0.72 2.4 4.06

0.71 2.4 7.62

1.05 2.8 2.63

1.14 3.4 2.61

ed by a ¼ 2d100=
ffiffiffi

3
p

. S(BET): BET surface area calculated using experimental

the N2 amount adsorbed at the highest P/P0 (�0.99). D(BJH): pore size,

& Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 3203–3212
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Figure 4. N2 adsorption/desorption isotherms (inset: pore size distri-
bution calculated from adsorption branch) of MSNs with different
pore sizes: a) MSNs-C14-2, b) MSNs-C16-2, c) MSNs-C18-2. Isotherms
of a), b), and c) have been offset by 265, 360, and 430 cm3 g�1 along the
vertical axis for clarity, respectively.

Figure 6. A) Small angle and B) wide-angle XRD patterns of MSNs with
different magnetite values: a) MSNs-C14-1, b) MSNs-C14-2, c) MSNs-C14-3,
and d) MSNs-C14-8.
but also in protecting the aggregation of nanocrystals in the

forming process of MSNs. However, as the amount of

nanocrystals increases, the mesostructure of silica shells

gradually changes from order to disorder (Fig. 5d, inset)

because more chloroform is difficult to be evaporated from

water which disturbs the packing and self-assembly of

surfactant micelles. SEM images show that all samples are

uniform spheres and their particle sizes are around 130–
Figure 5. SEM and TEM images (inset) of MSNs with different magnetite
values: a) MSNs-C14-1, b) MSNs-C14-2, c) MSNs-C14-3, and d) MSNs-C14-8.

Adv. Funct. Mater. 2008, 18, 3203–3212 � 2008 WILEY-VCH Verl
150 nm, which does not change with an increase in the amount

of Fe3O4.

Figure 6A shows the small angle XRD patterns of samples

MSNs-C14-1, MSNs-C14-2, MSNs-C14-3, MSNs-C14-8. Four

diffraction peaks of the samples MSNs-C14-1 and MSNs-C14-2

with low amounts of Fe3O4 nanocrystals, assigned to the (100),

(110), (200), and (210) diffractions, reflect a highly ordered

two-dimensional hexagonal mesostructure. As the amount

of Fe3O4 nanocrystals increases (samples MSNs-C14-3 and

MSNs-C14-8), the (100) diffraction peak widens and the (210)

diffraction peak disappears, which indicates that the mesopor-

ous structure becomes nonsymmetrical and poorly ordered.

This is in accordance with the TEM observations. The wide-

angle XRD patterns of these samples (Fig. 6B) display that the

intensities of all diffraction peaks increase with an increase in

the amount of nanocrystals, suggesting that more nanocrystals

are embedded in MSNs. This will be further confirmed and

discussed by the magnetism study below.

The nitrogen sorption isotherms of the MSNs-C14 samples

with variable magnetite amounts are shown in Figure 7.

Similarly, the adsorption isotherms are typical of type IV. The

pore sizes, pore volumes, and BET surface areas are also

summarized in Table 1. It is interesting to note that the

calculated cell parameters and pore sizes are the same for the

samples with variable magnetite amounts but the surface areas

and pore volumes decrease with an increase in the amount of

magnetite nanocrystals. This implies that the existence of

nanocrystals does not disturb the packing and self-assembly of

silica/surfactant complex. The decrease in surface areas and

pore volumes is caused by density increasing with the increase

in magnetite amount. The other reason may be the poor order

of pores caused by more chloroform addition which is

consistent with the observation on a wide pore size distribution

(inset of Fig. 7). Even so, the material with a high magnetite

amount (MSNs-C14-8) still has a high BET surface area of

727.9 m2 � g�1 and a large pore volume of 0.71 cm3 � g�1.

Figure 8 shows the field-dependent magnetization curves of

MSNs-C14-1, MSNs-C14-2, MSNs-C14-3, MSNs-C14-8 measured

at 300 K. They exhibit a typical feature of superparamagnetism

and no hysteresis is observed in low fields. The saturation
ag GmbH & Co. KGaA, Weinheim www.afm-journal.de 3207
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Figure 7. N2 adsorption/desorption isotherms (inset: pore size distri-
bution from adsorption branch) of MSNs with different magnetite values:
a) MSNs-C14-1, b) MSNs-C14-2, c) MSNs-C14-3, and d) MSNs-C14-8.
Isotherms of a), b), c), and d) have been offset by 200, 515, 670, and
850 cm3 g�1 along the vertical axis for clarity, respectively.

