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Micrometer-sized monodispersed mesoporous silica spheres with adjustable particle
diameter and adjustable pore structure were successfully prepared. Drops of a silica
sol were injected by a microfluidic device into a heated oil bath where the droplets
solidified during sedimentation. Drop size was varied by control of the rates of the oil
flow past the silica sol injector. The silica sol was made by prehydrolysis of tetraethyl
orthosilicate (TEOS) in an aqueous acidic solution using a triblock copolymer as the
template. Acrylamide monomer was added in the sol after prehydrolysis to accelerate
the solidification rate of drops in the oil bath. The amount of monomer was used to
control the pore sizes in the silica particles. The effect of synthesis conditions on the
morphology and pore structure of spheres was investigated. Silica spheres with differ-
ent surface morphology and internal structure were obtained by changing the composi-
tion of sedimentation medium. Pore diameter and pore-size distribution can be
adjusted effectively by controlling the concentration of silica source, acid or polymeric
monomer in the aqueous phase. The prepared silica spheres have high-surface area
(>550 m?lg), large pore volume (>1.1 cm’lg) and large amount of macropores. High-
protein adsorption capacity (520mgl/g) was achieved in the adsorption experiments of
bovine serum albumin (BSA). Pore structure of silica spheres was demonstrated to be
a crucial factor to determine the protein adsorption capacity. © 2007 American Institute
of Chemical Engineers AIChE J, 54: 298-309, 2008
Keywords: mesoporous, silica sphere, microfluidic device, sedimentation polymeriza-
tion, protein adsorption

Introduction

Since the synthesis of M41S materials in 1992,1’2 the mes-
oporous silica with controlled nanostructure and macroscopic
morphologies have attracted much attention because of their
emerging applications in the areas of catalysis, adsorption,
chromatography, and controlled release of drugs.3’4 Among
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the particles with all kinds of morphologies, micrometer-
sized monodisperse silica spheres are very promising.
Mesoporous inorganic materials are viewed as ideal candi-
dates as hosts of biomolecules, because they fulfill many of
the requirements for enzyme carriers, such as high-surface
area, large pore volume, hydrophilic character, chemical and
thermal stability, mechanical strength, suitable particle form,
regenerability and toxicological safety.” Mesoporous silica
materials were once used to capture small proteins (ca. <45
kDa),® such as cytochrome ¢, lysozyme,lz_14 and tryp-
sin'>!¢ for their relatively small pore size. With the emer-
gence of mesoporous materials with large pores, such as
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Figure 1. Experimental device.
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[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

SBA-15/16, materials using swelling agents or mesocellular
foams (MCF), adsorption capacity of large proteins, such as
bovine serum albumin (BSA),17 penicillin G acylase,18 chlor-
operoxidase (CPO)'® and o-amylase®® has significantly
increased. Mesoporous silica materials with larger pores are
investigated to achieve the inclusion of large biomolecules,
or the improvement of protein loading. However, most
research work focused on the adsorption of small size
spheres, which is not easily applied in large-scale separation
processes of biomolecules.

The synthesis of monodisperse micrometer-sized mesopo-
rous silica spheres with relatively large size is still a chal-
lenge work.? ™ Recently, microfluidic devices have been
reported to produce monodispersed droplets, and, subse-
quently, to create polymeric microparticles“f‘so and hollow
capsules44’5 ! by photopolymerization or interfacial polymer-
ization. Synthesis in microfluidic devices provides a power-
ful strategy for continuous, reproducible, and scalable pro-
duction of inorganic, organic, and bioorganic products.
However, unlike polymer synthesis,**' traditional synthe-
sis of mesoporous silica involves a sol-gel process, which is
time-consuming, and, consequently, not easily controlled in
microfluidic devices. Here, we describe the microfluidic-
based synthesis of monodisperse mesoporous silica spheres
with uniform and optionally adjustable diameter larger than
100 um. In the new process a working system based on sed-
imentation polymerization was developed,%’%52 and a
microfluidic device*® was applied to control the dispersed
droplet size. The main purpose is to prepare silica spheres
with large diameter and adjustable pore structure for large-
scale separation of biomolecules. The effect of synthesis
conditions, such as the composition of silica sol, aqueous
phase and sedimentation medium on the surface morphol-
ogy, internal structure and pore size of silica spheres has
been investigated. High-protein adsorption capacity has
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been obtained by the micrometer-sized silica spheres. The
influence of pore size on loading capacity of BSA has been
determined.