3208
magnetization value of MSNs-C14-1 is 0.43 emu � g�1, but it

dramatically increases to 2.59 emu � g�1 for MSNs-C14-2,

4.06 emu � g�1 for MSNs-C14-3, and 7.62 emu � g�1 for

MSNs-C14-8, which further confirms that the magnetization

values of MSNs are tunable in a certain range. The MSNs with

superparamagnetic characteristics and high magnetization values

can quickly respond to the external magnetic field and quickly re-

disperse once the external magnetic field is removed. This is

advantageous for targeted drug delivery and bioseparation

applications.

As for the formation mechanism, we propose that the MSNs

with highly ordered periodic mesostructures are formed by the

packing and self-assembly of composite nanocrystal–surfactant

micelles and surfactant/silica complexes. The hydrophobic van
Figure 8. Field-dependent magnetization at 300 K of MSNs with different
amounts of magnetite: a) MSNs-C14-1, b) MSNs-C14-2, c) MSNs-C14-3, and
d) MSNs-C14-8.

www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
der Waals interactions between the primary alkane of stearic

acid on nanocrystal surface and the secondary alkane of the

surfactant result in thermodynamically defined interdigitated

bilayer structure, which can easily transfer the hydrophobic

nanocrystals from solvent phase to aqueous solution. The

produced surfactant/stearic acid capped nanocrystals are with

positive charges as the amido of cation surfactant.[46] It is well

known that, under basic conditions, the hydrolyzed silica and

surfactant templates produce complexes and their surfaces are

full of silanol groups (Si–OH).[49] The nanocrystal–surfactant

micelles can act as a seed to attract the silica/surfactant

complexes through electrostatic and hydrogen-bonding inter-

actions, followed by surfactant directed self-assembly of silica/

surfactant mesophases. The detailed explanation is as follows:

hydrolyzed TEOS monomers condense to form oligomeric

silica precursors. When the oligomeric silica precursors reach a

certain size, these precursors and surfactants are assembled to

produce small monodisperse mesoporous silica spheres

together with nanocrystals-surfactant micelles, and then they

emerge in solution. The residual silica/surfactant complexes

then react preferentially with the surface silanols on the

particles that have been generated, preventing the formation of

any extra particles. This leads to the formation of uniform

magnetic mesoporous silica nanospheres. Because the basic

units of mesostructured materials are silica/surfactant com-

plexes, it is clear that varying the carbon length of cationic

surfactants could lead to the formation of MSNs with tunable

pore sizes. Nanocrystal–surfactant composite micelles and

their further self-assembly with silica into ordered 3D

nanocrystals arrays in bulk or thin-film forms as well as

magnetic silica spheres with disordered mesoporous structures

were reported previously.[34,46] It is worthy to note that this is

the first time to encapsulate Fe3O4 nanocrystals into the silica

nanospheres with highly ordered periodic mesostructures,

tunable pore sizes, and magnetization values.

Our results show that the MSNs with highly ordered

mesostructured silica matrix can be successfully fabricated

using C16 or C18 surfactant as a template by sol–gel reaction of

TEOS in the sodium hydroxide aqueous solution at a high

temperature (80 8C), but it was difficult for C14TAB to achieve

the self-assembly to produce highly ordered mesoporous

matrix at the same conditions, although nanocrystals can be

embedded in the silica spheres (Fig. S2 of Supporting

Information). Mesoporous phase formation and structural

regularity of MCM-41 materials largely depends on the

aliphatic hydrocarbon chain length of cationic surfactant. It

has been demonstrated that the nanometer-scale structures of

the mesoporous materials synthesized by longer carbon chain

surfactants are more highly ordered than those prepared by the

shorter chain surfactants under the same conditions.[50,51] This

is expected because the higher hydrophobicity can lead to

longer cylindrical micelles and a well-ordered hexagonal

phase. In contrast, the shorter chain surfactants cannot easily

aggregate to form long micelles and the micellar surface

becomes rough, which leads to worsened packing and poor

order in the mesostructure.[50,51]
& Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 3203–3212
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Figure 9. Adsorption isotherms of cyt c and BSA on the sample MSNs-
C18-2 at different pH values.
Sol–gel processing temperature plays an important role in

the self-assembly of surfactant/silica complexes because the

hydrophobic interactions change relative to temperature and

the micellization is largely affected by these interactions. For

MSNs-C14 synthesis, a low temperature (30 8C) makes C14TAB

more hydrophobic which may favor a tight aggregation of the

surfactant in a micelle and the formation of highly ordered

hexagonal phase. It has been reported that the assembly rate of

the templating cationic surfactants and the hydrolysis and con-

densation rates of silica precursor slow down with the decrease in

the reaction temperature, which facilitates the fabrication of

highly ordered mesoporous silicas[52] and the production of

uniform silica nanospheres in the MSNs-C14 synthesis.

The basic catalyst NaOH or NH4OH is another factor in

controlling the sol–gel hydrolysis and condensation processes

of silica. The previous study demonstrated that the combina-

tion of silicate oligomers among the Gouy–Chapman region in

the ammonia medium is stronger than that in NaOH, thus,

NH4OH medium favors the production of longer cylindrical

micelles.[53] Therefore, ammonia aqueous solution used in this

work may be the other reason to produce highly ordered

mesostructure for C14TAB surfactant at low temperatures.
2.3. Bioadsorption Isotherms and Binary Bioseparation

To investigate MSNs as a size-selective bioseparation

matrix, we selected two proteins with varying size and
Table 2. Adsorption selectivity and desorption release efficiency of binary cyt

Initial concentration

[g � L�1]

Equilibrium concen-

tration [g � L�1]

Mcyt c [mmol � gS1]

cyt c BSA cyt c BSA

0.5 1.5 0.01 1.4 7.95

0.5 4.5 0.01 4.3 7.95

Mcytc and MBSA are the molar amount of cyt c and BSA adsorbed on the MS
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molecular weight, cyt c (MW 12 327, isoelectric point (pI)

9.8, molecular dimensions 2.6� 3.2� 3.0 nm3[54]) and BSA

(MW 66 000, pI 4.8, molecular dimensions 4.0� 4.0� 14.0 nm3[23]),

as model proteins. For adsorption isotherm measurements,

pH¼ 9.6 (near the pI of cyt c) and pH¼ 4.8 (near the pI of

BSA) were chosen because the adsorption capacity can be

maximized near the pI.[23,54,55,56] The experimental adsorption

isotherms of cyt c and BSA on MSNs-C18-2 at 30 8C and both

pH values as well as their fitting curves by Langmuir equation

are shown in Figure 9. All isotherms show a sharp initial rise

and then reach maximum adsorption amounts (plateau),

suggesting that isotherms are of Langmuir type.

At pH 9.6, the maximum adsorbed amount of cyt c is

27.58mmol � g�1, while that of BSA is 1.9mmol � g�1 only. The

adsorption of cyt c is typically determined by electrostatic and

hydrophobic interactions (a kind of van der Waals attraction).

When the solution pH 9.6 is near the pI of cyt c, the net charge

of cyt c is near zero. Thus, the electrostatic repulsion between

the amino acid residues on the surface of cyt c molecules is very

small, and the cyt c molecules can pack closely on the surface of

adsorbent pore by hydrophobic interactions.[16] This result is

consistent with earlier studies, in which the maximum adsorbed

amounts of cyt c on similar MCM-41 materials were 26.6 and

33.7mmol � g�1, respectively.[54,57] The slight adsorption of

BSA is the expected result of (i) complete exclusion from

the pores of adsorbent because the dimension of BSA

(4.0� 4.0� 14.0 nm3[23]) is larger than pore size of adsorbent

(3.4 nm), (ii) electrostatic repulsion between silica surface

(negative charge) and BSA molecules (negative charge), and

(iii) electrostatic repulsion among BSA molecules. This

indicates that the size selectivity is strict by using MSNs with

narrow pore size distribution as an adsorbent to separate cyt c

and BSA at pH 9.6.