Experimental
Materials

Bovine serum albumin (BSA), acrylamide, N,N'-methylene
bisacrylamide and ammonium persulfate were purchased
from Biodee Biotechnology Co., Ltd. (Beijing, China). Tri-
block copolymer F127 (EO;9sPO70EO;06) Was produced by
Sigma-Aldrich Corporation (USA). Tetraethyl orthosilicate
(TEOS) was produced by Xilong Chemical Co., Ltd.
(Shantou, China). Liquid paraffin was obtained from Bodi
Chemicals Co., Ltd. (Tianjin, China). Sorbitan trioleate
(Span 85) was obtained from China Medicine (Group)
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Figure 2. Synthesis route.
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Figure 3. Optical image (a), and SEM images (b, c) of silica spheres synthesized with direct gelation.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Shanghai Chemical Reagent Corporation (Shanghai, China).
Tri-octylamine (TOA) was produced by Feixiang Chemicals
Co., Ltd. (Zhangjiagang, China). Hydrochloric acid (HCI,
36.5 wt %) and acetone were produced by Beijing Chemical
Company (Beijing, China). Poly(ethylene glycol) (PEG
20000) was obtained from Yili Fine Chemical Co., Ltd. (Bei-
jing, China). Octanol, Acetic acid (HAc) were obtained from
Xiandai Dongfang Chemicals Co., Ltd. (Beijing, China). All
materials were chemically pure.

Synthesis of silica spheres

The scheme of the experimental device is shown in Figure
1. The continuous oil phase flowed in Teflon tubing (1.5 mm
ID X 2.0 mm OD); the dispersed aqueous phase was intro-
duced via a needle (0.2 mm ID X 0.7 mm OD) inserted half-
way into the tubing. The glass sedimentation column was 75
cm in length, having an internal diameter of 2 cm.

The scheme of the synthesis route is shown in Figure 2.
The silica sol was typically prepared as following: 1.5 g of
triblock copolymer F127 (EO;osPO70EO19s, SIGMA), and
3.0 g of PEG20,000 (poly(ethylene glycol)) were dissolved
under stirring in 5.0 g 0.1 M HCI aqueous solution, then 15
g of tetraethyl orthosilicate (TEOS) was added. The result-
ant mixture was stirred for three days at room-temperature
to obtain a clear silica sol. Silica sol with various TEOS/
H,O ratios was obtained by shifting the amount of water
and TEOS. The aqueous polymeric monomer solution was
prepared from acrylamide (15.0 g), N,N'-methylene bisacry-
lamide (3.0 g, crosslinker, based on acrylamide) and deion-
ized water (20.0 g). The ammonium persulfate was used as
the initiator whose aqueous solution (20 wt %) was pre-
pared from ammonium persulfate and deionized water. The
dispersed aqueous phase was the mixture of the silica sol,
the polymeric monomer solution and the initiator solution.
Typically, 2.0 g aqueous polymeric monomer solution, and
0.2 g ammonium persulfate aqueous solution were added to
5.0 g silica sol. The mixture was stirred for five minutes,
and then centrifugated to remove the bubbles. The continu-
ous oil phase was liquid paraffin containing 2 wt %
span85. The sedimentation medium was a liquid paraffin
solution containing 2 wt % span85 and 30 wt % trioctyl-
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amine (TOA). TOA acted as an alkali and extracted HCI
from aqueous phase.

The aqueous mixture (dispersed phase) was dispersed
into continuous oil phase to form monodispersed droplets by
a microfluidic device at certain flow rates (typically the flow
rate of dispersed phase was 0.02 mL/min, the flow rate of
continuous phase was 0.2 mL/min). Then the droplets flowed
into the sedimentation medium (75 °C), and were rapidly sol-
idified (1-2 min). After sedimentation, the organic-inorganic
hybrid spheres were kept in the sedimentation column for 30
min. Then they were filtered and transferred into an auto-
clave. 10 mL of octanol and 5mmol acetic acid were added
into the autoclave at the same time. Here acetic acid was
used to neutralize the residual amine and keep the acidic
environment. The spheres were, subsequently, treated at
100°C for 24 h to complete the polymerization of acrylamide
and the gelation of silica. Finally, the solid product was
washed with acetone, air-dried at 80 °C overnight, and
then calcined at 550 °C for 6 h to remove the template and
polymer.

Characterization of silica spheres

Scanning electron microscopy (SEM) observations were
performed on a JEOL JSM 7401F microscope operating at
1.0 kV. Nitrogen adsorption-desorption isotherms were meas-
ured at 77 K using a Quantachrome Autosorb-1-C Chemi-
sorption-Physisorption Analyzer. Before measurement, the
silica spheres were outgassed at 200 °C for 40 min, and the
protein loaded samples were outgassed at 35 °C for 24 h.
The BET surface area was calculated from the adsorption
branches in the relative pressure range of 0.05-0.25, and the
total pore volume was evaluated at a relative pressure of
about 0.995. The pore-size distributions were calculated from
the adsorption branches using the Barrett-Joyner-Halenda
(BJH) method. Intrusion volumes and pore-size distributions
were recorded by the mercury intrusion method using a Mi-
cromeritics Autopore IV 9510 porosimeter.

Protein adsorption

Adsorption experiments were carried out by contacting
50 mg of silica spheres with 10 mL of solution containing
10 mg/mL BSA in pH 5.0, 50 mM acetate buffer. The
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Figure 4. SEM images of silica spheres based on sedimentation polymerization: (a—c) synthesized with a flow rate
of 0.02 mL/min for dispersed phase, and various flow rates for continuous phase: (a) 0.2 mL/min; (b)
0.4 mL/min; (c) 1.6 mL/min; (d-f) synthesized with a flow rate of 0.02 mL/min for dispersed phase and
0.2 mL for continuous phase: (d) a single cross-sectioned silica sphere; (e) silica sphere surface; (f) inter-

nal structure of silica sphere.

(In the silica sol, TEOS/H,0 (w/w) = 30, HCI/H,O = 100 mmol/L; in the aqueous phase, silica sol/monomer solution (w/w) = 2.5; the

sedimentation medium contains 30 wt % TOA.)

adsorbent and solution were shaken in a HZS-H Environmen-
tal Incubator Shaker (Harbin Donglian Electronic & Technol-
ogy Development Co., Ltd. of China) at 160 rpm and 25 C
until equilibrium was reached (typically 96 h). The protein
concentration in the solution was analyzed using a UV Spec-
trophotometer (HP 8453, Agilent) at 280 nm, and a mass bal-
ance was applied to calculate the amount of BSA adsorbed
on the silica spheres. In this experiment, several kinds of
silica spheres with different pore structures were tested to
investigate the effect of pore size on the protein adsorption.

Results and Discussion
Synthesis of silica spheres

In our previous research,>>* a new “pH-induced rapid
colloid aggregation” method was developed to synthesize mi-
crometer-sized mesoporous silica spheres, in which pluronic
triblock copolymer and poly(ethylene glycol) (PEG), or their
mixtures were used as templates, and a stable silica sol was
obtained during the prehydrolysis process. However, in this
work the silica sol can hardly gelate before the droplets reach
the bottom of sedimentation column by the “pH-induced
rapid colloid aggregation” method. Therefore, silica spheres
synthesized by direct gelation of silica sol showed weak me-
chanical stability, some of which were even cracked (as
shown in Figure 3).