In an attempt to evaluate exterior surface adsorption of cyt c

and BSA onto MSNs, the as-synthesized MSNs-C18-2 (pores

were completely blocked with the surfactant template) was

employed for comparison at the same experimental conditions.

It was found that only 0.6mmol � g�1 of cyt c was adsorbed on

the as-synthesized MSNs-C18-2 at pH 9.6, which conformed

that cyt c was mostly adsorbed onto the intra-pore of MSNs.

Meanwhile, it was determined that 1.5mmol � g�1 of BSA was

adsorbed on the as-synthesized MSNs-C18-2 at pH 9.6, which

conformed that the BSA was mostly adsorbed on the outer

surface of MSNs.

At pH 4.8, the adsorbed amounts of cyt c and BSA are 22.5

and 7.6mmol � g�1, respectively. As there is no repulsion
c and BSA on MSNs-C18-2.

MBSA [mmol � gS1] Selectivity [%] Released in buffer [%]

0.61 92.9 92.4

1.21 86.8 93.2

Ns, respectively. The selectivity for cyt c was calculated by Equation 2.
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between the amino acid residues on the surface of adsorbed

BSA molecules near the pI, the BSA molecules can pack well

on the outer surface of MSNs. As a result, the adsorbed amount

of BSA increases near its pI.[23] The adsorbed amount of cyt c

decreases below its pI. This behavior is ascribed to the

expansion of the effective molecular diameter of cyt c because

strong repulsive forces between the amino acid residues of

the cyt c molecules are present and more space is needed for

the expanded cyt c molecule.[54,55] Another reason may be

electrostatic repulsion among cyt c molecules (positive

charge).

Based on the adsorption isotherms and discussions above,

we demonstrated a real binary adsorption separation process

of cyt c and BSA. Table 2 shows the bioseparation results of cyt

c and BSA on MSNs-C18-2 at pH 9.6 and 30 8C. Interestingly,

the MSNs-C18-2 exhibited a good selectivity for the cyt c

separation (93.9 and 86.8% for different initial concentrations,

respectively). More importantly, the release percentages of cyt

c from MSNs-C18-2 in high ionic strengths (salt con-

centration¼ 1.0 M KCl) buffer (pH¼ 9.6) at 30 8C are very

high (92 and 93% for two cases, respectively). Fast removal

rate and high removal efficiency are mainly attributed to its

high surface area, small particle size, and numerous accessible

straight pores. Using the magnetic properties of the MSNs

samples, we can easily remove them from solution or re-

disperse them in solution. Figure 10 displays a detailed

separation process. Fresh MSNs-C18-2 is added to the mixed

solution of cyt c and BSA. After stirring and static state

adsorption for 20 min, MSNs-C18-2 with adsorbed cyt c is

separated by a magnetic field which results in high purity of

BSA solution. Then, wet MSNs-C18-2 is transferred into high
Figure 10. Scheme for the separation of cyt c and BSA by magnetically
mobilizing the MSNs-C18-2 sample: a) fresh MSNs-C18-2 is added to the
solution of cyt c and BSA; b) MSNs-C18-2 with adsorbed cyt c is separated
by a magnetic field, resulting in high purity of BSA solution; c) MSNs-C18-2
with adsorbed cyt c is transferred into high ionic strength buffer to release
the cyt c; d) MSNs-C18-2 is separated from solution by a magnetic field for
re-use, producing a high purity of cyt c solution.

www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
ionic strength buffer to release the cyt c. At last, MSNs-C18-2 is

separated from solution by a magnetic field for re-use, which

leads to a high purity of cyt c solution.
3. Conclusions

Monodisperse superparamagnetic Fe3O4 nanocrystals of

uniformly 6 nm in diameter were prepared by thermal

decomposition of inexpensive iron stearic acid at 250 8C in a

closed autoclave, which constitutes an economic, safe and

environment friendly synthesis method of magnetic nano-

crystals. The composite of Fe3O4 magnetic nanocrystals and

MCM-41 type periodic mesoporous silica nanospheres were

successfully synthesized. Detailed characterization studies

show that MSNs have highly ordered mesostructure, quite

uniform small particle sizes, high surface areas, large pore

volumes, narrow pore size distributions, and superparamag-

netic property. The nanocrystals can be well dispersed in a

highly ordered 2D hexagonal mesostructured silica matrix.