To control the fabrication of silica spheres more effi-
ciently, polymerization reaction of acrylamide (AM) was
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introduced to the silica sol system. The mixture of silica sol,
aqueous polymeric monomers and initiator solution was dis-
persed to monodisperse droplets using the aforementioned
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Figure 5. The particle-size distributions of various
samples synthesized with a flow rate of
0.02 mL/min for dispersed phase and vari-
ous flow rates for continuous phase.

(In the silica sol, TEOS/H,O (w/w) = 3.0, HCI/H,O =
100 mmol/L; in the aqueous phase, silica sol/monomer
solution (w/w) = 2.5; the sedimentation medium contains
30 wt % TOA.)
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microfluidic device, and injected into a glass column contain-
ing a hot oil sedimentation medium. Trioctylamine (TOA)
was used to extract HCl from droplets and accelerate the
polymerization reaction. During the sedimentation process, the
aqueous polymeric monomers polymerized rapidly to form
monodispersed spheres in the hot oil sedimentation medium.
The silica sol was retained in spheres and gelated gradually.
The SEM images of resultant mesoporous silica spheres
synthesized under typical synthesis conditions after calcina-
tion are shown in Figure 4. Through adjusting the size of
silica sol droplets, which can be controlled by the flow rate
of continuous and dispersed phases, monodisperse silica
spheres with different scale of diameters in the range from
several tens to several hundreds of micrometers have been
obtained (shown in Figure 4a—c). In Figure 5, the particle-
size distributions of various samples are plotted, and the
coefficients of variations (CV, the standard deviations of the
diameter) of the diameters are given. The mean particle sizes
decrease, and CV of the diameter increases as the flow rate
of the continuous phase increases. Figure 4d shows a single
cross-sectioned silica sphere, which reveals that the silica

spheres are solid. Figure 4e and 4f show the external surface
and the internal structure of the silica spheres separately,
from which the compact and dense structure of silica spheres
can be seen distinctly.

Surface morphology and internal structure

Monodispersed silica spheres with different surface mor-
phology and internal structure have been synthesized under
various synthesis conditions. The concentration of polymeric
monomer in the aqueous phase is the key factor of the syn-
thesis. With the increase of the polymeric monomer concen-
tration, the solidification of droplets goes faster. Droplets sol-
idified in one minute to form the organic-inorganic hybrid
spheres when the concentration of monomer reached 9 wt %
in the aqueous phase (silica sol/monomer solution = 4). Af-
ter calcination, the monodisperse porous silica spheres were
obtained.

The SEM images of silica spheres synthesized with differ-
ent polymeric monomer concentration in the aqueous phase
are shown in Figure 6. The solid, compact and dense struc-

Figure 6. SEM images of spheres with different silica sol/monomer solution (w/w) in the aqueous phase: (a—c)
silica sol/monomer solution = 4.0, (d-f) silica sol/monomer solution = 2.5, (g-i) silica sol/monomer solu-
tion = 1.7; (a, d, g), the inset is the cross-section of a single silica sphere, (b, e, h) silica sphere surface,

(c, f, i) internal structure of silica sphere.

(In the silica sol, TEOS/H,O(w/w) = 3.0, HCI/H,O = 100 mmol/L; the sedimentation medium contains 30 wt % TOA.)
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Figure 7. SEM images of spheres with different TEOS/H,O (w/w) in the silica sol: (a-c) TEOS/H,O = 1.5, (d-f)
TEOS/H,0 = 0.5; (a, d) the inset is the cross-section of a single silica sphere, (b, €) silica sphere surface,

(c, f) internal structure of silica sphere.

(In the silica sol, HCI/H,O = 100 mmol/L; in the aqueous phase, silica sol/monomer solution (w/w) = 2.5; the sedimentation medium

contains 30 wt % TOA.)

ture of silica spheres can be seen from the cross-section,
external surface and internal structure. With the increase of
the monomer concentration in the aqueous phase, organic
polymers occupy more space in the hybrid spheres, the struc-
ture of silica spheres after removal of polymer becomes a lit-

tle looser, and some texture pores (microscopic pores in the
external skin and cross-section of silica spheres) appear.

The composition of silica sol is another important factor
influencing the surface morphology and internal structure of
silica spheres. The SEM images of samples synthesized

Figure 8. SEM images of spheres with lower HCI concentration in the silica sol: (a-c) TEOS/H,O = 3.0, (d-f) TEOS/
H,O = 1.5; (a, d) the inset is the cross-section of a single silica sphere, (b, €) silica sphere surface, (c, f)

internal structure of silica sphere.

(In the silica sol, HCI/H,O = 10 mmol/L; in the aqueous phase, silica sol/monomer solution (w/w) = 2.5; the sedimentation medium con-

tains 30 wt % TOA.)

AIChE Journal January 2008 Vol. 54, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 303
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Figure 9. SEM images of spheres with different compositions in the sedimentation medium: (a) 56 wt % TOA,
(b) 5 wt % TOA + 10 wt % octanol, (c, d) 30 wt % TOA + 30 wt % TBP; (a-d) the inset is the cross-

section of a single silica sphere.

(In the silica sol, TEOS/H,O (w/w) = 3, HCI/H,O = 100 mmol/L for a— and HCI/H,O = 10 mmol/L for d; in the aqueous phase, silica
sol/monomer solution (w/w) = 2.5 for a-b and silica sol/monomer solution (w/w) = 3.0 for c—d.)

under different TEOS concentration in the silica sol are
shown in Figure 6 and Figure 7. Under the relatively high
TEOS concentration, the silica spheres have smooth external
surface and compact internal structure. With the decrease of
TEOS concentration, the structure of silica spheres becomes
loose, and a large amount of texture pores emerge, since the
size of the original organic-inorganic hybrid spheres had
been fixed by the polyacrylamide framework. The solidifica-
tion rate of droplets is reduced when TEOS concentration
decreases, and the hybrid spheres tend to agglomerate under
low TEOS concentration.

Figure 8 shows the SEM images of samples synthesized
under lower HCI concentration in the silica sol. Compared
with the corresponding samples (Figure 6d—f and Figure 7a—
c), the samples synthesized by silica sol with lower acidity
have more homogeneous structure, since the high pH condi-
tion facilitates the polymerization reaction of acrylamide.

All the aforementioned silica spheres have solid and ho-
mogeneous structure, for they were synthesized using the
sedimentation medium containing 30 wt % TOA. Silica
spheres with various morphology and structure can be
obtained by changing the composition of sedimentation me-
dium (Figure 9). Hollow silica spheres can be obtained when
n-octanol or tri-n-butyl phosphate (TBP) was used together
with liquid paraffin solution of TOA as sedimentation me-
dium, because both octanol and TBP can extract large
amount of substance, such as alcohol, even polymeric mono-
mers and water from the droplets. However, these spheres
have rough surface and weak mechanical stability. By lower-
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ing the acidity in the sol, the surface smoothness and me-
chanical stability of spheres can be much improved (com-
paring d with c).

Through the aforementioned results, the structure of silica
spheres can be effectively adjusted by synthesis conditions:
the textural structure of silica spheres can be adjusted by

S1
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Figure 10. Nitrogen adsorption-desorption isotherm of
S1, and its pore-size distribution calculated
by the BJH method using the adsorption
branches (inset).
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Table 1. Synthetic Conditions and Physicochemical Properties of Representative Samples