Moreover, pore sizes and magnetization values can be tunable

by using cationic surfactants with different aliphatic hydro-

carbon chain lengths and changing amount of nanocrystals

added, respectively. By studying binary cyt c and BSA sorption

on MSNs, it was found that high separation selectivity and

release percentage of cyt c can be achieved. Small particle size,

high surface area, and numerous accessible pore of MSNs

render a fast adsorption rate, high adsorption capacity, and

high removal efficiency. High magnetization values and

superparamagnetic property of MSNs provide a convenient

method for them to be promptly removed from solution, and

quickly re-dispersed in solution by applying or removing an

external magnetic field. The separation approach proposed in

this study offers a very convenient and useful means to separate

biomolecules (proteins, peptides, etc.) with different molecular

size and weight. The materials synthesized in this study may

also have potential applications in targeted drug/gene delivery,

controlled release, biosensing, and cell imaging.
4. Experimental

Chemicals: 1-octadecene (90%), 1,2-hexadecanediol (90%),
chloroform (99%), myristyltrimethylammonium bromide (C14TAB,
99%), hexadecyltrimethylammonium bromide (C16TAB, 95%), octa-
decyltrimethylammonium bromide (C18TAB 97%), TEOS (99%),
sodium hydroxide (98%), ammonia solution (25%), cyt c from bovine
heart (cyt c, 95%), albumin from bovine serum (BSA, 98%) were
purchased from Aldrich. Iron stearic acid [Fe(SA)3, >98.5%] was
purchased from Jinghe Chemical Ltd., China. All chemicals were used
as received without purification.

Synthesis of Monodisperse Superparamagnetic Fe3O4 Nanocrystals:
Fe(SA)3 (2.0 mmol), 1,2-hexadecanediol (9.0 mmol), and 10 mL of
1-octadecene were heated and stirred until it became a homogeneous
mixture. The resulting homogeneous mixture was heated and crystal-
lized under static conditions at 250 8C in a Teflon-lined autoclave for 6–
12 h. The synthesized mixture was then allowed to cool down to room
temperature. Fe3O4 nanocrystals were washed with the mixture of
& Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 3203–3212
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ethanol and chloroform for three to four times. The precipitate was
collected by centrifuging at 4750 rpm for 20 min and suspended in 5 mL
of chloroform.

Synthesis of Magnetic Nanocomposites: In a typical experiment,
2.0 mL of Fe3O4 nanocrystals dispersed in chloroform (30 mg mL�1)
was added to 10 mL of aqueous solution containing 0.2 g of C16TAB (or
C18TAB). After vigorous stirring of the resulting solution, a
homogeneous oil-in-water microemulsion was obtained. Heating at
65 8C for 20 min induced the evaporation of chloroform and led to the
formation of aqueous phase dispersed nanocrystals.

C16TAB (or C18TAB) (0.05 g) and 0.7 mL of NaOH (2 M) were
dissolved in 86 mL of water and stirred at room temperature. Then
10 mL of the as-synthesized aqueous phase monodisperse Fe3O4

nanocrystals was added into the system, and the mixed solution was
heated to 80 8C and then 1.26 g of TEOS was introduced under vigorous
stirring. After 2 h stirring, the light brown product was collected by
filtration and dried at room temperature. To control the magnetization
value, the amount of nanocrystals was varied while keeping the
other reaction conditions constant. The products were denoted as
MSNs-C16-x (or MSNs-C18-x) where x denotes the solution volume of
Fe3O4 nanocrystals dispersed in chloroform.

For the synthesis of magnetic silica spheres with smaller pore size,
0.53 g of C14TAB and 2.8 g of NH3 �H2O (25%) were dissolved in
110 mL of water and stirred at 30 8C. Then 10 mL of as-synthesized
aqueous phase monodisperse Fe3O4 nanocrystals (prepared by above-
mentioned method, but using C14TAB as a surfactant to transfer
hydrophobic Fe3O4 nanocrystals from chloroform to aqueous phase)
were added into the system, and 1.05 g of TEOS was introduced under
vigorous stirring at 30 8C. After 24 h stirring, the light brown product
was collected by filtration, dried at room temperature, and named by
MSNs-C14-x. Similarly, x denotes the volume of Fe3O4 nanocrystals
chloroform solution and changes from 1.0 to 8.0 mL.