Silica Sol Aqueous Phase Physicochemical Properties®
Silica sol/

TEOS/H,O HCI/H,O monomer SBET Viotal Da Dgua Dgmp Vinira

Sample (w/w) (mmol/L) Solution (w/w) (mz/g) (mL/g) (nm) (nm) (nm) (mL/g)
S1 3.0 100 2.5 627 1.16 7.4 12.4 9.0 0.82
S2 3.0 100 1.7 627 1.27 8.1 12.3 6.3 —
S3 3.0 10 2.5 590 1.12 7.6 12.1 9.9 —
S4 0.5 10 3.0 612 2.57 16.8 32.1 31.8 1.46
S5 1.2 100 3.0 555 2.36 17.0 32.0 17.7 1.58
S6 1.2 10 3.0 675 1.62 9.6 15.1 11.4 1.13

*Sper: multipoint BET surface area; Vi : total pore volume; DA: average pore diameter; Dgjya: BJH method adsorption pore diameter; Dyyyp: BJH method

desorption pore diameter; Vi,,: mercury intrusion volume.

shifting the concentration of TEOS, HCl and polymeric
monomer in the aqueous phase, and the homogeneity of
silica spheres can be controlled by changing the composition
of sedimentation medium.

Porous properties

Through the previous SEM observation, submicrometer-
sized textural pores were found in parts of silica spheres.
Detailed pore structure of silica spheres was determined by
nitrogen adsorption-desorption and mercury intrusion mea-
surements.

The nitrogen adsorption-desorption isotherm of the repre-
sentative sample (S1) is plotted in Figure 10, which shows
the distinct characteristic of mesoporous materials. The pore-
size distribution calculated by the BJH method using adsorp-
tion branch shows a broad peak centered at about 15.1 nm
(seen in the inset). The synthesis conditions of the represen-
tative samples and their physicochemical properties are listed
in Table 1. All the silica spheres have high-surface area
(>550 mz/g), and large pore volume (>1.1 mL/g). The total
pore volume, average pore diameter, and BJH pore diameter
of silica spheres increase with the increase of monomer con-
centration, and the decrease of silica concentration in the
aqueous phase. The total pore volume and the pore diameter
of silica spheres decreases with the decrease of HCl concen-
tration when the TEOS concentration is low. However, when
the TEOS concentration is high, the influence of HCI con-
centration on the pore structure of silica spheres is slight.
The effect of synthesis conditions on the structure of silica
spheres is summarized in Table 2.

The effect of synthesis conditions on the pore structure of
silica spheres can be characterized clearly by the mercury
intrusion method. Intrusion volumes and pore-size distribu-
tions of silica spheres under various synthesis conditions are
shown in Table 1 and Figure 11, from which large amount of
macropores (>50 nm) of S4 and S5 can be seen evidently.

Discussion of mechanism

The mechanism of the synthesis method is proposed based
on the previous results, and the mechanism of “pH-induced
rapid colloid aggregation” method discussed in our previous
research.>*** The scheme of the formation process of silica
spheres is shown in Figure 12.

AIChE Journal January 2008 Vol. 54, No. 1

In the prehydrolysis process, mesostructured primary silica
particles are formed through counterion-mediated S*X 1"
assembly route using F127 and PEG as templates, and silica
sol are accordingly obtained. In the sedimentation process,
polymeric monomers in the droplets polymerize rapidly in
the hot alkali sedimentation medium. Silica sol is kept in the
hybrid spheres and slowly solidifies. Mesostructured counter-
ion-mediated assemblies in the silica sol may be damaged by
alkali in the sedimentation medium. Accordingly, the meso-
pores in resultant silica spheres become larger.

Polymerization speed of acrylamide monomer is an impor-
tant factor in this synthesis process. If polymerization rate is
accelerated, the droplets can be solidified more rapidly and
the mesostructured counterion-mediated assemblies can be
well protected. Polymerization speed can be effectively con-
trolled by varying the concentration of polymeric monomers
and acid in the aqueous phase to obtain silica spheres with
different pore structure.

The silica spheres obtain macropores due to the removal
of the polymer by calcination. The macropores structure
mainly depends on the concentration of silica source and
polymeric monomers in the aqueous phase. Silica spheres with
large pore volume can be synthesized with high-polymeric
monomer concentration and low-silica concentration.

Protein adsorption

Silica spheres synthesized in this work have the advan-
tages of both high surface areas and large pore volumes,
which are quite suitable for adsorption of large biomolecules.

Table 2. The Effect of Synthesis Conditions on
the Structure of Silica Spheres*

Compactness Total Pore  Average
Synthesis Condition of Structure Volume  Pore Size
TEOS concentration il 1 1 l
Monomer concentration T l 1 T
pH in the silica sol
(when TEOS
concentration
is high) T - - _
pH in the silica sol
(when TEOS
concentration
is low) 1 1 ! !
#1: the trend of increase; |: the trend of decrease; —: no change.
Published on behalf of the AIChE DOI 10.1002/aic 305
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intrusion method. S1, S4, S5 and S6 are denoted in Table 1.

water primary particle

droplet in ageous phase

e® e
LIS
\ e®en. 0"

monomer polymerization and
primary particle aggregation in droplets
{in hot alkali sedimentation medium)

further condensation
and calcination

macropore

Figure 12. Probable scheme of the formation process
of silica spheres.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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To investigate the adsorption capacity of large biomolecules
on the silica spheres, BSA was used as a model protein in
the adsorption experiment. BSA is a large protein with
the molecular weight of 69 kDa, and the dimensions of
4 nm X 4 nm X 14 nm.>? Sample S4, S5 and S6 are tested
to determine the effect of pore structure on the protein
adsorption capacity.

600
500 —a——
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= 400
£ 300
2 2w
=
< o0f
=

{J & |‘ ‘
80 100

Time (h)

Figure 13. BSA adsorption kinetics on representative
samples at pH 5.0 with 50 mM acetate
buffer for 96 h with initial BSA concentra-
tion of 10 mg/mL.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Table 3. Amount of BSA Adsorbed onto Representative
Samples and Adsorbed BSA Occupied Volume

BSA Volume
Adsorbed Occupied Viotal Vesa /
Sample (mg/g) Visa (mL/g) (mL/g) Viow %
S4 520 0.53 2.57 21
S5 513 0.53 2.36 22
S6 20 0.02 1.62 1

Adsorption kinetics of BSA on the three materials at pH
5.0 are shown in Figure 13. This pH value is close to the iso-
electric point of BSA (p/ = 4.9), and the repulsive electro-
static interaction between protein and adsorbent is minimum
under the condition. High-adsorption capacity, as high as
520 mg/g and 513 mg/g, respectively, of S4 and S5 for BSA
has been obtained. The equilibrium capacity of S6 is only 20
mg/g, which is much lower than that of S4 and S5. Theoreti-
cal volume occupied by BSA in the silica spheres has been
calculated assuming the BSA molecule to be an ellipsoid
with the size of 4 nm X 4 nm X 14 nm, and the results are
listed in Table 3. BSA molecules occupy about 20% of total
volume in S4 and S5, but only 1% of total volume in S6.

To investigate whether BSA molecules enter the pores of
spheres or just adsorb on the external surface of silica
spheres, nitrogen adsorption-desorption isotherms of samples
before and after BSA adsorption are shown in Figure 14, and
the physicochemical properties of samples before and after

S4

BSA adsorption are compared in Table 4. The remarkable
decrease of total pore volume and surface area of S4 and S5
after BSA adsorption evidently demonstrate that BSA mole-
cules have occupied part of pore volume. The amount of
reduced volume is much larger than the theoretical volume
occupied by BSA in Table 3, because some BSA molecules
may block the entrance of the micropores and small meso-
pores in silica spheres. Since the external surface area of the
spheres is very low (<0.05 m2/g), almost all BSA molecules
must be adsorbed in the pores of silica spheres.