For all cases using various surfactants as mentioned above, the
resulting powders were washed by deionized water and extracted by
refluxing with ethanol for 8 h to remove the surfactant templates
completely.

Bioadsorption Isotherm Measurement and Binary Component
Bioseparation: The size-selective adsorption of biomolecules on MSNs
was investigated using cyt c and BSA as model proteins.

For adsorption isotherm measurement, 20 mg of MSNs was
suspended in 4 mL of 50 mM buffer solution (pH¼ 9.6 sodium
bicarbonate buffer solution or pH¼ 4.8 citric acid buffer solution)
with different cyt c (from 0.12 to 4.5 g L�1) or BSA (from 1.5 to
15 g L�1) initial concentrations. The resulting mixture was placed into a
water bath controlled at 30 8C and continuously shaken for 96 h, which
was demonstrated to be long enough to reach the adsorption
equilibrium.[16] The MSNs were then removed from the suspension
by an external magnetic field. The supernatant was analyzed by UV
absorbance at 409 or 280 nm to determine the adsorbed amount of cyt c
or BSA, respectively. The adsorbed amount of cyt c and BSA was
calculated according to the following equation:

q ¼ V0ðC0 � CÞ
W

(1)

where q is the equilibrium adsorbed amount in the particles, C0 and C
are the protein concentrations at initial and equilibrium solution,
respectively, V0 the volume of the initial protein solution, and w is the
weight of the adsorbent.

For binary component bioadsorption separation of cyt c and BSA,
20 mg of MSNs was suspended in 4 mL of 50 mM sodium bicarbonate
buffer solution (pH¼ 9.6). The initial concentrations were fixed
(0.5 g L�1) for cyt c, but varied from 1.5 to 4.5 g L�1 for BSA. In this
concentration range, no interference between cyt c and BSA was found
in determining the equilibrium concentration of cyt c and BSA by UV
absorbance at 409 or 280 nm, respectively. The separation experiment
was carried out at 30 8C and adsorption equilibrium time was 20 min.
Adv. Funct. Mater. 2008, 18, 3203–3212 � 2008 WILEY-VCH Verl
The selectivity of cyt c adsorption was calculated according to the
following equation:

Selectivity ¼ Mcytc

Mcytc þMBSA

(2)

where Mcytc and MBSA are the molar amounts of cyt c and BSA
adsorbed on the MSNs, respectively. For desorption study, MSNs
adsorbed cyt c (and slight BSA) were transferred into high ionic
strength buffer (1.0 M KCl) to release the adsorbed proteins.

Characterization: XRD measurements were performed on a
Rigaku D/max-2550V diffractometer using Co Ka radiation at
30 kV and 15 mA. SEM images of samples coated with platinum were
recorded on a JEOL 6300 microscope. TEM images were obtained by
FEI Tecnai F20 and FEI Tecnai F30 electron microscope. The powder
samples for the TEM measurements were suspended in ethanol and
then dropped onto the Cu grids with holey carbon films. Nitrogen
sorption isotherms of samples were obtained by a Quantachrome’s
Quadrasorb SI analyzer at 77 K. Before the measurements were taken,
the samples were degassed at 200 8C for 12 h in vacuum. BET surface
area was calculated using experimental points at a relative pressure of
P/P0¼ 0.05–0.25. The total pore volume was calculated by the N2

amount adsorbed at the highest P/P0 (P/P0� 0.99). The pore size
distribution was calculated by the Barrett–Joyner–Halenda (BJH)
method.

An UV–Vis absorbance spectrophotometer (JASCO-V550) was
used to determine the concentration of cyt c and BSA in supernatant
solution at 409 and 280 nm, respectively. Magnetization measurements
were carried out using a Magnetic Property Measure System (MPMS,
Quantum design) under magnetic fields up to 10 000 Oe and at 300 K.
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