Therefore, pore size of spheres has crucial influence on the
adsorption process. High-protein adsorption capacity is deter-
mined by two factors: (1) plenty of texture pores on the
external surface of silica spheres to make full use of the
internal structure, and (2) large entrances of mesopores to
ensure large amount of mesopores available for protein
adsorption. The SEM images of external surface of S4, S5
and S6 are shown in Figure 15, and the size of entrance of
mesopores can be determined by Dgjyp in Table 1. There
are high content of texture pores on the external surface of
S4 and S5, and the entrances of their mesopores are also
large enough for BSA adsorption, so BSA molecules can
enter most pores of these spheres. However, S6 has few tex-
ture pores on the external surface, so BSA molecules are
excluded from the surface of silica spheres. A large part of
internal structure is not available for protein adsorption.
Hence, the adsorption amount of S4 and S5 is much larger
than that of S6. The adsorption rate for S5 is slower than S4

S5
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Figure 14. Nitrogen adsorption-desorption isotherms of representative samples before and after BSA adsorption
and their pore-size distributions calculated by the BJH method using the adsorption branches (insets).

S4, S5 and S6 are denoted in Table 2. (@, H) the point on the adsorption isotherm, (O, [J) the point on the desorption isotherm;
(@, O, /) before BSA adsorption, (l, [J, \/) after BSA adsorption.
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Table 4. Physicochemical Properties of Representative Samples Before and After BSA Adsorption*

Before Adsorption

After Adsorption

S BET Viotal Dy Dgjua Dgjup N BET Viotal Dy Dgjua Dgjup
Sample (m’/g) (mL/g) (nm) (nm) (nm) (m’/g) (mL/g) (nm) (nm) (nm)
S4 612 2.57 16.8 32.1 31.8 190 0.77 16.2 18.5 17.4
S5 555 2.36 17.0 32.0 17.7 193 1.01 20.9 32.8 17.3
S6 675 1.62 9.6 15.1 11.4 572 1.45 10.1 15.1 12.4

*Sper: multipoint BET surface area; Vi, : total pore volume; Da: average pore diameter; Dgjya: BJH method adsorption pore diameter; Dgjyp: BJH method

desorption pore diameter.

Figure 15. SEM images of external surface of the representative samples. S4, S5 and S6 are denoted in Table 1.

in the first day although their equilibrium amounts are almost
the same because S4 has the larger BJH pore diameter.
High-surface area leads to the high-protein adsorption
capacity of S4 and S5, but it is not the key issue to deter-
mine the adsorption capacity because there is not much dif-
ference among the surface area of these samples. Pore vol-
ume has little influence here since only a small part of total
pore volume has been used in the protein adsorption.

Conclusion

We developed a new two-stage method to synthesize mes-
oporous silica spheres. A silica sol was made by prehydroly-
sis of TEOS in an aqueous acidic solution using a triblock
copolymer as the template. Then, drops of the silica sol were
injected by a microfluidic device into a heated oil bath,
where the droplets solidified during sedimentation. Microme-
ter-sized mesoporous silica spheres with uniform diameters
and adjustable pore structure were successfully synthesized
with the assistance of the microfluidic device and the acryl-
amide polymerization reaction. Synthesis conditions have
great influence on the morphology and the pore structure of
spheres. Silica spheres with different morphology were
obtained by changing the composition of sedimentation me-
dium, such as adding new coextractants. Pore structure can
be adjusted effectively by controlling the composition of
aqueous phase, such as the concentration of silica source,
acid or polymeric monomer. With the decrease of TEOS
concentration or the increase of acid or monomer concentra-
tion, the pore diameter of spheres is enlarged. The prepared
silica spheres have high-surface area, large pore volume, ro-
bust framework, homogeneous structure and a large amount
of macropores. High-protein adsorption capacity of spheres

308 DOI 10.1002/aic
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has been achieved in the adsorption experiments of BSA,
and a large amount of protein molecules are demonstrated to
be adsorbed in the pores of spheres. Pore structure of spheres
is a crucial factor to determine the protein adsorption
capacity.
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